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Dark Matter:--

JAtvariety ofigvidencesin favor of‘exrstence dark'matter. - %
‘But only through its gravrtatlonal |nfluence and:the ldent|ty IS unknown

.yVe may’ create dark matter partlcles at LHC and can determlne its
n?ass and mteractnons P L _ - ;

Y 4
i‘

iS- taIk I Wlﬁ focusan howeto.identify a  dark matter partlcle at
wrth supersymmetry neutralln@M scenarlo because

’”?

o SUSY islohe of the attractive exten$|on of the Standard ModeI
* to solve the hlerarchy problem en‘able giand Unification: -

J&SUSY can provide good WIMP dark mattér oandldates
® A lot of study has been déneso far with SUSY scendrios.

® Basically, the'strategy.is appllcable for other models Wlth
Zzparnity conservatlon (UED Eittle nggs )

: Q.\
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Outline of this talk

» LHC experiments

» Inclusive SUSY discovery

» Mass spectrum measurement

» Connection to astro-particle experiments

» Conclusion
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LHC experiments - ATLAS and CMS
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The LHC machme

P3 LHC is a proton-proton collider located
g in Geneve, CERN.

«Vs=14 TeV at the highest
e design luminosity 1034 cm-2s!
* 40MHz bunch crossing

Spcssupercondé€ting dipole magneta s
3 ’ .. By NN
8.31 magnetic\ield ' \

1.9K operation temperature B o

/ - X

A==~

A

Two multi-purpose detectors
located 100m underground,
ATLAS and CMS

« LHCb : Bphysics, CP violation
» ALICE : Heavy ion experiment
« TOTEM, LHCf : Very forward physics
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ATLAS and CMS

e O

Magnetic field 2 T solenoid + toroid (0.5 T barrel 1 T 4 T solenoid + return yoke
endcap)

Tracker Si pixels, strips + TRT Si pixels, strips
o/pr=5x10*p+ 0.01 o/pr= 1.5x10*p, + 0.005

EM calorimeter Pb+LAr PbWO4 crystals
o/E = 10%/E + 0.007 o/E = 3%/VE + 0.003

Hadronic Fe+scint. / Cu+LAr (10A) Brass+scintillator (7 A + catcher)

calorimeter o/E = 50%/ME + 0.03 GeV o/E = 100%/VE + 0.05 GeV

Muon o/pr= 2% @ 50GeV to 10% @ 1TeV (ID o/pr = 1% @ 50GeV to 10% @ 1TeV
+MS) (DT/CSC+Tracker)

Trigger L1 + Rol-based HLT (L2+EF) L1+HLT (L2 + L3)

The ATLAS C""ﬂb?m‘“““r 6. Aad et al., _ The CMS Collaboration, S. Chatrchyan et al.,
The ATLAS Experiment at the CERN Large Hadron Collider, The CMS Experiment at the CERIMN Large Hadron Collider,
JINST 3 (2008) S08003. JINST 3 (2008) 508004,
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LHC Schedule

Particles are back in the LHC at the end of October!

First circulating beam is expected today!
http://op-webtools.web.cern.ch/op-webtools/vistar/vistars.php?usr=LHC1

http://Ihc-commissioning.web.cern.ch/lhc-commissioning/news/LHC-latest-news.htm

2009

2010
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First Beam

Expected end of November in 2009

First Collisions
Vs = 900 GeV (no acceleration at LHC) for a few days?

First High Energy Collisions
Vs=2TeV?

High Energy Collisions Expected integrated
Vs = 7 TeV , three months luminosity is 200-300 pb
Vs = 8-10 TeV , five months  in total by the end of 2010

(One month for ion collision in November)

N.B. Numbers shown here have uncertainties.
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ATLAS/CMS Status & Plan

Need several steps towards new physics discovery: understand our
detector, event reconstruction and background.

0) Understanding detector using cosmic-Ray WE JARE-HERE
’ 12105_5.___; | L =
ﬁ - ATLAS Cosmic 2008 Preliminary
§104 :_ = Cosmic Data L1Calo 3
E - -- ---- Cosmic Single Muon MC 1
21032_ + —
10°E *4-‘_ =
v 103— ++_1,_1,_ _
e Po%; 5
e i T
0 500 1000 1500 2000 2500
Jet Transverse Energy (GeV)
' - - 1-50pb-"
1) Understanding detector/reconstruction
2) Re-discovery Standard Model processes >0.1-1fb""

3) Discovery new physics signature..?
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SUSY Discovery
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SUSY @ LHC - how it looks like?

@ LHC is a p-p collider:

—Large production cross-section for colored sparticles
@ WIMPs/neutralinos (RPC) escape detection:

—Large missingET(MET = -X ﬁr,visisb,e) in the final state.

max(g.q) .
o~ < (high) Pt jet

min (g.q ) l’

l \L — Ptjet

Yv :)Eg \y \L <jet
0 I
X mET \epton
Higgs->bb

il MET is a key parameter(WIMP signature!)
8 and also powerful to distinguish signal
and SM background.

Searches for mET + multijets + X
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Inclusive Analysis for Discovery met « jets + x

Fermilab SSC

CERN l L

1 mb

Tub

1 nb

1 pb

- et
E =0zaYS ——

T (w —=Bvy -
-

Oy

Higys
m,=S00Gev T~

| L I

0001 0.01 02
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Interesting physics processes are
buried under huge background.

~200Hz of data can be recorded
and analyzed.

Need trigger strategies to take
iInteresting events effectively.

Events/secfor £ = 10¥em® sec |

CosPAOQO9
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Inclusive Analysis for Discovery mer « jets + x

Example inclusive selection
MET + jets + 1lepton

(Result shown here is for vs=14TeV, 1fb-1) @ o o SU3
. SICFE 000 — SMBG
« # of jets =24 (p>50GeV,Inl<2.5) & F . o
* p;1st > 100GeV PR o AW
- mET>max(1 00GeV, O.2Meff) T 10 v e * single top =
» sr(sphericity)>0.2 2 F L, @14TeV |
e m:(mET,l)>100GeV % - 3% . ATLAS
« # of leptons=1 (p>20GeV) e ‘f‘L’; +|+ 4o
Background composition wh i %ruh ‘{i:L
« 90% for tt (bbIVIv) «—_ P00 =0 S0 A T sng £ [GeV]

One lepton is missing

o 0

10% for W CERN-OPEN-2008-020
One of most promising discovery channels

Requiring one lepton will suppress dangerous QCD background
(huge cross-section, large uncertainties)
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Background Estimation

We cannot rely on Monte Carlo at the beginning. Control sample
—Estimate SM background by data-driven way Signal region
(side band technique, D=CxB/A)

B D
Not always possible to take clean control samples.
(SUSY contamination in control sample->overestimate)
. . - A C
However, discovery is promising!
>
L L B B B B LI L L LI B R mET
10°PE ++{._—c>—_¢._ = truth BG E ) . .
- o ruth BG+sUsy 3 More precise background estimation
: o= O truth SUSY ’ . :
oL e Lo @ est BG 7 will be done by using Monte Carlo as

“lo, @14TeV3i an extra source of information on

=

Events / 1f5"'/ 50GeV

. Amas 1 background predictions for cross-

3 section measurement etc.
+m iJTL (Need sufficient data to validate Monte Carlo)

10‘:'1ﬂ. 1!‘.](} E{JD BDD 4[]{] 5["'3' ﬁ[l[l ?ﬂﬂ EICID a00 1DD{]
CERN-OPEN-2008-020 Missing E, [GeV]
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Discovery Reaches (@10TeV)

The discovery reach strongly depends on SUSY mass scales (strong coupling).
Current Tevatron exclusion limit ~390GeV for m(q)~m(g) case.

Chamon|x2008
— T | T T T | T J 4 d @ﬁi&q’bvh T | ‘IF T I L T T 'l T T T | T T T |
Jets I

> 450 —A* TLA*S Prellmlnary ------ 4jets1lepton | &£ 10 4 % 1 ATLAS Prefrm:nary .
CanAa T\ .7 mmm 2 jets 2 lept osy] - = S A i~
S ;‘:;1,0 TeV- soaicovery 277 2 jgtg leptonsSs] =  F | 5o discovery =
g 4005 LSP MSUGR-A:anB= 10 - {(1 00 Te\.L)__ g B ‘ _ mEUGHAtanB= 10 ﬁ =0, 1
:‘ n N N N . = L I I R R
350 . ., . . ' - g Us Ny — M=M= 400 GeV —
. : _ +E Tk N I = mFm=440 GeV ]
z '. N ‘.- — + 3 : — R mﬁ-m-‘- 48{] GEV ]
050 :_ _:" ) ‘,. ' +q (1.0 TeV) . _: 1 0.1 E_ _E
200 C . !! i W glo. 50 TeV) ] - .
-8 1 \ . ] N |
150 __ri—‘ ; , 10? - G =
- it + . T + . : E . . . IE: . : E
I ~ o - mI'LHS fa,?‘t srhurelx'rmn | | ]

R S e e S P U O U N M T T E SO P 2 |\ ] 1 E— — — — — .
0 200 400 600 800 1000 1200 1400 4 LHEC f‘ f 10 12 r1|f' v

centre-0r-mass enern e

ATL-PHYS-PUB-2008-084 m, (GeV) 9y

The discovery reach is ~700GeV in m(q)~m(g) case
with 200pb-'@10TeV.
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Discovery Reaches (@14TeV)

Discovering SUSY in the various final states:

mET + jets + X(=di-lepton, higgs, tau, top---)
— Multiple observation gives strong hints to know what type of
SUSY(mass spectrum, coupling) is favored.

1000 =
E-,-I:.1 LSP IanB = 10, AD = 0, = 0 CMS
900 == with systematics
800 2 m, = 120 GeV | 1 fb™
700 —
= —— jet+MET
D - — S52p
S s ==== 0S2]
o™ I
o C e = S| mmee 21
E 400 - Higgs
- . = z°
00— T T \h s (0P
Emh=1T4GEV'“"""":‘_‘_:"—' N . \
200 — e T
100" = 103 GeV
- NO EWSB
D 1 | 1 | 1 1 1 | 1 1 | | | 1 1 | 1 1 | | 1 1 | | I 1 1 | 1 | | I 1 1 | I 1 1 |
0 200 400 600 800 1000 1200 1400 1600 1800 2000
m, (GeV)

CERN-LHC-2006-021

10fb-

1000

}f1 LSP tanp = 10, AU =0,u>0 CMS
800 - with systematics
so N m, = 120 GeV 10 fb™
E S
700 — —
E ‘ —— jet+MET
; 600 \: ______ - ~ — — e u+jet+MET|
8 = o~ N " Y, —| = SS2u
S s x_;_r\:: .T_—__‘\ \ . 0s2!
B N R T 27
o N =< o= Higgs
| T PO (PP 0
| R L UGSy ety SR T TN Z
300 | T T e s S0 e tOP
Em, = TIEGEV = == == m = mm | menens trilept
200(—.
100 }m 103 GeV -
E NO EWSB
07 L | L1l ‘ | —— ‘ | ‘ L1 L ‘ L - ‘ L1 ‘ L L ‘ | - | L1 L ‘
() 200 400 600 800 1000 1200 1400 1600 1800 2000

m, (GeV)

The discovery reach is ~1.5TeV in m(q)~m(g) case with 1fb'@14TeV
(~2TeV with 10fb-'@14TeV)

N. Kanaya
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Exclusive analysis (measurement)
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After Discovery:---

Inclusive analysis
Establish the discovery of large mET signatures after
understanding detector and background

Possible to identify preferable
scenarios, e.g. heavy squark case,
light 3rd generation:--

 Refine background estimation
e mET + jets + X(taus, b-jets, tops---)

Exclusive analysis
SUSY mass spectrum measurement

Ultimate mass, coupling (and spin) measurements

N. Kanaya CosPAO9 16



Mass measurement

Several techniques have been developed for measuring SUSY masses
in the events with mET (dominantly from two WIMPs).

A mass peak is not reconstructed and WIMPs are
not detected --- how to know mass spectrum?

1. 2 In three successive two-body decays,
7 Fncar tor we can reconstruct invariant masses of
Z (12)(13)(23)(123) and measure their
N T 3 maxima (minima) — Obtain more than three

constraints wrt four unknown masses.

Measure endpoints in invariant masses reconstructed by identified decay
products in the same decay chain
— QObtain an individual mass appear in the decay.

N. Kanaya CosPAQO9 17



Di-lepton edge

Assume a decay chain with two leptons(e,u). A lepton is reconstructed
good resolution(0.1% ultimately) and high efficiency (80-90%)

-
-
-
-
-

X5 [}q;

Find d| Ieptons with opposite sign
And same flavour(e or u)

B (up) = 182+ 26
Blee)= 111+ 21
MIl_max = 78.00 + 0.40
S(up)= 23+ 25

S (ee) = 161+ 21
Zup)= 202+ 64

Z (ee) = 12.2 + 5.0

CMS preliminary
SUS-08-001

Events / 4 GaV / 1fb-1
B 8 & & 8 =2

T
m (I} [GeV]

14l'.l

120

100

M(ll) endpoint gives the mass
relation among three sparticles.

Background PDF to flavor-symmetric
signal can be estimated by different
flavor events (euw).

LM1(MSUSY~SSOGeV) b
.=78.03+0.75+0.18 GeV

(truth 78.15GeV)
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Leptons + Jets edges

There is an ambiguity in selecting leptons and jets combination.
— Combinatorial SUSY background is the main source of the tail.

Although the edge and the threshold are successfully reconstructed
with accuracy of 5-10% with 1fb-! for SUS(MSUSY~7OOGeV)

{ ndf z3im| - S o df 527 /B
-EEE'”'II”"””"”"'” point 516.7+ 30,1 'ﬂﬂ}‘_ Endpoint 4453+ 111
~ wof Q150300024 | T 0.2895  0.0823
= e bk pd ®aTs1986 | = 3
oo pok p1 004148 ¢ oozaer | 5 40 3
o apk c
S TE H» = 30 H E
§ 208 8
5 10F &

_|+]"
u_lll'i[IKilIﬁ]i“huﬁ“ﬁ“hﬁ“ﬁmi“ﬁ”‘gm -1 "'im'm am m m Em T Eoo
millg) [GaV] miflq) [GaV]
22 Tt aTITiE | - I——— 056 9
e FTT T Endpeint 2esax174 | £ 7O ' ' ' Endpoint  3329:6.3
- 2 Siope  oziia:oores| T gof- 2852 & 0,060
§ 2 * —i § s 3
8 150 amas 4 8 aof atias
o § oo E
5 F ! + 5 20 \§ E
% # +++ﬁ§ 105 + + =
- - Y
E i v i B et
5 H:‘ -0 3
raalyraa s =1 [ A A N
1]

E. . Ll = 1 pl oy s by byl =
0 '||]ﬂ Eﬂ] ::lm 4430 500 ﬁﬂﬂ Tm Bl]ﬂ oo 200 300 400 500 0 &0DO  FOD  BOO

millg) [GeV] migeeyy CERN-OPEN-2008-020
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Mass and parameters fit

Mass differences are more reliably measured than individual masses
since kinematic endpoints are directly related to mass differences.

CERN-OPEN-2008-020 Interpret experimental measurements
Observable | SU3 Mpeas su3imme  In MSUGRA parameter spaces
[GeV] [GeV]
Mo 88L60F2 118 A A A A Anas sapnt R
- myg 189+ 60 F 2 219 imi_ o e 002
O m 614£91£11 634 - 0.02
Y— my 122+ 61F2 155 140
©  Observable SU3 Ammeas SU3 Amwe B 0.015
[GeV] [GeV] -
Mlpn — Mo 1006 +£1.9F0.0 100.7 E 0.01
Mg — My 3263413 316.0 100 0.005
My — Mg 3424+38F 0.1 37.6 B '
L T T P B S T T T
280 20 300 310 3F20 330 240
B.K.Gjelsten et al (ATLAS-PHYS-2004-007) Mz [GaV]
| | _ Expected performance for SPS1
E Fdge  Nominalalue Fit Velue Eiyeitg; ;z(;ie Stbgﬁzfal Sparticle | Expected precision (100 fb™")
G— w7077 77.024 0.08 0.05 q, + 3%
O w11 4313 43 24 ~0 + 6%
(T A V3| 30038 30 15 X2 -
—  m()E 3803 379.4 38 18 IR = 9%
m(gl)™ 2030 2046 20 28 X + 12%
mbly 1831 181.1 18 6.3
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Interpretation:

Connection to astro-particle physics

Early Universe

-

DM :(ma’r’rer*

<
LHC
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Connection to astro-particle experiments (1)

For direct comparison with result obtained by direct/indirect detection,
need to calculate x-nucleon elastic scattering cross-section and relic

density. Neutrino annihilation
Neutrino annihilation e N .
I > . ”:f 1/ ........ <,r : X \\\\\\\ . ///, X
¥ 7 t 1 x ! H.k /"““““’\
I' L v jx S
t W ) /._..__...{_I._Ilw ) 7 x 1\.2
Nl e Not possible to access all SUSY parameters
) ey 1 (mass, coupling,property) needed for the
S e =" | calculation. But possible to identify which

o . . | processes are relevant or not.
o A 77w Also compare hep/astro experimental results

) “aa” " .. | byinterpreting within the certain SUSY model
" L References
S Polesello, Tovey JHEP0405(071)
)’F: ..... - ) Nojiri, Polesello, Tovey JHEPO603(063)
x\*---i‘----*' - Baltz,Battaglia, Peskin,Wizansky PRD74:103521(206)
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Connection to astro-particle experiments (2)

Ultimate precise measurement with 300 fb-' for sps1a

Variable Value (GeV) | Stat+Sys (GeV)Er;c::.le (GeV) | Total G . POIGSG”O, D.Tovey J H EPO4O 5 (07 1 )
T 83.37 0.03 0.08 0.0
it s 00 2 |35 | Interpret experimental results under
mpst 400.63 1.0 4.0 41 .
e .2 |2 MSUGRA model assumption.
g 199.48 3.6 2.0 12
e O A I m(x)=96.05x4.7GeV
i 86.03 5.0 0.9 5.1
iy V| e 00 s | 110 log, (o, /1pb) =-8.17+0.04
m(j) — m@,) 06.98 1.5 1.0 1.8
m(g) — m(bs) 72.75 25 0.7 2.6 2
Q_h”=0.192+0.0053
- ) o T hni:://d:ﬂtoolk.b?o\(rn':&ﬂ X
o 1200
I O U | PPy i Q h2 Log (o)
4 300pb M  300pb’
8| s ' '
:—E - 800 I T
g 3 '
2107 v s s S T [
= o -
=
G
E 10-10 B 00 -
%
\ .
101 Wel 23N N PR . " " PR |
10 10” , 10 0y 170.175 0.15 0.185 0.19 0,15 0.3 0.205 0.210.215 022 O 4 S3f B3 5.5 82 B1f 51 80f & T9E70
WIMP Mass [GeV/c] 2 o2yt PO
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Connection to astro-particle experiments (3)

The accuracy and model dependency strongly depends on which SUSY
breaking model/parameter regions the nature has chosen
—Wwhich BR and masses can be measured in p-p collision events.

200 " J. Ellis et al hep-ph/0303043 Focus point (757—VV)

;mh = 114 GeV Sufficient higgsino component to
' boost annihilation rates to W/Z.
Heavy squarks(small o) and
stop/sbottom appear in decay

700

(s :’
600 g
I Myt = 104 GeV

' 0094 =2, h?=<0.129
(WMAP)

500 |
Bulk region (%5—Il)
Preferable region for LHC.

Since many decay patterns
are observed.

m, (GeV)

400

300

2004 |,
\ co-annihilation(£5=tZ/y)

Difficult to identify tau due

to the small mass difference
100 200 300 400 500 600 700 800 900 1000 AM(}7), ie. low P tau)

m,,, (GeV)

- —— - —— -

100
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Connection to astro-particle experiments (4)

One of less favored examples : Focus point

» heavy sfermions

Mass/mass LCC2 ILC I.C ° 1 _Hi H N/
splitting value LHC 500 1000 gaug|n0 nggSIno mIXIng X
m(j/‘]’) 1079 =+ 10 1.0 . . . .
mE) -—mGl) 85 =10 03 Large ambiguity in the neutralino
MR w e components due to only two precise
220 —T——————————— Mass-difference measurements
i LCC2: LHC
_ o Can reject incorrect solution with
Bino -~ Wino additional constraints m(x*)>125GeV
200 (correct ) ok - m@-z. P ]
I -'-;*F.';.i'.:.,' 50 LHC+ILC—1000 7
1 \ x 40 Il a
180 -I n Py - LHC+ILC—500 ]
m iyl g 20
R R ) g
Loy ngg.SI.no m:—
100 150 200 i
M, 0

Baltz,Battaglia, Peskin,Wizansky PRD74:103521(206)
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Conclusion

The LHC machine is under commissioning and will be ready for
high energy collision in the near future.

SUSY discovery(R-parity conserved) is rather promising if SUSY mass
scale is within kinematically accessible region.

The LHC cannot distinguish between stable and long-lived dark
matter particles, but provide its mass and property.
The accuracy/impact depends on which SUSY is selected by the nature.

The LHC cannot provide information on cosmological abundance,

halo density etc, but provide underlying theory behind dark
matter particles.

ATLAS & CMS results
JATLAS Recent result  https://twiki.cern.ch/twiki/bin/view/Atlas/AtlasResults

«ATLAS TDR http://cdsweb.cern.ch/record/11258847?In=en
«CMS Recent result https://twiki.cern.ch/twiki/bin/view/CMS/PhysicsResults
«CMS TDR http://cmsdoc.cern.ch/cms/cpt/tdr/
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