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_ _ _ ) periments must observe Higgs boson pair production; while
Inclusive Standard Model Higgs boson pair production and SUbthis has been shown to be possible for a light Higgs boson at

sequent decay to same-sign dileptons via weak g&lifebosons . C T
at the CERN Large Hadron Collider has the capability to determinea future Linear Collider,[12], no study has yet been presented

the Higgs boson self-coupling, The large top quark mass limit is which suggests this is possible at the LHC for the SM Higgs
found not to be a good approximation for the signal if one wishes td?©SON- , . ,

utilize differential distributions in the analysis. We find thattibsild We simulate the signal process, pair production of two SM
be possible at the LHC with design luminosity to establish that theHiggs bosons in gluon fusion, at the parton level fprcolli-
Standard Model Higgs boson has a non-zero self-coupling and tha&ions at,/s — 14 TeV. Both Higgs bosons are decayeditd
A/Xsar can be restricted to a range of 0-3.2a% confidencelevel boson pairs, which subsequently are decayed to four jets and
if its mass is between 150 and 200 GeV. two same-sign Ieptorilé.?::

_ _ .. .ot

The CERN Large Hadron Collider (LHC) is widely re- 99 = HH = (WHEW™) (WHEW™) = (jitFv) (G307 v),
garded as capable of directly observing the agent responsibighere?, ¢ are any combination of electrons or muons. The
for electroweak symmetry breaking and fermion mass genintermediate Higgs anél’ bosons are treated off-shell using
eration. This is generally believed to be a light Higgs bo-finite widths in the double pole approximation. We calculate
son with massMy < 200 GeV [1]. Furthermore, the LHC the signal using two methods: exact loop matrix eleménis [14]
promises complete coverage of Higgs decay scenatios [2], innd the infinite top quark mass limit. The latter, which is com-
cluding general parameterizations in the Minimal Supersymmonly used in place of exact matrix elements to speed up the
metric Standard Model[2,3], invisible Higgs decays [4], andcalculation, reproduces the correct total cross sectioflfar
possibly even Higgs boson decays taans [5]. This broad production to withinl0% to 30% for Higgs masses between
capability was made possible largely by the addition of the140 GeV and200 GeV. However, it produces completely in-
weak boson fusion production channel to the search strateprrect kinematic distributions.
gies [3,6]. Observation of a Higgs boson in this channel also Signal results are computed consistently to leading order
contains additional information in the angular distributions ofQCD with the top quark mass set to, = 175 GeV and
the scattered quarks which reveal the fundamental tensor strugm top Yukawa coupling, and the renormalization and fac-

ture of theV/ vV H vertex [7]. With mild theoretical assump- torization scales are taken to be the Higgs boson miass [14].
tions, the Higgs boson total width;, can be determined The effects of next-to-leading (NLO) order QCD corrections
via combination of all available channels, which in turn yieldsare included by multiplying the differential cross section by an
the gauge and various Yukawa coupling:[8,9]. The weak bogverall factork’ = 1.65 (K -factor), as suggested by Réf. {15]
son fusion channels have received considerable attention in thghere the QCD corrections fgry — I H have been com-
LHC experimental collaborations, and a number of detailechuted in the largen, limit. The multiplicative effects of NLO
detector simulation studies on ther[l‘have already been con®CD corrections are not expected to depend on whether the
pleted, with very encouraging results,[10]. signal is calculated with exact matrix elements or in the infi-
While these studies have shown that the LHC promisesite top quark mass limit.
broad and significant capability to measure various properties The SM backgrounds of interest are those that produce two
of the Higgs sector, what remains is to determine the actuadame-sign leptons and four well-separated jets which recon-
Higgs potential. This appears in the Lagrangian as struct in two pairs to a window around thé boson mass. The

V(D) = -\ (®T®) + \(@Td)?,

i i i — -1/2 -
where is the Higgs fieldy = (\/iGF) Is the vacuum 'While our study was in progress, Ref. [13] appeared. It includes a

expectation value, andr is the Fermi constant. In the Stan- brief discussion of Higgs boson pair production at an upgraded LHC,

— — 2 2 i
dard Model (SM)’/\ - /\SM - MH/(QU )' Regarding the which would gather 20 times the amount of data expected in the first
SM as an effective theory, is per sea free parameter. Its up- ;.

per limit can be determined using unitarityl arguments, assum->ynfortunately the search in this channel cannot be generalized to
ing the model’s validity to high energy scales,[11]. To measurahe supersymmetric case, since the branching fractiét tmsons is
A, and thus determine the Higgs potential, at a minimum exsuppressed for the light Higgs scalar close to the decoupling regime.
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Figure 1. Minimum separation between jetsR(jj)min, for the . L.
pp =T +4j

My = 180 GeV, signal with exact matrix elements (solid line) and r
in the largem, limit (dot-dashed line), and th&/ W W j; (dashed 0.00100 — my =200 GeV
line) andttW backgrounds (dotted line). Qlitatively similar results i ye \\

are obtained for other values of the Higgs boson mass in the range 0.00075 |

150 GeV < My < 200 GeV. e
o)
largest contribution originates frof/ =W+ W~ jj produc- . E'? 0.00050 -
tion, followed by¢t17* where one top quark decays leptoni- g i
T

cally, the other hadronically, and neithequark jet is tagged.
Other backgrounds, which in sum contribute at the5%
level [13], are: titi production, where none of thie quark
jets are tagged, and additional jets or leptons are not observed; ¢ 00000 =
Ww+Zjjjj production with leptonicZ decay (including off- 20
shell photon interference) where one lepton is not observed;

andit;j events where onequark decays semileptonically with  Figure 2. Distribution of the invariant mass of all observ-
good hadronic isolation, and the other is not tagged. For thiable final state particlesy..., after all cuts, for the signal with a)
letter we consider only the two dominant backgrounds; sincé/y = 160 GeV and b)M gz = 200 GeV, and the dominant back-
the others enter in sum at less tH&h of the total contribution,  grounds. Then.,. distribution of the signal evaluated in the large

they do not change our results noticeably. m; limit is also shown.
We simulate both leading backgrounds at the parton level

0.00025

1000

m,; (GeV)

pr(j) >30,30,20,20GeV,  pr(f) > 15,10 GeV,

using exact matrix elements generated WithDGRAPH [16]. .
For WWW jj production we evaluate the strong coupling In(j)] < 3.0, In(0)] < 2.5,
constant, and the parton distribution functions at a scale  AR(j;) > 0.6, AR(j£) > 0.4, AR(€6) > 0.2,

given by u? = > p2, where the sum extends over all final »
state particles; fott11 production we take = my + Mw /2. whereAR — {(Afb)z i (Aﬂ)z} is the separation in the
We use a value for the strong coupling constart dfM 7 ) = - : .
. : . pseudorapidity — azimuthal angle plane. In addition we re-
0.1185. QCD corrections are not taken into accountin our cal-" ", . . . .
. iy Z . quire the four jets to combine into two pseutlopairs with
culation of WW1W jj andit}V production. The top quarks are . .
i Lo . invariant masses between 50 ahid) GeV and assume that
generated on shell (narrow width approximation), whilg/ll X .
: . this captured 00% of the signal and backgrounds. We do not
bosons in both processes are allowed to be off shell. Assumin o :
. o ~ IMpose a missing transverse momentum cut which would re-
ab quark tagging efficiency 080%, only 1/4 of thett 1V rate ; . .
: ) : move a considerable fraction of the signal events.
contributes to the background; events with one or two tagged : A
: . : Both backgrounds are multi body production processes, and
quarks are rejected. All signal and background cross sections SR . i
: - e one therefore expects that the distribution of the invariant
are calculated using CTEQA4L El?] parton distribution func- ~ S
tions = mass,V/s, of the system peaks at values significantly above
o . . threshold. In contrast, the signal is a two-body production
The kinematic acceptance cuts for both signal and back- : e . o
rounds are: process for which the/s distribution will exhibit a sharper
g | threshold behavior. Since the Higgs bosons are produced
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Figure 3. Then,;. distribution of the signal for/z = 180 GeV my (GeV)
in the SM (solid curve), fohzrr = A/Asy = 0 (dashed line) and o )
Limits achievable at95% CL for

for Ay = 2 (dotted line). The dot-dashed line shows the SM  Figure 4. : o St
cross section in the large, limit. Qualitatively similar results are  AArma = Anma —1(Aarm = A/Aswu) inpp — €547 + 45 at
the LHC. Bounds are shown for integrated lumitties of 300 fo!

obtained for other values @/ ;. : _
(solid lines), 600 fo' (dashed lines) and 30001h (dotted lines).

almost at rest, the final state particles are distributed fairlyrhe allowed region is between the two lines of equal texture. The
isotropically, resulting in a distribution of the minimum jet-jet Higgs boson self-coupling vanishes fai s = —1.

separationA R(jj)min, Which is peaked ah R(jj)min ~ 1.3 , L in th
(see Fig.11). In contrast, th& R(jj)m distribution for the ~_ The Feynman diagrams contributingdg — I in the
backgrou-nd processes peaks at at a lower va\i®(f j)min ~ SM consist of fermion triangle anq box diagrams: [14]. .Non-
0.9). In the following, we therefore impose a more restric- Standard Higgs boson self-couplings only affect the triangle
tive jet-jet separation cut ek R(jj) > 1.0, which results in diagrams with a Higgs boson exchanged in tshehannﬁl.
a~ 45% reduction of the background cross sections while] "€y only contribute to the/ = 0 partial wave, and thus
reducing the signal only by abodt— 8%. Note that in the impact the.mm. dllstrlbutlon mostly at small values. This is
largem, limit the AR(jj)mimn distribution of the signal peaks 'llustrated in Fig. 3 forM; = 180 GeV and two values of
at AR(jj)min = 0 and drastically differs in shape from that AnHH = A/As . Since box and tnan_gle diagrams interfere
calculated using the exact loop matrix elements. If one werd€structively, theyg — [ cross section fot < Anpm <

2.7 is smaller than in the SM. The absence of a Higgs boson

to calculate the signal cross section in the largelimit, a

AR(jj) cut would not result in a reduction of the background_se”‘COUP”_ng Qumu = 0) results in a Higgs pair production
cross section which is about a factor 3 larger than the SM re-

Unfortunately, with two neutrinos present in the final state, U

V/s cannot be reconstructed. However, we anticipate that the!'" o

invariant mass of all observed final state leptons andijets,, The shape change of the.;, distribution induced by non-

will retain most of the expected behavior of the different pro-Standard values olx s can be used to I?e”ve lquann_tia'nve

duction processes. Figure 2 clearly demonstrates that this fENSitivity bounds on the Higgs boson self-coupling. Figure 4

the case: the signal peaks at lower valuesrof, than ei-  SNOWS thed5% confidence level (CL) I|r721|ts oM =

ther background, especially for lower Higgs boson masses\##i# — 1 which are obtained from a° test of themu,

However, thel WV jj background has a significant con- distribution. The allowed region is betvyeen the two lines pf

tribution from W H (= W*W~)jj production, resulting in equal texture. In deriving the bounds displayed, we combine

a myi, distribution which is similar in shape to that of the channels with electrons and muons in the final state, conserva-

HH signal. Whereas the signal is concentrated in the regiofV€lY @ssuming a common lepton identification efficiency of

mais < 500 GeV, the background processes have a significant = -89 for éach lepton. In order to approximately take into

tail extending tom,;; = 1 TeV. This makes it possible to nor- account t.he (Sn]"?‘”) contnpunons_, to the backg.round ftqm

malize the background using data from the;, > 500 GeV WZ + 45 andttj production which we have ignored in our
analysis, we scale the background differential cross section by

region. Using exact loop matrix elements, the signal display

a pronounced peak which gradually moves to higher values dt factor 1.1. As mentioned bgfore, our calculation of the pack—
my:, With increasing Higgs boson mass. In contrast, in thedround processes does not include QCD corrections which are

largem, limit, the m.;, distribution of the signal is extremely €XPected to modify the relevant cross section8(y 40%. In
order to derive realistic limits, we therefore allow for a normal-

broad.
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