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Here	
  comes	
  the	
  Higgs	
  boson!	
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Looks	
  like	
  a	
  SM-­‐like	
  Higgs	
  boson!	
  



Hi	
  there,	
  can	
  you	
  tell	
  us	
  anything	
  
about	
  new	
  physics?	
  

T.	
  WhynOe	
  



Outline	
  

•  Relate	
  the	
  Higgs	
  trilinear	
  coupling	
  to	
  
Electroweak	
  Phase	
  transiOon	
  

•  Probe	
  the	
  Higgs	
  trilinear	
  coupling	
  at	
  the	
  
LHC	
  and	
  a	
  100	
  TeV	
  collider.	
  



Higgs	
  PotenOal	
  at	
  High	
  Temperature	
  

V(Φ)	
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V(Φ)	
  

Φ	
  

T=0	
   T	
  >>	
  100	
  GeV	
  

At	
  high	
  temperature,	
  the	
  Electroweak	
  Symmetry	
  is	
  restored	
  	
  

?	
  

As	
  the	
  Universe	
  cools	
  down,	
  the	
  symmetry	
  is	
  broken.	
  The	
  Higgs	
  
undergoes	
  a	
  Phase	
  TransiOon	
  from	
  zero	
  to	
  non-­‐zero	
  VEV	
  	
  
What	
  was	
  the	
  phase	
  transiOon	
  from	
  unbroken	
  phase	
  to	
  the	
  
broken	
  phase	
  look	
  like?	
  

How	
  does	
  the	
  potenOal	
  change	
  
in	
  a	
  hot	
  environment?	
  



Higgs	
  PotenOal	
  at	
  Finite	
  Temperature	
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Electroweak	
  Phase	
  TransiOon	
  
•  EWPT	
  in	
  the	
  SM	
  is	
  2nd	
  order	
  (unless	
  the	
  mh	
  <	
  40	
  GeV)	
  

•  New	
  physics	
  is	
  required	
  for	
  a	
  strongly	
  first-­‐order	
  phase	
  
transiOon	
  

•  The	
  new	
  physics	
  will	
  alter	
  the	
  finite-­‐temperature	
  Higgs	
  
potenOal	
  

•  Higgs	
  couples	
  to	
  SM	
  parOcles	
  differently,	
  or	
  couples	
  to	
  BSM	
  
parOcles	
  

•  Precision	
  Higgs	
  tests	
  at	
  the	
  LHC	
  and	
  future	
  colliders!	
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Example	
  	
  :	
  EffecOve	
  PotenOal	
  
Trilinear	
  coupling	
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Example	
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Example	
  	
  :	
  EffecOve	
  PotenOal	
  
Trilinear	
  coupling	
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Example:	
  EffecOve	
  PotenOal	
  
Including	
  higher	
  orders	
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First	
  order	
  PT	
  tends	
  to	
  associate	
  with	
  posiOve	
  enhancement,	
  	
  
while	
  negaOve	
  enhancement	
  tends	
  to	
  associate	
  with	
  second	
  order	
  PT.	
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Other	
  Examples	
  
•  In	
  NMSSM,	
  a	
  λ3max	
  	
  =	
  3λ3SM	
  is	
  expected	
  with	
  a	
  
strong	
  first-­‐order	
  EWPT.	
  	
  	
  arxiv:1509:xxxxx	
  PH,	
  	
  A.	
  Joglekar,	
  
B.	
  Li,	
  and	
  C.	
  Wagner	
  	
  

•  SM	
  +	
  a	
  single	
  BSM	
  scalar,	
  single	
  BSM	
  fermion,	
  
single	
  BSM	
  scalar	
  +	
  fermion,	
  mulOple	
  BSM	
  
states	
  –	
  order	
  1	
  deviaOon	
  is	
  typical	
  for	
  models	
  
with	
  a	
  strong	
  first-­‐order	
  EWPT.	
  A.	
  Nobel	
  and	
  M.	
  
Perelstein,	
  2008	
  

	
  

•  In	
  the	
  SM	
  +	
  singlet	
  case,	
  a	
  λ3	
  	
  =	
  4λ3SM	
  can	
  be	
  
achieved	
  with	
  a	
  strong	
  first-­‐order	
  EWPT.	
  D.	
  CurOn,	
  
P.	
  Meade,	
  and	
  C.	
  Yu	
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Higgs-Pair Production and Measurement
of the Triscalar Coupling at LHC(8,14)

Vernon Bargera, Lisa L. Everetta, C. B. Jacksonb, Gabe Shaughnessya

aDepartment of Physics, University of Wisconsin, Madison, WI 53706, USA
aDepartment of Physics, University of Texas at Arlington, Arlington, TX 76019, USA

We simulate the measurement of the triscalar Higgs coupling at LHC(8,14) via pair production of
h(125 GeV). We find that the most promising hh final state is bb̄��. We account for deviations of
the triscalar coupling from its SM value and study the e↵ects of this coupling on the hh cross-section
and distributions with cut-based and multivariate methods. Our fit to the hh production matrix
element at LHC(14) with 3 ab�1 yields a 40% uncertainty on this coupling in the SM and a range
of 25-80% uncertainties for non-SM values.

PACS numbers:

Introduction.—The long-awaited discovery of the mas-
sive particle (h) with Higgs-like characteristics at the
LHC [1, 2] heralds the beginning of a new era in particle
physics. The next experimental challenge is the measure-
ment of the h-couplings to distinguish whether it is the
Standard Model (SM) Higgs boson, or the lightest Higgs
of the Minimal Supersymetric Standard Model (MSSM)
or a general two Higgs doublet model (2HDM), or a state
with an admixture of doublet and singlet components, or
the lightest state of a more complex Higgs sector. The
answer to this question will have far-reaching implica-
tions about the existence and nature of any new physics
at the TeV energy scale.

In addition to the couplings of h to gauge bosons,
which are essential for the mass-generating mechanism,
and the generation-dependent Yukawa couplings of h to
fermions, which are integral to h-production and its de-
cays, the self-couplings of h are of paramount interest
since they directly connect to the underlying potential
that results in spontaneous symmetry breaking. In the
SM, a single self-coupling parameter � completely spec-
ifies the potential, VSM = �µ2�†� + �|�†�|2 and the
Higgs mass is mh =

p
�v, where v is the vacuum ex-

pectation value (vev) of the Higgs field, which is deter-
mined by the Fermi coupling to be 246 GeV. Based upon
the Higgs mass measurement, mh = 125.5± 0.6 GeV [3],
the self-coupling value for the SM is � = 0.260 ± 0.003.
A precision measurement of the cubic coupling �hhh be-
tween three physical Higgs bosons is a priority of a linear
e+e�collider, but this is more than a decade away.

In a theory beyond the SM, there can be contributions
to the e↵ective potential from dimension six Higgs oper-
ators that are induced by integrating out heavy degrees
of freedom, or from compositeness. The Higgs mass and
� then are independent parameters, and the interactions
of the Higgs with the electroweak gauge bosons are mod-
ified from their SM values. An important goal is to mea-
sure all of the Higgs self-couplings: hhh, hhhh, hhWW
and hhZZ. The production of Higgs pairs at the LHC
provides an important avenue to probe the first of these

h

h

h

g

g

t

�hhh
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FIG. 1: Feynman diagrams which contribute to Higgs boson
pair production via gluon fusion.

couplings, the triscalar coupling [4–13], which we pur-
sue in this letter. The gluon-gluon fusion subprocesses
of Fig. 1 are the dominant production diagrams [14–17].
The interference of the two amplitudes is sensitive to the
hhh coupling and thereby provides a way to measure it.
We find that complete destructive interference of the real
amplitudes occurs at �hhh ⇡ 2.45�hhh

SM .
Higgs pair-production cross section.— The leading or-

der (LO) matrix elements of the hh subprocesses in Fig. 1
are known [14–17], up to the involved couplings. We
generate signal events by incorporating the loop ampli-
tudes directly into MADGRAPH [18], and we include
the NLO K-factor =1.88 [19–22]. The competition be-
tween the two diagrams in Fig. 1 strongly impacts the
total cross section shown in Fig. 2 and the final state
kinematic distributions, especially when the real parts of
the two amplitudes cancel each other, as illustrated in
Fig. 3. To account for possible new physics e↵ects, we
consider a broad range of �hhh values. It can be shown
that the high values of this range can be realized, for ex-
ample, in general two Higgs doublet models wherein the
additional doublet contributes to the triscalar coupling.
We calculate the gg ! hh amplitudes for LHC cen-

ter of mass energies of 8 TeV (we assume the relatively
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FIG. 2: Production cross section for gg ! hh at the LHC
with
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s = 8 TeV and 14 TeV.

lhhh= 2.45 â lSMhhh M
hh
=
2
m
t

Re M@
Im M@
Re MÉ
Im MÉ

Re MÉ+M@
Im MÉ+M@»MÉ+M@»

250 300 350 400 450 500
-2

-1

0

1

2

Mhh HGeVL

A
m
pl
itu
de

FIG. 3: Amplitude zero in gg ! hh fusion versus Mhh for
�hhh/�hhh

SM = 2.45. The SM value is �hhh
SM = 192 GeV.

small data sample at 7 TeV is similar to the 8 TeV sam-
ple), for comparison with Run-1 data, and 14 TeV, for
the upcoming high luminosity run. The destructive in-
terference occurs between the real parts of the triangle
and box contributions. For 1.1 . �hhh . 2.45, the can-
cellation of the real amplitude is exact at some value of
Mhh. The zero of the amplitude occurs at Mhh near to
2mt; it is exactly at 2mt for �hhh ⇡ 2.45�hhh

SM as shown
in Fig. 3. Above the tt̄ threshold, the amplitudes develop
imaginary parts for which the cancellation does not oc-
cur. Nonetheless, a local minimum in the Mhh distribu-
tion persists up to �hhh ⇡ 3.5�hhh

SM , and results in a rather
low Mhh dominated distribution, causing a large change
in signal acceptance as we will see shortly. The di↵eren-
tial cross section, which is presented in Fig. 4, shows the
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FIG. 4: The di↵erential cross section versus Mhh for
�hhh/�hhh

SM = 1,2,3.

persistence of the amplitude zero. A related suppression
is found to be present in the pT (h) distribution.
For the Higgs decays, we consider the ��, ⌧⌧ , and bb̄

modes, which are used in establishing the single higgs
production signal [1, 2]. Recently, there have been sev-
eral studies of Higgs pair production using the bb̄��, bb̄⌧⌧
and bb̄WW final states [10, 11, 23]. We do not study
the h to W+W� decay as it contributes with low sig-
nificance in hh detection [10]. The signal of hh ! bb̄��
is robust with manageable background, so it is our pri-
mary interest. The large backgrounds and combinatorics
of the hh ! bb̄bb̄ final state render it unviable. We also
find the bb̄⌧h⌧h channel to be swamped by the reducible
background of bb̄jj where both light flavored jets fake
a hadronic ⌧ . Although the jet to ⌧h fake rate is only
1 � 3%, the total cross section of bb̄jj is at the µb level.
This insurmountable background was not considered in
previous studies. For this reason, we concentrate on the
analysis of the bb̄�� channel and note that a more exten-
sive study for the viability ⌧h⌧` and ⌧`⌧` is needed.
Cut-based analysis for hh ! bb̄��.—We simulate the

pertinent backgrounds for the bb̄�� channel. The irre-
ducible backgrounds include the production modes

pp ! bb̄��, (1)

pp ! Z + h ! bb̄+ ��, (2)

while the reducible backgrounds include

pp ! tt̄+ h ! b`+⌫ b̄`�⌫̄ + �� (`± missed), (3)

pp ! bb̄+ jj ! bb̄+ �� (j ! �). (4)

We adopt a photon tagging rate of 85% and a jet to
photon fake rate of ✏j!� = 1.2 ⇥ 10�4 [24]. The addi-
tional reducible backgrounds from jj�� and cc̄�� to be
subdominant and hence are not included in our analysis.
For b jet tagging e�ciencies, we assume a b-tag rate of

De	
  Florian	
  and	
  Mazzitelli,	
  Grigo,	
  Melnikov,	
  
and	
  Steinhauser	
  

Spria,	
  figure	
  from	
  Barger,	
  Everem,	
  Jackson,	
  
and	
  Shaughnessy	
  	
  

At NNLO, 14 TeV,
�

3

= �SM
3

, �(pp ! hh) = 40 fb
�

3

= 5�SM
3

, �(pp ! hh) = 100fb
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Probe	
  the	
  trilinear	
  coupling	
  at	
  the	
  LHC	
  
hh	
  -­‐>	
  bbγγ	
  

•  Main	
  background	
  :	
  bbγγ	
  (irreducible),mh(	
  h>γγ	
  ),	
  
Zh	
  -­‐	
  >	
  bbγγ	
  

•  Subleading	
  background	
  :	
  bbjj	
  (jet	
  faked	
  
photons),	
  ccγγ	
  (mis-­‐tagged	
  charms,	
  24%	
  
assuming	
  b-­‐tagging	
  eff	
  70%,	
  pile	
  up	
  =	
  50),	
  
jjγγ(mistaged	
  jets,	
  2%),	
  bbh.	
  

•  mh:	
  veto	
  extra	
  leptons	
  or	
  jets	
  
•  Zh	
  :	
  require	
  mbb	
  and	
  mγγ	
  in	
  the	
  window	
  of	
  higgs	
  
mass	
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Table 1-22. Signal significance for pp ! HH ! bb�� and percentage uncertainty on the Higgs self-
coupling at future hadron colliders, from [102].

HL-LHC HE-LHC VLHCp
s (TeV) 14 33 100

R Ldt (fb�1) 3000 3000 3000

� · BR(pp ! HH ! bb��) (fb) 0.089 0.545 3.73

S/
p
B 2.3 6.2 15.0

� (stat) 50% 20% 8%

Note that this extraction of the Higgs self-coupling assumes that the e↵ective ggH coupling and the Higgs
branching ratios to the final states used in the analysis are equal to their SM values.

1.3.5 Higher-energy hadron colliders

The cross section for gg ! HH increases with increasing hadron collider energy due to the increase in the
gluon partonic luminosity. Even though backgrounds increase with energy at a similar rate, a higher-energy
pp collider such as the HE-LHC (33 TeV) or VLHC (100 TeV) would improve this measurement.

Results of a fast-simulation study of double Higgs production in the bb�� final state for pp collisions at 14,
33, and 100 TeV [102] are shown in Table 1-22 (14 TeV results are consistent with the European strategy
study). bb�� is the most important channel at 14 TeV because of large top-pair backgrounds to the bb⌧⌧ and
bbWW channels. The simulation used Delphes with ATLAS responses [103] and assumes one detector. The
resulting uncertainty on ��/� is extracted using the scaling of the double-Higgs cross section with � [90].

1.3.6 Higgs boson self-coupling at e+e� Linear Colliders

At an e+e� linear collider, the Higgs trilinear self-coupling can be measured via the e+e� ! ZHH and
e+e� ! ⌫e⌫̄eHH processes. The cross section for the former peaks at approximately 0.18 fb close top
s = 500 GeV; however, for this channel there are many diagrams leading to the Zhh final state that

don’t involve the Higgs boson self-coupling resulting in a dilution of ��/� ' 1.8 ⇥ (��ZHH/�ZHH). This
situation improves for the W -fusion process ⌫e⌫̄eHH where ��/� ' 0.85 ⇥ (��⌫⌫̄HH/�⌫⌫̄HH) at 1 TeV,
but requires

p
s � 1.0 TeV for useful rates. Polarized beams can significantly increase the signal event rate,

particularly for the W -fusion process. None of the proposed e+e� circular machines provide high enough
collision energies for su�cient rates.

The most recent full simulation study [6,104] of these two production processes including all Z decay modes
as well as HH ! bbbb and HH ! bbWW ⇤ final states has been carried out using the ILD detector at
the ILC where event weighting depending on MHH is used to enhance the contribution of the self-coupling
diagram and improve on the dilutions above. Results are given in in Table 1-23.

The cross section for ⌫e⌫̄eHH continues to grow with
p
s, and full simulation studies [3] for CLIC show

increased sensitivity at higher collision energies of
p
s = 1.4 TeV and

p
s = 3.0 TeV as shown in Table 1-23.
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TABLE I: The signal and background processes of production cross section times branching ratio and the number of generated
events for the colliders with

√
s =14, 33, and 100 TeV,

Samples Gen. cuts HL-LHC TeV33 TeV100

σ ·B (fb) Eevent σ ·B (fb) Events σ ·B (fb) Events

H(bb̄)H(γγ) 0.0892 80000 0.545 80000 3.73 80000

bb̄γγ Etj,b,γ > 20, 20, 25 294 1033875 1085 952811 5037 763962

Z(bb̄)H(γγ) Etj,b,γ > 20, 0, 20 0.109 97168 0.278 82088 0.876 68585

bb̄H(γγ) Etj,b,γ > 20, 0, 20 2.23 120617 9.843 110663 50.49 99611

tt̄H(γγ) Etj,b,γ > 20, 0, 20 0.68 83491 4.76 71790 37.26 63904

III. EVENT KINEMATICS AND SELECTIONS

The characteristic distributions of the gluon fusion process gg → H → HH are compared for several observables at
the hadron colliders with

√
s =14, 33, and 100 TeV. In Fig. 3, we show for the Higgs pairs the normalized distributions

of the transverse momentum PtH , the pseudorapidity ηH , the invariant mass MHH ,and the rapidity yHH . They
seem quite similar between the colliders so we use the common set of event selections to separate the signal from the
backgrounds. The photons (npho) are required to be isolated and have Et > 25 GeV and |η| < 2.5. The jets (njet)
are required to have Et > 25 GeV and |η| < 2.5. The b-jet candidate is a jet that has a b-tag. We select two b-jets
and two photons in the final states to be consistent with the signature of gg → HH → bb̄γγ where each of the b-jets
and photons is required to Et > 35 GeV. The invariant mass of two photons is then required to be consistent within
5 GeV/c2 of MH = 125 GeV/c2 while the invariant mass of two b-jets is required to be between 85 and 135 GeV/c2.
In order to reject tt̄ events, we also identify the number of isolated electrons and muons (nleps) with Et(Pt) > 25 and
|η| < 2.5. If there is missing Et > 50 GeV, we count nmet=1, otherwise nmet=0.
For H → bb̄, we compare the kinematic distributions between the signal and backgrounds for the sub-leading Ptb,

the ∆R separation, the Ptbb̄, and the invariant mass of Mbb̄ as shown in Fig. 4. For H → γγ, the photon kinematic
distributions are shown in Fig. 5 for the sub-leading Ptγ , the ∆R separation, the Ptγγ , and the invariant mass of
Mγγ . We also compare the kinematic distributions of the pair of Higgs between the signal and backgrounds for the
invariant mass of Mbb̄γγ , Σ(njet+ npho+ nlep+ nmet), the minimum ∆R between the photons and the b-jets, and
the cosθγγ , as shown in Fig. 6.
Based on these distributions, we further apply the following cuts to optimize the sensitivity:

• ∆Rγγ < 2.5 and ∆Rbb̄ < 2.0

• |ηγγ | < 2.0 and |ηbb̄| < 2.0

• Ptγγ > 100 and Ptbb̄ > 100 GeV

• Mbb̄γγ > 300 GeV/c2

• |CosθH | < 0.8, the Higgs decay angle in the rest frame of HH.

• Σ(njets+ nphos+ nleps+ nmet) < 7

IV. PRELIMINARY RESULTS

After applying the event selection described above, the remaining number of signal and background events are
summarized in Table II for an integrated luminosity of 3000 fb−1. The background seems dominated by the QCD
production of bb̄γγ, which can be further reduced using a multivariant analysis technique once a realistic simulation
is available.
For the high luminosity running of LHC at 14 TeV, it’s possible to observe a statistical significance of 2.3 σ signal

with 3000 fb−1 data, which is consistent with the previous studies [7]. For the higher energy colliders with
√
s=33,

and 100 TeV, we would expect to observe a signal with a statistic significance of 6.2 and 15.0 σ with 3000 fb−1

data, respectively. In Fig. 7 - 9, we show the projections of the final invariant mass of two photons or two b-jets
after selecting Mbb̄ or Mγγ for

√
s =14, 33, and 100 TeV colliders, respectively. After the gg → HH → bb̄γγ signal

is established, we would measure its production cross section and derive the Higgs self-coupling constants from the

mbb	
  and	
  mγγ	
  are	
  within	
  
some	
  window	
  of	
  mh	
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s =14, 33, and 100 TeV. In Fig. 3, we show for the Higgs pairs the normalized distributions
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seem quite similar between the colliders so we use the common set of event selections to separate the signal from the
backgrounds. The photons (npho) are required to be isolated and have Et > 25 GeV and |η| < 2.5. The jets (njet)
are required to have Et > 25 GeV and |η| < 2.5. The b-jet candidate is a jet that has a b-tag. We select two b-jets
and two photons in the final states to be consistent with the signature of gg → HH → bb̄γγ where each of the b-jets
and photons is required to Et > 35 GeV. The invariant mass of two photons is then required to be consistent within
5 GeV/c2 of MH = 125 GeV/c2 while the invariant mass of two b-jets is required to be between 85 and 135 GeV/c2.
In order to reject tt̄ events, we also identify the number of isolated electrons and muons (nleps) with Et(Pt) > 25 and
|η| < 2.5. If there is missing Et > 50 GeV, we count nmet=1, otherwise nmet=0.
For H → bb̄, we compare the kinematic distributions between the signal and backgrounds for the sub-leading Ptb,

the ∆R separation, the Ptbb̄, and the invariant mass of Mbb̄ as shown in Fig. 4. For H → γγ, the photon kinematic
distributions are shown in Fig. 5 for the sub-leading Ptγ , the ∆R separation, the Ptγγ , and the invariant mass of
Mγγ . We also compare the kinematic distributions of the pair of Higgs between the signal and backgrounds for the
invariant mass of Mbb̄γγ , Σ(njet+ npho+ nlep+ nmet), the minimum ∆R between the photons and the b-jets, and
the cosθγγ , as shown in Fig. 6.
Based on these distributions, we further apply the following cuts to optimize the sensitivity:

• ∆Rγγ < 2.5 and ∆Rbb̄ < 2.0

• |ηγγ | < 2.0 and |ηbb̄| < 2.0

• Ptγγ > 100 and Ptbb̄ > 100 GeV

• Mbb̄γγ > 300 GeV/c2

• |CosθH | < 0.8, the Higgs decay angle in the rest frame of HH.

• Σ(njets+ nphos+ nleps+ nmet) < 7

IV. PRELIMINARY RESULTS

After applying the event selection described above, the remaining number of signal and background events are
summarized in Table II for an integrated luminosity of 3000 fb−1. The background seems dominated by the QCD
production of bb̄γγ, which can be further reduced using a multivariant analysis technique once a realistic simulation
is available.
For the high luminosity running of LHC at 14 TeV, it’s possible to observe a statistical significance of 2.3 σ signal

with 3000 fb−1 data, which is consistent with the previous studies [7]. For the higher energy colliders with
√
s=33,

and 100 TeV, we would expect to observe a signal with a statistic significance of 6.2 and 15.0 σ with 3000 fb−1

data, respectively. In Fig. 7 - 9, we show the projections of the final invariant mass of two photons or two b-jets
after selecting Mbb̄ or Mγγ for

√
s =14, 33, and 100 TeV colliders, respectively. After the gg → HH → bb̄γγ signal

is established, we would measure its production cross section and derive the Higgs self-coupling constants from the



Probe	
  the	
  trilinear	
  coupling	
  at	
  the	
  LHC	
  

A
TL

-P
H

Y
S-

PU
B-

20
14

-0
19

22
O

ct
ob

er
20

14

ATLAS NOTE

ATL-PHYS-PUB-2014-019

21st October 2014

Prospects for measuring Higgs pair production in the channel

H(→ γγ)H(→ bb) using the ATLAS detector at the HL-LHC
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Abstract

Studies are presented on the prospects for the observation of Higgs pair production in

the channel H(→ γγ)H(→ bb) using an upgraded ATLAS detector, assuming a dataset

comprising 3000 fb−1 of 14 TeV proton-proton collisions at the High-Luminosity LHC

(HL-LHC). Generator-level Monte Carlo events are used to perform this study, with para-

meterised efficiencies and resolution applied to approximate the expected performance of

the upgraded ATLAS detector under HL-LHC conditions. After event selection, a signal

yield of around 8 events is obtained for the Standard Model scenario, corresponding to a

signal significance of 1.3 σ.
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Figure 7: The distributions of mbb (a) and mγγ (b) for 3000 fb−1 after applying all the selection criteria

except the mbb (a) and mγγ (b) mass cuts. The individual shapes of the contributions are obtained

using the events surviving the event selection before the mass criteria and angular cuts are applied,

but normalized to the number of expected events after the full event selection. The ttX contribution

includes tt̄(≥ 1 lepton) and tt̄γ, while ‘Others’ includes cc̄γγ, bb̄γ j, bb̄ j j and j jγγ.
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SM = 2.45. The SM value is �hhh
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small data sample at 7 TeV is similar to the 8 TeV sam-
ple), for comparison with Run-1 data, and 14 TeV, for
the upcoming high luminosity run. The destructive in-
terference occurs between the real parts of the triangle
and box contributions. For 1.1 . �hhh . 2.45, the can-
cellation of the real amplitude is exact at some value of
Mhh. The zero of the amplitude occurs at Mhh near to
2mt; it is exactly at 2mt for �hhh ⇡ 2.45�hhh

SM as shown
in Fig. 3. Above the tt̄ threshold, the amplitudes develop
imaginary parts for which the cancellation does not oc-
cur. Nonetheless, a local minimum in the Mhh distribu-
tion persists up to �hhh ⇡ 3.5�hhh

SM , and results in a rather
low Mhh dominated distribution, causing a large change
in signal acceptance as we will see shortly. The di↵eren-
tial cross section, which is presented in Fig. 4, shows the
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FIG. 4: The di↵erential cross section versus Mhh for
�hhh/�hhh

SM = 1,2,3.

persistence of the amplitude zero. A related suppression
is found to be present in the pT (h) distribution.
For the Higgs decays, we consider the ��, ⌧⌧ , and bb̄

modes, which are used in establishing the single higgs
production signal [1, 2]. Recently, there have been sev-
eral studies of Higgs pair production using the bb̄��, bb̄⌧⌧
and bb̄WW final states [10, 11, 23]. We do not study
the h to W+W� decay as it contributes with low sig-
nificance in hh detection [10]. The signal of hh ! bb̄��
is robust with manageable background, so it is our pri-
mary interest. The large backgrounds and combinatorics
of the hh ! bb̄bb̄ final state render it unviable. We also
find the bb̄⌧h⌧h channel to be swamped by the reducible
background of bb̄jj where both light flavored jets fake
a hadronic ⌧ . Although the jet to ⌧h fake rate is only
1 � 3%, the total cross section of bb̄jj is at the µb level.
This insurmountable background was not considered in
previous studies. For this reason, we concentrate on the
analysis of the bb̄�� channel and note that a more exten-
sive study for the viability ⌧h⌧` and ⌧`⌧` is needed.
Cut-based analysis for hh ! bb̄��.—We simulate the

pertinent backgrounds for the bb̄�� channel. The irre-
ducible backgrounds include the production modes

pp ! bb̄��, (1)

pp ! Z + h ! bb̄+ ��, (2)

while the reducible backgrounds include

pp ! tt̄+ h ! b`+⌫ b̄`�⌫̄ + �� (`± missed), (3)

pp ! bb̄+ jj ! bb̄+ �� (j ! �). (4)

We adopt a photon tagging rate of 85% and a jet to
photon fake rate of ✏j!� = 1.2 ⇥ 10�4 [24]. The addi-
tional reducible backgrounds from jj�� and cc̄�� to be
subdominant and hence are not included in our analysis.
For b jet tagging e�ciencies, we assume a b-tag rate of
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  Shaughnessy	
  	
  

•  The	
  destrucOve	
  interference	
  
occurs	
  between	
  the	
  real	
  part	
  of	
  
the	
  triangle	
  and	
  the	
  box	
  diagrams	
  

•  Above	
  the	
  m	
  threshold,	
  the	
  
amplitudes	
  develop	
  imaginary	
  
parts,	
  the	
  cancellaOon	
  receives	
  
extra	
  contribuOons	
  .	
  	
  

•  When	
  λ3	
  increases,	
  the	
  amplitude	
  
increases	
  more	
  below	
  the	
  m	
  
threshold	
  than	
  above	
  the	
  
threshold	
  

•  mhh	
  shits	
  to	
  smaller	
  value	
  for	
  
large	
  	
  	
  λ3	
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Acceptance	
  goes	
  down	
  for	
  large	
  λ3	
  

•  Re-­‐design	
  the	
  cuts	
  for	
  
large	
  λ3	
  

•  Studies	
  in	
  the	
  literature	
  
tend	
  to	
  be	
  	
  too	
  opOmisOc	
  
–	
  assuming	
  the	
  
acceptance	
  stays	
  the	
  
same	
  

•  with	
  new	
  parOcles	
  in	
  the	
  
loop,	
  see	
  talk	
  by	
  A.	
  
Ismail(Friday)	
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  and	
  100	
  TeV	
  collider	
  

•  We	
  have	
  noOced	
  some	
  problems	
  with	
  the	
  background	
  
calculaOons	
  	
  in	
  the	
  previous	
  studies,	
  so	
  we	
  redo	
  the	
  analysis	
  in	
  
the	
  hh	
  -­‐>	
  bbγγ	
  channel.	
  

•  Use	
  different	
  cuts	
  for	
  SM	
  and	
  new	
  physics.	
  
•  LHC	
  14	
  3ab-­‐1	
  

–  λ3	
  	
  =	
  λ3SM,	
  	
  S/√B	
  =	
  2.6	
  
–  λ3	
  	
  =	
  5λ3SM	
  ,	
  S/√B	
  =	
  2.3	
  

•  100	
  TeV	
  collider,	
  3ab-­‐1	
  
–  λ3	
  	
  =	
  λ3SM,	
  	
  S/√B	
  =	
  11	
  
–  λ3	
  	
  =3	
  λ3SM,	
  	
  S/√B	
  =	
  4.5	
  
–  λ3	
  	
  =5	
  λ3SM,	
  	
  S/√B	
  =	
  5 	
  	
  

	
   	
   	
   	
   	
  arxiv:1509:xxxxx	
  PH,	
  A.	
  Joglekar,	
  B.	
  Li,	
  and	
  C.	
  Wagner	
  	
  
	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  	
  



Conclusion	
  
•  There	
  is	
  a	
  Oght	
  correlaOon	
  between	
  the	
  dynamics	
  
of	
  the	
  EWPT	
  and	
  the	
  trilinear	
  coupling	
  of	
  the	
  
Higgs	
  boson	
  

•  A	
  large	
  deviaOon	
  of	
  the	
  Higgs	
  trilinear	
  coupling	
  
from	
  the	
  SM	
  predicOon	
  is	
  expected	
  for	
  models	
  
exhibit	
  a	
  strong	
  first-­‐order	
  EWPT	
  

•  Probe	
  the	
  trilinear	
  coupling	
  at	
  the	
  LHC	
  is	
  
challenging.	
  Should	
  use	
  different	
  strategies	
  for	
  
SM	
  and	
  new	
  physics.	
  


