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 Motivations: Resonant searches

3           Luca Cadamuro (LLR)                                10/05/2016       Search for resonant Higgs boson pair production at CMS

Theoretical motivation

3
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“Ã MSSM/2HDM: additional Higgs doublet gives CP-even scalar H 

! probe the low mH - low tanβ region of the MSSM plane where BR (H" hh) is sizable 

“Ã Singlet model : additional Higgs singlet S gives an extra scalar H 

! sizable BR beyond 2xmtop, non negligible width at high m H 

“Ã Warped Extra Dimensions : spin-2 (KK-graviton) and spin-0 (radion) resonances 

! different phenomenology if SM particles are allowed (bulk RS) or not (RS1 model) to 
propagate in the extra-dimensional bulk

3000250 400 1000800600 30002000 MH [GeV]

MSSM/2HDM: Additional Higgs doublet! CP-even scalar H.
¥We can probe the low mA/low tan"  region where BR(H! h(125)h(125)) is 
sizeable.

Singlet model: Additional Higgs singlet with an extra scalar H.
¥Sizeable BR beyond 2xmtop, non negligible width at high mH.

Warped Extra Dimensions: #
spin-2 (KK-graviton) and spin-0 (radion) resonances. 
¥Different phenomenology if SM particles are allowed (bulk RS) or not #
(RSI model) in the extra dimensional bulk



Giacomo Ortona                                                                                                                                                                                      ICHEP2016 - Chicago - 05/08/2016

 Motivations: Non-resonant searches

4

!  The BSM physics can be modelled in EFT adding dim-6 operators[2] to the SM 
Lagrangian, and the physics can be described with 5 parameters: $hhh, yt, c2, c2g, cg 

¥ Non SM top Yukawa and $hhh  couplings 
¥ New diagrams and couplings in the game
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To be noted :  
in a linear EFT   cg = c2g and c2 =!(3m t/2v)yt 
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S. Dawson, BNL, Jan 18, 2016 

! (gg ! h)
! (gg ! h)SM

" | cg + "yt |2

%SMhh(13TeV) = 33.45fb+4.3%-6.0%(scale unc.) ±3.1%(PDF+&S unc)[1]

The non-resonant double Higgs production allows to directly probe the Higgs trilinear 
coupling ($hhh). Even if in Run2 we not have full sensitivity to ÒmeasureÓ SM $hhh

[1] LHCHXSWG Yellow Report 4
[2] Phys. Rev. D91 (2015), no. 11, 115008 
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ATLAS NOTE
February 26, 2013

Study of the spin of the Higgs-like particle in theH ! WW(" ) ! e! µ!1

channel with 20.7 fb! 1 of
"

s= 8 TeV data collected with the ATLAS2

detector3

The ATLAS Collaboration4

Abstract5

Recently, the ATLAS collaboration reported the observation of a new neutral particle6

in the search for the Standard Model Higgs boson. The measured production rate of the7

new particle is consistent with the Standard Model Higgs boson with a mass of about 1258

GeV, but its other physics properties are unknown. Presently, the only constraint on the9

spin of this particle stems from the observed decay mode to two photons, which disfavours10

a spin-1 hypothesis. This note reports on the compatibility of the observed excess in the11

H # WW($) # e! µ! search arising from either a spin-0 or a spin-2 particle with positive12

charge-parity. Data collected in 2012 with the ATLAS detector favours a spin-0 signal, and13

results in the exclusion of a spin-2 signal at 95% conÞdence level if one assumes aqq # X14

production fraction larger than 25% for a spin-2 particle, and at 91% conÞdence level if one15

assumes pureggproduction.16

c% Copyright 2013 CERN for the beneÞt of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as speciÞed in the CC-BY-3.0 license.

- John Alison - Experimental Studies of hh Higgs Coupling 2014

hh Decay
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Phenomenologically rich set of final states.  hh-Br

- John Alison - Higgs Coupling 2014

Larger Br-h
 decay

Rarer Br-h decay

BRSM(HH! xxyy)
25%

 CMS searches

5

¥4 different searches presented today:

¥bbbb, bbWW, bb##, bb!!

¥At least one h! bb to have large enough BR
¥Rare processes, low $, complex 
environment

¥Resonant and non-resonant searches 
performed in Run1 and Run2
¥Run1: 

¥bbbb Resonant: PLB 749 (2015) 560, arXiv:1602:08762

¥bb## Resonant: PLB 755 (2016) 217, PAS-EXO-15-008 Non-resonant PAS-HIG-15-013

¥bb!!  Resonant and Non-resonant: arxiv:1603.06896

I will focus on the results at ' s = 13TeV

¥Run2: 
¥bbbb Resonant: PAS-HIG-16-002, PAS-B2G-16-008

¥bb## Resonant: PAS-HIG-16-029,              Non-resonant PAS-HIG-16-028

¥bbWW Resonant PAS-HIG-16-011,         Non-resonant: PAS-HIG-16-024NEW

NEWNEW
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 Searches: how and where

6

3 Datasets used for this presentation:
¥Run1,  ' s=8 TeV,  % =17.9-19.7 fb-1 
¥Run2,  2015, ' s=13 TeV,  % =2.3-2.7 fb-1

¥Run2,  2016, ' s=13 TeV,  % =12.9 fb-1

B-tagging algorithm to identify b-jets from jet constituents
¥CSVv2: Based on displaced tracks+secondary vertexes MVA[1]

At high mH! boosted regime! merged jets
¥Reconstruction using substructure information for jets, b-tag
¥bbbb, bb## channels

Trade-off between BR and contamination, 
complementarity among channels
¥bbbb:     highest BR, high QCD/t t " contamination
¥bbWW: high BR, large irreducible t t " background
¥bb##:     relatively low background and BR
¥bb!! :     high purity, very low BR

[1]JINST 8(2013) P04013
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 hh! bb!! : run1 results

7

Lowest BR among all channels, but excellent 
resolution on m!!

No excess observed in resonant searches. 
Already sensitive to BSM physics below 1TeV

Non-resonant sensitivity ~70xSM. Limits in a 
3D phase space region (k&,kt,c2) of EFT theory

 (8 TeV)-119.7 fbCMS
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 Theoretical cross section 

Obs. 95% CL upper limits

)b b!! " HH "(pp #

3$ 2$ 1$ 0 1 2 3

t%

0.4

0.6

0.8

1

1.2

1.4  = 10&%

    3 fb

    2 fb

    1 fb

    0.2 fb

    1 fb

3$ 2$ 1$ 0 1 2 3

0.4

0.6

0.8

1

1.2

1.4  = -10&%

3 
fb

2 
fb

1 
fb

1 
fb

0.
2 

fb

0.4

0.6

0.8

1

1.2

1.4  = 0&%

2 
fb

2 
fb

1 
fb

1 
fb

0.
2 

fb

0.
2 

fb

 = 15&%

        3 fb

        2 fb

        1 fb

      0.2 fb

      1 fb

3$ 2$ 1$ 0 1 2 3

 = -15&%

3 
fb

2 
fb

1 
fb

1 
fb

0.
2 

fb

t%
0.4

0.6

0.8

1

1.2

1.4 = 1&%
2 

fb

2 
fb

1 
fb

1 
fb

0.
2 

fb

0.
2 

fb

0.4

0.6

0.8

1

1.2

1.4 = 20&%

    3 fb

    2 fb

    1 fb

    0.2 fb

    1 fb

2c
3$ 2$ 1$ 0 1 2 3

0.4

0.6

0.8

1

1.2

1.4 = -20&%

2 
fb

1 
fb

1 
fb

0.
2 

fb



Giacomo Ortona                                                                                                                                                                                      ICHEP2016 - Chicago - 05/08/2016

 (GeV)red
jjM

1000 1500 2000 2500 3000

E
ve

nt
s 

/ B
in

 W
id

th
 (

G
eV

)

0

2

4

6

8

10

12

14

16

18

20
Data

background prediction

total uncertainty

statistical uncertainty

bbb b! HH ! X !pp

double-b tagging

 (13 TeV)-12.7 fb

CMS
Preliminary

S
ta

t. 
U

nc
.

D
at

a 
- 

B
kg

2"

0

2

 (GeV)X m400 600 800 1000 1200 1400 1600 1800

 E
ve

nt
s 

/ 2
0 

G
eV

0

5

10

15

20

25

30

35

40

Data in SR

 (13 TeV)-12.3 fb

CMS
Preliminary

 (GeV)X m
400 600 800 1000 1200 1400 1600 1800

P
ul

l
5!
4!
3!
2!
1!
0
1
2
3
4
5

 (GeV)H1 m
0 50 100 150 200 250 300

 (
G

eV
)

H
2

 m

0

50

100

150

200

250

300

SR

SB

 (13 TeV)-12.3 fb

CMS
Preliminary

 hh! bbbb

8

Very sensitive channel in the resonant searches

b-tagging at trigger level, ( 4 b-jets ofßine

Low Mass Region (mH<400) and High Mass Region 
(400<mH<1200) studied separately

Background shape estimation from data in LMR, HMR
Dedicated boosted analysis above MH=1TeV

2 analysis strategies:
¥double b-tagger: BDT 
from jet properties + 
background estimation 
from multiple sidebands

¥subjet b-tag: background 
Þt + 3 categories based #
on number of b-tagged 
sub-jets
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 hh! bbbb: results
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No evidence for the presence of new resonances so far over large mass range

Sensitive to Radion (below 2TeV) and Graviton production (below 800GeV)

Boosted analysis: 
¥double b-tagger: at low/high mass
¥sub-jets b-tagging: for 1200<mH<2000 GeV
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 hh! bbWW
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Search for hh! bbWW! bb2l2' . #
2 isolated OS leptons + 2 b-jets in the Þnal state

2015 dataset at ' s=13 TeV

Final BR for bb2l2'  Þnal state: 1.22%

Main backgrounds: t t ", DY, single top

2 BDT discriminants (h masses, angles, transverse 
mass) to separate signal from background at low 
(mH<450) and high mass (mH>450). Optimised for 
mH=400 and mH=650. 1 single BDT trained for 
non-resonant searches.

Resonant: cut&count experiment in 4 categories: 
(mbb-peak,mbb-sidebands) x (low BDT, high BDT)

Non resonant: 2D Þt in [m(bb), BDT score] to 
extract the limits
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 hh! bbWW: results
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NEWNEW
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Non-resonant analysis 
sensitive to O(400xSM)

NEW



Giacomo Ortona                                                                                                                                                                                      ICHEP2016 - Chicago - 05/08/2016

 [GeV]kinfit
Hm

300 400 500 600 700 800 900 1000

 [1
/G

eV
]

ki
nf

it
H

dN
/d

m

2−10

1−10

1

10

210 CMS
preliminary

 (13 TeV)-112.9 fb

Data
tt

QCD
Drell-Yan
Other bkg.
bkg. uncertainty

 = 800 GeVHm
 = 550 GeVHm
 = 300 GeVHm
 x BR = 1 pb)σ(

hτres. bb e

channel

 hh! bb##

12

Intermediate BR, fully reconstructed Þnal state
1#H+1 isolated leptons (e, ( ,#H)+2 b-jets in the Þnal state
3 Þnal states: e#H, (# H, #H#H

Main bkgs: t t " (from MC), QCD multijet (from data in 
control regions)
Resonant search:
Limit extraction on kinematic Þt of the 4-body invariant 
mass; 3 categories: 1bjet, 2bjet, boosted b-jets category
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Non-resonant analysis: 
¥kinematic BDT discriminant 
to reduce t t ", only angular 
information

¥visible mass as Þnal variable

Only results on 2016 data shown. 
Results with 2015 data:
CMS-PAS-HIG-012
CMS-PAS-HIG-013
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Non resonant limits starts to make dents 
in part of the 5D EFT model phase space

No signiÞcant excess observed in the 
resonant analysis
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 Summary of Run1 results
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Several analysis performed at CMS

Coverage ranges from 2xmh to few TeVs

hMSSM: Effective MSSM model with 
mh=mH0[1]

H! hh searches are providing an 
important coverage of the low mA/low 
tan"  region

[1]LHCHXSWG-2015-002, 2015 
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 Summary of Run2 results
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hh! bbWW! bb2l2' : 2015 data 
(2.3/fb) at ' s=13 TeV

¥2 mass regions, optimised for 
mH=400 and mH=650

hh! bbbb: 2015 data (2.3/fb) at 
' s=13 TeV

¥Boosted regime not shown

hh! bb##: 2016 data (12.9/fb) at 
' s=13 TeV
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 Conclusions
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Several competing analyses in different Þnal states under study in 
CMS, providing excellent coverage in different decay modes.

Non resonant double Higgs production is the main way to measure 
Higgs self-coupling. 

¥At the moment, we can probe O(10-100xSM). Much larger luminosity is 
needed to reach SM sensitivity, but we are starting to probe BSM and to 
constraint exotic BSM

Resonant searches can already provide important constrain on BSM 
physics (MSSM, WED, heavy scalars).

¥KK-graviton excluded below 800 GeV, ) R=1TeV Radion below 2 TeV

Further improvement awaited with end-of-the-year luminosity and 
the combination of the results among all channels

Exciting prospects for double Higgs searches



BACKUP
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 gg! hh parametrization
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The relevant lagrangian terms of gg! HH production in D=6 EFT
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by an analysis including only dimension-6 operators (in white). No sensible e! ective Þeld theory
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FIG. 2: Feyman diagrams contributing to double Higgs production via gluon fusion (an additional
contribution comes from the crossing of the box diagram). The last diagram on the Þrst line
contains the øtthh coupling, while those in the second line involve contact interactions between the
Higgs and the gluons denoted with a cross.

derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e! ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di! erential distributions and shown to be small in our

case due to the limited sensitivity on the highmhh region.

The Feynman diagrams that contribute to thegg " hh process are shown in Fig. 2. Each

diagram is characterized by a di! erent scaling at large energies
!
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have canonical normalisation of the Higgs Þeld, we choose to perform the Þeld redeÞnition7
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where we have explicitly written down the contributing components of theQL doublets.
Naively all the Wilson coe! cients in Eq. (3.1) should be bounded from perturbativity ar-
guments by4" , and hence if we consider! ! 900GeV this automatically implies |ci | " 1 in
Eq. (3.4). For details on the derivation of the terms in the Lagrangian of Eq. (3.4), see ap-
pendix B.8 In Eq. (3.4) we have also given the quartic Higgs self-coupling for completeness.
The trilinear and quartic couplings can be written as

# = 1 + " ,

÷# = 1 + 6 " +
2
3

cH , (3.5)

where " = c6 + 3cH / 2. From the above, it can be seen that the SM relation of# = ÷# is
broken by the EFT e" ects: an accurate measurement of both couplings is thus a powerful
probe of new physics in the Higgs sector, although, as already mentioned, measurement of
the quartic coupling does not seem to be possible in the foreseeable future.

3.2 From SM EFT to dimension-6 EFT

It is useful to compare and contrast the dimension-6 extension of the SM with the EFT
that results from taking the top mass to inÞnity within the SM framework. This will help
us in writing down the cross section formula forgg ! hh in the D=6 EFT.

There are several modiÞcations necessary to incorporate the e" ect of the D=6 EFT
operators in Higgs boson pair production via gluon fusion (see Fig.1):

¥ The Higgs boson self-coupling will be modiÞed according to the Þrst line in Eq. (3.4),
represented by modiÞcations of theh3 vertex in diagram 1A .

7This Þeld redeÞnition [64] involves non-linear terms which remove momentum-dependent Higgs-boson
interactions that would be less straight-forward to implement in a Monte Carlo event generator.

8The Feynman rules for the Lagrangian terms appearing in Eq. ( 3.4) have been checked using the
Mathematica [65] package FeynRules [66, 67].
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The trilinear and quartic couplings can be written as

# = 1 + � ,

÷# = 1 + 6 � +
2
3
cH , (3.5)

where � = c6 + 3 cH/2. From the above, it can be seen that the SM relation of # = ÷# is
broken by the EFT e" ects: an accurate measurement of both couplings is thus a powerful
probe of new physics in the Higgs sector, although, as already mentioned, measurement of
the quartic coupling does not seem to be possible in the foreseeable future.

3.2 From SM EFT to dimension-6 EFT

It is useful to compare and contrast the dimension-6 extension of the SM with the EFT
that results from taking the top mass to infinity within the SM framework. This will help
us in writing down the cross section formula for gg ! hh in the D=6 EFT.

There are several modifications necessary to incorporate the e" ect of the D=6 EFT
operators in Higgs boson pair production via gluon fusion (see Fig. 1):

¥ The Higgs boson self-coupling will be modified according to the first line in Eq. (3.4),
represented by modifications of the h3 vertex in diagram 1A .

7This Þeld redeÞnition [64] involves non-linear terms which remove momentum-dependent Higgs-boson
interactions that would be less straight-forward to implement in a Monte Carlo event generator.

8The Feynman rules for the Lagrangian terms appearing in Eq. ( 3.4) have been checked using the
Mathematica [65] package FeynRules [66, 67].
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contribution comes from the crossing of the box diagram). The last diagram on the Þrst line
contains the øtthh coupling, while those in the second line involve contact interactions between the
Higgs and the gluons denoted with a cross.

derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e! ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di! erential distributions and shown to be small in our

case due to the limited sensitivity on the highmhh region.

The Feynman diagrams that contribute to thegg " hh process are shown in Fig. 2. Each

diagram is characterized by a di! erent scaling at large energies
!

ös = mhh # mt , mh. We
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Sampling the 5D EFT phase space
Cross section:  
parametrized as a 
function of the 5 EFT 
parameters (talk by F. Goertz) 

Shape: representative 
signal shapes are 
sampled using a cluster 
technique!
(10.1007/JHEP04(2016)126) 
" similar shapes are 

represented by a unique 
Òshape benchmarkÓ 

" clustered at gen. level as 
function of mhh and cosθ* 

" 12 shape benchmarks 
available

8

186 4. Benchmark BSM scenarios

p
s 7 TeV 8 TeV 13 TeV 14 TeV 100 TeV

A1 2.21 2.18 2.09 2.08 1.90
A2 9.82 9.88 10.15 10.20 11.57
A3 0.33 0.32 0.28 0.28 0.21
A4 0.12 0.12 0.10 0.10 0.07
A5 1.14 1.17 1.33 1.37 3.28
A6 -8.77 -8.70 -8.51 -8.49 -8.23
A7 -1.54 -1.50 -1.37 -1.36 -1.11
A8 3.09 3.02 2.83 2.80 2.43
A9 1.65 1.60 1.46 1.44 3.65

A10 -5.15 -5.09 -4.92 -4.90 -1.65
A11 -0.79 -0.76 -0.68 -0.66 -0.50
A12 2.13 2.06 1.86 1.84 1.30
A13 0.39 0.37 0.32 0.32 0.23
A14 -0.95 -0.92 -0.84 -0.83 -0.66
A15 -0.62 -0.60 -0.57 -0.56 -0.53

Table 7.16: Values ofAi parameters for Eq. (7.14) [?].

� mt

v

!
v + ! th +

c2

v
hh

"!
tLtR + h.c.

"
+

" s

12#v

!
c1gh � c2g

2v
hh

"
GA

µ⌫G
A,µ,⌫ . (7.12)

The SM limit is ! 2 = ! � = 1 andc2 = c1g = c2g = 0 . This Þt can be straightforwardly mapped onto2914

the EFT parameters of Eq. (7.9) via the identities2915

cg =
c1g

12#2 , cgg = � c2g

12#2 , y(2)
t = 2 c2 , $yt = ( ! t � 1) , $%3 = �v(! � � 1)%SM . (7.13)

Further information on the EFT coefÞcients can be found fromhh production by noting that2916

different EFT operators have different kinematic dependences. The LO box and triangle diagram exactly2917

cancel each other at threshold in the SM. This implies thatd&/dMhh is most sensitive to variations in2918

! t and! � at threshold, while the dependence on! � is suppressed at high partonic energies. The NLO2919

corrections to the EFT predictions for double Higgs production have been investigated in the largemt2920

limit Ref. [316], with the conclusion that theK factor of the EFT shows little kinematic dependence and2921

little dependence on the effective couplings, however with the same caveats as mentioned in Secs.2 and2922

3.2923

We can take advantage of this property of the K-factors, approximating the ratio between the cross2924

sections obtained for different EFT parameters and the SM cross section with the corresponding LO2925

ratio:2926

Rhh ⌘ &hh

&SM
hh

LO= A1! 4
t + A2c

2
2 + ( A3! 2

t + A4c
2
g)! 2

� + A5c
2
2g + ( A6c2 + A7! t! �)! 2

t

+( A8! t! � + A9cg! �)c2 + A10c2c2g + ( A11cg! � + A12c2g)! 2
t

+( A13! �cg + A14c2g)! t! � + A15cgc2g! � . (7.14)

TheAi coefÞcients are extracted from a simultaneous Þt, based on the maximization of a likeli-2927

hood, to the cross sections obtained from a LO simulation and provided in Tab.7.16. A detailed study of2928

theoretical uncertainties was performed in Ref. [?]. The uncertainties related to PDF and" S variations2929

induces less than a 2% variation in theAi values.2930

x

 An EFT implementation for hh

19

The double Higgs production cross 
section can be written as a function of the 
5 EFT parameters: $hhh, yt, c2, c2g, cg

2D (MHH,cos* *) signal shapes from 
different points in the 5D EFT phase 
space are clustered together.

12 clusters are identiÞed according to 
there kinematical properties

Inside each cluster, a representative 
shape is identiÞed, as the one with the 
minimum distance (in the test statistics) 
from all other shapes in the cluster

Each point of the phase space can be mapped by means of its cross-section and 
representative shape

JHEP 04 (2016) 126 
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Lowest BR of all channels considered, but excellent 
resolution on m!!

Selection: pT! 1/m!! <1/3, pT! 2/m!! <1/4 + mass cuts

Two categories: 1b-jet (low purity category), ( 2 b-
tagged jets (high purity)

Different signal regions at low and high mass

¥mH<400 GeV: b-jet regression + 2D signal Þt 
extraction based on (mjj,m!! )

¥400<mH<1100 GeV: #
kinematic Þt of the #
4-body invariant mass
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resolution on m!!

Selection: pT! 1/m!! <1/3, pT! 2/m!! <1/4 + mass cuts
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tagged jets (high purity)

Different signal regions at low and high mass

¥mH<400 GeV: b-jet regression + 2D signal Þt 
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¥400<mH<1100 GeV: #
kinematic Þt of the #
4-body invariant mass

Non-resonant analysis:
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