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Abstract

Although the Standard Model (SM) of particles and inte@tdi has survived forty
years of experimental tests, it does not provide a complesergption of nature. From
cosmological and astrophysical observations, it is nowrdieat the majority of matter in
the universe is not baryonic and interacts very weakly @Rtia non-gravitational forces.
The SM does not provide a dark matter candidate, so new |egrticust be introduced.
Furthermore, recent Tevatron results suggest that SM greds for benchmark collider
observables are in tension with experimental observationghis thesis, we will propose
extensions to the SM that address each of these issues.

Although there is abundant indirect evidence for the eristeof dark matter, terrestrial
efforts to observe its interactions have yielded conflgtiesults. We address this situation
with a simple model of dark matter that features hydrogke-bound states that scatter
off SM nuclei by undergoing inelastic hyperfine transitiohge explore the available pa-
rameter space that results from demanding that DM selfant®ns satisfy experimental
bounds and ameliorate the tension between positive andsigulals at the DAMA and

CDMS experiments respectively.



ABSTRACT

However, this simple model does not explain the cosmoldgizandance of dark mat-
ter and also encounters a Landau pole at a low energy scaleh®vefore, extend the field
content and gauge group of the dark sector to resolve thesessvith a renormalizable UV
completion. We also explore the galactic dynamics of unbaderk matter and find that
“dark ions” settle into a diffuse isothermal halo that différom that of the bound states.
This suppresses the local dark-ion density and expandsdhbelis viable parameter space.

We also consider the- 30 excess inlV plus dijet events recently observed at the
Tevatron collider. We show that decays of a color-octet;tebeveak-triplet scalar particle
(“octo-triplet”) can yield the requisite final state to eajl the data. We also find that octo-
triplets can induce mixing in thB — B system and may give rise to additional CP violation.
The model makes concrete predictions for several finalstateessible at the LHC, so it
can promptly be discovered or falsified.

Finally we address the anomalous top forward-backward asstny observed the Teva-
tron. We find that a spin-1 color octet particle with flavomioliaxial interactions can ex-
plain this anomaly if the mass is in the 50 - 90 GeV range. Wdaoggghe multitude of
experimental constrains in this mass window and presentittide parameter space as a

function of the axigluon mass and coupling constant.
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Chapter 1

| ntroduction

The Standard Model (SM) of the strong and electroweak intenas is perhaps the
crowning achievement of theoretical physics. It realizesrmost general, renormalizable
quantum field theory invariant under &t/ (3). x SU(2). x U(1)y symmetry with local
gauge invariance. The subscriptefers to the “color’ charge associated with strong force,
L stands for the “left-handed” chiral nature of t§€/(2),, interactions, and” is the “hy-
percharge” associated with the abelian subgroup. Everwhkrparticle is charged under a
representation of these three groups.

The strong force, Quantum Chromodynamics (QCD), is desdrily the dynamics of
SU(3). interactions involving spin 1/2 quarks that carry one oéthpossible color charges
(red, green, or blue) and spin 1 gluons that carry both caldranti-color charges. The
strength of the force between color-charged objexteasesvith their separation distance,

so that on everyday length scales (and temperatures), gjaackgluons are not observed



CHAPTER 1. THE STANDARD MODEL AND ITS DISCONTENTS

as free-particles; they form bound states knowhadrons- e.g. protons and neutrons.

The electroweak force is described by the remaitibg2), x U(1)y gauge symmetry
and gives rise to both electromagnetism and the “weak” famtéch is responsible for var-
ious nuclear processes — e.g. beta decay. The quarks, $gsfmn 1/2 fermions uncharged
under QCD - e.g. electrons or neutrinos), and Higgs bosoraaty charges under both
product groups, however thg/(2);, subgroup is chiral; its gauge bosons only mediate in-
teractions between the left-handed projections of ferrfieds. The fullSU(2), x U(1)y
symmetry is exact at the level of the fundamental equatidmiseotheory, but is “broken”
by the low-temperature vacuum, which is only invariant unighe Quantum Electrody-
namics (QED) subgroufd (1), xp, whose lone force carrier, the familiar photon, is a linear
combination of the electrically neutral gauge bosons froeftill electroweak group.

Since its introduction over forty years ago, the SM has witbd a battery of high and
low energy tests without any significant discrepancies betwits theoretical predictions
and and experimental results [1,2]. Nonetheless, the SMtisamplete. Based on indirect
cosmological and astrophysical evidence, we know thatbemgenic dark matter (DM)
comprises- 80% of the matter in our universe, yet the SM offers no plausilalkanatter
candidate. Furthermore, in recent years, the Tevatrondeasseveral hints of new particles
or forces beyond the SM. In this thesis, we will present svextensions to the SM that
propose new dark matter candidates and attempt to expkmethv collider anomalies. We

begin with a detailed description of the SM field content.
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1.0.1 Standard Model Description

The SM features three generations spin 1/2 of quark fiélgls = (ur,dr), ugr, dr},
three generations of spin 1/2 lepton fields = (v, e ), er}, and a spinless Higgs boson
H all charged under asU (3). x SU(2), x U(1)y gauge symmetry. The spin 1 gauge
bosons{Gy, W, B,.} charged as adjoints undgt/(3). x SU(2)r x U(1)y respectively

are the force carriers that mediate interactions betwearkgletpon, and higgs fields (See

Table1.1).

SU(3). | SU(2), | U(1)y | Spin
Q% O O +1/6 | 1/2
uly O 1 +2/3 | 12
di, O 1 —~1/3 | 1/2
Li 1 m —1/2 | 1/2
ek, 1 1 -1 | 12
Ge | Adj. 1 0 1
wel 1 Adi. 0 1
B, | 1 1 0 1
H | 1 0 +1/2 | 0

Table 1.1: Standard Model field content a1d(3).x.SU(2), xU(1)y charge assignments.
For each fermionic field the index= 1, 2, 3 labels the generation.

All SM interactions are given by the most general renornadilie lagrangian invariant
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under all gauge symmetries

1 v 1 QUV I 1 apv ya A
Lsy = =B B — JWWe, = GG, + ) 0iPy + |D,HI + [ H
¥
“MHI =3 (v Quiy + y QU Hdy + y B Hel + He)  (L0.)
ij
where I = io®Ht, o2 is the second Pauli matrix, = 1, ..,8 is an.SU(3), color index,

a = 1,23 isanSU(2), electroweak index, = 1,2, 3 is a flavor indexy is any of the

fermion fields in Tablé T]1y is the Higgs mass parameterjs the dimensionless Higgs

quartic coupling, ang'“%*

. are dimensionless Yukawa couplings. The gauge field-stineng

tensors are

B,, = 0,B,-0,B, (1.0.2)
we, = 0W —9,W + ge ™ WiW,) (1.0.3)
Go, = 0,68 — 9,6 + g [GLGY (1.0.4)

whereg and g, are theSU(2), and SU(3). coupling constants and”” and f* are the
corresponding group structure constants. The most geoavaliant derivative acting on
any field that transforms under representatiGasindG,, of SU(3).x SU(2), respectively

and carried/(1)y hypercharge of” (see column 3 in Table 1.1) is given by
D, =0, —igs(T¢,) Gy — ig(Tg, )W, —ig' Y B, | (1.0.5)
whereg’ is the coupling constant fdr (1)y, and7¢,, T5,, are generator matrices for rep-
resentationsss andG, of SU(3). andSU (2), respectively.
Upon the breakdown of electroweak symmeti¥/ (2), x U(l)y — U(1)gep, the

Higgs scalar acquires a vacuum expectation value in itsraleabmponent(H) =

4
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(0 v/v/2)T, wherev = 246 GeV, and gives masses to linear combination$lgf and

B, fields. In the mass eigenbasis we can defindtiteandZ bosons as

1 , gW?3 — ¢'B
+_ 1 2 _ 9 p
W= SviEwy 5= (1.0.6)

with corresponding masses;y = gv/2 andmy; = /g2 + ¢g’>v/2. The other linear
combination of electrically neutral gauge bosons becoime&miliar photon of Quantum

Electrodynamics (QED)

g’Wi +9B,

Ay

(1.0.7)

which remains massless.

1.1 Dark Matter

There is tremendoumdirect evidence for the existence of dark matter, which com-
prises roughly80% of the matter in our universe. The presence of dark matterbean
inferred from the CMB power spectrum [3], surveys of largalscstructure [4], galactic
rotation curves [5-7], and weak lensing observations [8fh@ugh this evidence does not
require DM to participate in non-gravitational interactsp many of the best motivated SM
extensions (e.g. supersymmetry, extra dimensions) featausible dark matter candidates
that interact weakly with visible particles. This possilyimotivatesdirectdetection efforts

to observe DM collisions off SM nuclei in terrestrial det@st
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1.1.1 Direct Detection and DAMA

Direct detection experiments typically involve undergrduwletectors designed to ob-
serve the recoil of a target nucleus after a collision wittagkdnatter particle as it passes
through the Earth. The rate per unit recoil energy is propoal to the number of target

nuclei and the flux of incoming dark matter particles:

dR do
4N 29 4 118
dE, M /vmm(Emf )35 (1.1.8)

where N7 is the number of target nuclei,y,, is the local number density of dark matter
particles,o is the DM-nucleus scattering cross sections the DM speed relative to the
target, f(v) is the distribution of DM speeds in the laboratory referefreene, andv.;.

is the galactic escape velocity. For elastic scattering ntimimum speed,,,;,, that a DM
particle must have to induce a nuclear recoil of endrigyis

1 E
Vmin(B) = — | ZA=R ) o [N TIDM (1.1.9)
jz 2 my +Mpy

wheremy is the nuclear target mass,p,, is the dark matter mass andis the reduced
mass of the system. Importantly, there is no lower thresfaldecoil energies; DM par-
ticles of any speed can produce a recoil, so for a typical Mdlan f(v), the recoils are
due predominantly to DM from the peak of the distribution.

The dark matter halo is stationary in the galactic rest framaéthe Sun has a constant
velocity through the galaxy, so as the earth orbits the Sumrelative velocity between
the Earth and the DM halo depends on the alignment of EarthSamdvelocities. This
motion makeg (v) time-dependent and periodic in the Earth frame, shiftingarals higher

6
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velocities when Earth and Sun velocities are parallel (20fjeand towards lower velocities
when they are anti-parallel (De@"?). Since all the time dependence in direct detection
comes fromf(v), any DM/SM interaction yields an anually modulated event ratde T
DAMA collaboration claims to have detected this modulatwith the correct period, and
with a statistical significance &.2 o [9]. However, when the null results of other direct
DM searches are interpreted as constraintglasticDM scattering, all of the parameter

space preferred by DAMA's signal is ruled out (See for exaipéf. [10].)

1.1.2 Inelastic Dark Matter

If we abandon the assumption of elastic scattering, it isipes to reconcile DAMA
with other null results [11]. In the Inelastic Dark MatteDl) framework, the dark sector
contains two species of particle whose masses differ by samal amoun® and, upon
scattering, the lighter species converts into the heavier ®he mass splitting gives rise to

a threshold recoil energy — and DM speed — not present in #stiecase

1 mNER 2 (5
min E = + 5 9 resho — - . 1.1.10
Umin (ER) TP ( P ) Uthreshold p ( )

Unlike with the elastic case in Ed. (1.11.9), héfg cannot be arbitrarily small and there is
always a threshold velocity below which all scattering isddnatically forbidden. Depend-
ing on the size ob, this threshold can also lead to substantially higher alnmaaulation

than in the elastic case. It is even possible to chadose that the scattering rate van-

ishes when the velocity distribution shifts towards lowelocities later in the year. This
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effect weakens the constraints from direct detection empeits whose data were gath-
ered primarily during wintertime in the northern hemisgheXote also the dependence of
Eq. (1.1.10) on the nuclear mass;,.....q grows asm decreases, so inelastic scattering
favors heavier targets. The DAMA detector consists of lediuclei, so the constraints
from experiments using lighter nuclei (e.g. Xenon and Gerioma) are also weakened.
With a dark matter massp,, ~ 100 GeV and an inelasticity ~ 100 keV the combi-
nation of the effects above can explain the DAMA results amdikaneously evade bounds
from other direct detection experiments. The apparent lbaaw to this approach is that it
seems highly unnatural for such a small mass splitting &ean a theory whose typical
mass scale is one million times bigger. However, in compagitantum systems, like or-
dinary hydrogen atoms, hierarchical energy splittingsheg sort arise quite naturally. In
Chaptef 2, motivated by this feature, we will explore thestlufity that DM exists primar-
ily in the form of atomic bound states that scatter off SM eubly undergoing inelastic
hyperfine transitions. In Chaptéer 3 we will revisit atomiclkdenatter and present an ultra-
violet (UV) completion that gives rise to the same low eneatymic bound states, but also
generates the observed DM abundance in the early univetidam@es the non-perturbative

high-energy behavior of the original simple model.
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1.2 Tension at the Tevatron

As the LHC begins to explore the high energy frontier, theeeaready some tanta-
lizing hints of discrepancies in the SM framework. In its fidays, experiments at the
Tevatron proton anti-proton collider reported severatdiot physics beyond the SM. In
this thesis we will consider models to address two of thelseJit plus dijet excess ob-
served by the CDF collaboration and the large forward-backwasymmetry in top anti-top
production seen by both CDF ar#l). Although these anomalies have not yet reached the
50 of statistical significance traditionally required to d&e discoveries of new phenom-

ena,

1.2.1 CDF Dijet Excess

A crucial test of the the SM’s nonabelian character involtles three gauge-boson
interactions in Eq. [(1.0/1). In the mass eigenbasis thexdlariV -2 and W+~ A
operators, which have no analogues in purely abelian theorAt the Tevatron, these
interactions can be probed in proton anti-proton collisievhich produce gauge boson

pairs
pp — WEZ = Fovgqg — Fujj (1.2.11)
pp — WIW™ = Fugq — Fujj . (1.2.12)
In each process& decays to a charged lepton and neutrino while the dther Z decays

to two quarks, which evolve into “jets”} of hadronic matter.

9
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A typical experimental probe of such events is the two-jeairant mass distribution

where the invariant mass;; is defined as

my; =/ (B + E2)? — (01 + p2)? (1.2.13)

Here £, , andp; » are the energies and three-momenta of the two most enejefstio an
event. Since this quantity is a relativistic invariant, atjgée that decays to two quarks,
always yields two jets whose;; is equal to the mother particle’s rest mass. By studying
this distribution neafny;; andmy it is possible to test the accuracy of the SM prediction.

For events identified to have tlfe;; final state, the CDF collaboration [12] observes
a large, statistically significant excess in tig; distribution near 150 GeV. This result
exceeds the SM prediction by over 4 standard deviations amdbe evidence of a new
particle that is produced in association witilaboson and decays to a pair of strongly
interacting particles.

Since the M collaboration does not see a comparable excess [13] ancttladrdn di-
rector’s task force has been unable to resolve the disagmtethis discrepancy will likely
persist until LHC results exhaustively probe the same mwclonetheless, in Chaptér 4
we will show that the CDF result can be explained with a newigarthat transforms as a

color octet and electroweak triplet — an “octo-triplet”.

10
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1.2.2 Top Forward-Backward Asymmetry

Since the top quark is the most massive and least studied 8kidie, it invites a
great deal of intrigue. In many well motivated extensionshaf SM, it plays a key role
in electroweak symmetry breaking [14], so its detailed prtips may deviate from naive
expectations based on the lagrangian in [Eq. (11.0.1). Thtaltaing possibility motivates
precision measurements of various top quark kinematicestigs.

At the Tevatron the top quark is most commonly produced in@asion with an anti-

top quark, so it is natural to define forward-backward asytmné 5 defined as

AFB =, (1214)

'd 0 d
O’F:/ 7 dcosd , O’B:/ y 7 dcosd (1.2.15)
0 _1 dcost

o is thett production cross section, afids the scattering angle in the lab frame. At tree
level, all gluon exchange diagrams that prodticpairs are symmetric with respect to the
forward and backward directions, so no asymmetry arisesloéy level, however, the
SM does predict a small asymmetry Axz(SM) ~ 5% — that arises from interference
between tree and loop level diagrams. This sensitivity tangum effects maked zp
particularly sensitive to new intermediate states that beakinematically inaccessible at a
collider, but still influence the angular distributions ofdl state particles.

Both Tevatron collaborations have recently reported measents ofA 5 in ¢t pro-
duction with intriguing deviations from SM predictions. €B main result [15] stud-

11



CHAPTER 1. THE STANDARD MODEL AND ITS DISCONTENTS

ies the lepton plus jets channel where one of the top quarkaydesemi-leptonically:

pp — tt — (fvd)(qq). They report an inclusive parton level asymmetry

Arp (CDF)y; = (1568 £ 7.4)% . (1.2.16)

If their measurement in the dilepton chanpgl— ¢t — (¢vb)(¢vb) [16] is combined with

this result, the asymmetry becomes

App (CDF)gper; = (2094 6.6)% | (1.2.17)

and exceeds the SM prediction [17]- [19] by more than 2 stahdaviations.
DO performs a similar search [20] in the lepton plus jets clehand reports an inclusive

parton-level asymmetry

Arp (D0)y; = (19.6 £6.5)% , (1.2.18)

which is also more than®above the SM prediction. Taken together, these consistent
deviations may be evidence for new physics in top quark prtolo.
While all the inclusive measurements are consistent, thé @pton plus jets result

sees sharp mass dependence [15] in the binned asymmetry

AFB(Mtf< 45066\/) = (—116:|Z 146)% ,

App(My > 450GeV) = (47.5+11.4)%

whereM; is the invariant mass of the system. Here the high mass birig o above the

SM prediction. Although neither DO nor the complementaryFadllepton search see the

12
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same effect, both find consistently positive2c deviations from the SM over the full/,;
range. In Chaptér 5, we will see that this anomaly can be agdawith a very light (~ 50

—90 GeV) spin-1, color octet particle with flavor-univeraalal couplings to SM quarks.

13



Chapter 2

Atomic Dark Matter

2.1 Introduction

Cosmological observations suggest that dark matter caegprnore thas0% of the
matter in the universe [4,21]. Much of the effort to explaie rigin of dark matter has
focused on minimal solutions in which dark matter consigta single particle species,
the most popular being the neutralino in variants of the sypemetric standard model.
Such dark matter models include the compelling featurewleatk-scale physics — weak-
scale mass and weak-force coupling strength — can natgatigrate dark matter with the
correct cosmological abundance. Dark matter in this brdassds described as weakly
interacting massive particles (WIMPS).

However, conflicts do exist between WIMP models and obsenmval data. The di-

rect detection experiment, DAMA [9], sees a positive sigmih great significancesg),

14



CHAPTER 2. ATOMIC DARK MATTER

yet when interpreted as a standard WIMP, other experimartis as CDMS [24] and
XENON10 [25], completely rule out the same parameter sp&dgo, measured cosmic
ray spectra may suggest a new primary source for electrahg@sitrons in our galaxy and
potentially evidence for dark-matter annihilation; howegwhe standard neutralino candi-
date is unable to fit this data [26—29].

These issues suggests compelling reasons to explore dardr mreodels beyond the
minimal candidate. In addition, the dark matter sector ¢ark sector’) may be rich with
complexity and may feature unanticipated dynamics. In, fdet dark matter may even
interact via a long-range force — a massless gauge bosonchwhstill allowed by the
bounds on the number of relativistic degrees of freedomndubig bang nucleosynthesis
[30].

In this chapter we propose a dark sector charged under arhiddg gauge symmetry.
We assume two species of fermions, a ‘dark proton’ and a ‘@ééektron’, and that the
dark matter abundance comes from a matter—anti-matterras We shall see that
in interesting parts of parameter space, the bulk of the netter exists in atomic bound

states. The Lagrangian is
Laark = V(D +mp)Vp + Ve(D + me) Ve (2.1.1)

where) = ig + gQA and@Q = =£1 for ¥, and ¥, respectively. In what follows we use
the conventionm, > me without loss of generality. We show (Section]2.2) that fortpa

of parameter space, recombination in the dark sector o@fticsently, and we discuss

I Some models that use the matter—anti-matter asymmetryniergie the correct dark matter abundance
exist [88, 90], but we do not explore them here.

15



CHAPTER 2. ATOMIC DARK MATTER

the bounds from and implications for structure formatiore then add interactions which
allow for direct detection in a way that mimics inelastic kdanatter [11] and show that
there exist parts of parameter space which can explain tidM8ignal, while avoiding
constraints from other direct detection experiments (8e&.3). Finally, in Sectioh 315
we discuss, in a cursory way, other phenomena potentidiiyed to atomic dark matter.

A number of ideas related to this work have appeared in tealiire. For example, the
idea of U(1) charged dark matter has appeared in [33—-36]l@ndlea of composite dark
matter in [37]. To our knowledge, this is the first work to ex@ the generic parameter

space for viable atomic dark matter.

2.2 Cosmology

Introducing a new hidden U(1) has interesting cosmologroglications. Our interests
lie in the parameter space that affords atomic systems. Xiséeace of standard model
(SM) atomic hydrogen states in the early universe requinesgmmetry between particles
and antiparticles; dark atoms are no different. We assuatehiere is a ‘dark asymmetry’
akin to the baryon asymmetry in the SM, and that the dark asstnynis such that the
universe is net charge neutral, = ny!i The existence of dark atoms implies that dark

matter is coupled to dark radiation until the universe cd@gond the binding energy of

2Unless otherwise noted;, p, andH refer to the dark electron, dark proton, and dark hydrogen,
respectively.

16



CHAPTER 2. ATOMIC DARK MATTER

hydrogen

1
B = 5@%;“4, (2.2.2)

wherea, is the dark fine structure constant gmgl = (memyp)/(me + myp) is the reduced
mass of dark hydrogen. This has potentially interestinditapons for structure formation
because interactions in the dark sector can decouple migchhan in a conventional CDM
WIMP model. Observations of satellite galaxies seem torfaemne mechanism to damp
the growth of small scale structure in dark matter [40, 41jich, as discussed below, can

be provided by atomic dark matter.

2.2.1 Dark Recombination and Halo Constraints

One of the most interesting features of the model is the poesef both neutral and
ionized dark matter components. The fractional ionizati®g plays an important role in
the cosmic evolution of the dark matter. At early tim&g,affects the decoupling temper-
ature of dark matter and dark radiation, which impacts sisedle structure formation of
dark matter. At late times, bounds on dark matter self-atgons constrainX, because
the dark matter ions interact through a long range force. rébelual ionization fraction
in the dark sector is governed by neutral atom formation ial@yy with SM hydrogen
recombination [42]. In the following, we follow the notati@f Ref. [43].

The residual ionization fraction is found by solving the atann equation for the free

17



CHAPTER 2. ATOMIC DARK MATTER

dark electron fraction,

Te

Xe = .
Ne + NH

(2.2.3)

The evolution ofX, depends on the Hubble rate, H, and the ratefep <+ H +~. We can
write the thermally-averaged recombination cross seatging the dimensionless variable

xr = as

S|

(ov) = §%%x”2|n($}. (2.2.4)

where¢ = 0.448 is a best-fit numerical coefficient [44,45]. The equationgyoing.X, can

be written as

X |
T = O [(1= Xe)8 = Xenpu (o) (2.2.5)
where
B . 3/2
f=fov) ( 2:;) e (2.2.6)

As discussed in [42,44], recombination into the- 2 state completely dominates the
evolution of X,. This is accounted for through the fact@rin Eq. (2.2.5) which represents
the fraction ofn = 2 states that produce a net gain in the number of ground stategen
atoms. This is not unity because the thermal bath can iohiee t= 2 state before it
decays. Thus(' is the ratio of thgn = 2 — n = 1) decay rate to the sum of this decay

rate plus the ionization rate (see [42] for a detailed disicurg

O Aat Ay,
T Rt Ay 1 FO

C (2.2.7)

18



CHAPTER 2. ATOMIC DARK MATTER

"7 \ |

/ AT
10 / ) []&%E]]
>+ O0000K” A

/ 2248
28
/A//éﬂ
iy
Q07X <" she o i
A 10, <10 :}}‘a g%g
10'34[1:) _, .-

Figure 2.1: The allowed parameter spacexift — m. for a givenm, and as a function
of the residual ionization fractione. Atom dark matter is viable in the colored regions,
which correspond ta0—2 < X, < 10~ (red circles),1072 < X, < 1072 (blue triangles),
107* < Xe < 1073 (magenta boxes) andl < 10~ (green stars). The striped region is
ruled out by Eq.2.2.21 withk = 1 and this region extends to the dashed black line for
x = 3. The black-crossed region is ruled out becalise- 10%.

The rates are given by

BY = pet/t (2.2.8)
(3B)3 1

A, = H 2.2.9
(8m)2 (1 — Xe) npum ( )
3% a®ug

whereA,, the rate for a Lymarnr photon to redshift such that it cannot excite- 1 — n =

2 andA,, is the two photon decay rate 2§ — 1s, which has been taken from Ref. [46].
We find thatX, varies from1 — 10~'° throughout the parameter spaeg € [1073,0.3]

, me € [0.01GeV, mp|, mp € [me,3TeV|. Self-interactions, as discussed below, rule out

some of this parameter space. A few representive planedatecin Figuré 3.P.
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Bounds on the atomic parameter space Apdan be derived from observations of the
Bullet Cluster and halo profiles. The bounds are derivedutdfinahe momentum transfer

Cross secti

ol = /dQ(l —cose)‘;; (2.2.11)

where the index runs over the three types of self-interactions present mdawk sec-
tor: Hydrogen—Hydrogen, lon—Hydrogen, and lon—lon. Tl f@ocess is described by
Coulomb scattering, but since we want to study a dominamtignec dark sector, the lon—
lon cross section is the least relevant to our model and wetdiscuss it further. Naively,

the first two cross sections are bounded by geometric values

d
% <, (2.2.12)

whereay = 1/(apuy) is the Bohr radius of dark hydrogen. However, this naivesgue

is inadequate. At low energies {o < 1) both of these processes can be described by

scattering from a central potential

Vocr ™ (2.2.13)

with n = 6 and4, respectively. In this case one finds that the cross secéimnselocity-
independent constants and enhanced over the geometrntaes{d7]. We are generally
interested in a wide range bfi, thus these results are not strictly applicable howevesethe

cross sections are slowly decreasing functions of theivelaelocity [47]. A conservative

3Note thato,,,; reduces to the total elastic cross section for hard-sphemve scattering which is typical
of WIMP dark matter models.
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estimate of the cross sections is given by

do
— <
Q) —

(kag)?, (2.2.14)
with 3 < x < 10. The values ok have been inferred from general quantum mechanical
scattering [48,49] and detailed computations of SM hydnogattering [50-52)].

With the relevant cross sections in hand, we can use obsarsaif the Bullet Cluster
[53,54] as a guide for the present day maximum valu& of Measurements of the mass-
to-light ratio and the radius of the sub-cluster suggestitieasub-cluster could have lost no
more thanF,,, = 20 — 30% of its initial mass. Following the analysis in [53], the nuenb

of scattering centers that a single dark matter particl®emiers as it passes through the

target cluster in the case of one species is
=2, (2.2.15)
m

this quantity is often referred to as the scattering deptie parameteg, is the surface

mass density of the sub-cluster defined as

R
ESE/ p(z)dz, (2.2.16)
0

wherep(z) is the sub-cluster’s volume mass density @i the radius of the sub-cluster.
For multiple species, with speciesn the sub-cluster having a mass den&tyand mass

m,;, scattering off of speciegin the target cluster, we have

Tij = (;) 4 Uijfj (nO Sum (2217)

7
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whereo;; is the cross section farandj to interact and; is the number fraction of specigs
in the target cluster. Equation 2.2117 can be rewrittenfimsethe of total observed surface

mass densityE; = Z =, as
7

= i

Tij:”

HTZ Jwmu

k

oiifi (2.2.18)

We make the simplifying and conservative assumption tHaifahe ions in the sub-
cluster are scattered out of the sub-cluster. In this cheangass fraction lost througdth — j

scattering is bounded by
m, m,
FH :Fobs _fp—p _fe—e — Lobs _Xe~ (2219)
mH my

The mass fraction actually lost from the sub-cluster, usigs sections as parameterized

in (2.2.13) and[(2.2.18), is

—_

A= ZTHj = ﬂ(1 — XH4rrK?al. (2.2.20)
J

my
Demanding that\ < Fy we have the bound

o 47?/{2a3 Fps — Xe
— = < = ) 2.2.21
my my :T(l — XeQ) ( )

Plugging in the value§; = 0.2—0.3cm™2g and F,, = 0.2 gives a constraint on the

atomic parameter space [53]

(2)2 (1 c;ev)2 (M) < (2-20) 22— Xe (2.2.22)

ap HMH my 1 —XeQ

Thus, we find thatX, ando /my are bounded simultaneously. From our conservative
(and representative) assumption about the lon-lon crag®eeX, is bounded to be less
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than10% — 20% regardless of /my. For very smallX,, the usual CDM WIMP bounds on
o /my are applicable; our estimate yieldgmy < 1cm?/g, which is slightly larger than
the detailed simulations of [54]. Figure B.2 shows some efaliowed parameter space in
theap — me plane for a few atomic masses ranging betwegGeV andl TeV.

Previous considerations of a hiddéll) [33,34] have concluded that soft scattering of
charged dark matter can drastically affect halo formatiwhthereby rule out large swaths
of parameter space. This result follows from the soft siagtyl in the Rutherford scat-
tering rate which, when integrated over galactic time s;aian lead to significant energy
transfer between charged particles. This effect tends mwo#mout the core of the dark
matter distribution. Application of these results exclsidi of the parameter space shown
in Figurd3.2. However, since Hydrogen-Hydrogen scatteisnwell modelled by hard-
sphere scattering in the majority of the considered paransgace, these bounds are not
applicable to atomic dark matter. The relevant bounds frafo formation considerations
are0.1cm?/g < o/me < 1cmP/g, which do not signficantly change our conclusions [55].

Atomic dark matter provides a dynamical mechanism to shuthefnaive long range ef-

fects of a hidden U(2).

2.3 Direct Detection

Atomic dark matter, as thus far considered, is secluded fhenstandard model. While

the cosmology of atomic dark matter is interesting in its awght, it naturally lends itself
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to inelastic scattering because of energy level quantizaiihis offers an exciting possible
explanation of the DAMA data [9].

The unperturbed energy levels of hydrogen are

2
XpHH
= . 2.3.23

One might hope that the DAMA scale@(100 keV) — could be generated by energy dif-
ferences between levels with different principle quantwumbers. Generically the rate of
elastic scattering will be greater than that of inelastatt®ring. However, predominantly
inelastic scattering could be enforced by setting = me = 2u4. In this case, the first
Born term for elastic scattering vanishes. Unfortunateffycient recombination in such a
scenario forces one to consider; ~ GeV, which is too small to account for the recoll
energies measured by DAMA. Nevertheless, atoms have atrgttigre and the allowed
parameter space for viable recombination naturally leatgperfine splittingsn the order
of 100 keV for weak-scale hydrogen. The hyperfine splitting is gitg

m

2
Eny = ggegpo/lD,uHm—: (2.3.24)

wherege, g, are the gyromagnetic ratios of the dark electron and dartopravhich we
take to be equal to two.

Exploiting this scale requires a scattering process whidependent on the spins of the
dark atom’s constituents. This can be accomplished wittokenU (1) x which is axially

coupled to the dark matter and mixed with the standard mogedicharge as in [37]

Lonia = € X" B,,. (2.3.25)
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Having an axial coupling in the dark sector and a vector dogb the standard model will
ensure that the dominant scattering process changes thatdan spin state by one unit.
After integrating out the Z boson and diagonalizing the gekigetic terms, the Lagrangian

becomes

L = »CSM + £DM + ﬁDarkGauge

Loy = Yp(id —gsv5 X + gA+mp)Wp+ Ve(i J + g5 75 X — gA + me) Ve

€ Sw

— m—2Z JZMJg
1 1 My \ 2 M2
LDarkGauge = _ZAZV — ZXiV — (6 CngM + €Sy (m—)Z() Jg) Xﬂ + 7)()(2
(2.3.26)

The parameters,, ands,, are the cosine and sine of the weak mixing angle. The dark

current.J}; is

Jh = —g5 Up 7" v5Vp + g5 Wy 5 Ve, (2.3.27)

andJ%,, and.J} are the standard model electromagnetic and weak neutraitsyrespec-
tively.

The calculation of the direct detection scattering crostige is organized as follows.
First, we derive the non-relativistic interaction Hamilian for dark atoms and standard
model nucleons from Ed.(2.3126). Second, we use this tailzde the differential cross
section for a dark atom to scatter from a spin singlet to a sjplet state off of a standard

model nucleon and append a form factor to account for re¢dileentire nucleus. Third,
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we rewrite the resulting rate in terms of the nuclear reégjl Finally, we convolve the

recoil rate with the dark matter velocity distribution.

2.3.1 Non-relativistic I nteraction Hamiltonian

In order to calculate the scattering cross section for dianka off of standard model nu-
clei we derive the interaction Hamiltonian by taking the frefativistic limit of the current-

current interaction

A= (JED,,Ju), (2.3.28)

whereD,,, is the Coulomb gauge propagator f&ir The leading behavior of Eq.(2.3128)

is
g5 €Cy € 14 Oe'Pe  Oe'q Oe'q Oc Dy 5p‘ﬁn Ep"f
e 2 + + - + -
7%+ M?% Xs Me 2me 2m,, My m, 2m,,
+ (5e'®(€7‘ﬁn) (58'47)@2 (%“D(Cf‘ﬁn) (%'@@2

_ _ "t
(@ 4 IE) T+ O] mn(@ L) | T 4 A S

(2.3.29)

wherem,, is the nucleon masgy is the initial momentum of the dark electron, that of
the nucleon ig,, andq is the momentum conjugate to the relative coordinate betlee
electron and nucleony, andy, are the initial and final spin states of the atom and can
be written in the form:xa,m = Xp ® Xxe. The dark matter spin operators af?gp =

1 ® de/2,0,/2 ® 1. & andé,. are the initial and final spin states of the standard model

nucleon. In the following analysis we consider proton masg€ (100 GeV) and electron
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masses 00 (1 GeV), so we have ignored terms suppressedhy We have also dropped
terms suppressed by ;. Finally, we have omitted terms which depend on the spin ef th
standard model nucleon, as we expect these terms to cdstiiloherentlyto the overall

scattering cross section and hence be suppressed by thie atamber of the nucleus.

2.3.2 Inelastic Dark Atom - Nucleus Scattering

The cross section in the center of mass of the hydrogen-msiggstem is given by

[58,59]
do do 2 k, / / / 1 T / 2
défEE(S:O—)Szl) = Z%? z <pH,pN,N7H|Hint|pH7pN7N7H> :

(2.3.30)

Here H;,, is the interaction Hamiltonian, which is obtained from Ef3(29) by Fourier
transformingg to position space. The prefactor contajng,s = (my + My)/(my +
My) which is the reduced mass of hydrogen and the nucleus, andaheentak and’
which are the initial and final momenta conjugate to the rnetatoordinate between the
atom and the nucleus. Our basis is the hydrogen atom momejympy, }, the nucleus
momentum{py , Py}, and the internal states of hydrogen and the nuclgds, A’} and
{N, N'}. The explicit evulation of the matrix element in Hq.(2.3.80complicated by
the fact that there are four particles in the incoming andyoing states. The hydrogen
atom and the nucleus are both free particles while the ele@nd nucleon are bound to

the respective free particle motion. Since the scatteramders, the electron and nucleon,
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do not correspond to the coordinates of free particle motigdrogen’s center of mass and
the nucleus’s center of mass, the matrix element in[Eq.3@)3ontains an atomic form-
factor in addition to the usual nuclear form factor. We firgharing terms suppressed by

me/my andm,, /My, the cross section to be

do K| (2 3 Zeecy\| Se-q 25.-9) ¢
a = 7. Iu]QVA 952 2 XSJ[ Fel(qz) ° - el(QQ)%
dQ k T q +MX Hne mn(q +Mx)
= = 2
So-d | (259 o (2
— < |F 2.3.31
My, +mn(q2—|—M)2<) x| [Fu(@) ( )
The electron form factof,;(¢?) is found to be
. qa? —2
Fald®) = (00 = (14 T8) 23.32)

where|0) is the ground state of the dark atom. The functign(¢?) is the Helm nuclear
form factor which accounts for the overlap between nuclemhraiclear states [60, 61].
We have averaged over initial nucleon spin and summed oanfucleon spin. Summing

over the final atomic spin states and using Eq.(213.32) we hav
2

7 *[ FuF 2 ’
<g5 eecw> el HG(C]2) ( 4q ) : (2.3.33)
. M2 <1 + ﬁ;{) Hne

k/

k

dO’hf o M]2V
aQ 2

we have defined the functia(q¢?) as follows

2
G =1+l p 4+ Y —L . 2.3.34
@)=t - e (23:34)
We rewrite the above in the following form
dO'hf 42204 MJZV ERFIZJF% 2
— = - E 2.3.35
dER M?Le fe4ff Ugel (1 +2MNER/M)2()2G ( R> ( )
4
1= My (2.3.36)
</ 2 (95 € Cw)27

where we have defined the scdlg, for compactness and for comparison to Ref. [37].
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2.3.3 Modulated Nuclear Recoil Rate

The amplitude of the modulated recoil rate at a detector Wwithtarget nuclei of mass
My is given by

June

dR _ 1. p [ dons
— =-N d
d R 2 TmDM Awnn o f<v) dER January

, (2.3.37)

wherew is the relative velocity between the dark atom and the nsgles- 0.3 GeV/cn?
is the local dark matter density and we usg. = 550 km/s for the dark matter escape
velocity — see Ref. [62]. The lower bound on the velocity gnégion is the minimum

relative velocity that can produce a given recoil energy

B 1 My + My
Umin =\I9 M En M

En + Ehf) . (2.3.38)

Following Ref’s. [62,63], the velocity distribution in E.3.37) is approximated by

3/2
~ <%) 6—112/1;(2)7 forv < Vesc

foy=¢ M\ (2.3.39)
0, for v > vege.
The normalization is
N = erf (Ve ) L 2 Vet nefuo)® (2.3.40)
N Vo ﬁ Vo ’ e

with vy = 220 km/s.
Figure [2Z2 is an example of the modulated count rate at DAMAdafined
in Eqg.(2.3.37) with the data points and reported unceitsnfrom DAMA and

DAMA/LIBRA [9]. We have plotted the modulated spectrum forée choices of the set
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Modulated DAMA Spectrur
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Figure 2.2: Examples of the modulated spectrum at DAMA deffineEq. [2.3.3l7) com-
plete with the data points from the DAMA and DAMA/LIBRA experents. The curves
correspond to the following choice of parameters from leftright in order of their
rise from zero (black, red and green in color order) = 200,100,70 GeV; me ~
1.59,1.53,2.15GeV; f.;r ~ 89,109,111 GeV. The hyperfine splittings are all about
97 keV.

of parametergm,, me, ap, My, gs ande) which satisfy the rather stringent list of con-
straints enumerated below. Note the linear dependencEpand the presence of an
atomic form factor in Eq[{2.3.35). Although the first ternmdes to push the peak toward

larger values of i, the atomic form factor turns off scattering when, ~ 1.

Mixing With The Standard Model:

Perhaps the harshest constraints are on the mass of th&axjadnd its kinetic mixing
with the standard model, since the direct detection cros#oseis roughly proportional to

€2 /M. The one loop contribution ok to the anomolous magnetic moment of the muon
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2 1 2 2 1 — 2
x_oc 1, 2meoz) (2.3.41)

W= 9n o mi(l—2)2+m%z

As discussed in Ref. [109], regardless of how one treats &akedmic contribution to the

theoretical prediction of,,, the X boson’s one loop contribution must satisfy
ay < 74x107° (2.3.42)
In order to be conservative we restrict ourselves to (seer€i) in Ref. [109])
My > 100MeV ande® < 107°.

Mixing between the massless gauge boson in the dark seatothenphoton is not
induced by loops in our theory, and we nominally set it zeraofstraint on this mixing,
¢/, can be derived from bounds on its contribution to the anoosmagnetic moment of
the electron. The constraintdis< O(10~%) [109]. Astrophysical constraints also exist, but

are much less restrictive for the range of electron masseseveonsidering [65].

Sufficient Recombination:

The residual ionized dark matter will scatedasticallyas it does not cost any energy
to flip a free spin. Efficient recombination and a hyperfinétspg consistent with DAMA
imply that the typical electron mass@(1 GeV) and therefore too small to induce observ-
able nuclear recoils. The strongest constraints on diretetation of the free dark protons

come from CDMS [24, 66]. With a net exposure of 174.7 kg-d, @&MS experiment
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allows 5.3 signal events at 90% confidence level. To be consistent Wélbbunds from

direct detectiofiwe demand thak, < 1074,

Energy Level Corrections Due to the Axial U(1):

The proton-electron interaction due to the broken axial)ligla perturbation to the

hydrogen Hamiltonian and gives a correction to the hypelénel splitting. The correction

is given by
5By ~ (0] 2 10y = 95 (1 1 o) 2.3.43
thHE " |>—47m0( +aogMx) ™. (2.3.43)
Requiringd £,y < Es gives
32 . My \°
< 22T g3 e <1+ X ) . (2.3.44)
3 mp ap g

The parameter sets shown in Figlird 2.2 satisfy this constrai

Breaking the Axial U(1):

Masses for the dark electron, dark proton and the axial ghagen all violate the axial
U(1) symmetry. Perhaps the simplest way to give mass to thesieles is giving a vev to

a charget-2 scalarg o, as in [37]

2 — — *
L > |Dfrf¢+2|2 — A (|¢+2|2 - Uiz) + Yp(Dr G2 pL + DL P9 PR)

+ Ye(€rpioer +eLdlyer). (2.3.45)

4The discussion in this section actually puts a bound orldbal ionized fraction. We assume for sim-
plicity — here and throughout this chapter — that the distrin of ionized dark matter matches that of atomic
dark matter. However, due to the presence of a long-rangee,f@ may be that the ionized distribution
is very different from the typical dark matter halo. A full bbdy simulation of a multiple species halo is
beyond the scope of the present work, so for now we ignorerttésesting possibility.
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Mp = 100 GeV Mp =200 GeV

00 os 1o s MGV g 05 10 15 2 M* (GeV)

Figure 2.3: The allowed parameter spacefbH¢ andgs; for two values of the dark proton
mass. The other atomic parameters-andm. — have been chosen so that; ~ 97 keV
and X, < 10~%. The allowed parameter space ffy andg; for two values of the dark
proton mass. The other atomic parametets-andm. — have been chosen so thgt; ~
97keV andX, < 10~*. On each plot, the displayed valuesedfare10-¢, 10-5 and10~*
from left to right (green, red and blue in color order). To lmmsistent with constraints
discussed in Ref. [109/x > 0.5 GeV fore? = 10~*. The allowed points have an average
rate, in the 2 to 6 keVee bins at DAMA, betwe@A9 x 10~2 and1.63 x 10~2 cpd/kg/keVee.
The excluded regions correspond to choices of parameteéct wh not satisfy EqL(2.3.46);
the solid black line is for\ = 1 TeV and the dashed line is for= 10 TeV.

When the scalar is at its vev, the mass spectrum is

Mx = g5vp
mMp = YpUy2
Me = Yelio. (2.3.46)

The DAMA signal requiresn, > my andgs > O(10~2) thus one might worry about
the perturbativity ofy,. The yukawa coupling runs according to the following oneploo

renormalization group evolution [67]

212
yp(A) = \/7111(/\/%)’ (2.3.47)

which blows up at the scal&. If we takeA = 1TeVorl0TeV, our parameter space is
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constrained as shown in Figure2.3. In principle, the pratonld be a composite object
and the axial-symmetry breaking could occur at strong dgogplas in QCD) and not via
a weakly coupled scalar. The proton could also carry a chamger another gauge inter-
action that is relatively strong, but breaks at a TeV, thusgptering the UV behavior of,.
We leave explicit models of UV completions to future work.

Figurel 2.8 displays the allowed parameter space for a fevcehof)M x, g5 ande with

Xe < 107* level.

2.4 Discussion

Dark matter succinctly explains a number of astrophysindl @smological observa-
tions that are otherwise puzzling. Standard WIMP dark matia accommodate the gross
features of these observations and naturally exists in tadtat attempt to explain the
origin of the weak-scale. However, the typical WIMP seemahl@ to explain tensions
between direct detection experiments. These considagpoint to the possibility of a
non-minimal dark sector, which contains more similaritieshelight sectorthan is typi-
cally thought. Atomic dark matter — with a non-negligiblained fractionX. and a new
massless gauge boson — offers the possibility of signifigaliferent phenomena in the
dark sector than those of standard WIMPs.

Atomic dark matter may have hyperfine transitions of thetrggre to offer an inelastic

explanation for the DAMA data. If our simple model of atomiarkl matter is the right
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explanation for DAMA and the ionized components of the haléofv the distribution of
the atomic dark matter, then other direct detection expanisshould see dark protons in
the near future. Simulations of stucture formation withrglea and neutral components
could shed light on these issues.

The dynamics that lead to atomic dark matter also may haver girenomenological
implications. For example, in parts of parameter space evtiex ionized fraction is large
enoughH, molecules may form through processes catalyzed by theuasimhs, as in the

SM [70]

H +H < Hy+e (2.4.48)

and

Hy +H < Hy+p. (2.4.49)

The existence of molecular states in the dark sector offerpossibility of cooling mech-
anisms which, in the SM, are thought to be very important figr formation of the first
stars [71]. This raises the interesting question of whedimelrto what extent compact ob-
jects,e.g. dark stars, could form for weak-scale dark atoms. Moreak#re dark photon
mixes with the SM photon, it may result in dark atomic line ssndns in cosmic gamma
rays.

We have presented a somewhat generic model of atomic datkmmBkplicit models
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which explain the asymmetry abundance and which serve esvialiet completions of
the model could potentially relate astrophysical phenan@nphysics to be probed by
the Large Hadron Collider. The part of parameter space irchvthe measured DAMA
signal is post-dicted requires the dark proton to be styowegupled, or nearly so, at a
TeV. If strongly coupled, one could imagine additional teat of the dark sectorie., a

composite atomic nucleus — which more strongly mimic ouiblésworld.
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UV Completion: Dark Atoms

3.1 Introduction

While indirect cosmological observations provide abutidasdence for the existence of
dark matter (DM) P, 4, 21], terrestrial evidence of its particle nature hasnbelesive.

The identity of DM stands alongside several important opaestjons at the intersection
of cosmology and particle physics including the missing-ardtter, the number of light
degrees of freedom in the CMB [72], and the observed absehsmall-scale structure

[73,74].

Recently, the CoGeNT direct detection experiment [75] regzban excess of events in their
low-recoil bins. If this excess is interpreted as eviderfca DM patrticle, the natural scale
forits mass is~ O(10 GeV). Since this energy scale does not easily fit the so-called WIM

paradigm, the dark sector must generically be expandedierge the right cosmological
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abundance. This can be accomplished with new light statas [@6—78] or by relating
the DM abundance to the SM baryon asymmetry as in [79-83,383-33]. See [94] for a

thorough treatment of the constraints on such models.

Generic models of light DM are highly constrained by the mefiults of CDMS [95] and
XENON10 [25, 96, 97] experiments. The CDMS collaboratios hecently reanalyzed the
CDMS Il Germanium data with the detection threshold lowei@@ keV. This analysis
excludes both the DAMA [98] and CoGeNT preferred regions/f6MP DM. XENON10
also claims to rule out the WIMP interpretation of DAMA and @aNT, though there
is controversy over XENON's scintillation efficiencfe; at low energies [99-101]. A
theory which can explain the positive signals while evadgitighe constraints may require
some or all of the following epicycles: additional dark sipsd102], momentum dependent
DM/SM interactions [103] or non-standard couplings to eods [104] (see Ref. [105] for

a thorough study).

In this note, we suggest that atomic dark matter (aDM) mayana number of important,
open questions in cosmology. We find that aDM can generateighe DM abundance
and baryon asymmetry, contains additional relativistigrdes of freedom and is capable
of smoothing structure on much larger scales than conveaitiGDM candidates [106].
Furthermore, aDM may reconcile CoGeNT with constraintsnfnoull experiments. We
also find that the regions of aDM parameter space favored I3eGid are consistent with

preliminary signals at CRESST [107]. Finally, we note thmeittthe existence of both dark
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ions and atoms within aDM gives rise to a unique halo strectur

Sectior 3.2 gives a brief overview of aDM; section 3.3.2 edtethe simple framework to
explain both the dark matter abundance and the SM baryonrasyyvia the mechanism
recently proposed in [92]; sectign 3.8.3 describes andfigsthe pattern of spontaneous
symmetry breaking in the dark sector; secfion 3.3.4 dessribe recombination of mul-
tiple species of dark atoms; sectibn]3.4 reviews relevamictidetection signals, limits
and constraints on the aDM parameter space; subséctidhiBciudes a discussion of the
novel aDM halo structure; finally, section B.5 summarizesresults and outlines future

directions.

3.2 Review of aDM

Atomic dark matter consists of four Weyl fermion€; E¢, P and P - charged under
two U(1)’s. The first,U(1)p, has vector couplings and is unbroken. The secoéid) x,
has axial-vector couplings and is spontaneously brokerhbywev of X which is also
responsible for the massesfandP.

The axial gauge boson is kinetically mixed with SWM1),- through a coupling of the

form [108]
Lonix = gBWX’“’. (3.2.1)

This operator arises from integrating out a heavy fermiotih wector couplings to both
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UL)p | U(L)x
E| -1 | -1
ECl 1 ~1
Pl 1 1
Pl -1 1
X | 0 2

Table 3.1: Field content arld(1) charges for aDM.

U(1)'s soe is given by:

_ 9vgx Mheavy
e(p) = 622 ln( . ) , (3.2.2)

where experimental constraints alle#? < 10~° for My > 400MeV [109-111]. Note
that the existence of &(1)gauge boson with this mass and coupling can ameliorate the
discrepancy between the standard model prediction and #asumed value of the muon
g-2 [109]. The field content and interactions above are dapaftproducing a successful

cosmology and unique direct detection spectrum.

3.21 Cosmology

The possibility ofU (1) charged DM with long-range interactions, has been explored
in a number of works [33-36, 106]. In the case where DM exisismic form, halo mor-

phology and bullet-cluster observations [53, 54] plachttigonstraints on thévp, mpay)
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parameter space. Long-range interactions push the DM fremah configuration toward
kinetic equilibrium and can make the scattering rate in thilebcluster too high. The aDM
scenario avoids these problems by assembling the darknimatiomic bound states which
arenet neutralunder thel/ (1) with a smaller fractionX z existing in ionic form. The ionic

fraction is defined as:

ng
Xp=—"E
ng +ng

(3.2.3)
and it is most sensitive to the value @f,, tending to decrease as the coupling increases.
Similarly, X also tends to decreasernag increases withnp held fixed. The dependence

onmp is much weaker than the other two parameters. See Higur®BtBe light atoms

considered in this work and Figure 1 in Ref. [106] for a moreegal treatment.

In this framework, the cosmological abundance of DM is delgemupon the existence
of an asymmetry betweert, P) and(E, P)¢ and we return to the question of generating

this asymmetry in Sectidn 3.3.

3.2.2 Direct Detection

The leading interaction between aDM and the SM is throughXhe ~ mixing in
Eq.(3.2.1). The static potential between a SM particle whtargeQ)gy and a DM ion with
charge® x goes like

e—]\/IXr

(3.2.4)

2 Y

V(§DM,F) ~ (6 QXQEM) <§DM 'F)

r
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with the dependence on the DM spin-operator arising fromathial-vector couplings of
U(1)x, cf. Ref. [37]. As in SM hydrogen, the aDM ground state is the- 1 state with
anti-aligned spins and th& = 1 triplet states have a slightly higher energy so there is
a hyperfine splitting. At leading order, the interaction ig. B.2.4) forces dark atoms to
scatterinelasticallyfrom SM nuclei by excitation into the hyperfine state. Théoraf the

hyperfine splittingFi to the ground state binding ener@yscales as

o

2 ME
X apHy—, 3.2.5
B D P ( )

so thatEys can easily b& (keV) for atomic masse® (10 GeV). This implies that dark ions,
which are free spins, will scattelasticallysuch that the ionic recoil spectrum vanishes
for small recoil energies. Thus, aDM realizes many of thehmasms [105] necessary
for reconciling CoGeNT with other null searches. In Secfofh we show that aDM can
explain the positive signals reported by both CoGeNT and EREwhile evading bounds

set by XENON and CDMS.

3.3 Asymmetric Atomic Dark Matter

In this section we propose an ultraviolet completion to theve model. It both dy-
namically explain the generation of the dark matter abuoédhy linking it to the baryon
asymmetry), and relieves the issue of a Landau pole fof/tie dark gauge field below

the Planck scale.
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3.3.1 TheMode

We propose a nonabelian dark sector witti(2), x U(1)x gauge symmetry, where
the labelsD and A refer to “dark” and “axial,” respectively. By embedding 1), into a
non-Abelian group we avoid a Landau pole below the Planclesd@de matter Lagrangian

contains

1. . - . )
LD —3 'n? + y7niljh + Nin; Epe + ApniPop + ye XEES + prTPPc + H.c.,(3.3.6)

where/;, h are the Standard Model lepton and Higgs doublets;th@or i = 1,2) are
sterile neutrinos with GUT scale Majorana masa&sthe ¢, e, and X are scalar fields.

All gauge representations and quantum numbers are givesbileB.2.

For at least two species of sterile neutrinos, the paramigteand \. , contain irre-
ducible complex-phases and give rise to CP violation. Owtpiilibriumn decays gener-
ate both the Standard Model lepton asymmetry and the asymerdatk matter abundance.
While lepton number is explicitly violated by neutrino Megma masses, it remains a good
accidental symmetry in the visible sector above the ela@ak scale. In the dark sector,
we impose &, symmetry to dangerous P mass terms which allow P annihilation into
dark radiation, see Table 3.2. Notice that Eqg.(3.3.6) doéslfow explicit mass terms for
the fermionsE and P; however, dark-sector symmetry breaking via the VEY) = vy
induces these fermion masses throughiAhgE° and X1 P P¢ yukawa terms, as we will

see in Section 3.3.3.
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SUR2)p | U(L)x | 22
E i) -1 —1
E° O —2 —1
0. | O 1 |-1
P O 1 1
pe O 2 1
| T | -1 |1
X . 3 1

O

Table 3.2: Field content and gauge representations for Asstnic aDM. TheU(1)x
charge assignments forbidz“p. andn Py, terms which would wash out the dark matter
asymmetry. The discret&, parity prevents atomic annihilation in the low energy eifex
theory. Mixing betweert/(1)y andU (1), is naturally tiny due to th&U(2) , embedding.

3.3.2 Connecting Atomogenesisto L eptogenesis

Following [92] and [93], we track the evolution of these asyatries with the parame-

ters
( — I'(ny — Zh)lj I (ny — A7) (33.7)
p — Lz E%)nrl— [ (n1 — Eyf) (3.3.8)
A ['(ng — P(pp)r—mF (n1 — P(pg) | (33.9)

Since the IR phenomenology will requife and P to be stable with comparable masses,
we will simplify our discussion by considering only the asyetry in £ without loss of
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generality. for each number density of interest, the yi&lds n;/s satisfy the Boltzmann

equations
sH Y,
711/,;1 = - (Y—lq —~ 1) +(22), (3.3.10)
Ny
H Y, Y,
QYAE = 7p |ex 1) — Lb;q Bg| + (2 <» 2 washout + transf@@.3.11)
z Yo, 2Y,

—Y, = [64 (% — 1) — %Zeq Bg} + (2 + 2 washout + transf¢8,3.12)
where’ denotes differentiation with respect to= M, /T, Ay ) track the particle-
antiparticle asymmetries in the two sectofs, is the Hubble parameter dt = M,,,, s
is the total entropy density“? are the equilibrium yieldsi3 denote the branching frac-

tions of n; into the corresponding channel and finaly; is the thermally averaged,

decay density

mj Ki(z)

w2z

f}/D = Fnl ) (3.3.13)

which we have written in terms of the first modified Bessel fiorcK; .

In order to generate the observed scale of neutrino ma3§es2 eV) via the “See-
Saw” mechanism and the correct abundanc&0of0 GeV) dark matter, we must work
in the so-called “strong-strong” washout regime where [&ith and dark sector partial-
widths satisfyB, z;I'2 > M, H(M,,). In this scenario the neutrinos remain coupled
to the cosmological fluid until theé < 2 scattering terms (e.gn,n; <« ¢{) trigger the
departure from equilibrium after the neutrino number digristcomes nonrelativistic. This
allowsY;,, to drift from Y’? and leave behind asymptotic particle/antiparticle asytmiese

YR(e.py iInthez — oo limit.
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Figure 3.1: Diagrams contributing to scalar doublet debagutgh neutrino mass insertions.
After the scalars become matter-antimatter symmetricuthingo. and ¢, number violat-
ing interactions, these decays givem&tlepton number violation and the decay products
annihilate into dark/visible radiation.

The Lagrangian in Eq.(3.3.6) only displays terms that exlilglobal symmetry un-
der whichE(P) andye(pp) carry opposite charge. After electroweak symmetry bregkin
the scalars., can decay tq/E) and (¢P) final states (Figure4l.3). Since the scalars ac-
quire particle-antiparticle excesses equivalent to tfegmionic counterparts, their decays
naively erase the asymptotic fermion asymmaétgy,. However, the scalar potential for

these fields allows terms that violatge andy, number by two units
V(0p,pe) D K (0pe)’ + hoc. (3.3.14)

and thereby initiate interconversign , < go;p. When the dark asymmetry acquires its
asymptotic value af.,., > M, the scalars are still relativistic and the interactions in
Eq. (3.3.14) equilibrate with the thermal bath to washoatdbalar asymmetry before they
decay out of equilibriuuvat late times. Since there is no comparable interactiortfor

P, the resulting dark sector will only contain stable asynmiodérmions.

As with standard Leptogenesis, electroweak sphaleronsrgenthe observed baryon

Technically this requirement is too strong; the decay neschacessarily be out of equilibrium, but this
is generically the case since the only allowed process (E[dB ) is suppressed by powerswf\/,,, and
becomes relevant only after interconversion has frozen out
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number from the lepton asymmetry at high temperatures. dfYthkawa couplings)|
and|y| are identical in magnitude and phase, then both sectorsradtye same particle-
antiparticle asymmetries. The ratiop,, /Qp will therefore have the observed value of
~ 6 if the average mass in the dark secto®isl0 GeV); we will assume this to be the case

throughout the remainder of this paper.

Finally, we note that in the limit where we ignore all inteians not included in

Eq. (3.3.6), we can define

o AeE + A\, P

o= | |=v2| " "
U_ S\eE - S\F)P
¥ Ye+ @

o= | l=va|lT TP, (3.3.15)
Y- Pe — ©p

so that Eq[(3.3]6) contains
Nn; o, (3.3.16)

WhereS\e,p = % Thus, we see explicitly that our UV theory is physicallyntieal to that

in [92], which finds robust parameter space for thermal “Saer’ Leptogenesis with dark
matter massn, ~ 10GeV. Since the model’s IR features (e.g. direct detectitactire
formation) are not sensitive to the parameters in the UV &agian, in the rest of the paper
we take the asymmetry for granted. Furthermore, we will mesthat the couplings; and
)\g in Eq. (3.3.6) are such that the resulting asymmetries giumlenumbers o¥ and P
states at late times.
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3.3.3 Symmetry breaking and IR mass spectrum

The scalar potential for the adjoiAt contains
V(X) D n(XTx)? 4 XTXPXNxt 4 MIxT X (3.3.17)

wherea andb areSU(2) p adjoint indices. While couplings to the other scalars ase al
allowed, we demand thédp.) = (pp) = 0, S0 operators with these fields do not contribute
to the minimization conditions. We have also omitted thevadd SM Higgs coupling

HYHX* X and absorbed its vev inttl for simplicity.

For M2 < 0, the adjoint scalar acquires a VEV which we can rotate intd¥tdirection

without loss of generality

M3

(X% = (X% = vy = TRk

(3.3.18)

SinceX is anSU(2), doublet withU (1) x charge, this implies a symmetry breaking pat-
tern where the axial group is broken completsly (2)p, x U(1)x — U(1)p, while the
residual unbroke/ (1) is just theT; component ofSU(2) ,. Henceforth, we will refer

to this massless gauge field as the “dark photon.”

After symmetry breaking, the fermionic doubldis P acquire masses.z p = ye ,Ux

and residual/ (1) charges are determined by thsi/(2) , isospin.

&
Il
™
S
Il
s

(3.3.19)

o
=
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As noted previously, gauge charges allow EA® mixing mass, which would allow
atomic states to annihilate, hence we demarng, aymmetry to forbid this mixing and

stabilize our dark matter candidate.

3.3.4 Recombination of Multiple Atomic Species

For sufficiently large dark couplings (e.gvp ~ 0.1), aDM gives robust parameter
space for early-universe recombination. The original adgenhowever, assumes the min-
imal field content giving rise to only one species of atom: akdgen-like bound state
with hierarchical constituents (e.gn, ~ 100m.). In the SU(2)px U(1)x model, the
field content allows four distinct atomic bound states. Afteacquires a VEV, dark “elec-
trons” £ and dark “protons’P generically receive different masses. Since both doublets
have charget1 componentsé, ¢) and (p, p) under the unbroke® (1), symmetry, pre-
dicting the cosmological atomic abundance requires faligwhe evolution of 8 correlated
speciese, e, p, p, H.,, Hep, H.: and H,;. The residualSU(2), global symmetry guar-
antees that tilded and un-tilded fields evolve in the same whigh reduces the number of
independent species to five. Finally, we can reduce the nuofbedependent equations

to four if we demand that the co-moving DM number density isstant, where

npm = 2ne + 2n, + 4N, + 2Nz + 2N,5. (3.3.20)
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If we define the following fractional yields

Xenpy = 2n.

Xpnpy = 2n,

Yeonpu = 2N,

Ypsioy = 2Npp

Yeenpy = 2Ne, (3.3.21)
then Eq.[(3.3.20) becomes

1= X, + X, +2Yep + Ve + Ypp. (3.3.22)

Without loss of generalitﬁwe sét; = 1—- X, — X, —2Y,, - Y,; and take the independent

Boltzmann equations to [be
dX. 2
dt B Npwm (Cep + Ceé)
dX 2
dtp = DM (Cep + Cpfﬁ)
dYps; 2
dt - npy (Cpp)
dy. 2
Wp - —E(Cep) (3323)

(3.3.24)

The collision operato€’;; for the recombination of ionsand; into bound statéd;; can be

written as
nsnSa
Cij = (0)ij>Hi <Nijﬁ - nmj) ; (3.3.25)
ij

2In the rest of this discussion we assume th&-violation is negligible, i.e. the matrix elements in these
Boltzmann equations afE-invariant.
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Logyo (@)
Logyo (@)
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(a) Dashed lines are constdhi; in keV. (b) Dashed lines are constanti;/Mpwm.

Figure 3.2: Solid lines show the total residual ionizatidm.both plots the values of the
residual ionizationX, are, from top to bottom= 0.1, 1072 — 107, 1072 — 1072, 10~* —
1073, 107% — 10~* and10~% — 1075. Dashed lines on the left plot indicate the hyperfine
splitting in keV, while dashed lines on the right plot indiezonstant values of the ratio
of the self-scattering cross section to the dark matter imass?/ GeV. In both cases, the
horizontal axis is the total mass of the dark atom.

the superscript “eq” refers to equilibrium number densitg @ahe full expression for the
thermally averaged recombination cross-section can bedfau our earlier paper [106]

and references therein.

While the total dark matter number density depends on thaddmces of all species,
the “chargitronium” statesé and pp do not interact with ordinary matter at leading or-
der; see Section 3.4.2 for a detailed discussion. In Figl#Z&aBwe plot the fractional
cosmological abundance of atomic sta?é$, as a function ofxp and the atomic mass
mpu, including contours of constant hyperfine splitting. Olbaéons of the bullet clus-

ter and constraints from DM halo morphology (see Sectioni2.[106]) demand that
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Oseft-scattering Mpm < 1 cn?/g. The self-scattering cross sections for ion-atom anchato
atom interactions are large — larger than the naive geamettue 47a? — because the
interaction potentials are long-range, mediated by thestess dark photon. As noted
in [106] and references therein, over the relevant rangatefaction velocities we con-
sider, the actual cross-sections scale@gscattering™ 47 (r ag)?, where3 < r < 10 sets the

scattering length. In Figufe 3.2{b) we plot the same paransgtace with contours of con-
stantoseir-scattering Mom- FOr the rest of the paper we will focus on the regions of patam

space whereY,, ~ O(1) and X, + X, < 10%.

3.3.5 Light Degreesof Freedom and the CMB

The CMB is sensitive to the number of relativistic degreefr@édom in equilibrium

with the photon gas, parameterized as the effective nunfoerwdrinos,N,

7 4 4/3
Prad = P~ + Pv + Paark = 1 +C g <ﬁ) Nl/ Py s (3326)

wherep.,, . is the radiation density due the dark photon @nd 0.93 is a parameter that
corrects for neutrino/electron scattering and finite-temapure QED effects [112]. The dark
photon and ordinary photon are equilibrated by dark-ebectrisible-electron scattering
through X-boson exchange, which becomes inefficient when the dadtretes become
non-relativistic. Their number density quickly becomedtBoann suppressed and the
the two sectors decouple around the temperétiwe~ m./20, wherem, is the mass of

the dark electron. Once the dark/visible photon gassesugéeathey maintain relativistic
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number densities, so any temperature difference thatsaoisteveen them is due entirely to

the additional freeze-out of relativistic species, whiglats the visible radiation.

The dark photon’s contribution t&/, in the CMB depends strongly on whether the
sectors decouple before or after the QCD phase transitmmd&rk electron masses at our
scale of interest{ 1 GeV), the sectors decouple around 50 M&VA,cp, So the visible
sector only gets reheated by standard model electron,rpesaind neutrino freeze-out.
Between decoupling and last scattering, approximatelyeldiivistic degrees of freedom

freeze out in the visible sector, so the ratio of photon dezssis

4/3
p’}/da'rk 8
—= = — 3.3.27
P~ (43) 7 ( )

which givesN, ~ 3.4 at last scattering in the presence of dark radiation.

3.4 Direct Detection and Allowed Parameter

Space

3.4.1 Isothermal lonicHalo

In this section we consider the fate of dark ions that suready-universe recombi-
nation. For simplicity, we will assume single species ofkdalectronsk and protonsP.
In the equal mass limitp.z = mp, this assumption introduces no loss of generality and
the qualitative features of this argument do not change 13 & the electron and proton
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masses are of the same order of magnitude. To model the coldMnhous disk, and
bulge, we follow the discussion in [114], however our quailite results are robust un-
der perturbations of model input parameters and persishwigeconsider different CDM

haloes (e.g. NFW).

In the allowed regions of aDM parameter space, atomic botatdssare the dominant
form of DM and both atom-atom and atom-ion scattering ratesappressed. As such, we

can safely suppose that the CDM atoms in our galaxy setﬂ)edntEinastEsprofile [113]

putom(r) = po exp {—O% [(—h) - (a—j” } (3.4.28)

wherep,, = 0.3 GeV/cm? is the local DM mass density, the Einasto indexvis= 0.22,

at late times

and the length scale ig, = 13 kpc. We assume that the presence of dark ions does not

significantly alter the CDM profile. The luminous disk can bedsaled as

pa(r,z) = 2E—d exp (—1) sech? <i) (3.4.29)

<d

where (r, z) are cylindrical coordinates; = 1154 M, /pc? is the surface density, and
rq = 2.54 kpc (z4 = 0.34) is the radial (axial) scale factor. Finally, the luminoumlge”
can be modeled as a uniform sphere centered at the galaigfic. oSince this lies well
within the solar radius, our model will be insensitive to thage profile, so the total bulge

mass enclosed in radiugs

3
My(r) = M, (i) (3.4.30)

Ty

3The qualitative results of this section do not change whengethe NFW profile [73] to model the
dominant atomic CDM halo.
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whereM, = 4.5 x 10° M., andr, = 1.54 kpc.

Although recombination leaves behind a global ionizedtfoscX 5 (see Eql(3.2]3)),
after galaxy formation, the dark-ion mass distributiondesthe halo can deviate signif-
icantly from a standard profile. To investigate this phenoomg we assume a conser-
vative initial condition in which the ions are initially difouted in an Einsasto profile
Pion(t = 0;7) = Xg paom(r), Which becomes distorted as they scatter. While this ap-
proach does not take into account the initial ionic powecspen, it sets an upper bound
on the local ionized fraction; ions encounter more frictiluming galactic infall and, there-
fore, comprise a smaller fraction of the total halo than caive estimate{ Xpz) would

suggest.

Following the discussions in [33, 34] we consider the refiaxatime 7 for an ion to

exchange a@(1) fraction of its kinetic energy. The classical scatterinig iia

4000 (1)
T = n, _ D'on\" ©
Nion(r0)0 v(re) —mlgon 03

(3.4.31)

wheren;,,, is the ion density and implicitly depends &y, and we have used the geo-
metric cross section ~ b?, whereb = 2a/m;,,v? is the hard-scattering impact parameter
. Comparing the relaxation time,= I' ! to the galactic period, we demand that a typical
ion undergoes many hard scatters during the lifetime of iexy

T G*M (re)*m?
— ~ ton 50 3.4.32
T 8122 rE nion (1) < ’ ( )

whereT = 27rg /v is the galactic period andi/ (r) is the total (non-ionic) mass enclosed
in radiusr. In the parameter space we consider, this condition isathsatisfied, and the
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ions reach kinetic equilibrium, settling into an indepemtsothermal halo.

The final equilibrium temperature of the ionic halo is set weaghted average of the
initial ionic speed distribution. If we assume the ions aniéally distributed virially, then

by the virial and equipartition theorems, the temperatgra function of position is

T(r) = G?Tn M) (3.4.33)

whereM (r) is the total galactic mass enclosed in radiug his gives an average tempera-

ture

1

T = E/dgrpg(r) T(r) , (3.4.34)

wherepg andM are the galactic mass-density and total-mass respectiMedyisothermal

ion number density is, therefore

<

Nion () = Ce™ (3.4.35)

whereU (r) is the galactic gravitational potenu&lndc is a normalization constﬂﬁet by

the global ionized fractiorX .

For benchmark values of;,, = 5GeV andap = 0.1, the condition in Eq[(3.4.32) is

trivially satisfied and the local ionized fraction becomes

Nion (7o)
Nion(To) + nepm (T6)

Xg(re) = ~ 1073 . (3.4.36)

‘For Xp < 1,U(r) is approximately independent of the ionized fraction sortfsult in Eq. [(3.4.36)
varies linearly withX g.

5Since ion velocities do not vary spatially at equilibriuthetkinetic term in the Boltzmann weight has
been absorbed into the normalization.
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Figure 3.3: Plot of both atomic (red, higher) and ionizediéhllower) mass densities as a
function of distance from the galactic center with; = mp = 5 GeV and global ionized
fraction Xz = 0.1. The three lines corresponding to each distribution areutatled using
best fit andto deviations of the virial concentration parametgr[114] which determines
the inner slope of the Einasto profile. The vertical line-at= 8.25 kpc marks the local
galactic position. While b variations of the concentration parameter modifies these di
tributions by half an order of magnitude, their qualitativehavior is robust and the ionic
density near the Sun’s galactic position is genericallypsepsed by orders of magnitude
relative to the globaK z. Similar corrections obtain undetislo variation in other CDM
halo inputs (e.g. galactic virial mass — local DM densitiag tocal ionized fraction remains
of order X p(re) ~ 1072,

As the ion-ion scattering thermalizes, transferring heafthe core to the edge, the ions
spread out away from each other to form an independent haltofarther reach than the
atomic CDM distribution. This dramatic local dilution opsenp a new region of parameter
space previously thought to be excluded by direct detettoamds. In Figuré 313 we plot

the radial profiles for both neutral (atomic) and ionized sndesnsities.

Although the bullet cluster bounds allow globsl < 30% [106], to be conservative, we
will only consider values arount)% for the remainder of this paper. For larger global val-

ues, the assumptions of this section are not satisfied arttlefmore, DM self-scattering
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constraints seem to rule ofit; > 10%. In any case, a dedicated numerical study is neces-
sary to truly characterize the properties of the ionic h&le. also note that, unlike visible
matter, our dark ions do not form a disk because the usuatjghess mechanisms (e.g.
cooling via bremsstrahlung and molecular de-excitatioa)ether suppressed or unavail-

able.

3.4.2 Direct Detection

In this section we explore thé/ 4, Mawm, Fni) parameter space in light of the positive sig-
nals at DAMA and CoGeNT, the constraints from XENON and CMBX&] recent prelim-
inary results from CRESST [107]. We will limit ourselves torpjons of parameter space
where the dark matter is primarily in atomic states, thougé simplification still leaves
four bound states to contend with: the chargitrofaia) and(p, p) and the Hydrogen-like
statege, p) and(é, p). In order to predict count rates at the various experimeeta@ed to
know both their cross-sections for scattering from stashdaodel nuclei and their relative

cosmological abundances.

First, we consider scattering rates. For a bound state ofotime (.4, 5) the interaction
Hamiltonian which allows scattering off of standard modetlei through a dark atomic

hyperfine transition has the following form

A 5.7 & .z
Hip ~ O A4 Fu (,UAtom q) + Qg B4 Fy <UAtomq) 7 (3.4'37)
HnA ma HnB mp

where the); are the axial charges of the atomic constituents,, is the atomic reduced
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mass, the5; are the spin operators for the atomic constituegits,the momentum trans-
ferred to the nucleus, the; are the masses of the atomic constituents, theare the
reduced masses between nucleon and atomic constituentsefdhctionF; is the form
factor for scattering off atomic constituenht The scattering rate is then proportional to the
matrix element of this Hamiltonian between initial and fidatk atom - nucleus states. In
particular, the initial atomic state has total spin zero #rgdfinal atomic state is one of the
three possible spin - 1 states. For the chargitronia, theawos in Eq.[(3.4.37) are identi-
cal, so that interaction Hamiltonian is proportional to tb&al spinof the chargitron. For
this reason, the chargitronium atoms do not scatter fronmarg nuclei at leading order in
couplings. In this regime, all the scattering rates havestimee functional form, but only a

fraction of the total dark matter abundance able to scattairect detection experiments.

Given the above argument, it is important to understanddiimatotic value oRY,,, since
the number of atoms able to scatter is proportional to thantty. Furthermore, the re-

combination rate for bound states is proportional to
(3.4.38)

wheremiie IS the mass of the lightest atomic constituent; see ourezastork for details.
This indicates thatp, p) recombines most efficiently anid, ¢) combines more efficiently
than the Hydrogen-like states. Note, however, that in thé ivhere all dark matter masses
are equal, the recombination rates are equal. If we consadar where this master recom-

bination rate leaves very few ions around, then the final danoes of each of the four
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bound states will be one quarter of the total dark matter daoce an@Y,, = 1/2. For
the remainder of this section we work in the equal mass lindtstudy the direct detection

parameter space as a function of three parameatersin: and Magom.

In Figure[3.4, we find the 90% and 95% favored regions for DAM® £0GeNT in the
fet, Mpm parameter space for four different values of hyperfinetapditand withm,, fixed

to equalm,; where f = M3 /(2(gx e cw)?) controls the overall size of the scattering
cross-sectiongy is theU(1)x coupling, andy, is the cosine of the weak mixing angle.
We find these regions by scanning owérper degree of freedom, based on the spectra re-
ported in [98] and [75] respectively. In the DAMA case theis weighted by the reported
uncertainties for each bin, whereas for CoGeNT we use Roissistics for the uncer-
tainties. Figur@3l4 also includes constraint lines for XEWLO [96] and the low-threshold
re-analysis of CDMS Ge [95] where we have also used Poisstistgts to define the er-
ror bars. To account for the controversy over the low-thoesibehavior ofL. ;s bin at
XENON, we plot a modified exclusion line which omits the 2 - 3/kexcoil bin entirely.
Any other treatment of the low-threshold behavior of XEN®NEetector interpolates be-
tween these two contours. The CDMS exclusion is calculai@a y? by taking the 95%
confidence limit of the spectrum reported in [95] and weigdtihe y? with Poisson un-
certainties. We find that this method adequately reprodimes/anilla” WIMP exclusion

lines reported by CDMS.

A few comments are in order. First, we see that while increagihe hyperfine splitting
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Figure 3.4: DAMA (yellow/green) and CoGeNT (purple/blu€P® and 95% favored re-
gions with CDMS-II Soudan exclusion lines (red, solid). &) (ve also include the older
XENON 10 bounds [25, 96] using the published low-recoil sianty (black, dashed) and

a modified efficiency which omits the lowest bin (black, ddjtéo take into account the
uncertainty inl.;¢. In (b) we use the most recent XENON 10 release [97] which isemo
constraining for larger hyperfine splittings. Similar cmiesations result in two exclu-
sion lines using the published low-threshold sensitivitia¢k, dashed) and a modified
efficiency (black, dotted) with a 2 keV threshold. The CoGedisMored region is not con-
strained by XENON 100 because the low-energy thresholdaseathe characteristic nu-
clear recoil energies that explain CoGeNT . Both plots agsanocal dark matter density
of pam = 0.3GeV/cm?, however only(ep) bound states scatter, so the effective density
of scattering particles ig,,, /2. Following the discussion in Section 4.1, we neglect the
effects of dark-ion scattering as their local density ishhyguppressed.

moves the DAMA and CoGeNT regions closer to one another —asvould expect since
Germanium is a heavier nucleus than Sodium — there is noagvbdtween the two. As the
hyperfine splitting is pushed to even higher values the ColGalddwed region becomes
a very narrow, nearly vertical strip around 6 GeV. We noté Waaiations in the galactic
CDM Halo — especially the escape velocity — as well as knoweettainties in the DAMA
guenching can improve agreement between DAMA and CoGeN3][The regions plot-
ted above are conservative in the sense that they do notdaketage of these variations.

Second, note that the aDM parameter space favored by DAMAngptetely ruled out by

61



CHAPTER 3. UV COMPLETION: DARK ATOMS

the most recent CDMS analysis and the more constraining XEN&Clusion, while the
less aggressive treatment of XENON's low-threshold bajradbes leave some parameter
space for DAMAL. Third, note that increasing the hyperfine splitting doeshave much
of an effect on the allowed region for CoGeNT. This is reabtaagiven that CDMS puts
the tightest constraints on aDM and both CoGeNT and CDMS lmatk for Ge recoils.
Dark atoms are not ruled out by the low-threshold results BMS or XENON, while
light WIMPS apparently are, because the aDM recoil spectyaas to zero linearly at low

energies. In contrast, WIMP scattering is exponentiallyerikely at low recoil.

Finally, there is the matter of CRESST. Since the CRESSTctlatés made of Calcium

- Tungstate (CaW@ crystals, and the Oxygen/Tungsten recoils bands arendigsh-
able, CRESST is able to contemporaneously search for lightsbattering and heavy
DM scattering, respectivelyPreliminary results suggest that witt(550) kg-days of ex-
posure CRESST sees roughly 23 evamthie Oxygen band107]. We find that the regions
preferred by CoGeNT foFn = 5, 15 keV are consistent at the 90% confidence level, with
the count rate in Oxygen at CRESST. We find that, generidayDAMA preferred region

predicts a count rate at CRESST which is about four timesatayel

SWe also point out that the tension between DAMA and CoGeNtsalieviated by ignoring the shape
of the DAMA spectrum and considering only the net count rate.
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3.5 Discussion

In this article we have studied the rich cosmology and patanspace of atomically bound
dark matter. The abundance of dark atoms can be tied to tgerbasymmetry in which
the decays of heavy sterile neutrinos generate both darkiaitde sector abundances. For
natural couplings to heavy neutrinos, both sectors acagual number densities, so the
dark sector mass scale must®é> GeV) to reproduce the observed DM abundance. Since
the gauge field that binds the dark atoms must be embedded on-Alpelian group to
avoid a Landau pole below the Planck scale, the dark matiivided into four atomic
species whose asymptotic abundances are very sensitive ttatk fine structure constant
and the mass of each binding combination. The ionic spe&rsrgtally interact rapidly
enough to maintain kinetic equilibrium and thereby form pagate, more diffuse halo than

that of the cold atoms.

Our analysis has emphasized the limit where all atomic dolesits have equal masses.
By symmetry, the atomic species in this limit comprise elyuabundant populations of
“chargitronium.” Because the dark atoms are light compéaoeithe weak scale, the most
significant constraints on aDM come from the low-thresh@dnalyses at CDMS and
XENON10/100. While there is significant tension between DAEBNhd CoGeNT, the pa-
rameter space favored by the CoGeNT signal — and allowedIbsesults — predicts a large

signal at CRESST of the right order to explain the excessrtegan preliminary results.

There are a number of directions for further study. The cdsgyoof aDM is intricate and
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a full numerical study of the parameter space for both thenasgtry and recombination
would be interesting. Furthermore, while it is clear thatdtic equilibrium will lead to a
distinct ionic halo, the details of the aDM phase spaceidigion can only be determined
through numerical simulations, which require knowledgéhefinitial power spectrum. It
would also be interesting to consider the observationasequences of the ionic halo; for
example, in principle there could be long range dipole-iipateractions between galactic
halos. For simplicity, the model has an exact parity thatg@més dark atom decay. It
would be interesting to consider soft violations of thisifyeeind the potentially observable
consequences. Finally, we have only studied the directtieteparameter space only in
the case of a fully degenerate dark sector. Since both thedalmge of atoms and shape
of the direct detection spectrum are sensitive to the magdbe atomic constituents, the
parameter space for more generic combinations is diffioutiap. The possibility of better
agreement between the various positive signals and nulltsesiakes a more thorough

study valuable.
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Chapter 4

Octotriplets

4.1 Introduction

Scalar fields transforming as octets undéf(3)., the color group of the strong inter-
actions, have been studied in various contexts. The siinyles of color-octet scalar is
a singlet under th&é'U(2)y, group of the weak interactions, and may be referred to as an
‘octo-singlet’. These lead to pairs of dijet resonancesaalrdn colliders [116,117], and
may explain [118] some deviations from the standard modediptions in the3b search
performed by the CDF collaboration [119]. They also enhaheestandard model Higgs
boson production through gluon fusion [120]. Octo-singkgbpear as composite particles
due to technicolor [14] and other strong-coupling dynanid&l, 122], or as elementary
particles in 6-dimensional extensions of the standard md@8] and in theories with an

extended color group [118, 124].
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Weak-doublet color-octet scalarise(, ‘octo-doublets’) differ dramatically from octo-
singlets because the standard model gauge symmetry akmasnnalizable couplings of
octo-doublets to the standard quarks [125]. Only if thesgtlings are highly suppressed
or aligned with the standard model Yukawa couplings can tih@-doublets be light enough
to be produced at the LHC [126]. An octo-doublet field inclsifl@ur color-octet states: a
charged patrticle, a neutral one and their antiparticlese Addron collider signatures of
octo-doublets have been explored in [127,128].

In this paper we study ‘octo-triplets’: real scalar fieldsittiransform in the adjoint
representation8, 3,0), of SU(3). x SU(2)w x U(1)y. An octo-triplet field includes three
color-octet states: a particle of charge +1, its antiplatend a neutral real particle. Akinto
octo-singlets, octo-triplets are pair produced at hadaiiders through their couplings to
gluons, and cannot decay into standard model fermions atmalizable level because the
Yukawa couplings are ndtU (2)y x U(1)y invariant. Unlike octo-singlets, octo-triplets
cannot decay into gluons unless there are additional fieltgenerate certain dimension-7
operators.

One-loop decays of octo-triplets into a gluon and an elaeek boson are allowed,
leading to interesting collider signatures involving twoans and two electroweak bosons.
We will show, however, that the rate of these decays is antadlg suppressed by two
orders of magnitude compared to usual 1-loop estimatess, Traw heavy particles could
induce the dominant octo-triplet decay modes.

In the presence of some vectorlike quark of mass in the Teyeaathe charged octo-
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triplet may decay into a pair of standard model quarks, ar &tV boson and a pair of
quarks if it is lighter than the top quark. This leads to a efyriof collider signatures,
including a dijet resonance, & boson and two softer jets. If the octo-triplet mass is
in the 150 — 170 GeV range, this signature may explainithe excess observed by the
CDF Collaboration in the dijet resonance pldsfinal state [12,129] Some alternative
explanations can be found in [118], [130]- [132]. At the LH&Lto-triplets with much
larger masses<(1 TeV) may be probed in several final states.

Octo-triplets may be elementary particlesy, part of the 75 representation 8t/(5)
grand unification), or may arise as composite ones, for elam@p fermion-antifermion
bound states [122]. We treat the octo-triplets as poirg-pRrticles, which is a good ap-
proximation only when the compositeness scale is subathrtigher than the octo-triplet
mass.

In Section 2 we analyze the extension of the standard modehbyreal octo-triplet
field. Section 3.1 introduces a heavy vectorlike quark wimediates octo-triplet decays
into standard model quarks. Section 3.2 discusses flavaneshg processes. The Tevatron
phenomenology of charged octo-triplets is explored inisest3.3 (QCD pair production)
and 3.4 (resonant pair production). The predictions for L&M€ discussed in section 3.5.
Our conclusions are summarized in Section 4. In the appesdie present the Feynman
rules for octo-triplets, and then we compute the rates fer3fbody weak decay of the

charged octo-triplet and for the 2-body 1-loop decays obrcoktet scalars.

The DO search in the same channel [13] has a larger backgemahtess data, so that it might not be
sensitive enough to the signature proposed here.
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4.2 Octo-triplet scalar

We consider the standard model plus an octo-trigét, which is a real field of spin 0
transforming a8, 3, 0) under the standar8lU (3). x SU(2)w x U(1)y gauge group. We
use indices from the beginning of the Roman and Greek alphadbéabel theSU(3). and

SU(2)w generators, respectively;b,c =1,...,8 anda, 8,7 =0, 1, 2.

4.2.1 Interactionsand masses

All interactions of the octo-triplet with standard modelga bosons are contained in

the kinetic term

1

5 (D) (D6 (4.2.1)

wherey is a Lorentz index and the covariant derivative is given by
D0 =0,0% + g, f** GO+ ge* W[ O™. (4.2.2)

Here f2* ande®?7 are the totally antisymmetric tensors of the'(3). andSU(2)y groups,
respectivelyg, andg are theSU (3).. x SU(2)w gauge couplingsy, is the gluon field, and
W is the weak gauge field. The octo-triplet field includes thpasicles: an electrically-
neutral color-octet real scal&’, a color-octet scalar of electric charge %", and its

antiparticle©®:

0" = — (0" Ti0%2) | (4.2.3)

Sl -
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When referring informally to the octo-triplet particles wee the©* and ©° symbols
without displaying the color index.
The kinetic term[(4.2]1) includes interactions of fiieboson with two octotriplet par-

ticles,
—igW, [(0,01)0" — 019,07 + H.c. | (4.2.4)
and also with an additional gluon:
2iggs [ G* (WO —w, o) e . (4.2.5)

Similar interactions involve & boson and two octo-triplet particles of the same charge,
with or without an additional gluon. The interactions ofdikign octo-triplets with one
or two gluons (photons) are completely specified by QCD (QB&)ge invariance. The
Feynman rules for octo-triplets are given in Appendix A.

The mass of the octo-triplet arises from two terms in the aagran:
1
-3 (M3 — A\yH'H) 0" | (4.2.6)

where)y is areal dimensionless parameter. The VEV of the standactbhitiggs doublet

H has avaluey ~ 174 GeV, so that the mass of the octo-triplet field is
Mo = /M2 — \gv?, . (4.2.7)

We requireMg > 0 (i.e.,©> does not acquire a VEV) in order to preselS& (3). gauge
invariance. Note that Higgs searches based on gluon futeoe g limit on\; as a function
of Mg [120].
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The commutation relations of the Pauli matrieesimply that other operators con-
tributing to the octo-triplet mass, such @800’ H)©*0, are either identical to the
last one in Eq[(4.2]6) or vanish. Thus, at tree lé&€land©® are degenerate states, having
masses equal th/g. At one loop, the electroweak interactions break this deggy. The

mass splitting between the charged and neutral octo-sifgg133]

1 — cos Oy

SM = Mo+ — Mo ~ a My (4.2.8)

28in0y,
up to corrections of ordefM,/Mg)?. We will see shortly that the octo-triplets have
lifetimes much longer than the QCD scale, so that they hameorThe lightest physical
states are “octo-hadrons” given by or ©* bound to gluons or quark-antiquark pairs.
The mass differencé)M between the lightest charged and neutral octo-hadronstiseof
same sign and order of magnitude/gs+ — Mgo, SO thath M ~ 0.2 GeV.

SU(2)w x U(1)y gauge-invariance forbids any renormalizable interactithe octo-
triplet with standard model fermions. The most general neradizable Lagrangiande)
for the octo-triplet scalars is given by the kinetic tefnP(4), the potential terms quadratic

in © given in Eq.[(4.2.6), as well as a cubic term and quartic terms
pio [P0 QT — \g (©9°Q)* (4.2.9)

where)g > 0 is a dimensionless parameter, and for simplicity we display one quartic
term. The mass parametes may be positive or negative, but its size should not be larger

thanO(M@)\g)l/z) in order to prevent ® VEV. The above cubic term gives the following
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interaction among the charged and neutral octo-tripletges:

2ipe fP0TE QD | (4.2.10)

4.2.2 Collider signalsof octo-triplets

In the ue — 0 limit, the LagrangianCe has an accidental, symmetry that makes the
lightest octo-tripleti(e., ©°) stable. The charged octo-triplet decays at tree level@to
and an off-shell’’ boson. Computing the 3-body width to leading ordes id (Appendix

B) we find

2 5M)5
P(0f @0ty ~ O OM)” 4.2.11
(07 =00ety) = g T (4.2.11)

Given the small mass splitting/ ~ 0.2 GeV [see the comment after Ed. (4]2.8)],
the only other relevant decay modeds — ©°u*v with a decay width further phase-
space suppressed compared to Eq. (412.11). Hence, theresdbvel width ofo™ is
[ree(©F) ~ 1.8 x 10716 GeV. This 3-body decay width corresponds to a decay length of
1.1cm.

For ue # 0, the charged octo-triplet decays into gauge bosons at ae Weith 11 g
being the only 2-body final state allowed by charge consemal he diagrams responsible
for this decay are shown in Figure 4.1. The computation ofdéheny width described in

Appendix C gives

2
Qg b
IO —=W*g) :mf(MW/M@), (4.2.12)
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Figure 4.1: Charged octo-triplet decay tdlaboson and a gluon.

where the functiory(R) is defined in Eq.L(C]8). Fak/g varying between 150 GeV and 1
TeV, f(R) grows from(4.0 — 10.3) x 1073, corresponding t&'(©*— W=*g) in the (4.3 —
11.2) x 1073 /Mo range. While one might naively expeftR) to be of order one, this
function is accidentally suppressef{0) oc (7%/9 — 1)2 as shown in Eq[(C.10), while for
larger values ofz, the function decreases further due to phase space sujppress

The neutral octo-triplet also decays at one loop, into amglaed Z boson or photon,
with partial widths

2
Qlsllg

b <®0 - Zg) = tan?6y Mo

f(Mz/Mse)

2
g
(6" — g) ~ 7T3‘]\2‘5]«?(0) . (4.2.13)

When Mg varies between 150 GeV and 1 TeV, the branching fractiorofor— ~¢ de-
creases from 53 to 24%. The decayd® — gg does not occur at one loop duesd’(2)y,
invariance (this decay requires a dimension-7 operataivinvg two Higgs fields; further-
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more the(H'H)©*©** interaction does not change thé/(2),, indices, so that Higgs
Yukawa couplings must be inserted, which is possible ontirae loops).

At hadron colliders, octo-triplets are copiously pair puoed due to their QCD cou-
plings to gluons. The rate fa’©° production is the same as for an octo-singlet of same
mass [117,118], whil®"©~ production is twice as large (additional contributions tlue
photon andZ exchange are negligible). In Figure 4.2 we show the leadmgrd@®"©~
production cross section at the Tevatron and LHC, computddMadGraph 5 [176] (with
model files generated by FeynRules [177]) using the CTEQ 6patistribution func-
tions [136]. The QCD corrections are not included in thigjphe expect their inclusion to
shift these curves upwards B}(50%).

Note that single octo-triplet production (through diagsasmmilar to those in Figure
[4.7) is negligible because it is suppressed by a loop fattternveak coupling constant, and
(e /Me)?.

The ©°Q° pair leads to(Z5)(Zj), (vj)(Zj) and (v5)(vj) final states, wherg is a
gluonic jet and the parantheses indicate that the two abjenin a resonance of masss.
The©™O~ pair leads tqW*5)(W ) final states, unlesgg /Mo < O(107?) GeV which
leads to a large branching fraction for tB& — ©%*v decay. This latter case gives the
same final state as iA°©° production because the electron and neutrino are very sdft a
most likely do not pass the cuts (even wheh is boosted the electron is not isolated). If
ug /Mo ~ 4 x 1071 GeV, then the 2- and 3-body decays®f have comparable widths,

so that the©™ O~ pair leads ta(IWj)(Z;) and (W j)(vj) final states, with thé~Z;) and
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Figure 4.2: Leading order cross section for charged ogbdetrpair production at the Teva-
tron (black solid line) and LHC a}/s = 7 TeV (red dashed line) and gts = 14 TeV (blue
dotted line).

(v7) vertices originating from displaced vertices.

Let us briefly discuss théV ;) (W~ ;) signal at the LHC, where the production cross
section, Figure4]2, can be very large. This final state ist easly identified when ong’
decays leptonically while the other decays hadronicaliyhan overallll + 45 signature.
The W decay products reconstrut’ resonances and can thereby be isolated from the
other jets in the event. These remaining jets can then bggtbalongside the knowiv’
decay products and used to reconstruct pairs of octo-tnpsonances. Backgrounds to
this signature includé/ + jets production andt pair-production, the latter of which can
be substantially reduced by amttagging.

Besides nonresonant pair production, octo-triplet ssataay induce resonant signa-

tures at hadron colliders because, like other long-livddred particles [137, 138], they
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form bound states. If the octo-triplet width is much lessitttze binding energy¥s due to
gluon exchange, then bound states form before either [gadécays. This is the case for
all values of Mg and e, as the dominant 2-body octo-triplet width given in Eq. (Z2)

easily satisfies
Ne* - wy) < Bz = ~a*Me , (4.2.14)

For simplicity, we consider only the formation of color-glat bound states; this is the
dominant channel and our qualitative conclusions applyifferént color-representations
of bound states.

The bound states annihilate into gauge-boson pairs beftirer €éonstituent decays.
Bound states of neutral octo-triplets can only annihilat®agh the processé3°0° —

B — gg, WTW—, while the annihilation of bound states of charged octpltts yields a
rich variety of vector boson pair®*0~— B — gg, W W™, ZZ, vy, v Z.

Given that the bound-state effects are mainly due to gluchaxge, the production of
the ©TO~ bound state is approximately equal to that of octo-singletaputed in [122]:
for Mg~ 150 GeV the Tevatron cross sectiordgpp — B) ~ O(100) fb. Since the width
['(0* — W*g) is orders of magnitude smaller than the main channel for datates
['(B — gg) ~ 0.04 GeV [122], the annihilation dominates and yields dijet remwces with
invariant mass\/z = 2Mg — Eg. This cross section is too small to be observed at the
Tevatron.

At the LHC, the bound state production cross-section canobsiderably larger. For
Mp ~ 1TeV, the cross section is(pp — B) ~ O(1pb) [138] at/s = 14 TeV, which
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might allow the annihilation signal to compete with the QCBckground and give an
observable resonance. The electroweak diboson chaneadsigpressed relative §g, but
give cleaner signals, which contribute to standard Higgsctees.

While the above discussion has been limited to the dominalot-singlet bound state,
octo-triplets can also form bound states in higher colorasgntations with exotic anni-
hilation signatures. For instance, color-octet boundestannihilate into eitheyg or Zg

regardless of whether the bound state comprises chargesitrahscalars.

4.3 Octo-triplet decays via higher-dimensional

operators

Since the octo-triplet widths in Eq$. (4.2110)-(4.2.12) @ny, higher-dimensional op-
erators induced at the TeV scale could lead to other decatys substantial branching
fractions.

Dimension-5 operators allow the coupling of an octo-ttipbea pair of standard model
quarks involving a derivative,

Cij. Qa @2 T O-_,YHDHQE + H.c. |, (431)
m¢ 2

or in the presence of the Higgs doublet,

— Q@ c;. ~ . c;’. .
g QLTC”% < L, + 1 Hdg%) . (4.3.2)

My My
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Q°, uﬁ% and dﬁ% are the quark fields in the gauge eigenstate basjs= 1, 2, 3 label the
fermion generationy“ is a Pauli matrixjn,, is the mass of some heavy field that has been
integrated out; and;;, c;; andcj; are dimensionless coefficients. Using the field equations,

one can replace the last operator, with coeffici€ptoy a linear transformation (involving

the standard model Yukawa couplings) of theandc;; coefficients.

4.3.1 Octo-triplet plusavectorlike quark

The dimension-5 operatoiis (4.8.1) ahd (4.3.2) can be irjdoeexample, by a heavy
vectorlike quark¥ that transforms a&3, 2, 1/6) underSU(3). x SU(2)w xU(1)y, i.e.the

same way as SM quark doubl€}$. Renormalizable interactions @fwith the octo-triplet,

a

— o .
Loy = O T Ta7 (nQ% +np¥r) + Hee. (4.3.3)

and with the Higgs doublet,

Loy =T, (Ag Huly + X! FId"R) , (4.3.4)
are allowed. Herey;, 1, A\ and\¢ are dimensionless couplings ahd= ioc2H'. Gauge-
invariant fermion mass terms are also allowed:

— U Vg — 1:Q, Vg + Hee, (4.3.5)

Form, > Mo, the ¥ fermion can be integrated out, giving rise to the opera{ér3.1)
through theLey interactions, and to the operatolrs (413.2) through a coatioin of Lo
and L g interactions.
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Cr, cr,

Figure 4.3: Charged octo-triplet decay to quarks in the gares of a vectorlike quark
doubletV = (¥*, ¥?), The mass mixing ofr with the standard model quarks is depicted
by x. Similar diagrams lead to the decay of the neufdkcalar into quark pairs.

Let us assume for simplicity that: and \¢ are negligible, and that the mass mixing
parameters satisfy; < m,. In this case the coefficients; can be computed in the mass

insertion approximation:

Cyj = ——ib Z;j:j . (4.3.6)

These are the coefficients at the scalg; running down fromm,;, to Mg may change:;;
at Me by anO(1) factor, which we can absorb into the definitiorvef

Using the quark field equations, we find that [Eq.(4.3.1) dostthe following interac-
tions betweer®™ and the mass-eigenstate quark figldsand D7:

—1

\/§m¢

whereVi,, is the CKM matrix, andn,,,, m,, are the physical masses for the quarks of the

0 U'T [(C Vicar )y ma, Pr — ma, (CF VKM)Z-]- PL} D)+ He o (43.7)

ith generation. Th8 x 3 matrix C' is given by
C=V}ieV,, |, (4.3.8)

wherec is the matrix whose elements are given in Eqg. (4.3.6), Endis the matrix that
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transforms the left-handed up-type quarks from the masnstgtes to the gauge eigen-
statesy =V, U.

Based on interactions (4.3.7) we find that the width for theagieof the charged octo-
triplet into a quark pair is

. mi+m?
F(@+ — CS) ~ 6472 |022|2M@ s (439)
me

where we have omitted(m;) terms and off-diagonal CKM elements, and have not in-

cluded QCD corrections. Taking the charm quark mass- 1.3 GeV gives

M, 1Tev\’
T(OF = ¢5) ~ 1.3 x 107°5GeV |Cyp|? © . 4.3.10
(@ — CS) 3 x 10 e ‘022‘ <150 GeV "y ( )

Compared with the decay infd’g computed in Eq.[(4.2.12), the abo& decay into a
pair of jets can easily dominate. For example,f6s = 150 GeV, ue = 1 GeV,Cs, = 0.1,
andm, = 1.1 TeV, we find['(O1 — ¢35) ~ 3.7[(OT— W g).

The width for the decay intob is sensitive to different’;; parameters:

INCAEY 1 (m}
F§@+—> 053 = |Co 2 (#5 |G + |Cs2\2) ; (4.3.11)

wherem, ~ 4.2 GeV is theb quark mass.

If Mo > m, + my, the decay involving a top quark opens up:

_ 2N\? /M, 1Tev\?
re+ ~ 2.2 x10°2GeV |Cyl? (1- 24 o 4312
(@ —>tb) x107* Ge |033| ( Mé) (150 GeV my ) ( 3 )

where we have set, = 173 GeV and ignoredn? terms. Due to am?/m? enhancement
compared to Eq[{4.3.9), this decay dominates urjlégg < 102|Cy,|. The decayd™—
ts has the same width except for thg; — Cs3 replacement.
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Similar expressions give the 2-body widths for the neutcabdriplet decaying tec,
bb, or top pairs ifMg > 2m,.

Them?/m? enhancement in Eq_(4.3]12) is so large that even\fgr< m; + my, the
3-body decay through an off-shell top quagki — Wb b, needs to be taken into account.
Its width is

04\6'33\2771;1

6472 sinfy, mfb

L(OT—Wth) = F(Ms) . (4.3.13)

The the functionF, of mass dimensior-1, is given by integrating the matrix element over

phase space:

Epra® Eb+ EO_EI)) (EQ—Eb) 1]
F(Me) / dEb/ dEb . (43.14)
Eo— —2Mo Ejy — mi +mj)? + mil;

whereFE) is the maximum energy of theor b jet,

ME— M3,
E,=_© W 4.3.15
0 2M@ 9 ( )
and £/ is the maximunb energy for a fixed energyF;,
Ey— Ej
Bree — 90—t (4.3.16)
1—2E;/Meg

In Eq. (4.3:1#%) we neglected, everywhere (which is a good approximation fof < E2)
with the exception of the denominator where thgterm becomes important fdr/g near

the 2-body thresholdn, + m,. To cover that case we also included the top quark width,
I'; ~ 1.3 GeV, in the propagator. Numerically, the 3-body width camiigten as

DO WThh) ~ 2.9 x 1075 GeV |Cy3]?

F(Me) (1 TeV)z.

X 7150 GeV; (4.3.17)
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The ratio F(Me)/F (150 GeV) is given by 1.51 forMg = 155 GeV, and by 2.28 for
Me = 160 GeV.

It is remarkable that the above 3-body decay through a Vitopaquark has a width
close to that for the 2-body decay ints, given in Eq. [(4.3.10). Assuming for illustration
that|Cys), |Cse| < |Caz| = |C33| we find that the branching fraction inté’bb is 69, 76,
82% for Mg = 150, 155, 160 GeV, respectively.

Finally, the decay™— Wbs, of width

|3
|C33/?

DO Whs) ~ (O W*bb) , (4.3.18)

may also have a substantial branching fraction if &g parameter is large. In that

case, though, the main competing channel is likely t®bde— cb, as can be seen from

Eq. (4.3.11).

432 B, — B, mixing

Since ¥ has flavor-dependent couplings, its interactions can & to flavor-
changing neutral processes. The largest couplings are 8rdhand perhaps 2nd generation
quarks, so that we expect that the most prominent effectiis in B, meson mixing. This
proceeds through the tree-level diagram in Fidquré 4.4 ghateng out© and ¥ generates

the effective four-Fermi operator

ngmb > - a 2
Lp, B, = <2M@m¢) (brTs)” + H.c. (4.3.19)
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Figure 4.4: Leading contribution tB, — F_S mixing through¥ and© interactions. Other
diagrams differ only by the placement @f;(); mass insertions, and are suppressed by
additional powers ofrn.

Here we have used the fermion field equations and ignoredstsappressed by factors of
Mg /M.

The matrix element of the Hamiltonian due@8 exchange is

Cos )2 5B, + 3Bs

<§S‘H@|BS> = (M@mw Mésféslr]QCD 288 )

(4.3.20)

whereMp, and fz, = (231 &+ 15) MeV [139] are theB, meson mass and decay constant
respectively;n., ~ 1.7 is the QCD correction for the operator in Ef. (4.3.19) due to
running from the scalé/g down to Mg, [140]; By ~ 0.80 and Bs ~ (.93 are lattice
“bag” parameters [141] for the singlet-singlet and octetiebcolor structures arising from
operator[(4.3.19), respectively.

It is convenient to parametrize the contribution/&9 mixing from ©° relative to the
standard model one as

<§3‘HSM + H@|BS>
<ES|HSM|BS>

= (Cpge | (4.3.21)
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whereCp, is a positive parameter andr < ¢, < w is a phase. The standard model

contribution can be extracted from the estimate given ir2[143]:

(By|Hsu|B,) ~(8.0x107° GeV)*(1 £ 0.15) .

(4.3.22)

The 15% theoretical uncertainty shown above loosens thsti@nt onC’z, set by the
measured3, mass differenceCp. ~ 0.98 + 0.15. Comparing Eqs[{4.3.20) and (4.3.21)

we find

150 GeV
Me

—1/4

) (CE.+1-2Cp.cosd5) ", (4.3.23)

My, = 1.1 TeV x ‘ng| (

and a less illuminating expression@f in terms of the phase af,3. For Mg = 150 GeV,
Cys = 0.2, Cp, = 0.9, and a small CP-violating phasg = —5°, we getm,, = 568 GeV.
However, if the phase is large, as suggested by the DO lgkedimuon asymmetry [144],
thenm,, is below the electroweak scale; for example= —45° givesm,, = 260 GeV.
Such a light vector-like quark is not ruled out. Note thatnh&in decay mode is likely to
be ¥? — ©*¢ — (c3)c, so thatl pair production leads to a 6-jet final state. The CDF
search [145] in a similar channel gives a lower limit on 8jeesonance mass below 200
GeV.

This model also contributes o — sy decays at the 1-loop level. Since these dia-
grams involve two mass insertions and suffer additiongb Iseppression, we expect their

contributions to be small.
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Figure 4.5: Representative diagram for pair productionharged octo-triplets through
gluon fusion with a(j;)(Wbb) final state. Thes symbol denotes dimension-5 operators
induced by thel fermion. Similar diagrams lead tj, (W*bb)(W~bb),(W*b5)(jj), or
(b)(Wbb) final states.

4.3.3 Dijet resonance plusa W boson at the Tevatron

Pair production of octo-triplets, through their QCD cougs to gluons, gives rather
large cross sections at the Tevatron, as shown in Figurét2e presence of the vectorlike
quark¥ and assuming that the trilinear couplipng is small enough (see section 3.1), the
main decay modes @ are into a pair of jetse or ¢5) and intolV bb (W b5 is also possible,
but at least oné quark is always present due to the decay through the off-siptuark).
One of the final states (see Figurel4.5) arising fi®@fmO~ production is theri;j;)(Wbb),
wherej is any jet and the parantheses indicate a resonanidg af he branching fractions
depend on th¢C'y,| and|Cs3| parameters, and are also quite sensitivé/fig, as discussed
at the end of section 3.1. We expect that next-to-leadingro@CD corrections to this
process, which affect both production and decays, incréeseate by ai factor in the

1 — 1.5 range.
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Figure 4.6: Partonip; distributions for the quarks arising from tBg 0~ — (c3)(W ~bb)
process (see Figute 4.5) witfg = 155 GeV. Thec or 5 distribution (black solid line)
peaks at highep, and has a longer tail than theandb distributions (blue dotted and red
dashed lines).

The twob jets arising from the decay through an off-shell top quankdslly have
energies belowMg — My, ) /2 —my, SO are softer than those arising from the 2-body decay,
which typically have energies arouds /2. Figure[4.6 shows the transverse momentum
of each quark in thécs)(1Wbb) final state forMe = 155 GeV, computed with MadGraph
5 [176] with model files generated by FeynRules [177]. Givest the quarks from the
2-body decay have the highest, the invariant mass distribution of the two leading jets
from thepp— O+~ — (jj)(Wbb) process exhibits a peak nefl .

In order to compare this signal with the CDF dijet excess,[¥& generate partonic
events using MadGraph 5 for thg — ©+0~— (j5)(Wbb) process WitiV — ev, v, Tv.

We then use PTHIA 6.4 [178] for hadronization and parton showering, and PGE72]
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for detector-level effects. We imp(&me same cuts as CDF [12]: leptph > 20 GeV and
In| < 1, missing transverse energfyr > 25 GeV, transversél’ massM, (W) > 30 GeV,
jetp), > 30 GeV andr’| < 2.4, separation between jetdn;;| < 2.5, azimuthal separation
between the missing and the leading jgtA¢| > 0.4, andpy;; > 40 GeV for the leading
dijet system. The resulting dijet invariant mass;{) distribution for events with exactly
2 jets is shown in Figurie 4.7 (solid red line) fofg = 155 GeV and a branching fraction
Bs = B(6F— WTbhb) = 40%. The rate for this process (before cuts and without inclgdi

theWW — (v branching fraction) is
2B5(1 — Bs) o(pp — ©107) ~ 3.2 pb, (4.3.24)

where the factor of 2 takes into account the charge conjdgatecess with &/~ in the
final state. The acceptance of the cuts is 6.2%, so that inb7!3df data there are about
470 W jj events due t®@*O~ production. The high-mass tail of the;; distribution is
mainly due to events in which the two hardest jets come frdferdint octo-triplets.

To compare our simulateak;; with the CDF data shown in Figure 2 (left-side plot)
of [129] we need to subtract all standard model backgroure CDF Collaboration has
fitted the normalization of the large CDF ;5 background to the data assuming a Gaussian
shape for the signal. In the presence of the wider shapag@ifi©im our©*O~ signal the
W jj background normalization is likely to change; increasiryyil% gives a reasonable
agreement between out;; and the CDF data after background subtraction (Figude 4.7).

If the K factor accounting for the QCD corrections is significandlisgler than 1.0, then

2We impose cuts on the PGS output using a modified version dttizeneleon package [148].
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Figure 4.7: Invariant mass distribution for the leading fets arising from th&©+t0~ —
(77)(Wbb) — (v + 45 process, wheré = e, p, at the Tevatron with exactly 2 jets passing
the cuts. The red solid line represents events in our simoualédr B(0* — W*bb) = 40%
and Mg = 155 GeV. The data points witho statistical error bars are taken from the
CDF excess region (Fig. 2 of [129]) after the backgroundl@idiong W1V /W Z) has been
subtracted, with the normalization of the CDIF;jj background increased by 1%.

B3 should be decreased while keeping the rate in Eq. (4.3.2d)l.fixThe highest data
point, in thel52 — 160 GeV bin could indicate that/g values larger than 155 GeV are
preferred. However, the jet reconstruction performed byR@S simulation is likely to
be less efficient than the CDF reconstruction, so that a idrgetion of the hadrons is
missed, reducing the jet energy. Thus, the dijet mass loligioin in Figure[4.17 is likely to
be artificially shifted to lowern;; compared to the data, implying that masses even below
155 GeV may be acceptable. Fofy = 150 GeV the cross section is larger by a factor of
1.24, so that an acceptable fit is obtained for a sm#lex 26%.

The DO search [13] in the same channel with 4.3'fhas ruled out a 1.9 pb signal at the

95% confidence level, based on the assumptions that theebj@hanceX has a Gaussian
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Figure 4.8: Same as Figure 1.7 except that two or more jetsthasuts. The data points
with error bars are taken from the CDF excess region (Fig. [A28]) after background
subtraction with the CDFV jj background normalization reduced by 3%.

shape with a width of 15.7 GeV and is produced like the Higg®obgpp — W* — W X,
through a virtuall//. Clearly, neither of these assumptions applies to our egpian for
the CDF excess. The shape of our dijet invariant mass disiitbis quite different than a
Gaussian: it has a high tail below the peak due to final staiatian, and it has a long tail
above the peak due to the two additional jets fl@mecay. The different shape is important
because the fit of the background plus signal could impray@fscantly in the presence of
our flatter signal shape compared to the pointy Gaussian.pidduction throug®o*©~
is also very different than throudhy X', and leads to a different acceptance. Hence, the DO
result cannot rule out oU#/ 5 signal.

The requirement in the exclusiv& j; search [12] that exactly two jets pass the cuts

rejects events arising fro®@*©~ production where one of thigjets haSp]f > 30 GeV.
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These events, however, show up in the inclusig; search (Fig. 5 of [129]) where two
or more jets pass the cuts. The normalization of the |&ge background is fitted to the
data independently in the exclusive and inclusive cases. atlditional events mentioned
above require the normalization of the CDF inclusigj;j background to be reduced.
Figure[4.8 shows that the QCD production®fO~ gives alV + n jet signal withn > 2
that is consistent with the CDF data when the normalizatiothe CDF inclusivell j;
background is reduced by 3%.

There are a few experimental tests of this interpretatidh@CDF excess. Even though
the twob jets are relatively soft, the fraction of events that havedyé& that passes all the
cuts is large enough to allow theagging of the 3rd hardest jet. Furthermore, the additional
two b jets allow the reconstruction of the full event. One conmgtiien here is that there is
a large background from semileptorticevents. Nevertheless, the signal has the property
that the reconstructed’ boson together with the twipjets form an invariant mass peak at
Mg, so that it can be separated from the background.

Another test is the process where both octo-triplets ddwaugh an off-sheli quark,
pp — ©TO~ — (W*bb)(W~bb). The rate for this is smaller by a factor(fl /B;—1) ~ 3
than for the(;jj) (W bb) signal. Although this signal also suffers from a latgbackground,
it may be observable due to its relatively large rate-of pb at the Tevatron.

Given that thel’’ boson in the(j;)(Wbb) signal originates from a decay through an
off-shell top quark, there is no similar signal involvingZaboson or a photon.

The proces®*O~ — (Whb)(jj) may affect measurements of thecross section.
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However, these measurements often rely on algorithmseagpecifically to find top pairs
and are, thus, less sensitive to new particles that decaysintilar final states. Teva-
tron measurements involvirigtags [149] may be sensitive to octo-triplet decays, but the
W-plus-jets background normalization is fitted to the datéhst they do not necessarily
constrain octo-triplet decays. Furthermobeaagging efficiency decreases for softer jets
such as oub andb (see Figur€ 4]6).

Nevertheless, there are some measurements without netwadnks or b-tags of theg
cross section in the lepton-plus-jets channel at the LHOJ[1$0 these constraints must be
checked more carefully. Simulating octo-triplet prodantwvith MadGraph, PTHIA, and
PGS and imposing cuts from both the ATLAS and CMS collaboret{150], we find that,
for B = 40% and Mg = 155 GeV, the octo-triplet contribution to events with 3 or more
jets is within the statistical error bars #% confidence. This approach is conservative
and takes the ATLAS and CMS background simulations and eetld? signal at face
value; since these measurements are not dedicated nevegpbgarches, potential octo-
triplet decays would be bundled with thesignal, which would make the statistical bound

unrealistically constraining.

4.3.4 Resonant production of 76~

A mass near 150 GeV also appears in another deviation frosténelard model: pre-
liminary CDF data in the3b final state shows an excess in the invariant mass distritoutio

of the leading two jets [119]. That deviation may arise frdra ®°0° — (bb)(bb) pro-
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Figure 4.9: Same as Figure 4.5 except the pair of octo-tspgkeresonantly produced
through ans-channel coloron.

cess [118]. The transverse energy distributions of thendtsat case appear to favor a pair
production mechanism through arthannel resonance rather than through QCD. The sim-
ple renormalizable coloron model presented in [118] cands#yeadapted to include the
octo-triplet discussed here. Itis sufficient to charge ttades field> (responsible for break-
ing theSU(3) x SU(3) extension of the QCD gauge group [173]) undéf(2) x U(1)y,

as proposed in [170]. The color-octet scalars present isgketrum can be identified with
our ©F and©’ (although a small mass splitting can be induced by the Higg¥)y and

they couple to the coloron field, as follows

tan2
1—tan efach:f[(@b+au@c—+ H.c.)

9s 2tand

+O%ge] (4.3.25)

Heretan 6 is a parameter in th@ 1 —0.3 range. The coloron couples to quarks proportional
to g, tan @, while it couples only in pairs to gluons at renormalizaldedl [117]. Thus,

singleG, production proceeds entirely through quark-antiquarksiohs.
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Figure 4.10: Same as Figlre.7 except that a coloron categstin thes-channel t®®*©~
production. The blue solid line represents events in outkition for B(©* — W=*hb) =
3.9%, Mg+ = 160 GeV, Mg = 340 GeV,tanf = 0.15 andl'¢» = 6.5 GeV.

The resonanpp — G}, — ©%0~ production (Figuré 419) may be an order of mag-
nitude larger than QCD pair production [118]. This theorggarves the good agreement
with the CDF data shown in Figute 4.7 provided the branchimagtfon B; is decreased
accordingly. The width of the colordn is sensitive taan # and to the octet masses. As-
suming that the coloron decays only intg ©+*©~ and©'6° (additional decay channels
may increase the width [118]), we firld in the3.2 — 6.5 GeV range forMg+ = 160
GeV,tanf = 0.15, a coloron mass/, = 340 GeV, andMgo in the160 — 140 GeV range.

For this set of parameters wiil,, = 6.5 GeV we generate events as described in section
3.3. The invariant mass distribution of the leading two jetshown in Figuré 4.10 for a

rate
2B3(1 — Bs3) o(pp - G'— ©7O7) ~ 3.8 pb. (4.3.26)
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Figure 4.11: Same as Figure 4.10 except that two or more gststhe cuts. The CDF data

points are taken from Fig. 5 of [129] after background sudtioa with the normalization
of the CDFIV 55 background reduced by 5%.

Acceptance (without includingV branching fractions) is 7.3% for this process. The
branching fraction inferred from the above rate is sméil,= 3.9%, implying that the
coloron©* O~ production dominates by an order of magnitude over the @B~ con-
tribution. Nevertheless, we include in Figlre 4.10 bothdouietion mechanisms and their
interference, as well as the electroweéak©~ production.

Figure[4.1] shows the;; distribution in the inclusive casél( plus two or more jets),
with the normalization of the CDF/ ;5 background reduced by 5%. The subtracted data
is consistently higher than the signal in thg; ~ 170 — 240 GeV range, so one could
conclude that the QCD production mechanism (see FIgurepdo8)des a better description
of the CDF data. However, next-to-leading order effectsnatancluded in these figures,

and itis conceivable that they sufficiently raise the higaseitail of the resonant production
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Figure 4.12: p; distribution of the dijet system for events satisfyihth GeV < m;; <
175 GeV. The blue solid line is for a coloron with the same paramseas in Figure 4,10,
while the red dashed line is for QCB*O~ production withMg:+ = 155 GeV. The CDF
data points with statistical error bars are taken from Fi@ df [153] after background
subtraction consistent with Fig. 4.7.
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Figure 4.13: Same as Figure 4.12 for the angular separati®y of the two leading jets
(CDF data taken from Fig. K7 of [153]).
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shown in Figuré 4.11. Furthermore, the CDF result for théusize case (Fig. 5 of [129])
does not include systematic errors. We also emphasize tinatedector simulation using
PGS 4 [179] is only a rough approximation to the CDF full degesimulation.

A better discriminant between the resonant and QCD proaluctiechanisms is pro-
vided by the CDF kinematic distributions [153] for the exsilte search in then;; ~
115—175 GeV window. The transverse momentum distribution of thetdiystem (Figure
[4.12) shows that resonant production fits the data muchriibtia QCDO+*O~ produc-
tion. We reach the same conclusion using #,; distribution of the angular separation
between the two jets (Figure 4]13). Although some of the plaiats are not well fitted (the
prj; = 72 — 80 GeV bin and theAR;; = 3.2 — 3.4 bin) by our theoretical predictions, the
shapes of both ther;; and AR;; distributions are in remarkable agreement. In both Fig-
ureg 4.1P and 4.13 we use the same background subtractioRigsird 4.V, where only one
background {55 with combined electron and muon contributions) is rescélecteased
by 1%). We expect that a fit of the standard model backgroumsiqlir signal, where vari-
ous background normalizations are allowed to vary, woulgrove the agreement between

©1O~ production and the CDF/j; excess.

4.35 LHC Signals

QCD ©17O~ production, which proceeds through gluon-gluon collisias two orders
of magnitude larger at the 7 TeV LHC than at the Tevatron (dgar€[4.2), so that the
(77)(Wbb) signal discussed in section 3.3 will soon be within the reaicthe CMS and
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ATLAS experiments. Using typical parameters that explag@DF dijet resonanc$; =
40% and Mg = 155 GeV, we find that the process in Figlirel4.5 has a leading-oeder

(before cuts) of
o(pp — ©YO ™= (jj)(fvbb)) ~ 52 pb | (4.3.27)

where?/ = e, u. Furthermore, thé1W*bb)(W~bb) process also has a large rate, sup-
pressed only by a factor @{1/B; — 1) ~ 3 compared td;j;j)(Wbb), so the fully leptonic
(¢+vbb) (¢~ bb) signal has a cross section of 3.7 pb and will also be soonmiltd reach
of the LHC.

In the non-minimal model (section 3.4 and Figlirel 4.9) whesonant), — 670~
production is the main process responsible for the CDF axd¢bs(j;)({vbb) rate at the
7 TeV LHC is reduced by a factor ef 5 compared to Eq[(4.3.27), due to smaller parton

distributions for quark-antiquark collissions:
o(pp — G'— ©1O~— (jj)(lvbb)) ~ 10 pb. (4.3.28)

Although QCDO*O~ production is still present in the coloron model, explagnihe CDF
signal requires a 10 times smallBg branching fraction, which reduces the gluon initi-
ated contribution to thé;;)(Wbb) signal. The smalleB; ~ 3.9% also suppresses the
(W+bb)(W~bb) signal in this model (the rate is 43 fb).

While our analysis has emphasized the region araugd= 150 GeV, future searches
could discover much heavier octo-triplets which decay ifib@l states involving top
quarks. For non-negligible values of thig; parameter, the processe@s©~ — (tb)(tb)
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ande’0 — 4t are important tests of the octo-triplet decaying througjnbi-dimensional

operators (these final states have been studied in [128]).

4.4 Conclusions

We have shown that the renormalizable extension of the atdndodel with one octo-
triplet (i.e., a scalar in the adjoint representation of the standard hgsdege group) in-
volves two new parameters: the octo-triplet mags and cubic self-couplingig. For
ué /Mo > 107° GeV the charged octo-triplet almost always decays Iftg in the ab-
sence of other new particles. The rate for this 1-loop pmdesccidentally suppressed
(see Appendix C), but the decay is prompt as longsMe > 10~7 GeV. The neutral
octo-triplet decays td&Zg or g, with widths comparable to that f@* — W*g. For
te — 0, the main decay is a tree-level 3-body process,— ©%*v, with a displaced
vertex, while®? is stable.

At the Tevatron and the LHC, octo-triplets are produced imspaith relatively large

cross sections (see Figure 2). The main signatures are

0Te™ —» (Wrg)(Wg) , (4.4.2)

0°0° = (Zg)(Zg) , (Zg)(vg) . (v9)(vg) -

The rates for these processes suggest that Tevatron expegsican be sensitive fdg up
to a few hundred GeV, and LHC experimentsitfpy above 1 TeV; however, more precise
sensitivity estimates require detailed studies of the gamknds.
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Since octo-triplets have very small widths, decays throoigher-dimensional opera-
tors may compete with the 1-loop processes. Operators ¢fple® QA may be induced
by a heavy vectorlike quark, and lead to th¢ — tb decay forMg > 175 GeV. For
a lighter octo-triplet, there is competition between thedly decay®+— cs or cb and
the 3-body decay®* — t*b — Wbb or t*5 — Wbs through an off-shell top quark. The
neutral octo-triplet decays mainly to, cé, W*be and W ~bc for Mg < my + m,, to tc
andtc for larger masses belo@m,, and tott for masses abovem,. For a range of pa-
rameters, the branching fractions for these decays arerldrgn the ones into a gluon plus
an electroweak boson mentioned above. The collider sigegfor Mg < 175 GeV then

~

include
070 = (jc) (WD) , (be)(WDD) , (WFbb)(W™bb) , (je)(5€) , (jb)(4D) ; -,

0°0° — (bb)(bb) , (bb)(ce) , (bb)(Whc) , ..., (4.4.2)

For a heavier octo-triplet the signatures are mainby(tb) and(t¢)(¢c), while above 350
GeV the4t final state also opens up.

Signatures of pair production followed by one octo-tripdeicaying through higher-
dimensional operators and the other decaying into a gludraarelectroweak gauge boson
at one loop are also possible. These incl@ied~— (Wg)(jc), ©°0° — (Zg)(cc) or
(vg)(ce) and similar processes involvirbgquarks (ort quarks if kinematically allowed).

Some of the final states mentioned above, namgly(1Wbb), (jc)(Wbj), (je)(Wg),
may be relevant to the CDF excess [12] in the dijet resonaheg I search. In the
case wher@®™ decays mostly intes and W *bb, so that the process jg — 010~ —
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(cj)(Wbb), we have shown that thejets are substantially softer than the jets originating
from the©" — c5 decay. Events where thesgets do not pass the CDF cuts could explain
the dijet resonance plu§’ signal if© has a mass in thes0 — 170 GeV range.

We have compared two production mechanisms of chargedtoptet pairs: through
the QCD couplings to gluons (these are always present duaugeginvariance), and
through ans-channel resonance (we have focused on a coloron, Aitcaupled to octo-
triplets would not be very different). Both mechanisms aresistent with the CDF excess
in the dijet invariant mass distribution when exactly twtsjare required to pass the cuts.
In the inclusive case (two or more jets pass the cuts), ®CB~ production fits the CDF
data more precisely than resonant production. Howevex,diffierence is not conclusive
given that the low tail of the resonant production compatcethé background-subtracted
data may be due to systematic errors in the standard modkjtmamd, and may also
be corrected by a fit of the background (with several free madimations, as usual) plus
coloron signal. Other kinematic distributions obtained3iyF [153] can differentiate var-
ious models more effectively. We have shown that the shajb® dransverse momentum
distribution for the dijet systemp(,;) and of the angular separation distribution for the
two leading jets AR;;) agree rather well with the resonant mechanism while betnggq
different than the predictions of QCO*O~ production.

It is intriguing that almost the same mass (50 GeV) appears in another deviation
from the standard model, namely t9.eCDF search [119], which could be attributed to the

©°0° — (bb)(bb) process [118]. Resonant production through a coloron @jezes better
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to various kinematic distributions in that case.

The interpretation of the dijet plug” signal in terms of an octo-triplet decaying via an
off-shell top quark can be tested by thwagging of the third jet, or by the reconstruction
of the Wbb peak at the same mass as the dijet peak.

At the 7 TeV LHC, if octo-triplet production is through the @@ouplings to gluons,
then the dijet-plugd” signal has a large cross section (52 pbXas+ = 155 GeV) because
it is dominated by gluon fusion. In the case of dominant pobidun through ars-channel
resonance coupled tg like the coloron, the LHC signal is reduced~o10 pb.

If the couplings of the vectorlike quark are complex, thexetlevel®° exchange in-
duces CP violation im3, — B, mixing. For a vectorlike quark mass of a few hundred
GeV (which is allowed because its main decay is into thre®,j¢his effect can be large
enough to produce a significant part of the like-sign dimusynanetry observed by the
DO Collaboration [144].

We note that similar final states can also arise from a ferhobr octo-doublet field.
However, this has nontrivial couplings to the standard rétiggs doublet, so the mass
splitting between charged and neutral components may ¢e. |8y contrast, the tiny mass
splitting between charged and neutral octo-triplets segges the tree-level 3-body decays.
Furthermore, the neutral octo-doublet decays into gluehge SU(2)y symmetry forbids

pure gluonic decays of the neutral octo-triplet.
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Appendix A: Feynman Rules

The Feynman rules for octo-triplets, derived from Egs._.@)-84.2.5), are given by:

e, .
l)"
@ar T, T 2o f
e o’
P, .
G e
wesed = =g, f(p — q)u
q
@C
W6y
= 20599
\Q
G of CH
P,
wo o K
b ,
244N =1g 5ab(p — q)‘u
AN
Zp @b+ ! Che
F
:, = —2gsg cos QWfabcg;w
\Q
Ge O o
p,.
o %
AN =g eos b 0% (p — q)p
XX,
QN
@b

The Feynman rules involving photons are identical to thaselving aZ boson shown

above but with the replacemedntos 0y, — e.
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Appendix B: Tree-level octo-triplet decay

6+
*
j\ﬂ\]\'{%
s RS
Sha Sso
PO~

Figure 4.14: 3-body decay of the charged octo-triplet s¢ht@ugh an off-shelll” boson.

In this appendix we compute width for the 3-body decay of tharged octo-triplet
through an off-shellV’, as shown in Figurle 4.14. We defipg p,,, andp, to be the outgoing
momenta fore, v and ©° respectively. Using the Feynman rule from Appendix A, the

amplitude for this process is

V2 g2

M - M{%V - 2p8'py

u(pe) poPro(py) (B.1)

where we have used tler equations of motion in the massless lepton limit. Squarieg t

amplitude and summing over helicities we find

4 2(p6'p0)(pu'p0) _pe'puMéo (B 2)
(MX%V - 2pe'pl/)2 . '

|(M|2=4g

The decay width in th©* rest frame is then given by

E’”L(L‘L
+ .00+ I Me+
IN(CAEXC NN 603 / /

Mo+ (e—E, — B.) + 2E, .

(B.3)
[M2 —2Mg+ (e— E, — E )]
wheree is the maximum lepton energy,
Mé)+ - Mé)o
o & B.4
c 2Me+ 7 (B4)
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and £7"** is the maximum positron energy for a fixed neutrino endrgy

e—F,

Ee - m . (BS)
The integrals in EqL(BI3) can be performed analyticallghwie result
M e 2M2
[(OT— 0%ty — a Mw ot
(67=67%w) 167 sin49WMg+g (M@+’ MSV)
B.6
where we introduced a function (B.6)
G(z,r) ==& (1+r—ra)In (1—z+ra®+&x)
1{/1 9 .9
—5 g7 +& =& (14+r—ra)| In(1-22)
3,3
+%+gr2x(1—x)—l—rﬂ: , (B.7)
with
E=¢(x,r) = [27" +(1- rx)2]1/2 . (B.8)

Interestingly, the expansion of ‘G(z,r) for |x| < 1 starts atz®, and the leading-
dependent term arises even later;at

7’4.7}5

G(z,r)= S5 1+m+%(4—r)m2} +0(2%) . (B.9)

Translating this expansion into a power serie§ih = Mg+ — Mgo We find that the exact

tree-level width of Eq.{B6) is given, up to corrections ofier (§M)%, by

IO 0% y) ~

o (M) [, 3(6M)
157 SiIl491/VM{,1V 2M@+

409 MZN[(IMY
—(= - . B.1
7 (8 M%)(M@) (B.10)

103




CHAPTER 4. OCTOTRIPLETS

Appendix C: One-loop decay of a scalar octet into

gauge bosons

In this Appendix we compute the width for a color-octet scdkcaying to a gluon and
a (massive or massless) vector bo$gnwhich proceeds through scalar 1-loop diagrams
like those of Figuré_4]1. In particular, this computatiorplkgs to the proces®* —
W#*g, ©° — ygor Zg.

We label theV,, and gluon 4-momenta (polarizations) py (e;) andp, (e2), respec-
tively. Since the gluon is always transversely polarized p, = 0), angular momentum
conservation demands that the other vector also be trasesve&sc, - p; = 0. Given that
the contractior,, ., pi'e} p5 €5, cannot arise from scalar triangle diagrams, the amplitude
contains only two termsz;- e; and(e;- po) (e2- p1). Furthermore, by the Ward-Takahashi
identity the amplitude vanishes upon replaciagvith p,, so that the most general ampli-

tude due to scalar loops is given by

regsg (1 (€1-p2) €2- 1
M: 71-2 6(561‘62—m) s (Cl)

where e is the scalar trilinear couplingj is the scalar-vector gauge coupliny,, and
Mg are theV,, and scalar masses. The dimensionless coeffiCienthe only quantity that

needs to be computed from loop integrals.

We now compute the coefficiedtfor the proces®+ — W g by evaluating the 1-loop
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diagrams
M = / d'k 481 Hedsg
(2m)* (k2= M2)[(p1+pa+ k)’ — M2
. -k
X 161- €9 — ér-(p2 + lg) (e2'k) , (C.2)
4 (p2tk)" =M

wherek is the loop 4-momentum ant, is the mass of the scalars running in the loop. The
logarithmic divergences from the three diagrams cancelCain Eq. (C.1) can be written

as a Feynman parameter integral

-3(1 - R?) xy
/dx/ Ny —Ra(l—a—y) (©3)

with R = My /M,. Here we have assuméd, = Mo, as is the case for the octo-triplet

(see Figurg4]1). After integration ovgmve obtain

C :2(1%33)2)[%2—1+R2 (%—1) +2J(R)}, (C.4)

where we have defined

J(R) :/Oldx (1—32:5) In[1-R?z(1-2)] . (C.5)

X

For R <« 1 the functionJ has the form
1—— — —) + (’)(RS) ) (C.6)

After squaring the amplitudé (G.1) and summing over finalespmlarizations, we find

the following decay width:

PO = Whg) = — 30H6 g C7
DO W) = Sl f(R) ©7)
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where
1 2 2
f(R) = 5C* (1= R) (C.8)

with C depending onRk as shown in Eq. [(Cl4). This function, which appears in all 1-
loop decays discussed in this paper, is accidentally seppdeby cancellations between
terms involving various powers of. To see this, consider the expansion arouhds

My /Mg — O:
f(R) = f(0)+ fiR* + foR* + O(R®) | (C.9)

Each of the above coefficients happens to be much smalleotilan one:

9 (7 ? 9
o= 0+ 2 (5 1) (Lo
b 4\ 9 V3
~ —3.00 x 1072 |
f_97r2+7r 32+3 7T21
> 8\9 T3 16 \ 9
~ 271 x 1072 . (C.10)

The above value of (0) agrees with that extracted from the width of an octo-doyh2T]
or octo-singlet [117] decaying intgy.

Egs. [C.7),[(CP) and (C.10) show that the 2-body decayseobttio-triplet into gauge
bosons are suppressed by two orders of magnitude compagstrtates based on dimen-

sional analysis.
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Very Light Axigluons

5.1 Introduction

The CDF and DO collaborations have recently reported measemts of the forward-
backward asymmetryA-p) in ¢t production with intriguing deviations from the standard
model prediction. CDF’s result [15] in the lepton plus jetsnnel reports an inclusive

parton level asymmetry
Arp (CDF)y; = (1568 £ 7.4)% . (C.1)

If their measurement in the dilepton channel [16] is comBingth this result, the asym-

metry becomes

App (CDF)gper; = (2094 6.6)% | (C.2)
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and exceeds the standard model predictiob’ [17]- [19] by more than 2 standard devi-
ations.
DO performs a similar search [20] in the lepton plus jets clehand reports an inclusive

parton-level asymmetry

App (D0)y; = (19.6 +6.5)% | (C.3)

which is also more thani2above the SM result. Taken together, these consistenttamsa
may be evidence for new physics in top quark production.
While all the inclusive measurements are consistent with ether, CDF’s lepton plus

jets search sees sharp mass dependence [15] in the binoéd res

AFB(Mtf < 450 G€V)

(—11.6 £ 14.6)% |

App(My > 450GeV) = (47.5+11.4)% |

where the high mass bin 4 ¢ above the SM prediction. Neither DO nor the comple-
mentary CDF dilepton search see the same effect; both fingistently positive> 2o
deviations from the SM over the ful/;; range.

It has been observed that massive gluons with axial couploan induce a large
forward-backward asymmetry itt production by interfering with standard model pro-
cesses [154]- [166]. Motivated primarily by the mass depen€DF result, these models
predict asymmetries that rise uniformly with invariant masd feature a sign flip near
M;; =~ 450 GeV. Large (TeV scale) masses are typically requiredtisfg dijet-resonance
search bounds and suppress contributions tetthevariant mass distribution. To produce
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an asymmetry with the observed sign, most models also eedjavor violation and are
severely constrained [167] by limits on flavor changing reuwturrents. For a comparison
of heavy axigluons and other models that address the toprasjnmy see [168].

Relatively lighter axigluons (400 — 450 GeV) [169] can prod large top asymmetry
without flavor violation, but this mass scale is in tensiothwdijet resonance bounds and
the differentialM;; distribution. Extra field content is generally required todden decay
widths and avoid resonant enhancements to top quark olidesva

In this paper we proposeaery light(50 — 90 GeV), weakly coupled axigluon to ex-
plain the top asymmetry. The model inherits many of the iestheavier axigluons enjoy,
but counterintuitively avoids their experimental consttsiby being light: dijet resonance
searches suffer from large QCD backgrounds at low invanzagses, particles below the
2m; threshold do not produce bumps in theinvariant mass distribution, and nonreso-
nant production suppresses new physics contributionsta ttross section, which start at
fourth order in the axigluon coupling. We find that the stresigupper bounds in this mass
range come from Tevatron searches for light Higgs bosonduyoexd in association with
an additionab-jet. The strongest lower bounds come from UA2 dijet seazcred LEP
measurements of the hadrorifowidth.

In Section[5.2 we describe our model; in Section 5.3 we disthe details of our
numerical simulation; in Sectidn 5.4 we address the expartal constraints; in Section
we compute thét forward-backward asymmetry and compare theoretical ptiedis

with production-level data; in Sectign 5.6 we make some katicg remarks.
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q>’mnr§m\<

Figure 5.1: Axigluon contribution tet pair production. Interference with the standard
model gluon exchange diagram generatés.

5.2 Model Description

We give the axigluon@’) flavor universal couplings to SM quarks
LD gGIQT°Q (C1)

whereg’ = \g, is the axigluon coupling constant, which we express in wfithe strong
coupling. This operator can arise from an extendéd3); x SU(3), color group that
breaks down to the diagon&lU(3). of QCD and gives rise to massive spin-1 color octets
[170]- [173]. For an axigluon of mass our effective model requires a UV completion
at the scalelrmg /g = 1.7 TeV and 850 GeV for\ = 0.3 and 0.6 respectively. In this
paper, we will focus only on the low energy effective theong deave UV model building
for future work.

Without additional field content, all decays proceed thtoogerator in Eq.[(C]1), so
axigluons can only decay to quark pairs and give rise to dipek four jet events for single
and pair production, respectively. Since we work in themegwhere the axigluon is below

thett threshold, the total width is [174]

Fgl = %ozs)\QmG/ y (C2)
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wheren is the number of active fermion flavors. Fer;y = 80 GeV and A = 0.4, this

widthisI'y ~ 1.1 GeV.
The differential cross section for the procegs— tt in the CM frame

standard model, interference, and axigluon terms

d/\ G, ! !
o(&) _ Asyr + AS, + AS .
dcosf

where [175]

2
a2
Asu = %5 (2— 5%+ (Bcos 9)2) )
A6 4o ? (5§ —mZ,) 3% cos b
" 9 (3-m) +mLTy
A6 — Tt §53(1 + cos?0) ‘
R R PRSIy

is a sum of

(C.3)

(C.4)

(C.5)

(C.6)

Heres = /1 — 4m?/5 is the top quark velocity ané is the angle between the incoming

guark and outgoing top in the CM frame. A forward-backwarghasetry can only arise

from terms with odd powers afos ), so the effect is due entirely to interference. In the

presence of both vector and axial-vector couplings, theea@ iadditional small contribution

to the asymmetry from the new-physics squared term.

Note that the asymmetry generating teAfi, is proportional ta(s — mZ,). For heavier

axigluons, this dependence gives rise to a negative asyiypbrtause the mass is typically

larger than the partonic CM energy. To compensate, many imodeoduce opposite sign
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couplings to the first and third generations. In our case, < s for on-shelltt production,

so the asymmetry is always positive and flavor violation isagessary.

5.3 Simulation and Acceptances

In the lepton plus jets analysis, CDF unfolds raw data by declving their detector
simulation and jet algorithm to yield a partonic data setrfrevents that survive cuts at
the detector level. To compare our model predictions witk ttata, it is necessary to
generate an event sample with partottipairs in the final state. However, knowing the
predicted cross section and experimental luminosity isemaiugh to properly normalize
kinematic distributions from the partonic simulation; weshalso know the detector level
acceptances. We thus perform two simulations: one at therpalevel to make our plots
and one at the detector level with CDF’s cuts to compute tlce@ances that normalize
these distributions.

We simulate the partonic proceggs — ¢t in MadGraph 5 [176] using a model file
generated with FeynRules [177]. This file adds the operatBgi [C.1) to the full standard
model Lagrangian so that the process in Figuré 5.1 conésbiat/z production and gives
rise to interference with SM gluon-exchange.

For the acceptances, we also perform a more realistic siionl@wp — tt — (v + 47)
using PrTHIA [178] for the parton shower and PGS [179] for detector e$fetd compare

with CDF'’s lepton plus jets search, we impose the followingsc at least four jets with
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Er > 20GeV and at least onktag; for nonb jets|n;| < 2, for b-jets |n,;| < 1; large
missing energy?r > 20 GeV; and exactly one electron or muon wjth > 20 GeV and
me| < 1.

Note that there is some error introduced by this approximmeghod. A complete com-
parison with experimental data would not only run a full débe simulation (including
PYTHIA and PGS), but also identify top quarks with a least-squaresnkatic fit and un-
fold the detector-level output using the CDF algorithm trestonstructs partonic events
from raw data. Nonetheless, our approach accurately repesdCDF'’s standard model
expectation for thet invariant mass distributiLLBo the error introduced by a constant ac-
ceptance function is likely to be small in our case as well. |[¥éve the full unfolding for

future work.

54 Experimental Constraints

Models that explain the top asymmetry must agree withtthavariant mass distri-
bution and total cross section, both of which are in good@gent with standard model
predictions. Any candidate model with asthannel mediator must satisfy constraints from
dijet resonance searches at hadron colliders. In our casmuwst also contend with a vari-

ety of older measurements that set lower bounds on new cbpa®icles.

L Although the forward-backward asymmetry arises only apltavel in the SM, its numerical value is
tiny (~ 5%), so this tree level method also adequately reproducesigaly symmetric) SM predictions for
the Ay =y, — y; rapidity distributions in [15].
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54.1 Top Quark Measurements

The tt cross section at the Tevatron has been measured tg;Be= 7.50 £ 0.48
pb [180], which agrees with the standard model predictioparturbative QCQ, ot o~
(6.32 — 7.99) pb form, = 172 GeV [181]. The leading order resully;/") .o ~ 5.63 pb,
computed with MadGraph, implies a SNI-factor between 1.12 and 1.42.

Including an axigluon withns = 80 GeV and\ = 0.4, gives a total LO cross section
of (6%"),0 = 6.08 pb, which is only an 8% increase over the SM LO result. Thisanin
enhancement is due entirely . in Eq.[C.1), which is fourth order in the axigluon cou-
pling; the interference terml&, does not contribute to the total cross section. Although
computing higher order corrections is beyond the scopeigitbrk, the color structure of
the axigluon exchange diagrams is identical to that of thevamt SM processes, so we ex-
pect higher order corrections to be of similar magnitudeytih a more precise calculation
is necessary to take into account the additional interfereAs long as thé( factor does
not differ substantially from that of SM production, theabtt cross section stays in good
agreement with experiment. For the remainder of this papemill assume thex factor
to be 1.2, so our benchmark cross section becomes 7.3 pb.

For very light axigluongmq < 2m,), top pair production is nonresonant, so the in-
variant mass distribution is also in good agreement wittegrpent. In Figuré 512 we show

the simulatedV/;; distribution (blue) plotted alongside the CDF data poimtd atandard

model background (purple) taken from the lepton plus jedsce[15].

2 For complementary calculations see [182, 183].
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Figure 5.2: Tevatron invariant mass distribution fopairs (blue, color online) including
both axigluon and background contributions. Data pointsstandard model background
(purple) are taken from CDF’s lepton plus jets search [15greHwe use\ = 0.4 and
me = 80 GeV. After including a ai -factor of 1.2, the top cross sectiondg = 7.3 pb.
Applying the CDF cuts (see Sectibnb.3) gives an acceptaii2&%.

5.4.2 Dijet Resonance Searches

Quark coupled axigluons give rise to two and four jet eventsnfsingle and pair
production, respectively. Our mass range of interest (5@ -G8V) is safe from Teva-
tron [184,185] and LHC [186, 187] dijet resonance searcivbs;zh do not set bounds on
masses below 180 and 200 GeV, respectively. A preliminayAg analysis of multijet
events [188] sets limits on color octet scalars with narradths, but does not constraint
masses below 100 GeV. With lower search thresholds, thisehmoey be testable at both
the Tevatron and LHC, however, signal and background areatag to be large at both
colliders [189].

The UA2 search for hadronid” and Z decays [190] measures the exclusive two-jet
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mass spectrum between 48 and 300 GeV, which constrainsgiieakigluon parameter
space. Using 4.5b~" for M,; > 66 GeV (and 0.58 pt for 48 GeV< M,; < 66 GeV),

the combined?V and Z resonances are extracted with a bi-gaussian fit above a moot
background function normalized to the data. The best fitabisgian signal spans tii¢; ;
range between 70 and 100 GeV and yields a cross section Bf (W, Z — jj)ops. =

9.6 +2.3+ 1.1 nb, whose central value exceeds the SM prediction at NL@r (W, Z —
Jj)sm = 5.8 nb, by almost a factor of two.

Although a three-gaussian fit and a QCD background predietie necessary to prop-
erly constrain axigluons using this data, we can extracughdound by finding\, mq)
values for which the combined SM and new-physics predistexteed the observed num-
ber of events under the best fit gaussian by |2 Figurd 5.8 we plot the exclusion boundary
(yellow dot-dashed line) determined using MadgraphTHiA, and PGS to simulate our
signal.

For dijet masses below 70 GeV, the UA2 analysis does not pttéorfit any signal,
so a possible resonance would almost certainly have beesedhigiven the very large
background in this mass range. Even neay andmg, the signal/background ratio is
only a few percent and the gauge boson peak is not visibleatmked eye (see Figure
5 in [190]) prior to a rescaling that emphasizes the regiaumad the known/ and Z

masses. Since the background model for this search is pdatdydriven, the low-mass

region does not impose a meaningful constraint without acadéeld bump hunt.
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Figure 5.3: Allowed axigluon parameter space in then{.) plane plotted alongside
bounds from dijet-resonance searches BW — hadrons) measurements assuming dif-
ferent extractions ofv,. The blue and purple bands (color online) are regions fal/bxe
the combined CDF/DO0 inclusive asymmetry measuremerits ahd2o, respectively. The
dot-dashed yellow curve marks the approximatéb®dund above which model predictions
exceed UA2 dijet limits from hadronitd’ and Z decays (see Sectidn 5.4.2). The solid
black curve marks the boundary above which correctionsedtdronicZ width exceed
the observed value byo assuming the standard model extractiorgfm,) = 0.1184.
The dashed and dotted black curves give the same bound, dpgctevely assume.5%
and5% reductions to the SM value of,(m ). Reductions of this magnitude are typical
of light axigluon contributions to the QCD beta function r(fa discussion see Sections
and 5.4]6). The region above; > 90 GeV is excluded by Tevatroph-searches.
Since LEP event shapes rule out gluon-coupled adjoint farenaround 50 GeV, our model
may encounter a stronger lower bound since axigluons algpledo quarks, but a proper
analysis is necessary to set the correct limit.

5.4.3 Light Higgs Searches

Tevatron searches that look for light Higgs bosons produrc@gsociation with-jets
(pp — hb — bbb) are sensitive to axigluon decays intauarks. Since these searches
require at least threetags to reduce the QCD multijet background, the boundsithpgse

ona(hb)-Br(h — bb) also apply to the processes — G'b — bbb andpp — G'bb —
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bbbb, the latter of which can also arise from pair produced axighs However, the CDF
[191] and DO [192] results only apply to masses above 90 Gghft hxigluons fall below
the sensitivity threshold. To be conservative, we will oobnsider masses below 90 GeV
where the 8 constraints do not apply.

The authors in [193] use Tevatron Higgs searches in the e$sdgroduction channel,
pp — Wh — (£v)(bb) to exclude axigluons with = 1 betweeri75 — 125 GeV assuming
Br(G' — bb) = 1/5. In our case with\ = 0.4, the Tevatroryg — WG’ cross section
decreases by a factor &f, which reduces the axigluon signal Br from ~ 50 pb down to
~ 5 pb formg = 50 GeV also assuminggr(G’ — bb) = 1/5. This falls safely below the
quoted bound of 20 pb, however, this number is based on analysis from an urghedli
talk, so its status is not clear. Current Tevatron searahethé associated production of
Higgs bosons are not sensitive to masses below 100 GeV [29}, 1

Naively it would appear that LEP searches in the Higgstmadplchannel [196]- [199]
ete” — Zh — 435 would be sensitive to light axigluons producedeine™ — Z* —
qqG" — 47 events. However, the event selection algorithms in theséys@s look for
kinematics that fit the Higgstrahlung topology in which theadriant masses of jet pairs
produce botlZ and Higgs resonances. In events with on-shell axigluoh&a jets arise
from virtual Z exchange, so this possibility is highly disfavored. Fumhere, this process
occurs at ordei? and suffers additional phase-space suppression.

Similar considerations apply to LEP measurements of tgaage boson couplings

[200]- [203] which look forete™ — W*W~, ZZ — 4j events. These analyses se-
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lect events using neural network algorithms designed totifyediboson production; light
axigluons arising fron¥ exchange have very different kinematics and fail this selac
which requires some combination of jet pairs to reconsttitast one gauge boson mass.
At the higher end of our mass ranged: > 80 GeV) it may be possible for an axigluon to
fake a hadronically decaying SM gauge boson, but the othejets would not reconstruct
a resonance. The coupling and phase-space suppressiodiraisish the rate at these
searches, so axigluon production is negligible compareetlevel diboson and QCD

background processes.

54.4 Event Shapes

Constraints on light colored-particles have been extcafriam the analysis of event
shapes at LEP. Comparing multijet data with calculationsoift colinear effective theory
(SCET) rules out color adjoint fermions below 51 GeV at 95%fmence [204]. However,
this approach assumes that the new field couples only to glwath no tree-level quark
interactions. To set a proper lower bound, it is necessarggeat this analysis with more
general assumptions, however, it is unlikely that this wlogield a more lenient limit so
we will not consider masses below50 GeV.

LEP studies of four-jet events froi decays [205]- [208] can be sensitive to light,
colored patrticles that couple to quarks. Various angulstridutions are used to success-
fully distinguishSU(3). QCD from alternative abelian theories of the strong forcethe

presence of light axigluons could potentially spoil thissess. However, using Madgraph
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to generate four-je¥ decays at the parton level, we find that the presence of atuaxig
(A = 0.4) in our mass range does not qualitatively distort these langlistributions rela-
tive to the QCD prediction. This is unsurprising sin@é10%) of SM hadronicZ decays
produce four-jets — the exact number dependg.grand other jet algorithm details [209] —
whereas in our model onk(0.1%) of hadronic decays proceed through— qq G’ — 4j
prior to imposing cuts (see Sectibn 5]4.6). For higher @asrgrobed by LEP 11 {/s ~
200 GeV), the totat e~ — Z* — qqG’ — 47 rate is similarly negligible compared to SM
four jet production; this conclusion is robust for valueggf, spanning several orders of

magnitude.

545 Running of a;

Since axigluons couple to the strong sector, they give o$edp diagrams that modify
the QCD beta function above the scalg.. The standard model running between energy

scaleg) andy is given by

2 s (1?)
as(Q7) = , (C.1)
@) 1+ bag(p?)log (ff—j)

where, to leading ordeb, = (33 — 2n;) /127 andn; is the number of active flavors. Since
axigluons have the same quantum numbers and self couplshghians, their principal
effect on the running is to double the gluon contributionhe beta function aboves::

b — (2 x 33 — 2ny)/127. This accelerates asymptotic freedom and yields smalleesa

of a, near the weak scale.
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While this adjustment naively jeopardizes the agreemetwden theory and experi-
ment for the running, the experimental extractiomgfdepends entirely on the assumed
validity of standard model QCD with no additional field camt¢210]. At each energy
scale, am,-dependent observable is equated to the SM prediction ancetulting data
point is extracted implicitly. If light new states were peesin the strong sector, this data
would completely ignore their contributions, so the cut@greement between theory and
experiment does not constrain our model.

To roughly estimate the axigluon correctiondg(m ), we use a well-measured value
of a, belowm as an IR boundary condition and evolve it with the new betation. This
method is crude because even low-energy observables usgttdota, depend somewhat
on virtual axigluon processes, which are ignored in theaetion of reported measure-
ments. Nonetheless, using the boundary condiidn4.9 GeV') = 0.160, [210] the weak-
scale value becomes,(m;) = 0.105,0.110, and 0.115 formg = 50,65 and 80 GeV,
respectively. Different IR boundary conditions give sianilownward corrections of or-
der a few percent relative to the SM extractiofim ) = 0.1184. Note that this result is
independent oA since axigluons couple to gluons with QCD strength.

This model also predicts a kink in the running @f nearmg.. Our mass range of
interest (50 — 90 GeV), however, overlaps with a region wiiea points are sparsely
distributed with relatively large error bars (see Figure §210]) compared to the data set
as a whole. Kinks in the slope of, would, therefore, be unlikely to stand out in the data.

Nonetheless, a model-dependent extraction,aé necessary to evaluate the possibility of
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kinks or overall data shifts due to new physics contribigion

54.6 Hadronic Z Width

The strongest lower bound am; comes from virtual and three-body corrections to the
hadronicZ width. Axigluons that couple to quarks with QCD strength= 1) enhance

this width by a factor of
L+ 2 (mzfmer) + 0(a2) (€2)

where f is a function derived in [211,212]. The LEP measuremerit(@ — hadrons)
and the extracted value of;(m ) constrain the size of (m;/m¢/) and severely restrict
axigluon massesing > 570 (365) GeV for A\ = 1 at the 65% (95%) confidence level
[193].

However, f is highly nonlinear, so the mass constrainéxsremelysensitive to the ax-
igluon coupling. In our scenario, the constraintoapplies to the combinatiok? f, which
dramatically weakens the lower bound or;,. Furthermore, following the discussion in
Sectior 5.4.5, light axigluom{s < my) contributions to the QCD beta function generi-
cally decrease the value af (m) at the percent level. Since this is used to compute QCD
corrections to the SM prediction fd¥(Z — hadrons) [213], a smaller value opens up
more allowed parameter space for new physics; the positiggumn contribution to the
width compensates for a slightly smaller SM result whicheiduced by the new value of

Q.
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In Figure[5.8 we ploRo exclusion bounds from the hadronicwidth on the(\, mg)
plane alongside the regions favored by combined CDF andip® measurements (dis-
cussed in Sectidn §.5). The solid black curve uses the stnuiadel extractiom,(my) =
0.1184 + 0.0007 [210] and the measurdd(Z — hadrons) = 1.744 £+ 0.002 GeV [214]
to identify parameters for which the theoretical predictexceeds the measured central
value by 2r. Also plotted are the@2bounds assuming 2.5 % (black dashed) and 5% (black
dotted) reductions in(m ) due to the modified running that includes axigluon contribu-
tions. These curves show how sensitive the bound is to matdits in\ and a(my).
Since we generically expect light axigluons to reduce tHaevaf o, (m ) by a few per-
cent relative to the SM extraction, the dashed and dottedesuare more faithful to the
underlying physics. Given the sensitivity of the bound, @ger extraction ofv, involving
axigluon processes is necessary to accurately constrmipatameter space; the limits in

Figure[5.8 serve merely to illustrate the impact on the adldwegion.

5.4.7 Boundsfrom o(ee” — hadrons)

The authors in [211] calculalgeaxigluon corrections to the ratio

__o(eTe” — hadrons)
R(s) = T2 (C.3)

at the scalg/s = 34 GeV and thereby exclude masses below 50 GeV at 95% confidence

assuming\ = 1. As with the hadronicZ width, the corrections for this process are propor-

3Note that [211] corrects some minor, yet consequentiargfrom an earlier paper [212] that placed a
far stronger lower-bound on the mass.
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Figure 5.4: Inclusive top anti-top rapidity differencetdisution plotted against unfolded
CDF data. Here we use the same model parameters as i FigTle2blue histograms
include both signal and standard model background. Both aadl background (purple)

are taken from [15]. This plot omits the small, loop level msyetry generated by SM
processes.

tional to the factor in EqL{C]2) with the replacement— \%a,, so the discussion in Sec-
tion[5.4.6 applies to this bound as well. SidtgZ — hadrons) is extracted fromR data
at theZ pole, the allowed parameter space in Fiduré 5.3 is autoaligticonsistent with
bounds fromR near,/s = m . For smaller energies in our range of interggst, € 50 — 90

GeV, the uncertainties on the data are larger than those at theole [214], so the bound

is weaker.
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5.5 Forward Backward Asymmetry

The forward-backward asymmetry can be written

A~ N(Ay>0) -~ N(Ay <0)
PP N(Ay>0)+ N(Ay < 0)

(C.1)

whereAy = y; — y; Is the rapidity difference between the top and anti-top kgiar

In Figure[5.8 we show the favored parameter space iniheis ) plane. The blue
(purple) band represents the regionlef (20) agreement with the combined CDF, Eq.
(C.2), and DO, Ed.(CI3) inclusive measurements. For tygiomts in these regions, the
model predicts a positive asymmetry of or@éfs.

In Figure[5.4 we show the inclusive rapidity-difference distribution plotted against
the CDF data. The signal simulation is identical to that usedgenerate Figurie 3.2 with
mq = 80 GeV and)\ = 0.4. After applying the cuts described in Sectfon]|5.3, the accep
tance is is 2.6%. This plot only depicts the effects of teel processes; the histograms
do not include the small asymmetry induced by standard mombelesses. However, the
numerical results in Figl_5.3 include the full asymmetryhwlitoth SM and new physics
contributions.

Although our simulation gives an acceptable fit to the rdpidata, some of the bins
are more thario away from data points. We, however, do not expect perfeeeagent at
this level of analysis. The distribution in Figure 5.4 is aigh approximation of the full
theory prediction which requires both a full CDF detectangiation and the subsequent

unfolding for a proper comparison with data.
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In Figure[5.5 we show the theory prediction for the mass deépenasymmetry
Arp(My) plotted alongside the unfolded CDF data. Like other liglthannel media-
tors, light axigluons predict a positive asymmetry thromgfithe whole range of invariant
masses. While the agreement at low invariant mass is nok, ide#her DO nor the CDF
dilepton measurement observe strong mass dependences sigificance of the mass-
dependent data is not clear.

Note that in Figureg 512, 5.4 ahd 5.5 we only compare the mmd€DF results be-
cause their published distributions feature productewel data, which allow for a direct
comparison with parton level simulations. Comparison vid@is distributions requires a
detailed understanding of their detector simulation, Wwiédeyond the scope of this work.
Our conclusions have emphasized inclusive results fromm daitaborations since these are

in better agreement with each other than the more contravenass-dependent data.

5.6 Conclusions

We have shown that a light axigluon with flavor universal dmgs can generate a
large, positivett asymmetry and naturally agrees with measurementér¢fiM,;. The
model has viable parameter space consistent with light $Hlggunds, dijet resonance
searches and measurements of the hadrémadth.

For masses betwedit) — 90 GeV and quark couplings in the ranges g, — 0.6 gs,

the theoretical prediction for the parton-level top asyrtignes in good agreement with
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Figure 5.5: Theory prediction for the mass dependéasymmetry (purple histograms)
plotted against the binned, unfolded CDF data in the leptas jets channel [15]. Here
we use the same model parameters as in Eigl 5.2. For compavio CDF, the bin
sizes are 50 GeV faob/;; < 600 GeV and 100 GeV for larger invariant masses. Since the
interference term in the differential cross section, EqBfCs proportional tqs — mZ,),

the asymmetry is always positive for on-shellproduction. This is a generic feature of
light axigluon models.

inclusive results from both CDF and DO. The asymmetry is propnal to(s — mZ,), so
the sign ofA 5 is always positive for on shell top pair production wigls > 2m; > m.

In the presence of a light axigluon, both the predicted arsknked values ofi, are
modified at the percent level. A reanalysisaf(,/s) measurements could reveal small
downward shifts in the data since the modified beta functemekerates the running of;
in the presence of an axigluon. The downward shittjralso decreases the SM predictions
for I'(Z — hadrons) ando(ete” — hadrons), which expands the parameter space for
(A, m¢r) values that explain the top asymmetry.

Although the QCD background at low masses is formidablealf be possible to revisit

UAZ2 dijet data and perform a dedicated bump hunt in the lowsmagion with updated
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background calculations. It should also be possible taiohellight axigluons in a SCET
reanalysis of event shapes in LEP data, which would liketyttse strongest lower bound
on this model.

If very light axigluons explain the top forward-backward/asnetry, the Tevatron and
LHC experiments should, in principle, be able to observemasaces in two and four jet
events from single and pair production. Since the effeatioglel presented in this paper
demands a UV completion at energy scales near the LHC’smissigensitivity, we predict
new physics around the TeV scale, but the specific signalmadel dependent at this level

of description and would be interesting to pursue as futuogkw
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