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Probe the strength of EWSB dynamics at higher energies
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What can we learn from double-Higgs production ?

Measure couplings not accessible through single-Higgs processes

(further) Test the Higgs as an SU(2)L doublet
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General parametrization of Higgs couplings: non-linear Lagrangian

• Assumptions:    1) spin-0, custodial singlet Higgs ;  2) New Physics is heavy

• All terms can be dressed up with EW Nambu-Goldstone bosons and made 
manifestly invariant under SU(2)LxU(1)Y

• Naively: δci ≡ (ci − 1) ∼ O
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δci � O(20− 30%)
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Current data constrain single-Higgs 
couplings to be close to the SM point

The SM point is special in that the 
theory stays weakly-coupled up to very 
high scales  

H = e
iπ/v

�
0

v + h

�

How to live near the SM point:

1. The new boson is part of an SU(2)L doublet

2. There is a gap between the NP scale and mh



L = LSM +∆L(6) +∆L(8) + . . .
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Effective Lagrangian for a Higgs doublet
Giudice et al.  JHEP 0706 (2007) 045

Buchmuller and Wyler NPB 268 (1986) 621

...

Grzadkowski et al. JHEP 1010 (2010) 085
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Strength of EWSB dynamics
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EWSB sector

• For an elementary Higgs boson cV =1

weak
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EWSB sector

• For a composite Higgs
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EWSB sector

• For a composite Higgs

EWSB dynamics becomes fully 
non-perturbative at energies:

coupling strength 
grows with energy:

ΛS =
4πv√
δ
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EWSB sector

E
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g(ΛS) = 4π strong scaleEnergy cartoon ΛS
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new states appear at 
the scale              and 
saturate the growth of 
the coupling strength
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range of validity of 
Effective Lagrangian
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tuning

Higgs couplings from single-Higgs processes
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Double Higgs production
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Double Higgs production
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Double Higgs production

m∗

Can put lower bound on coupling strength g∗

no new states below a 
scale      (             )

M = 2TeVand
M m∗>M

Ex:

g∗ > 2.6
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Double Higgs production
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- Final events classified in bins of        to enhance 

- Final states included:             ,hh→4b hh→bb τhτh

mhh

BR(hh → 4b) = 33%

BR(hh → bb τhτh) = 3.1%
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Double Higgs production via VBF at pp colliders

Strategy of analysis: 

- Jets reconstructed using BDRS mass-drop tagger

Events classified by number of mass drops (fat jets) 

Butterworth et al. arXiv:0802.2470

hh→4b boosted
semi-boosted 
resolved

2 MD
1 MD + 2 b-jets
4 b-jets

hh→bb τhτh boosted 1 MD + 2 τ-jets
resolved 2 b-jets + 2 τ-jets

work in progress with O. Bondu, A. Massironi, J. Rojo

sensitivity on Higgs couplings

WW luminosity ratio



�b = 0.7

ζb = 0.01

�τ = 0.7

ζτ = 0.04

|m(ττ)−mh| < 20GeV

|m(bb)−mh| < 0.15mh
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2 Theoretical modeling of signal and background

In this section we discuss the theoretical modeling of signal and background events for

Higgs pair production via vector boson fusion at the LHC for the two final states under

consideration,

pp → hhjj → 4b jj (2.1)

pp → hhjj → 2τ 2b jj , (2.2)

where j, b and τ stand respectively for jets (from light quarks and gluons), b-tagged jets

and τ leptons. We set mh = 125GeV and assume a collider center-of-mass energy of both√
s = 14TeV and

√
s = 100TeV .

2.1 Signal event generation

We begin by discussing how we generate signal events at hadron level, and then in the next

section we discuss our analysis strategy. All signal events are generated at the parton level

with MadGraph5, and then showered with Pythia8 [16], as we discuss now. Our starting

point are the parton-level MadGraph5 events, which are generated with the following cuts

pTj ≥ 25 GeV , pTb ≥ 25 GeV , pT τ ≥ 25 GeV

|ηj | ≤ 4.5 , |ηb| ≤ 2.5 , |ητ | ≤ 2.5

∆Rjb ≥ 0.4 , ∆Rbb ≥ 0.2 , ∆Rjτ ≥ 0.4 , ∆Rbτ ≥ 0.4 , ∆Rττ ≥ 0.2 ,

(2.3)

mjj ≥ 800 GeV , ∆Rjj ≥ 4.0 . (2.4)

The cuts of Eq. (2.3) are simple acceptance requirements, while those of Eq. (2.4) are

specifically designed to isolate the VBF signal. The hhjj process also follows from gluon-

gluon fusion at NNLO, but we expect this contribution to be sub-dominant compared to

the VBF process after the cuts of Eq. (2.4). In practice, in a realistic analysis one will

have to classify events by jet topology and isolate the VBF and gluon-fusion initiated

contributions. Note that the cuts on ∆Rjb and ∆Rbb are applied only at parton level, since

they are not necessary at hadron level due to the presence of a jet algorithm.

These signal event samples generated with MadGraph5 [17] include the decays of the

Higgs bosons into the relevant final states. We have used the NNPDF2.1LO PDF set [18]

setting the factorization and renormalization scales to µF = µR = MW , the natural scale of

the process.2 Anomalous Higgs couplings have been parametrized according to the effective

Lagrangian for non-linearly realized SU(2)L × U(1)Y . Specifically, we have rescaled the

couplings of the Higgs to vector bosons and the Higgs trilinear coupling as follows [2]

cV gSMhhV hhV , c2V gSMhhV V hhV V , c3 g
SM
hhh hhh , (2.5)

2We have checked that results are unchanged if the renormalization and factorization scales are dynam-

ically generated, which is the default choice in MadGraph5

– 3 –

Cuts

Efficiencies

Higgs reconstruction

Double Higgs production via VBF at pp colliders
work in progress with O. Bondu, A. Massironi, J. Rojo



20% precision on     (                    ), 
mostly from events with 

I II III IV V

hh→4b [SM] 4.1 3.7 0.8 1.2 1.8

4b2j 3.5×104 2.7×103 630 225 25

hh→2b2τ [SM] 0.3 0.3 0.06 0.09 0.09

ttjj 61 2.4 0.3 0.1 0.02

Bins of mhh

Bins [GeV]: 250, 500, 750, 1000, 1500

17

Number of events with 3ab-1 after cuts

Double Higgs production via VBF:   results at the LHC
work in progress with O. Bondu, A. Massironi, J. Rojo

Sensitive to trilinear Higgs couplings       
~4 times larger than in the SM

f ∼ 550GeV
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Validity of EFT description

m∗

R. Rattazzi, talk at “BSM physics 
opportunities at 100TeV”, Cern 2014” 
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Validity of EFT description

m∗

negligible if

R. Rattazzi, talk at “BSM physics 
opportunities at 100TeV”, Cern 2014” 

If max sensitivity on     comes from 
events with invariant mass

δ2

For our analysis at the LHC L=3ab-1:
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Validity of EFT description

m∗

negligible if

R. Rattazzi, talk at “BSM physics 
opportunities at 100TeV”, Cern 2014” 

If max sensitivity on     comes from 
events with invariant mass

δ2

In general: Study of Higgs properties via EFT in double Higgs production better 
justified at high-precision machines (such as e+e- colliders)



5% precision on      (                   )

- Final events classified in 4 categories of        ,     

e+e− → νν̄ hh → νν̄ 4b

HT

f ∼ 1.1TeV

δ3

20

Double Higgs via VBF at CLIC 3TeV

RC, Grojean, Pappadopulo, Rattazzi, Thamm  JHEP 1402 (2014) 006

Process:

- Background negligible (req. good mass res. h vs Z)
(largest processes:                                      )hZνν̄, ZZνν̄, ZZe+e−

to enhance sensitivity on Higgs couplings
mhh

Results with 1ab-1

δ2

30% precision on



5% precision on      (                   )

- Final events classified in 4 categories of        ,     

e+e− → νν̄ hh → νν̄ 4b

HT

f ∼ 1.1TeV

δ3

c2V (BR(bb̄)/BR(bb̄)SM ) = 1

√
s = 500GeV + 1TeV
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Double Higgs via VBF at CLIC 3TeV

RC, Grojean, Pappadopulo, Rattazzi, Thamm  JHEP 1402 (2014) 006

Process:

- Background negligible (req. good mass res. h vs Z)
(largest processes:                                      )hZνν̄, ZZνν̄, ZZe+e−

to enhance sensitivity on Higgs couplings
mhh

Results with 1ab-1

δ2
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Double Higgs-strahlung at the ILC

L = 1ab−1

500 GeV
1 TeV

500 GeV+1 TeV
δ3

δ2

Assuming
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Ze+

e−

+

+h

+

h

Ze+

e−

+

+

Blue: SM
Red: δ2=δ3=0.25
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LHC 14 TeV mh� 120 GeV
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JHEP 1208 (2012) 154

Suppression of SM triangle diagram 
at high-energy implies:

much stronger sensitivity on c2t than on c3

[  First noticed by:
   Dib, Rosenfeld, Zerwekh,  JHEP 0605 (2006) 074
   Grober and Muhlleitner,  JHEP 1106 (2011) 020  ]

Double Higgs production via gluon fusion



-                    overwhelmed by the     background

-                   promising in the boosted regime

-                   may be the best channelσ(pp → hh+X)SM = 28.7 fb

(NLO K = 2 incl.)

c2t

c3

hh → bb̄γγ

hh → bb̄ττ

tt̄

σ(pp → hh)/σ(pp → hh)SM ct=1
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hh → bb̄WW

Baur, Plehn, Rainwater,  PRD 69 (2004) 053004 
ATLAS:    ATL-PHYS-PUB-2012-004

Dolan, Englert, Spannowsky  JHEP 1210 (2012) 112
Barr, Dolan, Englert, Spannowsky  PLB 728 (2014) 308 

Dolan, Englert, Spannowsky  JHEP 1210 (2012) 112 

-                   difficult but maybe observable 
at the HL-LHC 

de Lima, Papaefstathiou, Spannowsky  arXiv:1404.7139



Q:  how does double-Higgs compare to single-Higgs in constraining     ?
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We reconsidered the channel                   at the LHC, HL-HLC and pp100TeVhh → bb̄γγ

Azatov, DelRe, RC, Meridiani, Micheli, Panico, Son  work in progress
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at the HL-LHC 

de Lima, Papaefstathiou, Spannowsky  arXiv:1404.7139

See talk by Minho Son 
on Tuesday
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Conclusions

 Double Higgs production gives the opportunity to: 

 Double Higgs production via VBF:

i) measure Higgs couplings not accessible in single production;

ii) probe the strength of EWSB dynamics

─ Challenging but not impossible at the high-luminosity LHC (L=3ab-1)

─ Best machine is e+e- CLIC with                  and L=3ab-1

Precision:  VVhh at 5% ; hhh at 30%   

Precision:  VVhh at 20% ; hhh ~4-5 times the SM value   

√
s = 3TeV

 Double Higgs-strahlung at the ILC with 500GeV+1TeV:

Precision:  VVhh at 20% ; hhh at 100%    



68% probability intervals on hhh from               :

24

Conclusions (continued)

 Double Higgs production via gluon fusion:

─ Best process to extract trilinear coupling at the LHC

─ Extremely sensitive to VVhh coupling, competes with single-Higgs in 
constraining

LHC 3ab-1:

100TeV 3ab-1:

 Double Higgs production gives the opportunity to: 

i) measure Higgs couplings not accessible in single production;

ii) probe the strength of EWSB dynamics

LHC 300fb-1:


