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Non-resonant HH production
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• SM di-higgs production  
provides a crucial 
test of electroweak  
symmetry breaking 
–dominated by 
gluon-gluon fusion
–Main production diagrams  
interfere destructively → reduces already small cross section
–Access Higgs trilinear coupling λhhh

• BSM scenarios calculated via effective lagrangian
–Anomalous couplings                                            and up to 
4 new contact interactions can lead to large modifications in 
production cross section and kinematic shapes
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Resonant HH production
• New particle X→HH not present in SM
–Many BSM models predict X→HH 

production
–Singlet model, MSSM, 2HDM, warped extra 

dimensions….
–mX can range up to several TeV
– Search sensitivity varies from channel to 

channel, and over mass range
– Important to search in as many channels as 

possible

–Benchmark models: Bulk Randall-Sundrum 
WED → spin-0 Radion, spin-2 Kaluza-Klein 
Graviton
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           Luca Cadamuro (LLR)                             19/03/2017       Search and prospects for HH production

Which final state?

Phenomenologically rich set of 
final states 
One H→bb or H→WW decay 
required to keep BR high 
enough 
□ common techniques across 

analyses (e.g. b-tagging) + 
channel-specific challenges 

Complementarity of the 
channels 
□ similar sensitivity to

non-resonant production 
□ different coverage in mX
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Final States
• Large number of possible final states
• Require one H→bb̅ to 
keep final state BFs  
higher
–H→bb̅ provides  
kinematic handle,  
shared techniques 

•Other H decay based 
on BF and event  
kinematics
–Disjoint searches provide 
complementary sensitivity in MX for resonant 
searches: bb̅bb̅, bb̅γγ, bb̅ℓνℓν, bb̅ττ

5
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bb̅bb̅
•Highest BF of the searches
–Large multijet background 

estimated with data-driven 
technique

• Resonant analysis separated 
into 4-jet resolved  
and high-mass 2-jet 
boosted topologies
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bb̅bb̅ high mass
• High mass 2-jet boosted topology
–Each H→bb̅ system reconstructed as single high-pT jet, 105<Mj<130
–Jet substructure techniques and double b-tagger MVA suppress 
backgrounds
–Data-driven background estimate from sidebands in double b-tagger and Mj1

–Signal separation through increased-resolution reduced dijet mass:

7

Full 2016 dataset

NEW!

CMS-PAS-B2G-16-032

M red
jj = Mjj � (Mj1 �MH)� (Mj2 �MH)
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bb̅γγ
• Utilize high BF of H→bb̅ and 
excellent mass resolution of H→γγ
•Mixed b-tagging categorization gives 
medium and high purity categories
• Improve signal resolution using 
modified 4-body mass:

• Signal and background modeled in 
2D mjj:mγγ space
–Signal: Gaussian⊕Crystal Ball
–Background: Bernstein polynomials

• Non-resonant obs.(exp.) limits: 
7.90(7.85) fb
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bb̅ℓνℓν
• HH→bb̅VV→bb̅ℓνℓν
–ℓℓ=ee, eμ, μμ

•Most backgrounds estimated from simulation, 
including dominant tt ̅
• Exploit HH event kinematics with parametrized  
Deep Neural Net  
discriminant  
used for signal 
separation
–3 bins in mjj
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• Combine 3 mjj 
bins and 3 ℓℓ 
samples
• Data are 
compatible with 
no signal

• Non-resonant 
obs. (exp.) 95% 
CL limit set at  
72(81   ) fb

10

+42
 -25

bb̅ℓνℓν ResultsCMS-PAS-HIG-17-006
Full 2016 dataset
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• 3 channels:  
H→τhτh / τhτe / τhτμ    >85% of ττ decays
• 3 categories: 2 b-tags, 1 b-tag, 
boosted (high mass)
•mbb and mττ constrained to be 
consistent with mH

• τhτℓ final states reject tt ̅background 
BDT trained with kinematic and 
angular variables
• Signal discrimination
–Resonant: HH system kinematic fit mHH    

improves mX resolution
–Non-resonant: ‘stransverse’ mass mT2 

designed for signal-background 
separation  

11
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• 3 channels 
combined in limit 
setting
• Resonant analysis 
interpreted as 
model-independent 
narrow resonance 
and in hMSSM
•Non-resonant 
analysis obs. 
(exp.) 95% CL 
limit set at  
28(25)*SM 
expectation



LHCP 2017    David Morse    Di-Higgs Production with CMS    17 May 2017

Summary of Results
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13TeV non-resonant 
observed (expected)  
σ/σSM 95% CL limits

bbτ̅τ 28 (25) 35.9 fb-1

bbℓ̅νℓν 79 (89) 35.9 fb-1

bbγ̅γ 91 (90) 2.7 fb-1

bbb̅b ̅ 342 (308) 2.3-2.7 fb-1
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Conclusion
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• Searches for HH production give both insight 
into the nature of electroweak symmetry 
breaking and searches for new physics 
• CMS has a suite of HH searches which are 
disjoint and complementary across a large 
mass range
–So far no sign of SM or BSM HH production. 
Current best limits: 28*σSM

–Multiple analyses still to update to full 2016 
dataset

• (B)SM HH will be tested as we transition 
from energy-scaling regime to the 
luminosity-scaling era of the HL-LHC
– Improving analyses, adding new final states and 
combining results will be crucial to successXa
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b(b̅)ackup

15
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Non-resonant HH production
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Non-resonant HH shape

17
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bb̅bb̅
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Full 2016 dataset

NEW!

CMS-PAS-B2G-16-032
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bb̅ℓνℓν

19

X = Radion
X = Kaluza-Klein
      Graviton
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bb̅ττ

20

 [GeV]Sm
300 400 500 600 700 800 900

) [
fb

]
ττ

 b
b

→
 H

H
→

(S
Β 

× 
σ

95
%

 C
L 

on
 

1

10

210

310

Observed CLs
Expected CLs

σ 1±Expected 
σ 2±Expected 

CMS
preliminary

 (13 TeV)-135.9 fb

hτhτ + bb hτ + bb e
h
τµbb 

Combined channels

(a) Model independent limit

95% CL Excluded:
Observed  Expectedσ 1±
Expected  Expectedσ 2±

CMS
Preliminary

 (13 TeV)-135.9 fb

 [GeV]Am
200 250 300 350 400 450 500

β
ta

n

1

1.5

2

2.5

3

3.5

 =
 2

50
 G

eV
H

m

 =
 2

70
 G

eV
H

m
 =

 2
80

 G
eV

H
m

 =
 3

00
 G

eV
H

m

 =
 3

50
 G

eV
H

m

 =
 4

00
 G

eV
H

m

 =
 4

50
 G

eV
H

m

 =
 5

00
 G

eV
H

m

hMSSM

(b) Interpretation in the hMSSM model

t/kλk
20− 10− 0 10 20 30

) [
fb

]
ττ

 b
b

→
(H

H
Β 

× 
σ

95
%

 C
L 

on
 

0

100
200
300

400
500

600
700
800

900
1000

Observed
Expected CLs

σ 1±Expected 
σ 2±Expected 

Theory prediction

 = 
1

tk

 =
 2

tk

preliminaryCMS  (13 TeV)-135.9 fb

hτhτ + bb hτ + bb ehτµbb 
Combined channels

(a) kl/kt scan

λk
20− 15− 10− 5− 0 5 10 15 20

tk

1.5−

1−

0.5−

0

0.5

1

1.5

Observed 95% CL excl. σ1±Expected SM
Expected 95% CL excl. σ2±Expected 

)τ
τ

bb
→

(H
H

Β 
×

H
H

) 
→

(gg
σ

preliminaryCMS

 = 02g = cg = c2c

 (13 TeV)-135.9 fb

10 fb

2 fb

100 fb

5 fb

0.1 fb

10 fb

100 fb

5 fb

50 fb

0.1 fb

20 fb

50 fb
20 fb

2 fb

(b) Exclusion in (kl, kt) plane



LHCP 2017    David Morse    Di-Higgs Production with CMS    17 May 2017 21

 (GeV)spin-2
Xm

310
H

H
) (

fb
)

→
sp

in
-2

X
→

(p
p

σ
95

%
 C

L 
lim

it 
on

 
1

10

210

310

410

510

610

710

)-1 (CMS-PAS-HIG-17-006, 36 fbνlνlbb

)-1 (CMS-PAS-HIG-16-002, 2.3 fbbbbb

)-1 (CMS-PAS-B2G-16-026, 36 fbbbbb

)-1 (CMS-PAS-HIG-16-032, 2.7 fbγγbb

Observed
Expected

CMS
Preliminary
Assumes SM Higgs BR

 (13 TeV)-12.3-36 fb

 (GeV)spin-0
Xm

310

H
H

) (
fb

)
→

sp
in

-0
X

→
(p

p
σ

95
%

 C
L 

lim
it 

on
 

1

10

210

310

410

510

610

710

)-1 (CMS-PAS-HIG-17-006, 36 fbνlνlbb

)-1 (CMS-PAS-HIG-17-002, 36 fbττbb

)-1 (CMS-PAS-HIG-16-002, 2.3 fbbbbb

)-1 (CMS-PAS-B2G-16-026, 36 fbbbbb

)-1 (CMS-PAS-HIG-16-032, 2.7 fbγγbb

Observed
Expected

CMS
Preliminary
Assumes SM Higgs BR

 (13 TeV)-12.3-36 fb

Summary of Results
NEW!



LHCP 2017    David Morse    Di-Higgs Production with CMS    17 May 2017

Run1 Comparison

22

(GeV)spin-0
Xm

310

 H
H

) (
fb

)
→ 

sp
in

-0
 X

→
(p

p 
σ

95
%

 C
L 

lim
it 

on
 

10

210

310

410

510
 (arXiv:1603.06896)bbγγ
 low mass (PLB 749 (2015) 560)bbbb
 high mass (arXiv:1602.08762)bbbb

 low mass (PLB 755 (2016) 217)bbττ
 mid. mass (CMS-PAS-HIG-15-013)bbττ
 high mass (CMS-PAS-EXO-15-008)bbττ

=1TeVRΛradion 
=3TeVRΛradion 

Observed
Expected

 (8 TeV)-117.9-19.7 fb

CMS

Assumes SM Higgs BR
Supplementary

and narrow width for X

} X, kl=35→WED: gg
no radion/H mixing

 (GeV)spin-0
Xm

310

H
H

) (
fb

)
→

sp
in

-0
X

→
(p

p
σ

95
%

 C
L 

lim
it 

on
 

1

10

210

310

410

510

610

710

)-1 (CMS-PAS-HIG-17-006, 36 fbνlνlbb

)-1 (CMS-PAS-HIG-17-002, 36 fbττbb

)-1 (CMS-PAS-HIG-16-002, 2.3 fbbbbb

)-1 (CMS-PAS-B2G-16-026, 36 fbbbbb

)-1 (CMS-PAS-HIG-16-032, 2.7 fbγγbb

Observed
Expected

CMS
Preliminary
Assumes SM Higgs BR

 (13 TeV)-12.3-36 fb



LHCP 2017    David Morse    Di-Higgs Production with CMS    17 May 2017

 (GeV)spin-0
Xm

310

H
H

) (
fb

)
→

sp
in

-0
X

→
(p

p
σ

95
%

 C
L 

lim
it 

on
 

210

310

410

510

610

710

)-1 (CMS-PAS-HIG-16-011, 2.3 fbνlνlbb

)-1 (CMS-PAS-HIG-16-029, 12.9 fbττbb

)-1 (CMS-PAS-HIG-16-002, 2.3 fbbbbb

)-1 (CMS-PAS-B2G-16-008, 2.7 fbbbbb

)-1 (CMS-PAS-HIG-16-032, 2.7 fbγγbb

Observed
Expected

CMS
Unpublished
Assumes SM Higgs BR

 (13 TeV)-12.3 - 12.9 fb

 (GeV)spin-0
Xm

310

H
H

) (
fb

)
→

sp
in

-0
X

→
(p

p
σ

95
%

 C
L 

lim
it 

on
 

1

10

210

310

410

510

610

710

)-1 (CMS-PAS-HIG-17-006, 36 fbνlνlbb

)-1 (CMS-PAS-HIG-17-002, 36 fbττbb

)-1 (CMS-PAS-HIG-16-002, 2.3 fbbbbb

)-1 (CMS-PAS-B2G-16-026, 36 fbbbbb

)-1 (CMS-PAS-HIG-16-032, 2.7 fbγγbb

Observed
Expected

CMS
Preliminary
Assumes SM Higgs BR

 (13 TeV)-12.3-36 fb

Run2 Comparison

23


