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Probing the Higgs self-coupling at hadron colliders using rare decays
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We investigate Higgs boson pair production at hadron colliders for Higgs boson nmasses40 GeV and
the rare decay of one of the two Higgs bosons. While in the standard model the number of events is quite low
at the CERN Large Hadron CollidétHC), a first, albeit not very precise, measurement of the Higgs boson
self-coupling is possible in thgg—>HH—>bEyy channel. A luminosity-upgraded LHC could improve this
measurement considerably. A 200 TeV very large hadron collider could make a measurement of the Higgs
self-coupling competitive with a next-generation linear collider. In the minimal supersymmetric standard
model (MSSM) we find a significant region with observable Higgs boson pair production in the smal tan
regime, where resonant production of two light Higgs bosons might be the only hint at the LHC of a MSSM
Higgs sector.
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I. INTRODUCTION ment studies. There are numerous quantitative sensitivity
limit analyses of Higgs boson pair productionéfie™ col-

The CERN Large Hadron Collidét.HC) is scheduled to lisions ranging from 500 GeV to 3 TeV center of mass ener-
begin operation in 2007, beginning a new era wherein thegies[15—-18. For example, one neural-net-based study con-
mechanism of electroweak symmetry breaking and fermiortludes that a 500 GeV linear collider with an integrated
mass generation will be revealed and studied in great detailuminosity of 1 ab* [18] could measure the trilinear Higgs
Although .alternative meghanisms exist in the_ory, this is genyoson couplingy for my=120 GeV, whereH—>bEdecays
erally believed to be a light Higgs boson with a mass  gominate, at the 20% level. However, none of these analyses
<219 GeV[1]. More specifically, we expect a fundamental ,y4ressed the casemf,> 140 GeV, where the Higgs boson
scalar sector which undergoes spontaneous symmetry bre"%bstly decays int&V bosons. Studies exploring the potential

ing as the result of a potential which acquires a noNzerQy wo | He. a luminosity-upgraded LHGSLHC) with
vacuum expectation value. The LHC will easily find a light roughly ten iimes the amount of data expected in the first

standard modelSM) Higgs boson with a very moderate lu- .
minosity [2,3]. Moreover, the LHC will have significant ca- run, and a very large hadron CO”'dé.VLHC)’ have come
pability to determine many of its propertig$,5], such as its only very _recentl3{1_9—22_. These stuc_j|es |r_1vest|gated Higgs
fermionic and bosonic decay modes and' cbupli[@sQ] boson pair production via gluon fusion with subsequent de-
including invisible decaygl0] and possibly even rare decays cay to same-sign dileptons and three leptonsWiaosons,
to second generation fermiofisL].! and_ cover the broader range 1<151H_<200 GeV. They es-

Starting from the requirement that the Higgs boson has t(Babl'Sh.ed that future hadron machines can probe the Higgs
restore unitarity of weak boson scattering at high energies ilpqtent_lal f?rsrg'asz}?o Ge_\é. Atf the L';'C.' an :(ntegr_a:?d lu-
the SM[13], perhaps the most important measurement aftef?NOSIty 0 I~ provides for exclusion of vanishing

5% confidence level or better over the entire range

; . . : L t the 9
a Higgs boson discovery is of the Higgs potential itself,® : o
which requires measurement of the trilinear and quartic-20~Mx<200 GeV. A VLHC would provide for precision

Hiaas boson self-couplinas. Onlv multiole Hiaas boson pro-Mmeasurements over much of this mass range, similar to or
du?:?ion can probe thgse%irecﬂyi 15, P 99 P better than the limits achievable at a 3 TeVe™ collider

Recent literature is replete with self-coupling measureWith 5 ab 1,[17]' However, we previously concluded that
hadron colliders could not probe the mass regiop
<140 GeV sufficiently well to be meaningfl22].
We reexamine that conclusion in this paper, utilizing rare

decay modes in Higgs boson pair production fory

*Email address: david.rainwater@desy.de <1_4()_GeV at futgre hadron colliders. We first reyiew the

'An e*e linear collider with a center of mass energy of 350 GeV definition of the Higgs boson_ sglf-couplmgs and briefly d|s-_
or more can significantly improve these preliminary measurement<USS SM and n_on'SM pred'Ct'or_‘s for these parameters ,'n
in some cases by an order of magnitude in precision, if an inteS€c. Il. An overview of the rare Higgs boson decay modes in
grated luminosity of 500 fb! can be achievefil2]. the SM (predominantlybbyy final statey and our analyses
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of these channels appear in Sec. Ill. We consider the LHC,

SLHC, and a VLHC, which we assume to bep collider
operating at 200 TeV with a Iluminosity off=2
X 10** cm ?s 1 [23]. In Sec. IV we establish the prospects

of observing a pair of minimal supersymmetric standard

model (MSSM) Higgs bosons in thébyy and bbu™* ™
decay channels. We present our conclusions in Sec. V.

II. HIGGS BOSON SELF-COUPLINGS

The trilinear and quartic Higgs boson couplingsand\
are defined through the potential

_1 2 2 3 4
V(nH)—EmHnH-i—)\vnH-f-Z)\nH, (1)

where 7, is the physical Higgs fieldy = (y2Gg) ~*?is the

vacuum expectation value, ai@k is the Fermi constant. In
the SM the self-couplings are

2

X=A=\gy= (2)
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PHYSICAL REVIEW D69, 053004 (2004

100

o1

1073

10~4 1 ] 1
120 130

My (GeV)

150

FIG. 1. SM Higgs boson branching ratios relevant to our analy-
sis of HH production. FoOW"W~ andZz, one of the gauge bosons
is off shell.

generally rate limited, we consider only the gluon fusion
process.
Because the totajg— HH cross section at both the LHC

Regarding the SM as an effective theory, the Higgs bosoand VLHC is quite small, at most one Higgs boson undergo-

self-couplings\ and X are per se free parameters, and
Smatrix unitarity constraina to x <8/3[13]. Since future

collider experiments likely cannot probe we concentrate
on the trilinear couplingh in the following. The quartic

Higgs boson coupling does not affect the Higgs boson pai

production processes we consider.
In the SM, radiative corrections decreasby 4—11 % for

ing rare decay will allow for a reasonable number of events
to work with. We therefore consider only final states contain-
ing oneb-quark pair, which is the dominant SM Higgs boson
decay mode fomy<<135 GeV, as shown in Fig. 1. Our
Previous study demonstrated that at both the LHC and

VLHC 4b and bbr* 7~ final states are overwhelmed by
background 22]. While the backgrounds are more moderate

120<m,,<200 GeV[24]. Larger deviations are possible in for the 7 channel, the observable part of this decay mode
scenarios beyond the SM. For example, in two Higgs doubleynfortunately has multiple additional small branching ratios,
models where the lightest Higgs boson is forced to havend the detectors have rather low efficiency to identify the
SM-like couplings to vector bosons, quantum correctiondeptons. As charm quarks are even more difficult to tag than
may increase the trilinear Higgs boson coupling by up toP quarks, and the QCD backgrounds become much larger
100%[24]. In the MSSM, loop corrections modify the self- due to similarly less fake-tag rejection, we can immediately
coupling of the lightest Higgs boson in the decoupling limit, discount any colored final states for the rare decay. Weak
which has SM-like couplings, by up to 8% for light stop boson pairs certainly qualify as raridecays in this_mass re-
squarks[25]. Anomalous Higgs boson self-couplings also gion, but cannot be used: th&bW*W and bbz*z
appear in various other scenarios beyond the SM, such as.ph¢* ¢~ final states suffer from a huge QCD top pair
models with a composite Higgs bosf26], or in little H_|ggs background. Similarly fopp—HH—bbZ*Z with one or
boson model$27]. In many cases, the anomalous Higgs bo- . . — — .
son self-couplings can be parametrized in terms of higheinore hadromcally_decaym@ bospns, and)begbbJj 4

- - QCD processes with the same final states are likely to over-
heavy degrees of freedom. A systematic analysis of Higgd/hem the signalhere,W* andZ* denote off-shellV andz
boson self-couplings in a higher dimensional operator apbosons. The bbZ*Z—bb+4 leptons ancbbZy— ¢ ¢~y
proach can be found in Reff28]. channels suffer from too low a rate, due to the snall

—£*¢~ branching ratio. This leaves only the diphoton

bbyy and dimuonbbu ™ u~ decay combinations.
For all our calculations we assume an integrated luminos-
At LHC energies, inclusive Higgs boson pair productionity of 600 fb~! for the LHC, and 6000 fb! [19] for the
is dominated by gluon fusiof29]. Other processes, such as s HC. For the VLHC, we consider both 600Th and
weak boson fusiongq—qqHH [30], associated production 1200 fo* [23]. We choosexs(M)=0.1185[32], calculate

IIl. ANALYSIS

with heavy gauge bosongg—WHH,ZHH [31], or associ-
ated production with top quark pairgg,qq—ttHH [19],

signal and background cross sections usimgQsL [33] par-
ton distribution functions, and our scale choice for all back-

yield cross sections which are factors of 10—30 smaller thaground processes jgr= ugr= \/§ We include minimal de-

that forgg—HH [29]. SinceHH production at the LHC is

tector effects by Gaussian smearing of the parton momenta
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according to ATLAS expectatiorigl], and take into account TABLE |. Expected photon and muon identification efficiencies
energy loss in thé jets via a parametrized function. We and misidentification probabilities for charm quarks and light jets as
assume & tagging efficiency ofe,=50% for all hadron b quarks[4,5,19,37and photon$4,5,38,39, at various hadron col-
colliders. In addition, we include an efficiency of 7q@4]  liders.

for capturing theH —bb decay of the signal in its 40 GeV
mass bin. We calculate all background processes usig

GRAPH [35] except where otherwise noted, and retain a finite. HC 80% 90%  1/13  1/140 1/1600  1/2500
b- (c)-quark mass of 4.61.7) GeV where relevant. Other sLHC 80%  90% 1/13 1/23 1/1600  1/2500
detector efficiencies are given in the subsections relevant t9| HC 80% 90%  1/13  1/140 1/1600 1/2500
the respective channels.

hi lo
€ €u Peeb  Pj—b Pisy Pimy

Y

_ Misidentified charm quarks must be considered separately
A. The bbyy decay channel from nonheavy flavor jets because of the grossly different
rejection factors. Table | summarizes the expected rejection
factors for charm and light jets to be misidentifiedbagts
and photons, as well as the expected photon and muon iden-
tification efficiencies. The probability of misidentifying a
light jet as ab jet is significantly higher at the SLHC due to
the high luminosity environmerjtl9]. The value quoted in
Table | for P;_, at the LHC is likely to be conservative;

We perform the signal calculatiogg—HH—bbyy, as
in Refs.[20,22, including the effects of next-to-leading or-
der (NLO) QCD corrections via a multiplicative factdf
=1.65 (1.35) at LHC(VLHC) energieq 36], using factor-
ization and renormalization scale choicesmof,. There is
little scale variation left at NLO. We use exact matrix ele-

ments to incorporate thid —bb andH— vy decays. recent studie$37] using three-dimensional tagging have
The basic kinematic acceptance cuts for events at thgyund a light jet rejection factor about a factor of 2 better.
(SLHC and VLHC are Expectations for the probability of misidentifying a light jet

as a photon at the LHC vary consideraply5,38,39, so we
perform two analyses, one conservative and the other opti-
mistic, to cover this range. Since their design luminosities

pr(b)>45 GeV, |5(b)|<2.5, AR(b,b)>0.4,

my—20 GeV<m,,<my+20 GeV, are similar, it is reasonable to assume that the rejection fac-
tors for light quarks and charm quarks, and the jet-photon
pr(y)>20 GeV, |5(y)|<2.5 AR(y,y)>04, misidentification probabilities, are similar for the LHC and

the VLHC. Studies of how the high luminosity environment
of the SLHC affectsP. ., andP;_., have not yet been per-
formed. In lieu of better estimates we therefore use the same
values as for the LHC and VLHC. It should be noted that the
AR(y,b)>0.4, (3)  rejection factors listed in Table | depend on the transverse
momentum of the charm quarlps(c), or jet, pt(j). The
which are motivated first by the requirements that the eventyalues listed in the table correspond to the rejection factor in
can pass the ATLAS and CMS triggers with high efficiencythe pr range that provides the largest contribution to the
[4,5], and that theb-quark and photon pairs reconstruct to Cross section. o
windows around the known Higgs boson mass, adjusted for Except for thebbjy andbbjj backgrounds, all reducible
an expected capture efficiency of 79% ef8#]. We take the  backgrounds depend on whether one requires one orkboth
identification efficiency for each photon to be 80% at allquarks to be tagged. Requiring only one taggeguark re-
machines considerd®4]. sults in a signal cross section that is a factor ofe(2/1)
As in the AN signal casd20], we will later try to deter- =3 larger than the one with both quarks tagged. This
mine the Higgs boson self-coupling from the shape of thdarger signal rate comes at the expense of a significantly
invariant mass of the final state. For that reason we do ndhcreased reducible background. As we shall demonstrate,

apply any cuts which make use of the fact that the signaje Smallgg—>HH—>bE'y‘y cross section forces us to require
involves two heavy_massive particles produced in a fairlyy singleb tag at the LHC in order to have an observable
narrow range of thébyy invariant mass. The only irreduc- signal. At the SLHC, on the other hand, the much higher
ible background processes are Q(blfyy, H(_>yy)bE probability of misidentifying a light jet as & jet translates
and H(—bb)yy production. However, there are multiple into an increase of the backgrqund which more than compen-
QCD reducible backgrounds resulting from jets faking eitherSates the signal gain from using only a singléag. In the

b iets or bhotonsCeyy. one of two fakeb iets: bbiv. one following we therefore.requwe a QOuthtag at the SL'HC.

J photonsccyy, aKED JeLs, bbyy, For the VLHC we consider both single and doubl&gging.
fake photoniccjy, one or two fakeb jets, one fake photon;  For a singleb tag strategy, there is an additional combi-
ii vy, one or two fakeb jets;bbjj, two fake photons¢cjj, natorial background when extra jets are present in the event.
one or two fakeb jets, two fake photonsjjj y, one or two  To estimate this background, one needs to interfacegthe
fake b jets, one fake photorjjjj, one or two fakeb jets, two ~ —HH matrix elements with an event generator. Insight may
fake photonsHijj, one or two fakeb jets, or two fake pho- also be gained from performing a calculationH#fij produc-
tons; andHj y, one fake photon. tion, which presently does not exist. Since we calculate the

my—2.3 Ge\m,,<my+2.3 GeV,
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FIG. 2. Distributions of the minimum lego pldpseudorapidity—transverse plarseparation betweeta) b jets and photons, angb)

photons, for a SM signal ahy =120 GeV and the QCIDFyy background; using the cuts of E@®) but no minimumb-vy separation. We
include the NLOK factor for the signal and a factor of 1.3 for the QCD background.

signal cross section with cuts only at lowest order, we do nogyalitatively similar to those for QCD)Hyy production.

inClUde the combinatorial baCkgrOUnd in our baCkgrOUnd €SBased on these ObservationS, we impose two additional an-

timate. gular cuts on the final state, which reduce the backgrounds
At the level of cuts in Eq(3), we observe two angular py about an order of magnitude, but affect the signal at only

correlations which differ strongly between signal and back+the 15-20 % level fom,,= 120 GeV, and closer to 30% for
ground. The minimum separation betwegjets and photons  m =140 GeV:

is typically much smaller for the QCD backgrounds as com-
pared to the signal. The shape of the signal distribution re- AR(y,b)>1.0, AR(v,y)<2.0. 4
flects the fact that thbb and y+y pairs originate from decays

of heavy scalar particles which recoil against each other in goking at Fig. 2, these do not appear to be the optimum
the transverse plane. The peak in the backgroungalues. However, the cuts are correlated, and we chose these
AR(y,b) min distribution at small values is clearly due to the yalues to roughly optimize the signal-to-background ratio
collinear enhancement from photon radiation off guark.  (5/B) while retaining a significant fraction of the signal.
The minimum separation between the photons, on the other Taples I and 11l display the signal and QCD background
hand, is smaller for the signal. We show the minimumcross sections for theéS)LHC and VLHC, including the sig-
photonb and the photon-photon separation distributions inna| K factor, at the level of cuts in Eq3), adding Eq.(4),
Fig. 2, for theHH signal and thébbyy background at the and finally with all efficiencies and misidentification prob-
LHC; all other background processes exhibit distributionsabilities applied, for both the conservativehi,” P;_,
TABLE II. Expected cross sectiorifb) (first three rowsfor them,, =120 GeVHH—bbyy signal and QCD backgrounds, including the
signalK factors, at thé¢S)LHC. The background cross sections are scaled by a factor of 1.3, as explained in the text. The QCD backgrounds
cannot be calculated without cuts due to soft and collinear singularities. Each of the next four pairs of rows shows the cross sections
including all detector efficiencies and fake-tag rejection probabilities as described in the text, and the number of events expected, for each
machine and background analysis. We assume an integrated luminosity of 6000 fb 1) for the LHC(SLHC). TheHjj, Hbb, H vY,
andHjy backgrounds are discussed in the text and therefore not shown.

Analysis stage  HH  bbyy ccyy bbyj ccyj vy bbjj ccjj il jii = (backgrounds)
Before cuts 0.15 — — — — — — — — — —

+ Eq. (3 0.043 0.056 0.42 65 250 11 28500 25x10* 7700 5x10° 5x10°

+ Eq. (4) 0.035 0.0060 0.0215 8.28 17.0 0.84 4520 4520 364 X 1@ 4% 10°

X e P 0.0106 0.0029 0.0020 0.0031 0.0013 0.0077 0.0013  0.0003 0.0030 0.0022 0.0233
N pc(hi) 6 2 1 2 1 5 1 0 2 1 14

X € P 0.0106 0.0029 0.0020 0.0020 0.0008 0.0077 0.0005  0.0001 0.0017 0.0009 0.0186
N pc(lo) 6 2 1 1 0 5 0 0 1 1 11

X e P e 0.0035 0.0010 0.0001 0.0010 0.0001 0.0010 0.0004  0.0000 0.0003 0.0003 0.0042
Nsinc(hi) 21 6 0 6 0 6 3 0 2 2 25

X € P e 0.0035 0.0010 0.0001 0.0007 0.0000 0.0010 0.0002  0.0000 0.0002 0.0001 0.0033
Nsnc(lo) 21 6 0 4 0 6 1 0 1 1 20
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TABLE lll. Expected cross sectiongb) (first three rows for the my=120 GeVHH—bbyy signal and QCD backgrounds, including
the signalK factors, at the VLHC. The background cross sections are scaled by a factor of 1.3, as explained in the text. The QCD
backgrounds cannot be calculated without cuts due to soft and collinear singularities. Each of the next pairs of rows shows the cross sections
including all detector efficiencies and fake-tag rejection probabilities as described in the text, and the number of events expected for an
integrated luminosity of 600 fb', for each of the two background analyses. We show results for both single and Bdagtging. TheHjj,

Hbb, Hvyvy, andHjy backgrounds are discussed in the text and therefore not shown.

Analysis stage  HH  pbyy ccyy bbyj ccyj 7YY  bbjj ccjj il jiii = (backgrounds)
Before cuts 15.9 — — — — — — — — — —
+ Eq. (3 3.12 1.8 23 3600 14000 280 XAC® 1.6x10° 2.3x10° 2.7x1C° 2.7x 10
+ Eq. (4) 270 014 123 417 1020 250 &A0° 4.2x10° 13300 3.x10 3.0x 107
1btag
X e Pl hc 0.810 0.067 0.116 0.156 0.075 0.228  0.122 0.024 0.095 0.164 1.048
N(hi) 486 40 70 94 45 137 73 14 57 98 629
X € P e 0.810 0.067 0.116 0.100 0.048 0.228  0.050 0.010 0.061 0.067 0.747
N(lo) 486 40 70 60 29 137 30 6 36 40 448
2 b tags
X € Pl e 0.270 0.022 0.005 0.052 0.003 0.001  0.041 0.001 0.000 0.001 0.126
N(hi) 162 13 3 31 2 0 25 1 0 1 76
X € PP e 0.270 0.022 0.005 0.033 0.002 0.001  0.017 0.000 0.000 0.000 0.080
N(lo) 162 13 3 20 1 0 10 0 0 0 47

=1/1600) and optimistic(“lo,” P;_,=1/2500) assump- course, even small changes in expected takejection fac-
tions. The QCD background normalization uncertainty istors could change how the analysis would be optimized. Our
rather large at LO, and unfortunately none of these processessults are meant only to highlight the potential capability of
is known at NLO. To estimate the effect of a possible NLOsuch a search.

increase of the background rates, we scale each of the back- Our estimates also reveal that the range of fake-photon
ground cross sections by a factor of 1.3. Note that we are natjection probabilities is not so significant. The largest back-
making any statement about unknown higher order correcground in most cases j$yy, where the photons are real but
tions. Instead, we attempt to be conservative and show thaine or twob tags are falsely identified—at the SLHC the

our results do not critically depend on the background nordoubleb tag reqwrement brings this background to the same

malization. level as the reabbyy component. The irreduciblebyy
Before final state identification, ti@(«¢) jijj background background in all cases constitutes only a small fraction of
dominates over all others by two orders of magnitude. Thehe total background.
angular cuts of Eq(4) do improve the signal-to-background  As shown in Table IIl, requiring twd tags instead of one
ratio by an order of magnitude, but it is the cumulative effectat the VLHC reduces the overall background by a factor of
of large rejection factors for misidentifying light jets as pho- 8—9, but the signal by only a factor of 3. As a result, both
tons orb jets that brings the QCD backgrounds down to acases yield similar sensitivity bounds for the Higgs boson
manageable level. self-couplingh. However, we note that the higher event rate
The single Higgs boson resonance backgrounds are fagith one b tag will provide better control of experimental
the most part negligible, so we do not include them in Tablegystematic uncertainties, so this may be the preferred strat-
Il 'and I1I. The Hjj cross section is approximately a factor of egy.

6—20 smaller than the signg0]; theHbb cross section is a In addition to the backgrounds considered so Feyyy
factor of 20-60 smaller. Although no calculationstéfyy  events(or their fakeg may also be produced in double parton
andHjy production exist yet, one expects that these backscattering(DPS, or from multiple interactions occurring
grounds are also negligible. All subsequent numerical resultfom separatep collisions in the same bunch crossing at
include theHjj background, whereas we neglect tHéb, high luminosity running. In principle, one can identify mul-
Hyy, andHjy backgrounds. tiple interactions by a total visible energy measurement or by
Summing all background cross sections we find /& tracing some final particle tracks back to distinct event ver-
~1/1 is possible at the SLHC, and we anticipate a still re-tices, but this may not always be possible in practice. For
spectableS/B~1/2 at the LHC. At the VLHC, with one example, forbbyy events where the photon atxb pairs
taggedb quark, we obtain a signal-to-background ratio of occur in different interactions, the latter method relies solely
about 1/1, while a doubld tag yields S'B~2-3.5. Of on tracks of particles associated with the hadronic activity
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accompanying the photon pair. If these particles are soft, the

two vertices may not be clearly resolvable.

PHYSICAL REVIEW D69, 053004 (2004
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—————
pp ~>bbyy, LHC

To estimate the cross sections from DPS and multiple
interactions, we use the approximation outlined in Ré&t].
In both cases, the dominant contribution arises from multijet
production where several jets are misidentified asiarks or
photons. After applying the cuts listed in E¢3) and(4), the
DPS and multiple interaction backgrounds are still several
times larger than the signal. However, to discriminate them® i
from regular single interaction events, one can exploit the S ¢ 000025 [~
independence and pairwise momentum balance of the twc L
scatterings in DPS or multiple interaction events, similar to 00000003 LT T .
the strategy employed in the DPS analysis carried out by the 200 400 600 800 1000
CDF Collaboratiorf42]. Rejecting events where two sets of m,,, (GeV)
transverse momenta independently add up to a value close to
zero will obviously strongly suppress the DPS and multiple FIG. 3. The visible invariant mass distributiom;s, in pp
interaction background. The signal, on the other hand, is only-bbyv, after all kinematic cut§Eqgs.(3) and(4)], for the conser-
minimally affected by such a cut. Requiring that eventsvative (short dashedand optimistic (long dashef QCD back-

which pass the cuts listed in Eg8) and(4) do not satisfy  grounds and a SM signal ofi,=120 GeV(solid) at the LHC. The
either dotted and short dash-dotted lines show the signal cross section for

Nunun=MN Agy=0 and 2, respectively. To illustrate how the reduc-

ible backgrounds dominate the analysis, we also show the irreduc-

ible QCD bbyy background by itselflong dash-dotted We in-

and clude the NLOK factor for the signal and a factor of 1.3 for the
QCD backgrounds.

\ my=120 GeV _]

0.000100 |-
[ | bgd, low

™\
/

0.000075 |- i
o i

(fb/GeV)

\\MHH Aa=0

vis

0.000050

/dm

Ipr(b)+pr(y1)|<20 GeV

[pr(b)+pr(y2)|<20 Gev (5
\. Increasingmy from 120 GeV to 140 GeV reduces the
or signal (backgroungl cross section by about a factor of(3).
To derive quantitative sensitivity bounds arnwe perform
a x? test of them,;, distribution, similar to that described in
and Ref.[20]. Except for the Higgs boson self-coupling, we as-
sume the SM to be valid. As in all previous analyses, we
> > multiply the LO differential cross sections of the QCD back-
[pr(b)+Pr(72)| <20 GeV © ground processes by a factor of 1.3. As mentioned before,
totally eliminates the DPS and multiple scattering back-this is not a guess at the higher order corrections,_V\_/hich must
grounds(within the limits of our ability to simulate detector €ither be computed, or the rates measured sufficiently pre-
effects, but reduces the signal cross section by about 79.Cisely. However, in this way we ensure that our results do not

This has essentially no influence on the Higgs boson S(_:‘hcc_':ritically depend on the absolute normalization of the back-
coupling sensitivity bounds. ground rates, while of course they will depend on the uncer-

Extracting the Higgs boson self-coupling follows the tainty associated with the_det_ermination_of the background
same path as for theW final state used for larger Higgs rate: we allow for a normalization uncertainty of 10% for the
masse$20]. To discriminate between signal and background, SM Signal plus background rate. We express limits on the
we use the visible invariant mass,;s, which for this final ~ deviation of the Higgs boson self-coupling from the SM
state is the invariant mass of the Higgs boson pair, correcte¥lue in terms ofAA, where
for energy loss of thd jets. We show this in Fig. 3 fomy
=120 GeV at the LHC, and in Figs. 4 and 5 fon, Aot = hesi— 1 = L—l @
=120 GeV andn, =140 GeV at the SLHC and VLHC. We HHHT T HHH sy
do not show than, =140 GeV case for the LHC, since we
expect only about two signal events for an integrated lumi- We summarize our results in Table IV. The bounds ob-
nosity of 600 fb'. Figures 3—5 show that the background tained using the conservative background estinfitiecled
distribution peaks close to the threshold, whereas the sign&hi” ) are 10—-20 % less stringent than those found using the
distribution reaches its maximum at a somewhat highemore optimistic scenaridlabeled “lo”). At the SLHC, for
value. This is due to the destructive interference between the,=120 GeV, a vanishing Higgs boson self-coupling can
triangle and box diagrams contributing gig—HH. It is  be ruled out at the 90% C.L. Limits fan,=140 GeV are a
responsible for an increase in the signal cross section andfactor of 1.2—2 weaker than those foy, =120 GeV.
shift in the m,;s peak position toward lower values, if we It may be possible to subtract large parts of the reducible
assumex<Aigy, and vice versa. The shape of the visible backgrounds which do not involve charm quarks using the
invariant mass distribution thus helps to discriminate signafollowing technique. Due to their large cross sectigase
and background and to probe the Higgs boson self-couplinables Il and 1), one can fairly accurately determine the

pr(b)+pr(y1)|<20 GeV
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FIG. 4. The visible invariant mass distributioms, in pp FIG. 5. The visible invariant mass distributiom,;s, in pp

—bbyvy, after all kinematic cutfEqgs.(3) and(4)], for the conser- —>bHyy, after all kinematic cut$Eqgs.(3) and(4)], for the conser-
vative (short dashedand optimistic (long dashef QCD back-  vative (short dashedand optimistic (long dashegd QCD back-
grounds and SM signals ofi, =120 (uppe) and 140 GeMlower) grounds and SM signals afi,= 120 (upped and 140 GeMlower)

at the SLHC. The dotted and short dash-dotted lines show the signat a VLHC. The dotted and short dash-dotted lines show the signal
cross section fokyuy =N/ Agy=0 and 2, respectively. To illustrate cross section fok =M Agy=0 and 2, respectively. To illustrate
how the reducible backgrounds dominate the analysis, we also sholow the reducible backgrounds dominate the analysis, we also show
the irreducible QCbbyy background by itselflong dash-dotted the irreducible QCbbyy background by itselflong dash-dotted

We include the NLCK factor for the signal and a factor of 1.3 for We include the NLCOK factor for the signal and a factor of 1.3 for
the QCD backgrounds. the QCD backgrounds.

m,;s distributions of the individual processesljj, bgyj, at the SLHC(VLHC) by analyzingbgyy production are a
bbji, jjyy, viii, andjjj production, imposing the same factor of 2.5-6(2—3) more stringent than those from the

cuts as in thedH—bbyy analysisEgs.(3) and(4)]. If the ~ bbr" 7~ channel[22].

photon-jet and light jeb misidentification probabilities are ~ Due to the small number of events, the LHC and SLHC
independently measured in other processes such as pronftnsitivity limits depend significantly on the SM cross sec-
photon[43] and W+ jets production, one can simply sub- tion normalization uncertainty. For example, for a normaliza-
tract these backgrounds. For the background processes ifion uncertainty of 30% on the SM signal plus background
volving charm quarks, on the other hand, this procedure wilrate, the achievable bounds bpy are almost a factor of 2

be more difficult to realize, since the smaller charm quarkweaker than those obtained for a normalization uncertainty
mass and the shorter charm lifetime result in a charm quarkf 10%. This SM cross section normalization uncertainty de-
tagging efficiency much lower than that forquarks. The pends critically on knowledge of the QCD corrections to the
columns labeled “Background subtraction” list the limits signal and the ability to determine the background normal-
achievable if the noncharm reducible contributions to thezation. The NLO QCD corrections pg— HH are currently
background were subtracted with 100% efficiency, but nong&nown only in the infinite top quark mass limi86]. To

of the charm quark backgrounds could be reduced. Our respnsyre the 10% required precision on differential cross sec-
sults show that reducing the background beyond what can bggns we would need the NLO rates for finite top quark
achieved with kinematic cuts may considerably improve thanasses, as well as the NNLO corrections in the heavy top
bounds onpyuy at the LHC and SLHC, where thelH  quark mass limit. For the background normalization one can
—bbyy process is statistics limited. The bounds achievableaely on either calculations of the QCD corrections or data. As
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TABLE V. Expected Higgs boson self-coupling 68.3% C.L.o()1sensitivity limits, expressed as\ yq =N Agy— 1, for the various
hadron collider options and background analyses presented in the text. There are not enough events at thea . HC40rGeV to perform
a measurement of. The LHC and VLHC analyses employ a singeéag strategy, while the high luminosity conditions at the SLHC force
a doubleb tag requirement.

Machine my =120 GeV my =140 GeV
“Hi" “Lo” Background subtracted “Hi” “Lo” Background subtracted
LHC, 600 fb * +1.9 +1.6 +0.94 - - -
-1.1 -1.1 -0.74 — — -
SLHC, 6000 fb* +0.82 +0.74 +0.52 +1.7 +1.4 +0.76
—0.66 —0.62 —0.46 -0.9 —-0.8 —0.58
VLHC, 600 fb ! +0.44 +0.42 +0.32 +0.82 +0.66 +0.38
—0.42 —0.40 —-0.30 —0.62 —0.54 -0.34
VLHC, 1200 fo ! +0.32 +0.30 +0.26 +0.76 +0.62 +0.36
—0.30 —0.28 —0.22 —0.58 —0.50 —0.32
mentioned before, none of these NLO background calcula- B. The bbu*p~ decay channel

tions are available. Since there are many processes contrib-

T + — . . . T
uting to the background, and most of them involve hundreds Thebby " signal calculation proceeds as in hbyy
of Feynman diagrams already at the tree level, NLO calcuSase: The basic kinematic acceptance cuts for events at the
. : . ’ LHC and VLHC are
lations appear feasible only if automated one-loop QCD

tools become available in the next few years. In the absence p_(b)>45 GeV, |n(b)|<2.5, AR(b,b)>0.4,
of such NLO results, one may be able to fix the background

normalization instead by relaxing theb and yy invariant my—20 GeV<mp,<my+20 GeV,

mass cuts of Eq3) and/or the cuts of Eq4) and extrapo-

lating from regions in my;, m,,, AR(y,b)mn, and pr(n)>15 GeV, |n(u)|<2.4, AR(u,u)>0.4,
AR(7y,v) where the background dominates, back into the

analysis region. This technique should make it possible to my—5 Gev<m,,<my+5 GeV,
determine the background normalization to about 10% at the e

LHC and SLHC, and to about 2% at the VLHC. Both meth- AR(b,u)>0.4, (8)

ods rely on Monte Carlo simulation to correctly predict the

my;s distribution _shape_. . where again the muon invariant mass window is chosen to
The bognds Ilsteci in Table v s.hould be.compare-d W'thaccept 79% of thed—u* ™ decay after detector effects.
th.ose achievable & e Imgar colliders. A Ilngar collider The signal cross section at the LHG/LHC) for my
with \'s=500 GeV and an integrated luminosity of 1°db =120 GeV before taking into account any efficiencies is 2.4
can determine\ with a precision of about 20% ie"e”  ap (0.21 fb, approximately one order of magnitude smaller
—ZHH for m,;=120 GeV[18]. Form,>120 GeV, theH  than thebbyy channel. For larger Higgs boson masses the
—bb branching ratio and the®e™—ZHH cross section ratio is even smaller, due to thé— x "~ branching ratio,
both fall off quickly. Since the background cross section deswhich decreases much more rapidly with, than that for
creases only slighths/B, and thus the bounds onobtain- H—yy (see Fig. L Once efficiencies are taken into ac-
able frome* e~ —ZHH, worsen rapidly with increasing val- count, we expect less than one signal event at the LHC. The
ues ofm . By my=140 GeV they are at only the 50% level SLHC would see 2-3 signal events foy; =120 GeV if one
[22]. From Table IV it is clear that the LHC will be able to assumes that both quarks are tagged, too few for a mean-
provide only a first rough measurement of the Higgs bosorngful coupling extraction. At a VLHC there would be about
Se|f-coup|ing for my= 120 GeV. A |uminosity_upgraded 60 Signal events for an integrated Iuminosity of 6001fb
LHC will be able to make a more precise measurementsingle b tag requirement, and the same valuenaf. We
However, the sensitivity bounds on obtained frombbyy therefore concentrate on the VLHC in the following, and
production form, =120 GeV .= 140 GeV) will be a fac- '€quire only oné tag. _
tor of 2—4(1.2—3 weaker than those achievable at a linear A potential advantage of thebu " u~ final state is the
collider. In contrast, the sensitivity at a VLHC will approach smaller number of processes contributing to the background.
this level of precision. It should be noted that, if the SM The main contributions to the background originate from
cross section normalization uncertainty could be reduced to @CD bbu*u™, ccu*u™, andjju® ™ production, where
few percent, a VLHC could reach precision similar to that,the u "~ pair originates from an off-she boson or pho-
foreseen for CLIC17] (e*e™ collisions at 3 TeV center-of- ton. In the latter two processes, either a charm quark or a
mass energy light jet is misidentified as & quark. We calculate the back-
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ground processes at LO usimrrM [44] and find that their  heavy Higgs boson#,H,H* have similar masses, much
sum is more than a factor of 200 larger than the signal. Théarger than the light scalar Higgs boson mass. In this so-
signal-to-background ratio improves by a factor of 5 if we called decoupling regime the light Higgs bosbrstrongly
additionally require resembles a SM Higgs boson of the same mass. It will be
difficult to distinguish between the SM and the MSSM Higgs
AR(p,p) <2, ©) sectors through measurements of its propefisss|.

whereas the signal cross section falls by only about 20%. ASSuming bottom-quark—tau mass unification, only two
The Hjj background is negligible compared with ™ x ™. regions of tarB are allowed: glther small values, tBrE 3,
The final signal to background ratio B~1/50 contrasts OF large values, tag=30. Direct searches for the heavy

starkly with theS/B~ 1/1 ratio thebbyy channel enjoys. If H199s bosons are particularly promising in the large Aan
instead botlb jets are tagged, the signal-to-background ratio"®9ime, since in the decoupling limit the bottom Yukawa
improves by an additional factor of 2. However, the signalCOUPling to heavy Higgs bosons m,tang. As a result,
cross section is reduced by a factor of 3, which yields sensib-quark-initiated processes, suchl@s—H, may have cross
tivity bounds for\ 4 that are somewhat weaker than thosesections enhanced by up to three orders of magnitude over
obtained from singlé tag data. the corresponding SM rates for sufficiently large values of
Shrinking thex™ u~ invariant mass window could also tangB. In contrast, for small values of tgh these direct
reduce the background. The value in Ef) was chosen searches fail, because the dominant Yukawa coupling be-
assuming ATLAS detector muon momentum resolufiéh  comesm, /tans>mytan.
The CMS detectof5] likely can use a smaller window, At the LHC, associated production of two neutral MSSM
|[my—m,,|<3 GeV, which would reduce the background Higgs bosons via gluon fusion occurs for all six possible
by approximately a factor of 1.7. _ _ combinations[29]. In principle, these processes probe the
The small signal cross section combined with the very, arious Higgs boson self-couplings;, . However, for large
large background make it essentially impossible to determlnf:anﬁ the continuum box diagrams are enhanced by the
the Higgs boson self-coupling ipp—bbu " 1~. We quan-  vukawa coupling squared, while the triangle loop diagram
tify this by performing ax® test on themys distribution,  with an intermediate Higgs boson is enhanced by only one
similar to that described in Sec. Il A. Since the signal crosssoer of the large Yukawa coupling: for large t@rhe reso-
section is too small to be observable at the LHC and SLHCpance diagrams are suppressed by 18tas compared to the
we derive bounds only for a VLHC. As before, we include continuum production diagrams. For tas 50 we find that
the effects of NLO QCD corrections via muﬂpllcatwe fac- the effect of vanishing self-couplings; =0 is at maximum
tors: K=1.35 for the signal36], K=0.81 forbbu" ™ and  at the percentage level.
ccutu” production, andK=0.91 for thejju*u~ back- For tanB=30 andm,=<150 GeV, MSSM Higgs boson
ground [44]. Allowing for a normalization uncertainty of pair production cross sections can be sizable, reaching values
10% of the SM cross sections, for, =120 GeV we find Ir up to 100 fb, compared to a few tens of femtobarns in the
bounds of SM. The largest cross sections occur for two heavy states
AH, AA, HH and large values of tgB, due to the enhanced
—3.0<AMypp<4.2 (100 coupling of these states toquarks. In this regime the most

promising final state ibEﬁ,u‘ since the ratio of the muon
and the bottom Yukawa couplings is preserved in the MSSM,
But the branching ratio to photons is highly suppressed, typi-

CMS dimuon mass window instead, the bound improves bcally by several orders of magnitude compared to the SM

about a factor of 1.3. Nevertheless, this is about an order OérlgSEdbf?)srotEisOfisel\(jluSaSIl\/rg%SHS/.AUI-T/f:rtunafe% ;Orgjgi;a(:k'
. . — ) —u M
magnitude weaker than the limits froH—bbyy. [46]. Whether the Higgs boson pair signal could be extracted

out of this would require a more detailed investigation which
IV. SUPERSYMMETRIC HIGGS BOSONS we do not find likely to be fruitful.

The MSSM requires two Higgs doublets, in contrast to . 'f‘ th? small targ regime it is mugh more difficult to
one in the SM, to give mass to the up-type and down-typéj'St'ngu'Sh the SM and the_MSSM_ Higgs sectors. None of
fermions and to avoid anomalies induced by the supersymil'® heavy Higgs bosons will be directly observable at the
metric fermionic partners of the Higgs bosons. This results i HC for tan=20, if we rely on the usual decays to fermi-
the presence of five physical Higgs bosons: a charged paf"s- We find that, for small values of &) gg—H—hh
H=, two neutral scalart® andH®, and a pseudoscala®. offers the best chance to detect the heavy scalar Higgs boson

The two scalars are mixed mass eigenstates, the lighter dfi: for tanB=5 theH—hh branching ratio is sizablg50].
ways having a mase, <135 GeV[45]. At leading order, To take into account off-shell effects we compute_the full

the entire MSSM Higgs sector is described by two param{p— hh production rate. As in the SM, we expect theyy

eters, usually taken to be the ratio of the two Higgs doubletsfinal state to be most promising in the decoupling regime,
vacuum expectation values, t8n and the pseudoscalar With increased rate due to the intermedibteesonance. We

Higgs boson massn,. In the regionm,=150 GeV, all show theh—bb andh— yy branching fractions and lowest

at the VLHC for an integrated luminosity of 600 fh. If the
jimt ™ background can be subtracted as described in Se
[II' A, the limits improve by about a factor of 1.4. Using the
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FIG. 6. Lowest order cross section and branching fractions for
pair production of light '\PSM scalar Higgs bosopp—hh, with light scalar Higgs boson pair production at the LHEp—hh
subsequent decalgh—bbyy, as a function of the pseudoscalar Hbgyy for tang=3. The light Higgs boson mass fam,

Higgs boson masan,. We fix tan=3, set the squark mass pa- _ 355 Gev is 120.8 GeV and fan,=400 GeV it is 122.2 GeV.

rzglesirsdto L TeVi(aqd assume maximal mlxmg.\mg# 25 Te\é For comparison, we also show the distribution for SM Higgs boson
[47]. We do not take into account supersymmetric decay modes Oﬁair production (=120 GeV).

the heavy Higgs bosaid [48]. The light Higgs boson mass is above

the LEP limit of my>114.4 GeV[49] for m,>190 GeV. No cuts . f . . b bl h in th I
or detection efficiencies are included. The dashed horizontal Iinénto ermions is unobservable at the LHC in the small fan

shows the lowest order SMyg—HH cross section form, region, this implies thahh produ&tion can measure only a
=120 GeV. combination of\y,, and theHff couplings, but not the
individual couplings.

FIG. 7. The visible invariant mass distributian,;;, for MSSM

ordergg—hh— bEyy cross section as a function of, in
Fig. 6. The light Higgs boson mass increases fram V. DISCUSSION AND CONCLUSIONS

=108 GeV for my=150 GeV to a plateau value ahj . .
—122 GeV in the largem, limit. A few structures in the After discovery of an elementary Higgs boson and tests of

cross section plot require further explanation. First, thd!S fermionic and gauge boson couplings, experimental evi-
heavy scalar Higgs boson mass crosses the threshgld denc_e that the shape of the Higgs poter_mal has the form
>2m, aroundm~ 225 GeV, which enhances theh cross required for electrgweak symmetry breaking will complete
section by almost a factor of 100. Second, the kinkmat the proof that fermion and weak _boson masses are generated
~my =350 GeV represents the top threshold in the top tri—bY spontaneous symmgtry breaking. One must determme the
angle loop. At the same time we see the onset of khe Higgs boson self-coupling to probe the shape of the Higgs

— . , potential.
—tt decay channel, which for larger valuesmf dominates Only Higgs boson pair production at colliders can accom-

overH—hh, so the cross section decreases rapidly. Neveryjish this. Numerous studidd5-1§ have established that
theless, the MSSM signal rate is still enhanced over the SM,re e*e~ machines can measukeat the 20—50 % level
rate ogy(bbyy)~0.09 fb for values ofm, as large as 500 for m,, <140 GeV. Very recent studigd9—21 determined
GeV. that the prospects at hadron colliders for 458,
Unfortunately, the angular cuts of E@4), which are <200 Gev are similarly positive, but that then,
needed to suppress the background, together with the star-140 GeV region would be very difficult to accd22]. We
dard bbyy identification cuts of Eq(3), force the differen- have tried to rectify the situation in this paper by considering
tial cross section to vanish fan,s=250 GeV. Pair produc- highly efficient, lower background rare decay modesyy
tion of light supersymmetric Higgs bosqns_wnl thus be and bH,uf,u*. The latter suffers from a very low rate and
unobservable fom,<<280 GeV. When taking into account . o LT
detection efficiencies, we find thah production at the LHC con5|de_rab|e background from the Breit-Wigner ta"t?‘”z_
should be observable at theo5level for 320<m, pI’OdL.IC.tIOI’], and does n.ot appear to be useful. This is not
<375 GeV (316m,<425 GeV) for an integrated lumi- SUrprising upon comparison to obbr* 7~ study[22].
nosity of 300 fb * (600 fb 1) and tarnB=23 [4]. The signal However, thebbyy channel shows considerable promise.
would be rather spectacular: due ¢@hannelH exchange, Imposing photon-photon and photbnseparation cuts could
the differential cross section peaks fog~m,, as shown result in a signal-to-background ratio @?(1) or better.
in Fig. 7. Compared to the SM case the cross section iSince the irreducible QCbbyy background is small com-
enhanced by more than an order of magnitude in the resgyared to the reducible background originating from light jets
nance region, where it depends on tHeh andHff cou-  or charm quarks mistagged asquarks, or from jets misi-
plings. Since MSSM heavy scalét production with decay dentified as photons, the signal-to-background ratio depends
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on the particle misidentification probabilities and the re-MSSM case: the heavy MSSM Higgs scalar can decay into
quired number ob tags. two light Higgs bosons if tag=<5. This region of parameter

We find that the LHC, with an integrated luminosity of space poses a serious challenge to the LHC, because none of
600 fb* or more, could make a very rough first measure-the usual heavy Higgs boson searches will detect a hint of
ment formy =120 GeV(with ~6 signal events but would  the two Higgs doublets required in the MSSM. Resonant
not obtain useful limits fom, =140 GeV at all due to the production of the heavy scalar Higgs boson in gluon fusion
lack of signal events. It would require a luminosity-upgradedand its subsequent decay into light Higgs bosons, which then
run (SLHC, 6000 fb *) to rule outA =0 at the 90% C.L. for  decay tobbyy, has two effects on the cross section as com-
my =120 GeV, and to make a 50—80 % measurement at thgared to the SM case: the total rate is enhanced by about an
1o level. A 200 TeV VLHC, in contrast, would make pos- order of magnitude and thieh invariant mass peaks at the
sible a 20—40 % measurement)of competitive with future  heavy Higgs boson mass. Even though our analysis is not at
e"e” collider capabilities. We note, however, that currentg]| optimized for resonant MSSM production, we find & 5
understanding of hadron collider Higgs boson phenomenoldiscovery region for tag=3, and 318<m,<425 GeV at
ogy does not provide for the necessary precise knowledge @he LHC. Even though the discovery reach of this channel
Higgs boson branching ratios to complement this. It is likelydoes not extend to much larger values of @arit still en-
that ane™e™ collider would still be required to fill this role. sures the observation of one heavy Higgs boson in a region
Although a luminosity-upgraded LHC cannot compete with apreferred by bottom-quark—tau unification, inaccessible by
linear collider for Higgs boson masses,<140 GeV, a other MSSM Higgs boson searches.
Higgs boson self-coupling measurement at the SLHC will
still be interesting if realized before a linear collider begins
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