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In the following, we summarise the status of SM Higgs
boson analyses of the full 2011/12 data sets with ATLAS
and CMS. The discussion is based on preliminary combi-
nations of ATLAS and published CMS results collected in
[104] and [105], respectively; an ATLAS publication of Higgs
boson mass measurements [106]; ATLAS [107] and CMS [108]
constraints on the Higgs boson width; studies of the Higgs
boson spin and parity by CMS [109] and ATLAS [57, 110,
111]; and other results on specific aspects or channels refer-
enced later in this section.

Signal strength

For a given Higgs boson mass, the parameter µ is defined as
the observed Higgs boson production strength normalised to
the SM expectation. Thus, µ = 1 reflects the SM expecta-
tion and µ = 0 corresponds to the background-only hypoth-
esis.

Fixing the Higgs boson mass to the measured value and
considering the decays H ! gg , H ! ZZ ! 4`, H !WW !
2`2n , H ! bb, and H ! tt , ATLAS report [104] a prelim-
inary overall production strength of

µ = 1.18+0.15
�0.14;

Fig. 17 Higgs boson signal strength as measured by ATLAS for dif-
ferent decay channels [104].

Fig. 18 Higgs boson production strength, normalised to the SM ex-
pectation, based on CMS analyses [105], for a combination of analysis
categories related to different production modes.

the separate combination of the bosonic and fermionic decay
modes yields µ = 1.35+0.21

�0.20 and µ = 1.09+0.36
�0.32, respectively.

The corresponding CMS result [105] is

µ = 1.00±0.13.

Good consistency is found, for both experiments, across dif-
ferent decay modes and analyses categories related to differ-
ent production modes, see Figs. 17 and 18.

ATLAS and CMS have also studied the relative con-
tributions from production mechanisms mediated by vector
bosons (VBF and VH processes) and gluons (ggF and ttH
processes), respectively. For example, Fig. 19 shows ATLAS

Fig. 19 Likelihood for the ratio µVBF/µggF+ttH obtained by AT-
LAS for the combination of the H ! gg , ZZ ! 4` and WW ! 2n2`
channels and mH = 125.5 GeV [104].

Higgs boson coupling measurements
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Table 13 Expected precisions for various couplings of the Higgs bo-
son with mh = 125GeV from a model-independent fit to observables
listed in Table 12 at three energies:

p
s = 250GeV with 250fb�1,

500GeV with 500fb�1 both with (e�,e+) = (�0.8,+0.3) beam po-
larization,

p
s = 1TeV with 2ab�1 and (e�,e+) = (�0.8,+0.2) beam

polarization. Values with (*) assume inclusion of hh ! WW ⇤bb̄ de-
cays.

p
s (GeV)

coupling 250 250+500 250 + 500 + 1000
hZZ 1.3% 1.0% 1.0%

hWW 4.8% 1.1% 1.1%
hbb 5.3% 1.6% 1.3%
hcc 6.8% 2.8% 1.8%
hgg 6.4% 2.3% 1.6%
htt 5.7% 2.3% 1.6%
hgg 18% 8.4% 4.0%
hµµ 91% 91% 16%
G0 12% 4.9% 4.5%
htt - 14% 3.1%

hhh - 83%(*) 21%(*)
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Fig. 50 Expected mass-coupling relation for the SM case after the full
ILC program.

can make reasonable measurements of most Higgs-related
coupling constants except for the hcc coupling. Figure 51
shows how the coupling measurements would be improved
by adding, cumulatively, information from the ILC with
250fb�1 at

p
s = 250, 500fb�1 at 500GeV, and 1ab�1 at

1TeV to the LHC data with 300fb�1 at 14TeV.
The figure tells us that the addition of the 250GeV data,

the hZZ coupling in particular, from the ILC allows the ab-
solute normalization and significantly improves all the cou-
plings. It is interesting to observe the synergy for the mea-
surement of the hgg coupling, whose precision significantly
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Fig. 51 Comparison of the capabilities of the LHC and the ILC, when
the ILC data in various stages: ILC1 with 250fb�1 at

p
s = 250, ILC:

500fb�1 at 500GeV, and ILCTeV: 1ab�1 at 1TeV are cumulatively
added to the LHC data with 300fb�1 at 14TeV [186].

exceeds that of the ILC alone. This is because the LHC can
precisely determine the ratio of the hgg coupling to the hZZ
coupling, while the ILC provides a precision measurement
of the hZZ coupling from the recoil mass measurement. The
addition of the 500GeV data from the ILC further improves
the precisions, this time largely due to the better determina-
tion of the Higgs total width. Finally as we have seen above,
the addition of the 1TeV data from the ILC improves the
top Yukawa coupling drastically with even further improve-
ments of all the other couplings except for the hWW and
hZZ couplings which are largely limited by the cross section
error from the recoil mass measurement at

p
s = 250GeV.

This way we will be able to determine these couplings to
O(1%) or better. The SFitter group performed a similar but
more model-independent analysis and obtained qualitatively
the same conclusions [187]. This level of precision matches
what we need to fingerprint different BSM scenarios, when
nothing but the 125 GeV boson would be found at the LHC
(see Table 14). These numbers can be understood from the

Table 14 Maximum possible deviations when nothing but the
125 GeV boson would be found at the LHC [188].

DhVV Dht̄t Dhb̄b

Mixed-in Singlet 6% 6% 6%
Composite Higgs 8% tens of % tens of %
Minimal SUSY < 1% 3% 10%a, 100%b

LHC 14 TeV, 3 ab�1 8% 10% 15%

following formulas for the three different models in the de-
coupling limit (see [137] for definitions and details),

Mixing with singlet:
ghVV

ghSMVV
=

gh f f

ghSM f f
= cosq ' 1� d

2

2

The sign of each coupling is also important



New Physics? No Hint At All!

CMS Searches for New Physics Beyond Two Generations (B2G)
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Roman Kogler Searches with boosted signatures in CMS

Harvest of Run 1
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CMS Exotica Physics Group Summary – Moriond, 2015!
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A Lone Higgs Scenario 
( nightmare scenario )

• What if we end up with a SM-like Higgs boson and 
nothing else at the LHC Run-2 (13TeV and ~300fb-1)? 

• Does it mean the new physics scale must be very high? 

• If yes, we will go for a high energy machine if money is 
not the issue.  

• If not, luckily for us, then where is the NP particles?  
   Or, what can we learn from the data? Any loophole?



Single Higgs Production
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A Lone Higgs and 
Faked-No-New-Physics Scenario

It is interesting,  
but how to rule it out?

MNP +MSM ⇠ �MSM

MNP +MSM ⇠ +MSM
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Higgs Pair Production
The best channel to measure the Higgs self interaction 
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Higgs Pair Production

But Higgs pair is a powerful tool to exclude NP models
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Single Higgs versus Double Higgs
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Higgs Effective Field Theory
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Higgs pair production in the SM
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Higgs pair production in NP

S. Dawson, A. Ismail, and I. Low, 1504.05596
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Enhanced HH production in FNNP
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Collider Simulation
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Collider Signature and Cuts
Signature: two b-quarks and two photons

Q: How much luminosity is needed  
     to exclude the FNNP scenario?

Cuts used to suppress the Huge SM backgrounds
ATL-PHYS-PUB-2014-019



Collider Simulation: Detector Effects
b-tagging efficiency

3.1 Jets

The jets in the final state are required to satisfy

pjT > 25GeV, |⌘j | < 2.5. (3.1)

The jet energy resolution given in [9]

� (pT)

pT
=

s
N2

p2T
+

S2

pT
+ C2. (3.2)

The noise function is
N = a (⌘) + b (⌘)µ, (3.3)

where µ is the average number of pileup which is chosen to be 80 (not 140) to repeat the
result from the full simulation done by the ATLAS collaboration. The parameters a, b, S

and C are rapidity-dependent, which are given in Table. 1. The b-tagging efficiency is read

Table 1. Noise (parametrized by a and b), stochastic (S) and constant (C) terms of the jet energy
resolution using an average pile-up subtraction correction from [9].

⌘ a b S C

0.0� 0.8 3.2 0.07 0.74 0.05

0.8� 1.2 3.0 0.07 0.81 0.05

1.2� 2.8 3.3 0.08 0.54 0.05

from [10]. We fit their result with an analytic function

✏b (pT, ⌘) = 0.85 tanh

✓
pT + 50GeV

75GeV

◆
tanh

✓
450GeV

pT + 80GeV

◆
exp

✓
� |⌘|3pT
2.2TeV

◆

⇥

2

640.75 + 0.25 exp

0

B@�

⇣
|⌘|�

p
pT/1TeV

⌘2

1.6

1

CA

3

75 . (3.4)

The b-tagging efficiency given by this formula is shown in figure 1. The result agrees with
the result in [10] very well. The signal event must has two b-tagged jets. The transverse
momentum of the leading b-jet must be greater than 40 GeV.

3.2 Photons

The photon identification efficiency is given by the ATLAS collaboration in [10].

✏� (pT) = 0.76� 1.98 exp
⇣
� pT
16.1GeV

⌘
. (3.5)

This is a important part of the simulation since the photon identification rate is less than
80% even when the true photon has a large transverse energy. The photon energy resolution
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Figure 1. The b-tagging efficiency as a function of the pT and ⌘ of the jet at 14TeV LHC.

is given in [10]

� (GeV) = 0.3� 0.10⇥
p
E(GeV)� 0.010⇥ E(GeV), for |⌘| < 1.37,

� (GeV) = 0.3� 0.15⇥
p
E(GeV)� 0.015⇥ E(GeV), for 1.52 < |⌘| < 2.37. (3.6)

The photon in the transition region 1.37 < |⌘| < 1.52 are not used. The signal event must
contain two isolated photons with pT > 30 GeV.

3.3 Event Selection

The distances between the final state particles in a signal event should satisfy

0.4 < �Rbb̄ < 2.0, (3.7)
0.4 < �R�� < 2.0, (3.8)
0.4 < �Rb� , (3.9)

where �Rb� is the minimum separation between a photon and a b-jet. Since the final state
particles are from Higgs bosons decay, the invariant mass cuts are

100GeV < mbb̄ < 150GeV, (3.10)
123GeV < m�� < 128GeV. (3.11)

The ATLAS collaboration also requires the Higgs bosons have large transverse momentum

pbb̄T > 110GeV, p��T > 110GeV. (3.12)

– 5 –

The b-tagging performance is expected to degrade in the presence of pile-up due to primary vertex
misidentification, contamination from tracks from pile-up events and an increase of fake tracks due to the
dense environment. Therefore, the parametrisations were derived for three different tt̄ samples generated
with 80, 140, and 200 interactions (µ) per bunch crossing, respectively. Figure 10 shows the behavior of
the b-jet, c-jet and light-flavour jet efficiencies of the MV1 tagger at µ = 140 in the pT-η plane.
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Figure 10: b-jet, c-jet and light jet b-tagging efficiencies as function of pT and |η| in a sample of tt̄ events.

The performance of the MV1 algorithm is compared to the parametrisation previously used, which
was based on the Run 1 ATLAS detector with pile-up of up to 40, in Figure 11. The dotted lines indicate
the uncertainty in the interpolation to higher pile-up. As expected, the new tracker has a more uniform
performance as a function of η. As a result, the selected tagging point with average b-tag efficiency of
70% has by construction slightly lower efficiency in the central region. However, it has a much lower
mistag rate.

The tagging algorithms used to derive the parametrisations were not re-optimized for the new ge-
ometry, so one might expect further performance improvement after algorithm tuning. In addition, the
possibility of reducing the pile-up performance degradation by adjusting the track selection is currently
under study.
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Collider Simulation: Detector EffectsThe differential cut acceptance function �

Photon-identification: (From ATL-PHYS-PUB-2013-009)

simulated H → γγ events produced from gluon-gluon fusion with pile-up corresponding to an average
value of ⟨µ⟩=80. It is then assumed that the efficiency of this selection for samples with ⟨µ⟩=80 is repre-
sentative of the performance of an identification algorithm developed and optimised for ⟨µ⟩ = 140. The
improved algorithm should be able to recover any further efficiency loss.

The photon selection efficiency as a function of the pT of the true photon is parametrised with the
function

ϵ(pT) = 0.76 − 1.98 × e−
pT

16.1GeV . (1)

This parametrisation is derived for photons with true pT greater than 15 GeV, to cover the range used in
physics studies. The efficiency values and derived parametrisation are shown in Figure 1. The previous
parametrisation was based on a sample with ⟨µ⟩ = 46, with a higher plateau efficiency of 83%, so the
new function is more conservative in its predictions for signal efficiency at HL-LHC.
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Figure 1: The efficiency of the photon identification and isolation requirements as a function of the true
photon pT. The fitted parametrisation is superimposed.

2.2 Fake photons

The rate of jets passing the photon identification and isolation requirements is also derived. Photons
from neutral meson decays (eg. π0 decays) are not considered to be true photons, but contribute to the
jet fake rate. The fake photon is required to be within |η| < 2.35 and outside the transition regions
1.37< |η| <1.52.

Samples of fully simulated di-jet events at a centre-of-mass energy
√
s of 14 TeV and ⟨µ⟩ = 80

are used to evaluate the rate of fake photons. Following the same strategy as for signal photons, this
is then assumed to represent the future photon identification fake rate with ⟨µ⟩ = 140. The fake rate is
parametrised as a function of the true jet pT above 30 GeV with an exponential function,

ϵ(pT) = 9.3 · 10−3 × e−
pT

27.5GeV . (2)

Figure 2(a) shows the fake rate as a function of true jet pT.

2

3.1 Jets

The jets in the final state are required to satisfy

pjT > 25GeV, |⌘j | < 2.5. (3.1)

The jet energy resolution given in [9]

� (pT)

pT
=

s
N2

p2T
+

S2

pT
+ C2. (3.2)

The noise function is
N = a (⌘) + b (⌘)µ, (3.3)

where µ is the average number of pileup which is chosen to be 80 (not 140) to repeat the
result from the full simulation done by the ATLAS collaboration. The parameters a, b, S

and C are rapidity-dependent, which are given in Table. 1. The b-tagging efficiency is read

Table 1. Noise (parametrized by a and b), stochastic (S) and constant (C) terms of the jet energy
resolution using an average pile-up subtraction correction from [9].

⌘ a b S C

0.0� 0.8 3.2 0.07 0.74 0.05

0.8� 1.2 3.0 0.07 0.81 0.05

1.2� 2.8 3.3 0.08 0.54 0.05

from [10]. We fit their result with an analytic function

✏b (pT, ⌘) = 0.85 tanh

✓
pT + 50GeV

75GeV

◆
tanh

✓
450GeV

pT + 80GeV

◆
exp

✓
� |⌘|3pT
2.2TeV

◆

⇥

2

640.75 + 0.25 exp

0

B@�

⇣
|⌘|�

p
pT/1TeV

⌘2

1.6

1

CA

3

75 . (3.4)

The b-tagging efficiency given by this formula is shown in figure 1. The result agrees with
the result in [10] very well. The signal event must has two b-tagged jets. The transverse
momentum of the leading b-jet must be greater than 40 GeV.

3.2 Photons

The photon identification efficiency is given by the ATLAS collaboration in [10].

✏� (pT) = 0.76� 1.98 exp
⇣
� pT
16.1GeV

⌘
. (3.5)

This is a important part of the simulation since the photon identification rate is less than
80% even when the true photon has a large transverse energy. The photon energy resolution

– 4 –

Photon energy resolution: (From ATL-PHYS-PUB-2013-009)
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Figure 1. The b-tagging efficiency as a function of the pT and ⌘ of the jet at 14TeV LHC.

is given in [10]

� (GeV) = 0.3� 0.10⇥
p
E(GeV)� 0.010⇥ E(GeV), for |⌘| < 1.37,

� (GeV) = 0.3� 0.15⇥
p
E(GeV)� 0.015⇥ E(GeV), for 1.52 < |⌘| < 2.37. (3.6)

The photon in the transition region 1.37 < |⌘| < 1.52 are not used. The signal event must
contain two isolated photons with pT > 30 GeV.

3.3 Event Selection

The distances between the final state particles in a signal event should satisfy

0.4 < �Rbb̄ < 2.0, (3.7)
0.4 < �R�� < 2.0, (3.8)
0.4 < �Rb� , (3.9)

where �Rb� is the minimum separation between a photon and a b-jet. Since the final state
particles are from Higgs bosons decay, the invariant mass cuts are

100GeV < mbb̄ < 150GeV, (3.10)
123GeV < m�� < 128GeV. (3.11)

The ATLAS collaboration also requires the Higgs bosons have large transverse momentum

pbb̄T > 110GeV, p��T > 110GeV. (3.12)
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Collider Simulation: Cut Analysis
• We use the cuts in ATL-PHYS-PUB-2014-019. 
• Parton-level simulation. Two b-jets (the leading b-jet pT>40GeV), 

two photons (pT>30GeV).

0.4 < �Rbb̄ < 2.0

0.4 < �Rb� < 2.0

0.4 < �R�� < 2.0

100 GeV < mbb̄ < 150 GeV

123 GeV < m�� < 128 GeV

pbb̄T > 110 GeV

p��T > 110 GeV
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Energetic Higgs boson



Collider Simulation: Cut Efficiency

�after cuts =

Z
dmHH

d�

dmHH
⌦A(mHH , Ecm, µf )

Higgs pair production is mainly through the s-wave scattering
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Figure 14. The normalized Higgs boson pair invariant mass distribution at the LHC with
p
S =

14TeV, where the bands represent the scale uncertainties.

Our above discussions about the dependence of Higgs boson self coupling on the total

cross section and invariant mass distribution are based on the approximated method of

using the form factor to contain parts of top quark mass e↵ects. Therefore our theoretical

predictions receive about O(10%) uncertainties [38]. However once the full NLO QCD

corrections of the Higgs boson production including exact top quark mass e↵ects are avail-

able in the future, the dependence of the resummed total cross section and invariant mass

distribution on the Higgs boson self coupling can be updated immediately, and we can

make more precise predictions. On the other side, above discussions provide some impor-

tant information about the properties of the Higgs boson pair invariant mass distribution

shape. Especially, we see that it is possible to extract the parameter � from the total cross

section and Higgs boson pair invariant mass distribution when the measurement precision

increases at the LHC.

5 Conclusion

We have calculated the resummation e↵ects in the SM Higgs boson pair production at the

LHC with SCET. We present the invariant mass distribution and the total cross section

at NNLL level with ⇡2-enhanced terms resummed, which are matched to the NLO results.

In the high order QCD predictions full form factors including exact top quark mass e↵ects

are used. Our results show that the resummation e↵ects increase the NLO results by

about 20% ⇠ 30%, and the scale uncertainty is reduced to 8%, which leads to increased
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Key of Cut Efficiency:        cut
b

b̄

�R

�
�R

�T = pHT /mH z = cos ✓

H

✓

�T � 1 �R = arccos


1� 2

1 + (1� z2)�2
T

�

4 Result

4.1 The numerical result and the fitting function

We first generate the SM Higgs pair signal with full loop factors. At 3000 fb�1 LHC, our
simulation gives 8.59 signal events (cut acceptance 2.61%), while the result from ATLAS
collaboration is 8.4±0.1. Thus our result consists with the result from ATLAS collaboration.
Then we generate Higgs pair events via s-channel process with fixed Higgs pair invariant
mass. We scan the invariant mass from 260 GeV to 4000 GeV per 10 GeV. The invariant
mass window is chosen to be 1 GeV. We also check the result for mhh = 251 GeV. The
differential cut acceptance is shown in figure 2.

The structures in this figure are easy to understand. For the “peak” structure, in that
position, the boost factor of the Higgs boson is � ' 5. The decay products from the Higgs
boson then will open an angle with �R ' 2/� ' 0.4. So after this point, the typical
�R of the b¯b and �� system will become smaller than 0.4. And the signal events will be
hard to pass the �R cuts. We would like to estimate the result analytically with some
approximations. Let us define the 4-momentum of the partons (photons) in the Higgs rest
frame with the z-direction defined by the Higgs 3-momentum in the lab frame. Then the
exact result of the �R is

�R2
= arccos
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, (4.1)

where �T ⌘ ph
T

/mh is the ratio between the transverse momentum and the mass of the
Higgs boson in the lab frame, ⌘ is the pseudorapidity of the Higgs boson in the lab frame,
z ⌘ cos ✓ is the cosine value of the polar angle of one parton in the Higgs rest frame, � is
the athmuzal angle of one parton in the Higgs rest frame. In the highly boost region, we
have �T � 1, and

�R = arccos


1� 2

1 + (1� z2)�2
T

�
(4.2)
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Cut Efficiency Functions
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Testing the Cut Efficiency Function
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Our cut efficiency function can be generally applied 
to Higgs pair production in any NP physics as long as 

the s-wave scattering dominates



Projected Exclusion Limit 

Good News! 
We don’t have 

to wait too long. 
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Summary

Higgs pair production is 
good for probing the 
Higgs self interaction and 
excluding the Faked-No-
New-Physics scenario.

It is possible that we discover only a SM-like Higgs boson 
and nothing else at the LHC and even HL-LHC eventually.

——-  A lone Higgs scenarios (nightmare scenario)

We obtain a general cut 
efficiency function for any 
s-wave dominated Higgs 
pair production.
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