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Introduction 
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•    In July 2012, ATLAS and CMS discovered a  SM Higgs-like particle: 
    final nature of  the particle to be established  
     
•  For the next round, at HL-LHC, crucial to precisely assess the properties on the  
  new particle to measure the details of  the electroweak symmetry breaking mechanism: 
  spin, CP, couplings and self  coupling measurements 
   
•  The Higgs self  couplings measurements one of  key topics  
  in this new challenge: 
    - only way to reconstruct the Higgs potential 
   - deviation from the SM expectations are hint of  new physics     
 
 
à SM Higgs self  coupling measurements not accessible at LHC, in this talk 
     prospect for future HL-LHC measurements      
 



Outline 
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•  LHC and Higgs: today and  tomorrow 
 
•  Higgs self  couplings: 
 
       - theory predictions 
 
      - interesting channels and measurement strategies: 
 

         - HHàbbγγ , HHàbbWW,  HHà bbττ and others 
 

         - Boosted objects techniques 

 
•  Conclusions 
 



LHC tomorrow 
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Higgs self  coupling measurements 
feasible only at HL-LHC  
  
àMore challenging  environment 
  (<µ> ~ 140):  
 
Major detectors upgrades to cope  
with higher radiation levels, higher  
occupancy and required data rates:  
-Replacement of  critical components,  
-Upgrades to trigger and electronics 

ATLAS and CMS recorded:  ~5 fb-1 at 7 TeV and ~20 fb-1 at 8 TeV 
- Mean number of  interactions per crossing: <µ>~ 20 (35 maximum)  
  à Physics objects stable against pileup 
 

à LH LHC Goal: the same or better detector performances than the present ones 
 

See talks: 
M. Shapiro ” ATLAS Physics results review” 
G. Dissertori ,”CMS Physics results review” 



 ATLAS 
 

mH = 125.5 ± 0.2 (stat) +0.5/-0.6 (syst) GeV 
Signal strength µ = 1.43 ± 0.16 (stat) ± 0.14 (sys) (SM units) 
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This week all the most recent updates will be shown (cross sections, 
mass, spin, CP, couplings): 
  
almost the best  
extractible with  
current statistics  
and detectors 
(some updates  
in Summer) 

 CMS 
 

mH = 125.8 ± 0.4 (stat) ± 0.4 (syst) GeV 
Obs. Sig. significance = 6.9 σ at 125.8 GeV 
Sig. strength µ = 0.88 ± 0.21 at 125.8 GeV (SM units) 

Higgs-like boson today 
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J. Alison,”Results of  H->WW from ATLAS” 
A. Ambruster, “Combined Higgs couplings from ATLAS” 
M. Delmastro, “Results of  Hàγγ and Z-γ from ATLAS ” 
K. Grimm, “Searches for 2-doublet Higgs from ATLAS” 
G. Pasztor, “Results of  HàZZ from ATLAS” 
E.Strauss,” Results of  the search for Heavy Higgs and  
                BSM Higgs Bosons from ATLAS” 
S. Tsuno, “Results of  H->TauTau from ATLAS” 
C. Weiser, “Results of  H->bb from ATLAS” 

M. Takahashi”Results of  H->WW from CMS” 
N. Wardle,” Combined Higgs couplings   from CMS” 
R. Volpe,”Results of  Hàγγ at CMS” 
S. Xie “Results of  H->ZZ from CMS” 
P.Harris, “Results of  H->TauTau from CMS” 
M.Gallinaro,” Results of  the search for Heavy Higgs  
                     and  BSM  Higgs Bosons from CMS” 
A.  Rizzi, “Results of  H->bb from CMS” 

ATLAS-CONF-2013-014 (last week) 

CMS PAS HIG-12-045 ( December 2012) 

S/B (21 fb-1 8TeV  
100-160 GeV) ~  
748/118 k 

S/B (110-160 GeV) 
~25/47 

Hàγγ	


HàZZà4l 



Higgs boson tomorrow 
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LHC is going to provide constraints on the properties of  the new particles but not 
final answers on the nature of  this particle 
 

Goals for the next Higgs measurements: 
 - improved sensitivity of  current measurements  
   à soon after the shutdown 
 - measurement of  the low BR channels à for HL-LHC 
 - Higgs self  couplings à for HL-LHC 
 
 

ATLAS and CMS have initial results on the prospects of  the future measurements: 

See in this conference: 
A Nisati,” Report back from the  
European Strategy for Particle Physics” 
J. Groth-Jensen “Rare Higgs decays  
with ATLAS and CMS” 

ATLAS approach:  
- studies at generator-level  
- detector performance extrapolated  
by the current ones, smearing 
applied to the physics objects to 
mimic detector effects (resolutions, 
efficiencies, fake rates) 

CMS approach: detector upgrade will compensate  
pile-up effects, assumed 3 scenarios: 
Scenario 1: systematic uncertainties equal to current ones 
Scenario 2: theoretical uncertainties scaled by 1/2,   
                   other systematic uncertainties  scaled by √L  
Scenario 3: zero theoretical uncertainties (to demonstrate  
                    interplay with the experimental uncertainties) 

ATL-PHYS-PUB-2012-004 CMS NOTE -2012/006 



Higgs self  coupling  predictions 

•  In SM,  Higgs self  couplings follow from the Higgs potential after expanding the Higgs 
doublet field Φ around the electroweak symmetry breaking vacuum expectation :  

VH = µ
2Φ+Φ+η(Φ+Φ)2  →  1

2
mH

2 h2 +
η
2
mHh

3 +
η
4
h4  with :mH

2 =ηv2 / 2 and v2 = −µ 2 /η

Measure the 3 linear Higgs vertex, 
 via measurement on double Higgs production 
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The Quartic Higgs Coupling at Hadron Colliders

Tilman Plehn! and Michael Rauch
Max Planck Institute for Physics, Munich, Germany

The quartic Higgs self-coupling is the final measurement in the Higgs potential needed to fully
understand electroweak symmetry breaking. None of the present or future colliders are known to
be able to determine this parameter. We study the chances of measuring the quartic self-coupling
at hadron colliders in general and at the VLHC in particular. We find the prospects challenging.

The LHC and a future linear collider are widely regarded as an ideal combination of experiments to understand
electroweak symmetry breaking, i.e. study the Higgs boson and measure its couplings to all Standard Model bosons
and fermions. According to the electroweak precision data [1] we expect to discover and identify a light Standard
Model Higgs boson at the LHC [2, 3, 4]. At the ILC we will be able to measure Higgs couplings to all Standard Model
particles with great precision [5]. 1 A particularly exciting task is the measurement of the trilinear Higgs self-coupling:
for a Standard Model Higgs boson heavier than 150 GeV this coupling can be measured at a luminosity-upgraded
LHC (but not at the ILC) [7, 8, 9]. In contrast, for small Higgs masses around 120 GeV it can be measured at the
ILC (but possibly not at the LHC) [10, 11, 12].

Higgs potential at Colliders: The measurement of the Higgs self-coupling is crucial to determine the Higgs potential
— the way we think the electroweak symmetry is broken. A general parameterization of the Higgs potential with one
doublet ! (as in the Standard Model) is [13]:
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where v = (
"

2GF )#1/2 is the vacuum expectation value, and GF is the Fermi constant. In the Standard Model,
!0 = !SM = m2

H/(2v2). If we consider the Standard Model an e#ective theory, !0 stands for two otherwise free
parameters, namely the trilinear and the quartic scalar self couplings. An upper limit can be determined using
unitarity arguments, assuming the model’s validity to high energy scales [14]. In the Standard Model, the two
self-couplings are linked as the leading terms in eq.(1), namely !3/!4 = v, and higher dimension operators are not
expected to appear much below the Planck scale. If we allow for an intermediate scale " # MPlanck and include the
higher dimensional terms n = 1, 2 both self couplings receive di#erent corrections: !3 $ !3[1 + !1v2/(!0"2)] and
!4 $ !4[1 + 6!1v2/(!0"2) + 4!2v4/(!0"4)]. In general, it is not even guaranteed that both self-couplings have to be
positive, since the stability of the general Higgs potential is guaranteed by the sign of the highest power in the Higgs
field alone.

The relation between the Higgs mass and each self-coupling as well as between the two self-couplings can change
dramatically when we move to the MSSM with its two Higgs doublets. If we replace the Standard Model Higgs with
the light CP-even scalar h0 the relation between the self coupling becomes !3h/!4h = v sin(" + #)/ cos 2# [15]. As
usual, tan" is the ratio of the two vacuum expectation values and # is the mixing angle between the two Higgs scalars.
However, if we assume a mass hierarchy between the light Higgs scalar and the remaining Higgs sector the di#erence
to a Standard-Model like Higgs is very small.

Figure 1: Examples of Feynman diagrams contributing to the process gg ! HHH .

! Heisenberg Fellow
1 Recently, it has also been shown that in supersymmetric models the Higgs couplings to neutralinos and charginos can be determined at

linear colliders to high precision [6].
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FIG. 1: Sample Feynman graphs contributing to pp ! hh+X. Graphs of type (a) yield vanishing contributions due to color
conservation.

cal configuration†, which is characterized by a large di-
higgs invariant mass, but with a potentially smaller Higgs
s-channel suppression than encountered in the back-to-
back configuration of gg ! hh.
The goal of this paper is to provide a comparative

study of the prospects of the measurement of the trilinear
Higgs coupling applying contemporary simulation and
analysis techniques. In the light of recent LHC measure-
ments, we focus our eventual analyses on mh = 125 GeV.
However, we also put this particular mass into the con-
text of a complete discussion of the sensitivity towards
the trilinear Higgs coupling over the entire Higgs mass
range mh

<" 1 TeV. As we will see, mh # 125 GeV is a
rather special case. Since Higgs self-coupling measure-
ments involve end-of-lifetime luminosities we base our
analyses on a center-of-mass energy of 14 TeV.
We begin with a discussion of some general aspects

of double Higgs production, before we review inclusive
searches for mh = 125 GeV in the pp ! hh+X channel
in Sec. II C. We discuss boosted Higgs final states in pp !
hh+X in Sec. II D before we discuss pp ! hh+j+X with
the Higgses recoiling against a hard jet in Sec. III. Doing
so we investigate the potential sensitivity at the parton-
and signal-level to define an analysis strategy before we
apply it to the fully showered and hadronized final state.
We give our conclusions in Sec. IV.

II. HIGGS PAIR PRODUCTION AT THE LHC

A. General Remarks

Inclusive Higgs pair production has already been stud-
ied in Refs. [14–17] so we limit ourselves to the details
that are relevant for our analysis.
Higgs pairs are produced at hadron colliders such as

the LHC via a range of partonic subprocesses, the most
dominant of which are depicted in Fig. 1. An approxima-
tion which is often employed in phenomenological studies
is the heavy top quark limit, which gives rise to e!ective

†The phenomenology of such configurations can also be treated sep-
arately from radiative correction contributions to pp ! hh+X.

ggh and gghh interactions [20]
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1
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which upon expansion leads to
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4
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6"v2
Ga

µ!G
aµ!h2 . (3)

Studying these operators in the hh+X final state should
in principle allow the Higgs self-coupling to be con-
strained via the relative contribution of trilinear and
quartic interactions to the integrated cross section. Note
that the operators in Eq. (3) have di!erent signs which
indicates important interference between the (nested)
three- and four point contributions to pp ! hh + X al-
ready at the e!ective theory level.
On the other hand, it is known that the e!ective theory

of Eq. (3) insu"ciently reproduces all kinematical prop-
erties of the full theory if the interactions are probed
at momentum transfers Q2 >" m2

t [11] and the massive
quark loops are resolved. Since our analysis partly re-
lies on boosted final states, we need to take into account
the full one-loop contribution to dihiggs production to
realistically model the phenomenology.

B. Parton-level considerations

In order to properly take into account the full dynam-
ics of Higgs pair production in the SM we have imple-
mented the matrix element that follows from Fig. 1 in
the Vbfnlo framework [21] with the help of the Fey-

nArts/FormCalc/LoopTools packages [22], with
modifications such to include a non-SM trilinear Higgs
coupling‡. Our setup allows us to obtain event files ac-
cording to the Les Houches standard [23], which can be
straightforwardly interfaced to parton showers. Decay
correlations are trivially incorporated due to the spin-0
nature of the SM Higgs boson.

‡The signal Monte Carlo code underlying this study is planned to
become part of the next update of Vbfnlo and is available upon
request until then.
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FIG. 1: Sample Feynman graphs contributing to pp ! hh+X. Graphs of type (a) yield vanishing contributions due to color
conservation.
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straightforwardly interfaced to parton showers. Decay
correlations are trivially incorporated due to the spin-0
nature of the SM Higgs boson.

‡The signal Monte Carlo code underlying this study is planned to
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To fully reconstruct the Higgs potential one should have to: 

Measure the quadratic Higgs vertex: 
more challenging, not accessible to HL-LHC     

λSM =
η
2
mH
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FIG. 2: Comparison of the (normalized) pT,h distributions in pp ! hh+X at LO for di!erent multiples of the trilinear Higgs
coupling ! (mt = 172.5 GeV and mb = 4.5 GeV using CTEQ6l1 parton densities).
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FIG. 3: Comparison of pp ! hh + X at LO. We choose
mt = 175 GeV as in Ref. [15], from which we also obtain
the dashed blue reference line, and mb = 4.5 GeV and we use
the CTEQ6l1 parton distributions.

The resulting inclusive hadronic cross sections are plot-
ted in Fig. 3, where we also show results for non-SM tri-
linear couplings, varied around the SM value (see Eq. (1))

!SM =

!

"

2
mh . (4)

Note that choosing a value di!erent from !SM does not
yield a meaningful potential in terms of Eq. (1), but al-
lows to constrain ! in hypothesis tests using, e.g., the
CLs method [24].
We also show the result of Ref. [15] for comparison

and find excellent agreement in total, keeping in mind
that the results of Ref. [15] were obtained using the GRV
parametrizations of parton luminosities [25], which are
di!erent from the CTEQ6l1 [26] set that we employ for
the remainder of this paper§.

§Using the integration-mode of FormCalc/LoopTools with the

Interference between the di!erent non-zero contribu-
tions depicted in Fig. 3 becomes obvious for the di!er-
ently chosen Higgs self-couplings. We also learn from
Fig. 3 that the dihiggs cross section has a fairly large
dependence on the particular value of the trilinear cou-
pling for a mh = 125 GeV Higgs boson. The qualitative
Higgs mass dependence for di!erent values of the trilinear
self-coupling in Fig. 3 is easy to understand: The Higgs
propagator in Fig. 1 (c) is always probed o!-shell at fairly
large invariant masses; this renders the triangle contribu-
tions subdominant compared to the box contributions of
Fig. 1 (b). For Higgs masses close to the mass of the loop-
dominating top quark, we have s ! 4m2

t , which results
in resonant contributions of the three-point functions of
Fig. 1 (c), well-known from one-loop gg " h produc-
tion [27]. This ameliorates the s-channel suppression of
the trilinear coupling-sensitive triangle graphs and causes
the dependence of the cross section on the trilinear cou-
pling to become large at around mh

<# mt.
To gain sensitivity beyond total event counts, it is im-

portant to isolate the region of phase space which is most
sensitive to modifications of the trilinear coupling in or-
der to set up an analysis strategy which targets the tri-
linear self-coupling most e!ectively. At the parton level,
there is only a single phenomenologically relevant observ-
able to hh production, which can be chosen as the Higgs
transverse momentum pT,h. In Fig. 2 we show the dif-
ferential pT,h distribution for di!erent values of ! and
mh = 125 GeV. The dip structure for ! > !SM results
again from phase space regions characterized by s # 4m2

t ,
which are available if mh < mt, and the resulting maxi-
mally destructive interference with the box contributions.
The above points su"ce to give a qualitative assess-

ment of the prospects of measurements of ! in the pp "
hh+X channel:

• the Higgs bosons from inclusive dihiggs productions

CTEQ6l1 set we obtain perfect agreement.

Destructive interference between diagram (a) and (b) 
 à σ(hh) depends on λ: 
   - diagram (b) resonantly enhanced when mh ≅mtop 

    - large dependence on λ at mh≤mtop : 

              relatively large dependence at mh ≈ 125 GeV 
 
 
 
 
 

-  NLO cross-section at mh=125 GeV:   
 

LO at 14TeV 

M. J. Dolan, C. Englert ,M. Spannowsky,  
Higgs self-coupling measurements at the LHC,  
JHEP 10 (2012) 112 

ME calculation 

http://people.web.psi.ch/spira/proglist.html 
Baglio, et al, arXiv:1212.5581v1 [hep-ph]  
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Figure 1. Sample Feynman graphs contributing to pp ! hh+X.

We begin with a discussion of some general aspects of double Higgs production, before

we review inclusive searches for mh = 125 GeV in the pp ! hh+X channel in section 2.3.

We discuss boosted Higgs final states in pp ! hh + X in section 2.4 before we discuss

pp ! hh + j +X with the Higgses recoiling against a hard jet in section 3. Doing so we

investigate the potential sensitivity at the parton- and signal-level to define an analysis

strategy before we apply it to the fully showered and hadronized final state. We give our

conclusions in section 4.

2 Higgs pair production at the LHC

2.1 General remarks

Inclusive Higgs pair production has already been studied in refs. [33–37] so we limit our-

selves to the details that are relevant for our analysis.

Higgs pairs are produced at hadron colliders such as the LHC via a range of partonic

subprocesses, the most dominant of which are depicted in figure 1. An approximation

which is often employed in phenomenological studies is the heavy top quark limit, which

gives rise to e!ective ggh and gghh interactions [42]

Le! =
1

4

!s

3"
Ga

µ!G
aµ! log(1 + h/v) , (2.1)

which upon expansion leads to

L " +
1

4

!s

3"v
Ga

µ!G
aµ!h#

1

4

!s

6"v2
Ga

µ!G
aµ!h2 . (2.2)

Studying these operators in the hh + X final state should in principle allow the Higgs

self-coupling to be constrained via the relative contribution of trilinear and quartic inter-

actions to the integrated cross section. Note that the operators in eq. (2.2) have di!erent

signs which indicates important interference between the (nested) three- and four point

contributions to pp ! hh+X already at the e!ective theory level.

On the other hand, it is known that the e!ective theory of eq. (2.2) insu"ciently

reproduces all kinematical properties of the full theory if the interactions are probed at

momentum transfers Q2 ! m2
t [28] and the massive quark loops are resolved. Since our

analysis partly relies on boosted final states, we need to take into account the full one-loop

contribution to dihiggs production to realistically model the phenomenology.

– 3 –

34 fb−15%
+18%(QDC  scale)± 7%(PDF +αs )±10%(EFT )
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pT,h good observable to identify  
kinematical region  sensitive 
 to different λ:  
        - naturally boosted pT,h ≥100 GeV  
        - max sensitivity around 100 GeV 
 

3
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FIG. 2: Comparison of the (normalized) pT,h distributions in pp ! hh+X at LO for di!erent multiples of the trilinear Higgs
coupling ! (mt = 172.5 GeV and mb = 4.5 GeV using CTEQ6l1 parton densities).
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FIG. 3: Comparison of pp ! hh + X at LO. We choose
mt = 175 GeV as in Ref. [15], from which we also obtain
the dashed blue reference line, and mb = 4.5 GeV and we use
the CTEQ6l1 parton distributions.

The resulting inclusive hadronic cross sections are plot-
ted in Fig. 3, where we also show results for non-SM tri-
linear couplings, varied around the SM value (see Eq. (1))

!SM =

!

"

2
mh . (4)

Note that choosing a value di!erent from !SM does not
yield a meaningful potential in terms of Eq. (1), but al-
lows to constrain ! in hypothesis tests using, e.g., the
CLs method [24].
We also show the result of Ref. [15] for comparison

and find excellent agreement in total, keeping in mind
that the results of Ref. [15] were obtained using the GRV
parametrizations of parton luminosities [25], which are
di!erent from the CTEQ6l1 [26] set that we employ for
the remainder of this paper§.

§Using the integration-mode of FormCalc/LoopTools with the

Interference between the di!erent non-zero contribu-
tions depicted in Fig. 3 becomes obvious for the di!er-
ently chosen Higgs self-couplings. We also learn from
Fig. 3 that the dihiggs cross section has a fairly large
dependence on the particular value of the trilinear cou-
pling for a mh = 125 GeV Higgs boson. The qualitative
Higgs mass dependence for di!erent values of the trilinear
self-coupling in Fig. 3 is easy to understand: The Higgs
propagator in Fig. 1 (c) is always probed o!-shell at fairly
large invariant masses; this renders the triangle contribu-
tions subdominant compared to the box contributions of
Fig. 1 (b). For Higgs masses close to the mass of the loop-
dominating top quark, we have s ! 4m2

t , which results
in resonant contributions of the three-point functions of
Fig. 1 (c), well-known from one-loop gg " h produc-
tion [27]. This ameliorates the s-channel suppression of
the trilinear coupling-sensitive triangle graphs and causes
the dependence of the cross section on the trilinear cou-
pling to become large at around mh

<# mt.
To gain sensitivity beyond total event counts, it is im-

portant to isolate the region of phase space which is most
sensitive to modifications of the trilinear coupling in or-
der to set up an analysis strategy which targets the tri-
linear self-coupling most e!ectively. At the parton level,
there is only a single phenomenologically relevant observ-
able to hh production, which can be chosen as the Higgs
transverse momentum pT,h. In Fig. 2 we show the dif-
ferential pT,h distribution for di!erent values of ! and
mh = 125 GeV. The dip structure for ! > !SM results
again from phase space regions characterized by s # 4m2

t ,
which are available if mh < mt, and the resulting maxi-
mally destructive interference with the box contributions.
The above points su"ce to give a qualitative assess-

ment of the prospects of measurements of ! in the pp "
hh+X channel:

• the Higgs bosons from inclusive dihiggs productions

CTEQ6l1 set we obtain perfect agreement.

LO at 14TeV 

M. J. Dolan, C. Englert ,M. Spannowsky,  
Higgs self-coupling measurements at the LHC,  
JHEP 10 (2012) 112 
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Focus of  channels with larger BR 
or favorable S/B and allowing a  
precision mH measurement of  one of  the 2 Higgs.	

 

Today: 
 bbγγ and bbWW: studied by ATLAS 
 bbbb and bbττ: studied in recent phenomenological papers  
 bbµµ:CMS showed the perspective for bbµµ for a √s = 33 TeV energy upgraded LHC (HE-LHC) 

Interesting channels 
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LHC Higgs decays 

• Because the Higgs interaction with 
matter is theoretically well know, it is in 
general straightforward to compute the 
decay rate into any given mode

• Within the Standard model, to lowest 
order we have : 
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• Quadratic dependence of the decay 
rate on the fermion mass but small 
compared to the Higgs mass

• �H!ff̄/MH ⌧ 1

• For muons the expected branching ratio  
at  MH  = 125 GeV is expected to be 

�H!ff̄ =
Nc

8⇡

MH

v2
m2

f�
3
f

where,

�f = (1� 4m2
f/M

2
H)1/2

BR(H ! µ+µ�) = (2.17± 0.13)⇥ 10�4

4

Channel BR(%) σ x BR (fb) Events @ 14 TeV 
(L=3000 fb-1)  

bb+bb 33.41 11.33 34 k 

bb+WW 24.97 8.36  26 k 

bb+ττ	
 7.36 2.50 7.5 k 

WW+WW 4.67 1.58 4.7 k 

ZZ+bb: 
(ZZ+bb à4l+bb) 

3.09 1.03 3.1 k 
(à13.9) 

ZZ+WW 1.15 0.39 1.2 k 

γγ+bb 0.27 0.09 270 

bb+µµ	
 0.013 0.004 12.8 

Higgs decay BRs 



HHà bbγγ	

Study done at generator level applying object  smearing and id/reconstruction 
efficiency 
 
Photons 
-Performance of  the current full simulation and  
reconstructions codes with µ=46 (detector  
performances improvement will  mitigate higher pileup) 
-Energy smearing around 2.5% (pT and η dep) 
 
 
B-Jets 
Fit of  the parameters (b-tag eff. and light jet rej.)  
at low pileup  extrapolated at high pileup (µ=140) 
-Energy smearing around 20% (pT and η dep) 
 

[10] The ATLAS Collaboration, Observation of an excess of events in the search for the Standard Model

Higgs boson in the !! channel with the ATLAS detector, ATLAS-CONF-2012-091 (2012).

[11] R. Bonciani, S. Catani, M. L. Mangano, P. Nason, NLL resummation of the heavy-quark hadropro-

duction cross-section, Nucl. Phys. B 529:424-450 (1998)
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Figure 1: The photon identification e!ciency (a) and the b-tagging e!ciency (b) and the fake probabili-

ties for jet! ! (c) jet!b-jet (d) used for the study

5

And jetàγ fake probability  
around 0.5% almost flat 
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Figure 1: The photon identification e!ciency (a) and the b-tagging e!ciency (b) and the fake probabili-

ties for jet! ! (c) jet!b-jet (d) used for the study

5

And jetàb-jet fake probability  
around 1% small pT dep 

ATLAS-PHYS-PUB-2013-001 

Peak of  signal pTγ and pT,b-jet distributions (mH=125 GeV) ~ 60 GeV 
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BR=0.27% à 270 HH evt at 3000 fb-1 at 14 TeV 
 

Main bkg sources:  
bbγγ , jjγγ, jjjj, ttbar à huge production 
associated H productions à ttbarH dominant 
 

Event selection 
-events with 2b-jets and 2 γ, where b-jets: pT>40/25 GeV; 
 γ: pT>25 GeV, isolated,  and ΔRγb>0.4  
 
 
 
 
 
 
 
 
 
 

0 and !HHH = 2, in order to investigate the potential for observing or excluding the di!erent cases. Yields

of approximately 18 and 6 events are obtained for the !HHH = 0 and !HHH = 2 cases, respectively, which

have cross sections "!=0 = 71 fb and "!=2 = 16 fb. Given these signal and background yields, evidence

for Higgs boson pair production is possible in the case where !HHH = 0, and the !HHH = 1 case would

only require a small increase in the selection e"ciency for evidence to be claimed. However, the statistics

obtained would not be su"cient to o!er significant discrimination between these two cases.

simulated events passing events expected

sample "!BR (fb) events selection in 3000 fb"1

HH # bb## (!HHH = 1) 0.09 1020 42 10.7

HH # bb## (!HHH = 0) 0.19 1020 32 17.9

HH # bb## (!HHH = 2) 0.04 1230 66 6.4

##bb 111 3.1 ! 104 1 1.1

ZH(Z # bb̄,H # ##) 0.04 5 ! 105 11600 2.8

bbH(H # ##) 0.124 5 ! 104 71 0.5

## j j 2 ! 103 5 ! 105 0.004 0.1

j j j j 1.8 ! 108 4.6 ! 106 0 0

ttH(H # ##) 1.71 1.2 ! 105 379 13.6

tt ($ 1 leptonic W decay) 5.0 ! 105 1 ! 107 74† 1.1

Total Background - - - 19.2

Table 1: Signal and background MC samples for HH # bb##. The tt yield marked by † represents the
number of events passing the selection with every electron treated as a photon, before application of the

e # # fake-rate of 1 ! 10"4. Note that the numbers of events passing selection in the 4th column are
without reweighting to 3000 fb"1.

3 HH # bbW+W" channel

The branching ratio of the HH # bbW+W" channel is 25%, which results in 2.6!104 expected events in
3000 fb"1 at 14 TeV. These include all possible W boson decay modes. For this study the semi-leptonic

channel, where one W boson decays hadronically and the second one leptonically, is chosen, and the

electron and muon channels are treated separately.

Events are selected if they contain exactly one lepton with pT > 25 GeV and |$| < 2.5. Events
where a second lepton satisfies the kinematic quality cuts are rejected. In addition, at least 4 jets with

pT > 25 GeV and |$| < 4.5 are required, with at least one of them tagged as a b-jet. Finally, a cut on the
Emiss
T
of 30 GeV and 20 GeV is applied to events with electrons and muons, respectively.

To reconstruct the bbW+W" system the following procedure is applied. First, to reconstruct the

leptonic W boson the longitudinal component of the neutrino 4-momentum, p%z , is determined by solving

the second degree equation given by the mass constraint m(&%) = m(W):

m2W " m
2
&

2
= E&

!

p2%x + p
2
%y + p

2
%z " p&x p%x " p&y p%y " p&z p%z . (1)

In the case of having two real solutions, the smallest p%z is taken; if no real solution is found, the

event is dropped. Secondly, to reconstruct the bb(= j1 + j2) and W
+W"(= j3 + j4 + Wlep) systems, a

kinematic '2 fit is done in which the Higgs boson mass is used as a constraint. The jet combination for

3

MC samples production: MadGraph 5 showered with Pythia 6   
expect ttbarH  (Pythia 8) and ttbar(MC@NLO/JIMMY) 

Sum of  ttH, ZH, bbH, γγ jj  
normalized to the signal, 
bbγγ and jjjj  normalized  
to the signal separately 

bbγγ and jjjj dominant  
before angular cuts 

ATLAS-PHYS-PUB-2013-001 

0.4<ΔRγγ<2.0 
ΔRγb>1 
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After angular cuts  
(and Njets<=4  to reject ttbar and ttbarH): 
jjjj and bbγγ still dominant,  
but mainly at low m γγ	

 
 
 
 
 
 
 
Final cuts:  
 
120<mγγ<130 GeV 
 50<mbb<130 GeV 

ATLAS-PHYS-PUB-2013-001 

After mbb cut After mγγ cut 



S/B = 0.6 and S/sqrt(B)= 2.4   (λ=1) 
 
 

-  What about the potential of  observing or excluding different λ hypothesis? 
 
      Evidence is possible for λ=0 and λ=1, but no significant discrimination allowed 
     à Combining with another channel with similar sensitivity and with CMS results,  
         feasible a measurement of  the Higgs self  coupling with an accuracy of  ~30% 
 

HHà bb γγ	


14 

0 and !HHH = 2, in order to investigate the potential for observing or excluding the di!erent cases. Yields

of approximately 18 and 6 events are obtained for the !HHH = 0 and !HHH = 2 cases, respectively, which

have cross sections "!=0 = 71 fb and "!=2 = 16 fb. Given these signal and background yields, evidence

for Higgs boson pair production is possible in the case where !HHH = 0, and the !HHH = 1 case would

only require a small increase in the selection e"ciency for evidence to be claimed. However, the statistics

obtained would not be su"cient to o!er significant discrimination between these two cases.

simulated events passing events expected

sample "!BR (fb) events selection in 3000 fb"1

HH # bb## (!HHH = 1) 0.09 1020 42 10.7

HH # bb## (!HHH = 0) 0.19 1020 32 17.9

HH # bb## (!HHH = 2) 0.04 1230 66 6.4

##bb 111 3.1 ! 104 1 1.1

ZH(Z # bb̄,H # ##) 0.04 5 ! 105 11600 2.8

bbH(H # ##) 0.124 5 ! 104 71 0.5

## j j 2 ! 103 5 ! 105 0.004 0.1

j j j j 1.8 ! 108 4.6 ! 106 0 0

ttH(H # ##) 1.71 1.2 ! 105 379 13.6

tt ($ 1 leptonic W decay) 5.0 ! 105 1 ! 107 74† 1.1

Total Background - - - 19.2

Table 1: Signal and background MC samples for HH # bb##. The tt yield marked by † represents the
number of events passing the selection with every electron treated as a photon, before application of the

e # # fake-rate of 1 ! 10"4. Note that the numbers of events passing selection in the 4th column are
without reweighting to 3000 fb"1.

3 HH # bbW+W" channel

The branching ratio of the HH # bbW+W" channel is 25%, which results in 2.6!104 expected events in
3000 fb"1 at 14 TeV. These include all possible W boson decay modes. For this study the semi-leptonic

channel, where one W boson decays hadronically and the second one leptonically, is chosen, and the

electron and muon channels are treated separately.

Events are selected if they contain exactly one lepton with pT > 25 GeV and |$| < 2.5. Events
where a second lepton satisfies the kinematic quality cuts are rejected. In addition, at least 4 jets with

pT > 25 GeV and |$| < 4.5 are required, with at least one of them tagged as a b-jet. Finally, a cut on the
Emiss
T
of 30 GeV and 20 GeV is applied to events with electrons and muons, respectively.

To reconstruct the bbW+W" system the following procedure is applied. First, to reconstruct the

leptonic W boson the longitudinal component of the neutrino 4-momentum, p%z , is determined by solving

the second degree equation given by the mass constraint m(&%) = m(W):

m2W " m
2
&

2
= E&

!

p2%x + p
2
%y + p

2
%z " p&x p%x " p&y p%y " p&z p%z . (1)

In the case of having two real solutions, the smallest p%z is taken; if no real solution is found, the

event is dropped. Secondly, to reconstruct the bb(= j1 + j2) and W
+W"(= j3 + j4 + Wlep) systems, a

kinematic '2 fit is done in which the Higgs boson mass is used as a constraint. The jet combination for

3

Final results after full selection: 
 
Large rejection of  γγbb and jjjj , 
ttH dominant and competitive 
 with the signal, followed by ZH 

ATLAS-PHYS-PUB-2013-001 



HHàbbWWàbblνjj 
BR=25% (all possible W decays)à 26k HH evt at 3000 fb-1 at 14 TeV 
 

Main bkg source: ttbar 
 
 

Event selection 
-events with 1 lepton with pT>25 GeV |η|<2.5  ( veto on a second lepton) and  
at least 4 jets with pT>25 GeV |η|<4.5   at least 1 b-jet 
-MET> 30 (20) GeV electron (muon) ch 
 
 

Measurement strategy  
- Reconstruction of  Wlepàlν imposing: mW=mlν  

-  Reconstruction of  the system bb(=j1+j2) and  
        WW(=j3+j4+Wlep)   via Χ2 fit : 
 

- Higgs mass cut (on both Higgs): 100GeV <mH<150 GeV  
 
 
Results 
 
 
 
   S/B ≈10-5   à Very challenging to constrain Higgs self  coupling with this channel        
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0 and !HHH = 2, in order to investigate the potential for observing or excluding the di!erent cases. Yields

of approximately 18 and 6 events are obtained for the !HHH = 0 and !HHH = 2 cases, respectively, which

have cross sections "!=0 = 71 fb and "!=2 = 16 fb. Given these signal and background yields, evidence

for Higgs boson pair production is possible in the case where !HHH = 0, and the !HHH = 1 case would

only require a small increase in the selection e"ciency for evidence to be claimed. However, the statistics

obtained would not be su"cient to o!er significant discrimination between these two cases.

simulated events passing events expected

sample "!BR (fb) events selection in 3000 fb"1

HH # bb## (!HHH = 1) 0.09 1020 42 10.7

HH # bb## (!HHH = 0) 0.19 1020 32 17.9

HH # bb## (!HHH = 2) 0.04 1230 66 6.4

##bb 111 3.1 ! 104 1 1.1

ZH(Z # bb̄,H # ##) 0.04 5 ! 105 11600 2.8

bbH(H # ##) 0.124 5 ! 104 71 0.5

## j j 2 ! 103 5 ! 105 0.004 0.1

j j j j 1.8 ! 108 4.6 ! 106 0 0

ttH(H # ##) 1.71 1.2 ! 105 379 13.6

tt ($ 1 leptonic W decay) 5.0 ! 105 1 ! 107 74† 1.1

Total Background - - - 19.2

Table 1: Signal and background MC samples for HH # bb##. The tt yield marked by † represents the
number of events passing the selection with every electron treated as a photon, before application of the

e # # fake-rate of 1 ! 10"4. Note that the numbers of events passing selection in the 4th column are
without reweighting to 3000 fb"1.

3 HH # bbW+W" channel

The branching ratio of the HH # bbW+W" channel is 25%, which results in 2.6!104 expected events in
3000 fb"1 at 14 TeV. These include all possible W boson decay modes. For this study the semi-leptonic

channel, where one W boson decays hadronically and the second one leptonically, is chosen, and the

electron and muon channels are treated separately.

Events are selected if they contain exactly one lepton with pT > 25 GeV and |$| < 2.5. Events
where a second lepton satisfies the kinematic quality cuts are rejected. In addition, at least 4 jets with

pT > 25 GeV and |$| < 4.5 are required, with at least one of them tagged as a b-jet. Finally, a cut on the
Emiss
T
of 30 GeV and 20 GeV is applied to events with electrons and muons, respectively.

To reconstruct the bbW+W" system the following procedure is applied. First, to reconstruct the

leptonic W boson the longitudinal component of the neutrino 4-momentum, p%z , is determined by solving

the second degree equation given by the mass constraint m(&%) = m(W):

m2W " m
2
&

2
= E&

!

p2%x + p
2
%y + p

2
%z " p&x p%x " p&y p%y " p&z p%z . (1)

In the case of having two real solutions, the smallest p%z is taken; if no real solution is found, the

event is dropped. Secondly, to reconstruct the bb(= j1 + j2) and W
+W"(= j3 + j4 + Wlep) systems, a

kinematic '2 fit is done in which the Higgs boson mass is used as a constraint. The jet combination for

3

which !2 = ((mbb !mH)/")
2 + ((mW+W! !mH)/")2 is smallest, is chosen. As a final step, only events in

which the reconstructed mass of both systems is between 100 and 150 GeV are selected.

For the signal sample, the final number of selected events in 3000 fb!1 is 441 (318) for the electron

(muon) channel. These numbers are then compared to the yields of one of the dominant backgrounds:

tt production. At 14 TeV, the tt production cross section is 833 pb [11] which, corresponds to 2.5 " 109

bbW+W! events. The selection reduces the background to 1.4% (0.25%) in the electron (muon) channel,

totalling 3.5 " 106 (6.3 " 106) tt background events. These numbers give us S/B ratios of the order
of 10!5, similar to what has recently been reported in [3]. The selection criteria, in particular the Higgs

boson mass constraints, reduce the background significantly, but unfortunately have similar e!ects on the

signal. These values, obtained even before smearing for detector e!ects, show that it is very challenging

to constrain the Higgs trilinear coupling using this particular decay channel.

4 Conclusion

Based on these results, it can be concluded that the HH # bb## is a promising channel, potentially of-
fering a $ 3" sensitivity to Higgs pair production if small improvements in the S/B ratio can be achieved.
Given that these studies were performed at generator-level, with an inexhaustive set of background pro-

cesses considered, this channel merits being revisited in a more detailed study when possible, using full

simulation of an appropriately upgraded ATLAS detector with pile-up overlaid at the expected level for

HL-LHC operation. The HH # bbW+W! seems less promising, given the overwhelming background
from tt production observed here. However, by considering the fully-leptonic final state in addition to

the semi-leptonic channel described here, and further optimisation of the event selection, some improve-

ments in the S/B ratio may be possible. This channel may also benefit from being studied in the so-called

‘boosted’ regime, in which the Higgs boson is required to have high pT (> 100 GeV).
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Sample σxBR (fb) Events expected after selection  in 3000 fb-1 

HHàbbWW 8.7 441 (318) 

ttbar 8.33 10 5 3.5 106 (6.3 106) 

ATLAS-PHYS-PUB-2013-001 



Boosted object for Higgs self  couplings  
  Higgs in di-Higgs production  naturally boosted à explore high pT regime to gain in sensitivity 
against bkgs, even if  poor discriminating power  in modifications of  the Higgs self  couplings 
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Build Higgs (Hàbb) as a fat jet and apply jet  
substructure techniques to  discriminate 
between a jet containing the Higgs decay products 
 and a  jet from a single quark or gluon.  
 
 
Jet substructure procedures relatively new fertile ground  in collision data: 
 - Important to understand whether the jets substructure are well modelled by MC and 
     the detector simulation. 
-  Refined techniques could come in the next  
 

 ATLAS and CMS haven’t yet specific studies on  Higgs self  coupling with boosted objects, but 
they are moving in this direction à after the shutdown , they will be the daily-life 

Higgs Self
Couplings

Matt Dolan

Substructure techniques: Quick BDRS

Look for C/A fatjets with R ⇡ 1.5
Undo clustering and look for subjets and mass-drop
Reduce R to Rfilt to filter away UE

b Rbb Rfilt

Rbbg

b
R

mass drop filter



Boosted object for Higgs  self  couplings  
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à  Jet algorithm with R-large (anti-kt or Cambridge-Aachen (C/A) algorithm): larger PU and UE 
à  Jet grooming techniques to reduce  these components (mass drop/filtering, trimming, pruning) 
à Look at jet structures as discriminating  variables: jet mass (simplest one) or more  
      complex (splitting scale, N/subjettiness,…) 
 
C/A algorithm with mass drop/filtering optimized for two-body hadronic decay  
 (W/Z à qq, H à bb)  
 
 

Original idea on :J. Butterworth et al, Phys.Rev.Lett 100 (2008) 242001 
Example in ATLAS : ATLAS-CONF-2012-065 

Mass drop 

Filtering 



Boosted object for Higgs self  couplings  

18 

HHàbbττ	

 

BR=7.36% (all possible τ decay)à7.5k HH events 
Assumed τ reconstruction efficiency 80% with negligible fake rate 
and b-tag  efficiency of  60% with a fake rate of  2%  
 

Event selection: 2 τ-jets pT>20 GeV mττ=mH ± 25 GeV ; >=1 fat jet (C/A R=1.5) pT,j > 150 GeV;  
                             the 2 hardest sub-jets both b-jets with mH ± 10 GeV 
 
 
 
 
 
 

à Promising channel, but ATLAS and CMS have to reassess results in a more realistic scenario  

6

! = 0 ! = 1 ! = 2 bb̄"" bb̄"" [ELW] bb̄W+W! ratio to ! = 1

cross section before cuts 59.48 28.34 13.36 67.48 8.73 873000 3.2 · 10!5

reconstructed Higgs from " s 4.05 1.94 0.91 2.51 1.10 1507.99 1.9 · 10!3

fatjet cuts 2.27 1.09 0.65 1.29 0.84 223.21 4.8 · 10!3

kinematic Higgs reconstruction (mbb̄) 0.41 0.26 0.15 0.104 0.047 9.50 2.3 · 10!2

Higgs with double b-tag 0.148 0.095 0.053 0.028 0.020 0.15 0.48

TABLE III: Signal and background cross sections in fb for hh ! bb̄"+"! for boosted kinematics. The Higgs self-coupling is
scaled in multiples of the Standard Model value # = ! " #SM, Eq. (4). The background comprises tt̄ with decays to t ! b"$! ,
and bb̄"+"! for pure electroweak and mixed QCD-electroweak production, normalized to the respective NLO rates. The
bb̄W+W! NLO cross sections are provided in [28] (K # 1.5), for the mixed and the purely electroweak contributions we infer
the corrections from Zbb̄ (K # 1.4) and ZZ (K # 1.6) production using Mcfm [40, 41].

ciency and can therefore increase the sensitivity of the
following searches [44].

1. hh ! bb̄bb̄

As already pointed out, the Higgs bosons are natu-
rally boosted, and requiring two fatjets subject to BDRS
tagging [18] can improve the very bad S/B in the con-
ventional pp ! b̄bb̄b+X search without losing too much
of the dihiggs signal cross section.

In the analysis, we veto events with light leptons
pT,l > 10 GeV in |y| < 2.5 to reduce tt̄, where the
leptons are again assumed isolated if ET,had < 0.1ET,l

within R < 0.3. We need to make sure that the events
we want to isolate pass the trigger level. For this reason,
we recombine final state hadrons to jets with R = 0.4 and
pT > 40 GeV and require at least four jets and the fol-
lowing staggered cuts: pT,j1 > 100 GeV, pT,j2 > 70 GeV,
pT,j3 > 50 GeV. All jets have to be within detector cov-
erage |y| < 4.5.

For the events that pass the trigger cuts, we apply
a “fatjet” analysis, i.e. require at least two jets with
pT,j > 150 GeV and R = 1.5 in the event. We apply
the BDRS approach to both of these fatjets using µcut =
0.66 and ycut = 0.09. The reconstructed Higgs jets need
to reproduce the Higgs mass within a 20 GeV window:
115 GeV " mh " 135 GeV, and we additionally require
that the two hardest filtered subjets are b-tagged.

We generate the backgrounds with exclusive cuts to
make our cut-analysis e!cient, yet inclusive enough to
avoid a bias. More precisely we demand two pairs of b
quarks to obey Rbb < 1.5, pT (bb) # 100 GeV, m(bb) #
50 GeV, while pT,b # 20 GeV, and |yb| " 2.5. The
(anti-)bs are generated with Rbb # 0.2.

The results are collected in Tab. II. Again, while the
cuts allow an improvement in S/B by an nearly an order
of magnitude, we are still left with a small signal rate on
top of a very large background so that this channel is in
the end also not promising.

2. hh ! bb̄"+"!

A promising channel is dihiggs production with one
Higgs decaying to a pair of ! leptons. This decay chan-
nel in association with two jets is one of the main search
channels for single light Higgs production [47, 48] and has
recently been used to put bounds on Higgs production
by Cms [49]. The reconstruction of ! leptons is delicate
from an experimental point of view, and current analysis
strategies mostly rely on semi-hadronic ! pair decays in
the context of Higgs searches (see e.g. Ref. [49]). The !
identification is performed using likelihood methods [50]
which do not allow a straightforward interpretation in
terms of rectangular cuts used in e.g. Ref. [48]. Con-
sequently, with likelihood ! taggers unavailable to the
public, a reliable and realistic estimate is hard to obtain.
For this reason, we choose a ! reconstruction e!ciency of
80% with a negligible fake rate. This is not too optimistic
in the light of the likelihood approaches of Ref. [50], bear-
ing in mind that our analyses are based on end-of-lifetime
luminosities, for which we may expect a significant im-
proved ! reconstruction when data is better understood.
We choose a large enough Higgs mass window for the
reconstruction, in order to avoid a too large systematic
pollution due to our assumption (in Ref. [49] CMS quotes
a O(20%) of the reconstructed Higgs mass).
In more detail, we require two ! jets with pT # 20 GeV,

reproducing the Higgs mass within 50 GeV, m!! = mh±
25 GeV. Then we use the C/A algorithm to reconstruct
fatjets with R = 1.5 and pT,j > 150 GeV and require
at least one fatjet in the event. Thereby we demand
the fatjets to be su!ciently isolated from the !s. We
subsequently apply the BDRS approach to the fatjet with
µcut = 0.66 and ycut = 0.09. The two hardest filtered
subjets need to pass b tags and the reconstructed Higgs
jet has to be in mh±10 GeV. B-tagging is performed for
|y| < 2.5 and we assume an e!ciency of 70% and a fake
rate of 1% following Ref. [51].
We generate the bb̄!! and pure electroweak bb̄!! back-

grounds with exclusive cuts to make our cut-analysis rea-
sonably e!cient , yet inclusive enough to avoid a bias.
More precisely we demand the two b quarks to obey
Rbb < 1.5, pT (bb, !!) # 100 GeV, m(bb, !!) # 50 GeV,
while pT,b,! # 20 GeV, and |yb,! | " 2.5. The bs and

After full selection S/B ≈0.5 for λ=1 
(285 signal evts at 3000 fb-1) 
 

J.Baglio et al,arXiv:1212.5581v1[hep-ph] 
with different analysis and more 
conservative assumptions: S/B = 0.3 

HHàbbbb  
 

BR=33.4%à 34k  HH events 
Triggerable thanks to the naturally boosted b-jets, but  
limited options against the huge QCD bbbb bkg.  
In boosted scenario analysis (trigger, lepton veto, 2 fat jets with mJ close to mH , 2 hardest 
sub-jets tagged as b-jet) : S/B around 10-2 à this channel seems currently  not promising.  

M. J. Dolan, C. Englert ,M. Spannowsky,  
Higgs self-coupling measurements at the LHC,  
JHEP 10 (2012) 112 

Two of  the most delicate 
objects at HL-LHC 
τ-jets and b-jets 

cross sections in fb  

 



HHàbbµµ production as 
in general Multiple Higgs ones  
can be increased in scenarios  
beyond SM, e.g. MSSM 
à Some studies done in the past 
 

ATLAS and CMS excluded a  
significant fraction of  the  
MSSM parameter space,   
new feasibility studies should be  
done in the light of  these limits     
 

Rare di-Higgs decay 
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Figure 6: Expected (dashed line) and observed (solid line) 95% confidence level CLs limits on tan !

as a function of mA for the statistical combination of all channels along with the 1 ± " (green) and

±2" (yellow) bands for the expected limit are shown on the left plot. The 95% confidence level CLs

limits along with the ±1" band for the expected limit for each of the µµ, #e#µ, #lep#had and #had#had
final states are shown on the right plot.
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CMS prospects in addition to HHàbbγγ also HHàbbµµ  for feasibility studies 
of  Higgs multiple production  at √s = 33 TeV (HE-LHC) 
	

	


σ( HHàbbµµ) about  one order of  magnitude less than HHà bbγγ but smaller 
level of  background, mainly constituted by Z+bb, Z+cc,Z+(light) jets dominant on 
Hjj . Anyhow challenging and less favorable than HHàbbγγ	


U. Baur, “Probing the Higgs self-coupling at hadron colliders using rare decays”, Phys. Rev. D 69, 053004 (2004) 

ATLAS-CONF-2012-094 CMS-PAS-HIG-12-050 

Hàττ	

7 TeV and 8 TeV 

Hàµµ and Hàττ	

7 TeV  



Conclusions 
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Higgs-like particle discovered at LHC: 
      -ATLAS and CMS  are completing the analyses with the full dataset 
 
HL-LHC and following projects will have the important task of  measuring the properties of  
the new particle: 
    - Higgs self-coupling measurements are the only way to measure the Higgs potential 
 
ATLAS and CMS started first feasibility studies in this direction: 
 - HHàbbγγ seems a promising channel  
-  Combining with another channel and the 2 experiments, we should be able to measure the    
    Higgs self  coupling with an accurancy of  30% at HL-LHC: 
           - HHàbbττ seems a good candidate in this effort 
            - boosted object techniques can help 
 
- In the next future needed more refined studies based on full simulation of  the upgraded  
   detectors, appropriate levels of  pile-up, updated reconstruction tools and optimized  
   selections and analysis strategies.  



Backup slides 
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HHàbb γγ 
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To reject ttH bkgs investigated MET and Njets 

 

 

 

 

 

 

Little separation in MET after pre-selection and proper 
objects smearing 
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HH+1jet 
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What is the impact of  (hard) initial state radiation (or radiation from the virtual loop)  
on dihiggs  production and on  the sensitivity to Higgs trilinear couplings variations?  9
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FIG. 8: Comparison of leading order pp ! hh + j + X production cross sections for three di!erent values of the Higgs
self-coupling and two values of min pjT (we choose identical input parameters as for Fig. 5).

have checked our phase space implementation for the
e!ective theory’s matrix element against MadEvent.
Some of the contributing Feynman graphs to the dom-
inant gg-initiated subprocess are shown in Fig. 4; note
that again only a subset of the contributing diagrams
is sensitive to non-standard hhh couplings. Interference
between these and the remaining contributions is again
obvious from Fig. 8 especially at around mh

<! mt, which
can again be explained along the lines of Sec. II B.
In comparison to pp " hh+X , we find sizably larger

dependence on ! of the total cross section, Fig 8. For
pT,j # 20 GeV we have ""/"SM $ 100% for a variation
0 % ! % 2!SM. This is due to the larger available phase
space for the dihiggs system. The intermediate s chan-
nel Higgs in Fig. 4 (a), (c) is probed at smaller values
compared to Fig. 1 (c), suppression is ameliorated and
(destructive) interference becomes more pronounced.
With a dihiggs system that becomes less back-to-

back for increasingly harder jet emission, the character-
istic dip structure encountered in the pT,h spectrum of
pp " hh + X is washed out (Fig. 6). Characteristic
imprints can still be observed in the dihiggs invariant
mass or, equivalently, in the dihiggs separation in the
azimuthal-angle—pseudorapidity plane, Fig. 7.
Let us summarize a few points relevant to the analysis

of pp " bb̄bb̄+ j +X production for pT,j
>! 100 GeV:

• The dihiggs+jet cross section has a comparably
large dependence on the value of the trilinear cou-
plings as compared to pp " hh + X (""/"SM $
45% when varying ! & [0, 2!SM]),

• the sensitivity to non-standard values of the trilin-
ear coupling arises from phase space configurations
where the two Higgs bosons are close to each other
in the central part of the detector, i.e. for rather
small values of the invariant masses,

• as a consequence, the hadronic Higgs decay prod-
ucts are likely to overlap, and to fully reconstruct
the busy hh decay system we need to rely on jet-
substructure techniques.

Let us again comment on the impact of higher order
QCD contributions. A full NLO QCD computation for
pp " hh+j+X is yet missing, but most pp " V V +j+X
(V = W±, Z, #) production cross sections, which have
similar properties from a QCD point of view, are known
to NLO QCD precision [52]. Also, the NLO QCD cross
sections for pp " V h+j+X (V = W±, Z) have been pro-
vided in Ref. [53]. Given that the QCD sector is largely
agnostic about the matrix elements’ precise electroweak
properties (taken apart the partonic composition of the
initial state), it is not a big surprise that all these produc-
tion cross sections exhibit a rather similar phenomenol-
ogy at NLO QCD. The total inclusive K factors range
around K ! 1.3 and result from unsuppressed parton
emission. It is hence reasonable to expect the QCD cor-
rections to pp " hh + j + X to be of similar size, and
parton shower Monte Carlo programs to reasonably re-
produce the dominant kinematical properties.

For the remainder of this paper we do not include the
weak boson fusion component [54] to one-jet inclusive
production. This the second largest contribution to inclu-
sive dihiggs production, but it is still smaller than hh+ j
production from gluon fusion in the phase space region
we are interested in. For max pT,j # 80 GeV we have
"WBF(hh+ 2j) $ 0.5 fb in the SM, so this amounts to a
O(+10%) correction to our inclusive signal estimate (well
inside the perturbative uncertainty of pp " hh+ j+X).

-  Again large dependence on λ but σ(pp → hh + j) ≃ few fb−1  
-  Dihiggs system less back to back at increasing  of  jet pT:  
    decay products likely overlap à rely on jet substructures 

M. J. Dolan, C. Englert ,M. Spannowsky,  
Higgs self-coupling measurements at the LHC,  
JHEP 10 (2012) 112 

HHàbbττ: 
 

 2τ-jets with mττ=mH ±25 GeV  
 1 fat jet, Higgs-tagger:  
 mH  ±10 GeV, pT,H>150 GeV  
 mHH > 400 GeV 
 associated jet pTjet>100 GeV 
 

Final S/B=1.5 (18 signal evts at 3000 fb-1) à Promising channel  
Note: VBF di-higgs production not accounted (~10% contribution) 
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! = 0 ! = 1 ! = 2 bb̄"+"!j bb̄"+"!j [ELW] tt̄j ratio to ! = 1

cross section before cuts 6.45 3.24 1.81 66.0 1.67 106.7 1.9 · 10!2

2 " s 0.44 0.22 0.12 37.0 0.94 7.44 4.8 · 10!3

Higgs rec. from taus + fatjet cuts 0.29 0.16 0.10 2.00 0.150 0.947 5.1 · 10!2

kinematic Higgs rec. 0.07 0.04 0.02 0.042 0.018 0.093 0.26

2b + hh invariant mass + pT,j cut 0.010 0.006 0.004 <0.0001 0.0022 0.0014 1.54

TABLE V: Signal and background cross sections in fb for hh+ j ! bb̄"+"!+ j for boosted kinematics. The Higgs self-coupling
is scaled in multiples of the Standard Model value # = ! " #SM, Eq. (4). The QCD corrections to tt̄ + j have been discussed
in Ref. [56] (K # 1.1). For the pure electroweak production we take the results of [52] as a reference value (K # 1.3). The
corrections to mixed production are unknown and we conservatively use a total inclusive QCD correction K = 2.

2. hhj ! bb̄"+"!j

We follow closely the steps described in Sec. II D 2 and
Sec. III B 1.

We generate the backgrounds with the following
parton-level cuts to have a reasonably e!cient analy-
sis, yet inclusive enough to avoid a bias. We require
pT (bb̄, !!) ! 100 GeV and m(bb, !!) ! 90 GeV (100 GeV
in case of tt̄+ j), while |yb,! | " 2.5 and pT,b,! ! 20 GeV.
The bs and !s are separated by Rbb,!! ! 0.2. The addi-
tional jet is generated with pT ! 80 GeV in |yj | " 4.5
and is separated from the bs by "R ! 0.7. Signal events
are generated with pT,j ! 80 GeV.

We require exactly two ! jets in an event in |y! | < 2.5
with pT ! 20 GeV and assume an identification e!ciency
of 80% each. The !s have to reconstruct to an invariant
mass of mh±25 GeV. Then we use the C/A algorithm to
reconstruct fatjets with R = 1.5 and pT,j > 150 GeV and
require at least 1 fatjet in the event which is su!ciently
isolated from the !s. Then we apply the Higgs tagger
described in Sec. II D and require the reconstructed Higgs
jet have a mass of mh±10 GeV and pT,H > 150 GeV. To
suppress the large tt̄ background we reject events where
the invariant mass of the two reconstructed Higgs bosons
is below 400 GeV. After removing the constituents of
the reconstructed Higgs bosons from the final state we
cluster the remaining final state constituents using the
anti-kT algorithm R = 0.4 and pT,j > 30 GeV. Finally,
we require at least one jet with pT > 100 GeV.

We find that these cuts can suppress the backgrounds
confidently as long as the ! fake rate is su!ciently small.
Due the large invariant mass of the final state, several
high-pT jets and possibly leptons from the ! decays we
expect that these events can be triggered on easily. The
full analysis flow can be found in Tab. V. The initial
background contributions are significantly lower, as this
final state does not have a dominant purely QCD-induced
component. In total we end up with an estimate on
S/B # 1.5. This means that with a target luminosity
of 1000 fb!1, constraints can be put on " in this channel.

IV. SUMMARY

We have studied the prospects to constrain the trilinear
Higgs coupling by direct measurements at the LHC in
several channels, focussing on mh = 125 GeV. This is
also the mass region which is preferred by electroweak
precision data, and where we currently observe excesses
in data both at the LHC and the Tevatron. Depending on
the particular decay channel, we find a promising signal-
to-background ratio at the price of a very small event
rate.
Higgs self-coupling measurements for a SM Higgs in

this particular mass range are typically a#icted with
large backgrounds, so that achieving maximal sensitivity
requires the combination of as many channels as possi-
ble. For dedicated selection cuts we obtain signal cross
sections in Higgs pair production of the order of 0.01 to
0.1 fb and measurements will therefore involve large data
sets of the 14 TeV run with a good understanding of the
involved experimental systematics.
Searches for unboosted kinematics of the Higgs bosons

do not allow any constraint on the trilinear coupling or
total cross-section to be made. However, requiring the
two Higgses to be boosted and applying subjet methods
to boosted pp $ hh+X and pp $ hh+j+X production,
we find a sensitive S/B particularly for final states involv-
ing decays into !s. A necessary condition for sensitivity
in these channels is a su!ciently good ! reconstruction,
but more importantly, a small fake rate. Unfortunately,
while boosting the Higgses increases S/B, it leads us into
a region of phase space which lacks sensitivity to the tri-
linear coupling.
In addition to inclusive dihiggs production we find that

dihiggs production in association with a hard jet shows
an improved sensitivity to the trilinear Higgs coupling.
However to exploit this scenario still requires the use of
boosted techniques which require thorough evaluation on
data.
Assuming the e!ciency for ! -tagging and the hadronic

Higgs reconstruction as outlined in this work are con-
firmed using data, the bb̄!+!! and bb̄!+!! + j channels
can be used to constrain the Higgs self-coupling in the
SM at the LHC with a data set of several hundred in-
verse femtobarns. The analysis strategies developed in
this paper will also help to improve bounds on dihiggs
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FIG. 8: Comparison of leading order pp ! hh + j + X production cross sections for three di!erent values of the Higgs
self-coupling and two values of min pjT (we choose identical input parameters as for Fig. 5).

have checked our phase space implementation for the
e!ective theory’s matrix element against MadEvent.
Some of the contributing Feynman graphs to the dom-
inant gg-initiated subprocess are shown in Fig. 4; note
that again only a subset of the contributing diagrams
is sensitive to non-standard hhh couplings. Interference
between these and the remaining contributions is again
obvious from Fig. 8 especially at around mh

<! mt, which
can again be explained along the lines of Sec. II B.
In comparison to pp " hh+X , we find sizably larger

dependence on ! of the total cross section, Fig 8. For
pT,j # 20 GeV we have ""/"SM $ 100% for a variation
0 % ! % 2!SM. This is due to the larger available phase
space for the dihiggs system. The intermediate s chan-
nel Higgs in Fig. 4 (a), (c) is probed at smaller values
compared to Fig. 1 (c), suppression is ameliorated and
(destructive) interference becomes more pronounced.
With a dihiggs system that becomes less back-to-

back for increasingly harder jet emission, the character-
istic dip structure encountered in the pT,h spectrum of
pp " hh + X is washed out (Fig. 6). Characteristic
imprints can still be observed in the dihiggs invariant
mass or, equivalently, in the dihiggs separation in the
azimuthal-angle—pseudorapidity plane, Fig. 7.
Let us summarize a few points relevant to the analysis

of pp " bb̄bb̄+ j +X production for pT,j
>! 100 GeV:

• The dihiggs+jet cross section has a comparably
large dependence on the value of the trilinear cou-
plings as compared to pp " hh + X (""/"SM $
45% when varying ! & [0, 2!SM]),

• the sensitivity to non-standard values of the trilin-
ear coupling arises from phase space configurations
where the two Higgs bosons are close to each other
in the central part of the detector, i.e. for rather
small values of the invariant masses,

• as a consequence, the hadronic Higgs decay prod-
ucts are likely to overlap, and to fully reconstruct
the busy hh decay system we need to rely on jet-
substructure techniques.

Let us again comment on the impact of higher order
QCD contributions. A full NLO QCD computation for
pp " hh+j+X is yet missing, but most pp " V V +j+X
(V = W±, Z, #) production cross sections, which have
similar properties from a QCD point of view, are known
to NLO QCD precision [52]. Also, the NLO QCD cross
sections for pp " V h+j+X (V = W±, Z) have been pro-
vided in Ref. [53]. Given that the QCD sector is largely
agnostic about the matrix elements’ precise electroweak
properties (taken apart the partonic composition of the
initial state), it is not a big surprise that all these produc-
tion cross sections exhibit a rather similar phenomenol-
ogy at NLO QCD. The total inclusive K factors range
around K ! 1.3 and result from unsuppressed parton
emission. It is hence reasonable to expect the QCD cor-
rections to pp " hh + j + X to be of similar size, and
parton shower Monte Carlo programs to reasonably re-
produce the dominant kinematical properties.

For the remainder of this paper we do not include the
weak boson fusion component [54] to one-jet inclusive
production. This the second largest contribution to inclu-
sive dihiggs production, but it is still smaller than hh+ j
production from gluon fusion in the phase space region
we are interested in. For max pT,j # 80 GeV we have
"WBF(hh+ 2j) $ 0.5 fb in the SM, so this amounts to a
O(+10%) correction to our inclusive signal estimate (well
inside the perturbative uncertainty of pp " hh+ j+X).

cross sections in fb  
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Figure 4. Sample Feynman graphs contributing to pp ! hh + j + X. Not shown are the qg, q̄g
and qq̄ subprocesses.

in a new collinear kinematical configuration compared to pp ! hh+X, the disagreement

of full and e!ective theories is large (figure 5).

Given these shortcomings of the e!ective theory, we implement the full matrix element

in the Vbfnlo framework using FeynArts/FormCalc/LoopTools. We have checked

our phase space implementation for the e!ective theory’s matrix element against MadE-

vent. Some of the contributing Feynman graphs to the dominant gg-initiated subprocess

are shown in figure 4; note that again only a subset of the contributing diagrams is sensitive

to non-standard hhh couplings. Interference between these and the remaining contribu-

tions is again obvious from figure 8 especially at around mh ! mt, which can again be

explained along the lines of section 2.2.

In comparison to pp ! hh+X, we find sizably larger dependence on ! of the total cross

section, figure 8. For pT,j " 20 GeV we have""/"SM # 100% for a variation 0 $ ! $ 2!SM.

This is due to the larger available phase space for the dihiggs system. The intermediate

s channel Higgs in figure 4 (a), (c) is probed at smaller values compared to figure 1 (a),

suppression is ameliorated and (destructive) interference becomes more pronounced.

With a dihiggs system that becomes less back-to-back for increasingly harder jet emis-

sion, the characteristic dip structure encountered in the pT,h spectrum of pp ! hh+X is

washed out (figure 6). Characteristic imprints can still be observed in the dihiggs invariant

mass or, equivalently, in the dihiggs separation in the azimuthal-angle — pseudorapidity

plane, figure 7.

Let us summarize a few points relevant to the analysis of pp ! bb̄bb̄+j+X production

for pT,j " 100GeV:

• The dihiggs+jet cross section has a comparably large dependence on the value of

the trilinear couplings as compared to pp ! hh+X (""/"SM # 45% when varying

! % [0, 2!SM]),

• the sensitivity to non-standard values of the trilinear coupling arises from phase space

– 11 –
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(a) gg double-Higgs fusion: gg ! HH
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(b) WW/ZZ double-Higgs fusion: qq! ! HHqq!

q

q!

q

q!

V "

V "

H
H

(c) Double Higgs-strahlung: qq̄! ! ZHH/WHH
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(d) Associated production with top-quarks: qq̄/gg ! tt̄HH

Figure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron
colliders.

with ŝ and t̂ denoting the partonic Mandelstam variables. The triangular and box form
factors F#, F! and G! approach constant values in the infinite top quark mass limit,

F# !
2

3
, F! ! "

2

3
, G! ! 0 . (6)

The expressions with the complete mass dependence are rather lenghty and can be found
in Ref. [11] as well as the NLO QCD corrections in the LET approximation in Ref. [18].

The full LO expressions for F#, F! and G! are used wherever they appear in the
NLO corrections in order to improve the perturbative results, similar to what has been
done in the single Higgs production case where using the exact LO expression reduces the
disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publically available code HPAIR [42] in
which the known NLO corrections are implemented. As a central scale for this process
we choose

µ0 = µR = µF = MHH , (7)

where MHH denotes the invariant mass of the Higgs boson pair. The K–factor, describing
the ratio of the cross section at NLO using NLO PDFs and NLO !s to the leading order
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Figure 13: The sensitivity of the various Higgs pair production processes to the trilinear
SM Higgs self–coupling at di!erent c.m. energies. The left panels display the total cross
sections, the right panels display the ratio between the cross sections at a given # =
"HHH/"SM

HHH and the cross sections at # = 1.

the respective Higgs pair production process has to be measured in order to extract the
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the respective Higgs pair production process has to be measured in order to extract the
SM trilinear Higgs self–coupling with a certain accuracy. For example the gluon fusion
cross section has to be measured with an accuracy of # 50% at
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gg-fusion is not the only possibility for HH  
in a similar way of  the single H production 
 

VBF is  the most sensitive channel to SM λ deviations,  
but σVBFvery low (after considering H decay BR)  
à No feasibility studies so far  
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