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DµH)(ēR�µeR)

Oq
L = (iH†

$
DµH)(Q̄L�µQL)

O(3) q
L = (iH†�a

$
DµH)(Q̄L�a�µQL)

O(3) ql
LL = (Q̄L�a�µQL) (L̄L�a�µLL) O(3) l

LL = (L̄L�a�µLL) (L̄L�a�µLL)

Table 1: Set of CP-even dimension-6 operators that defines our basis. We are including only

the four-fermion operators that a↵ect our observables. We omit dipole operators for fermions

and Oud
R = y†uyd(iH̃

†
$
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have absorbed the dependence on ⇤ into the Wilson coe�cients. With this normalization the

Wilson coe�cients must be considered smaller than O(1) for our expansion to make sense.

The modifications of the 3 input observables due to the dimension-6 operators are given

by
�↵em

↵em

= 2s2✓W Ŝ ,
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data including correlations, are taken from Refs. [15,16], while the SM predictions, including
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Higgs/BSM Primaries
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operator
is not visible in 

the vacuum
(redefinition of input parameter)

Several deformations away from the SM are harmless in the vacuum 
and need a Higgs field to be probed

Operator  not visible in vacuum (redefinition of input parameter)
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Why going beyond inclusive Higgs processes?

So far the LHC has mostly produced Higgses on-shell 
in processes with a characteristic scale µ ≈ mH 

access to Higgs couplings @ mH 
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See also, e.g., Bechtle, Heinemeyer, Stal, Stefaniak & Weiglein (14)
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Higgs fit



beyond inclusive Higgs 
production

• So far mostly produced on-shell Higgs at a 
characteristic scale  

• want to test Higgs couplings at large energy 

• analog to LEP1 (on-shell Z => S,T) vs. LEP2 (off-
shell Z => W, Y)

µ ⇡ mH



Higgs EFT

1 Introduction

With the discovery [1,2] last year of a new resonance that is identified as the long sought-after

Higgs boson with a probability better than 1�10�13, a new era started in the understanding

of the Standard Model (SM) of particle physics. In the absence of any evidence for any other

new degree of freedom at the weak scale, a mass gap is likely to separate the SM particles

from the dynamics generating and stabilizing the Higgs potential. Our ignorance about

the New Physics sector can thus be conveniently parametrized in terms of a set of higher

dimensional operators built of the SM blocks and obeying the simple SM symmetries laws.

Assuming the most conservative flavor hypothesis, there are 59 independent ways to deform

the SM [3]. Of particular interest are the 18 CP-invariant deformation directions a↵ecting

the Higgs physics [4, 5]. Actually, 8/2 of them were already constrained at the per-mil/cent

level, before the Higgs discovery itself, thanks to electroweak measurements involving massive

gauge bosons. The Higgs data collected by the ATLAS and CMS experiments (as well

as by the 2 Tevatron experiments) start putting interesting bounds on the remaining 8

directions [5]. In this regard, the mass of the Higgs around 125 GeV o↵ers remarkable

opportunities to have access to these directions since it opens numerous decay channels with

a rate accessible with the current luminosity delivered by the LHC. Among these 8 directions,

2 are particularly important since they control the main production channel of the Higgs via

gluon fusion and they are associated to the 2 dimension-6 operators:

Ot =
yt
v2

|H|2Q̄LH̃tR , Og =
↵s

12⇡v2
|H|2Ga

µ⌫G
aµ⌫ , (1.1)

added to the SM Lagrangian with appropriate Wilson coe�cients 1

L = LSM + (1� ct)Ot + kgOg . (1.2)

1yt is the SM top Yukawa coupling, Ga
µ⌫ is the QCD gauge field strength and ↵s is the QCD coupling

strength, H is the SM Higgs doublet and H̃ = i�2H
⇤, v is the SM Higgs vacuum expectation value related

to the Fermi constant by v = (2GF )
1/2 ' 246 GeV, and finally QL and tR are the SU(2)L quark doublet

and charged-2/3 quark singlet of the third generation. The unity factor introduced in the Wilson coe�cient

of the Ot operator ensures that the linear coupling of the top quark is directly proportional to ct (ct = 1 for

the SM), i.e., the e↵ective Lagrangian yields a linear interaction of the Higgs boson to the top quark of the

form Lht̄t = ct (mt/v)ht̄t.

1

1 Introduction

With the discovery [1,2] last year of a new resonance that is identified as the long sought-after

Higgs boson with a probability better than 1�10�13, a new era started in the understanding

of the Standard Model (SM) of particle physics. In the absence of any evidence for any other

new degree of freedom at the weak scale, a mass gap is likely to separate the SM particles

from the dynamics generating and stabilizing the Higgs potential. Our ignorance about

the New Physics sector can thus be conveniently parametrized in terms of a set of higher

dimensional operators built of the SM blocks and obeying the simple SM symmetries laws.

Assuming the most conservative flavor hypothesis, there are 59 independent ways to deform

the SM [3]. Of particular interest are the 18 CP-invariant deformation directions a↵ecting

the Higgs physics [4, 5]. Actually, 8/2 of them were already constrained at the per-mil/cent

level, before the Higgs discovery itself, thanks to electroweak measurements involving massive

gauge bosons. The Higgs data collected by the ATLAS and CMS experiments (as well

as by the 2 Tevatron experiments) start putting interesting bounds on the remaining 8

directions [5]. In this regard, the mass of the Higgs around 125 GeV o↵ers remarkable

opportunities to have access to these directions since it opens numerous decay channels with

a rate accessible with the current luminosity delivered by the LHC. Among these 8 directions,

2 are particularly important since they control the main production channel of the Higgs via

gluon fusion and they are associated to the 2 dimension-6 operators:

Ot =
yt
v2

|H|2Q̄LH̃tR , Og =
↵s

12⇡v2
|H|2Ga

µ⌫G
aµ⌫ , (1.1)

added to the SM Lagrangian with appropriate Wilson coe�cients 1

L = LSM + (1� ct)Ot + kgOg . (1.2)

1yt is the SM top Yukawa coupling, Ga
µ⌫ is the QCD gauge field strength and ↵s is the QCD coupling

strength, H is the SM Higgs doublet and H̃ = i�2H
⇤, v is the SM Higgs vacuum expectation value related

to the Fermi constant by v = (2GF )
1/2 ' 246 GeV, and finally QL and tR are the SU(2)L quark doublet

and charged-2/3 quark singlet of the third generation. The unity factor introduced in the Wilson coe�cient

of the Ot operator ensures that the linear coupling of the top quark is directly proportional to ct (ct = 1 for

the SM), i.e., the e↵ective Lagrangian yields a linear interaction of the Higgs boson to the top quark of the

form Lht̄t = ct (mt/v)ht̄t.

1

Grojean, Schlaffer, Salvioni, AW

From this Lagrangian we can extract the terms relevant to Higgs production in gluon fusion,3

� t
mt

v
t̄th+ g

↵s

12⇡

h

v
Ga

µ⌫G
µ⌫ a + ĩt

mt

v
t�

5

th+ ̃g
↵s

8⇡

h

v
Ga

µ⌫
eGaµ⌫ + L

QCD

, (1.3)

where at linear order in the coe�cients multiplying the operators in Eq. (1.2) we find

t = 1� Re(cy)� cH
2

, g = cg , ̃t = Im(cy) , ̃g = c̃g . (1.4)

The first two terms in Eq. (1.3) are invariant under CP , whereas the third and fourth

terms violate CP . We will be mainly interested in CP -conserving e↵ects, therefore we set

̃t = ̃g = 0 in the following. We will however return briefly to the CP -odd case later

(notice that since there is no interference between the CP -even and -odd amplitudes for

pp ! h+ jet, the two cases can be discussed separately). The coe�cient t corrects the top

Yukawa coupling, which controls the top loop contribution to gg ! h production, whereas

the coe�cient g gives a direct contribution to this process. Unfortunately, the lightness of

the Higgs boson plays a malicious role and makes it impossible to disentangle short- and

long-distance contribution to the gluon fusion total rate. This limitation is embodied in

the Higgs low energy theorem [8] that ensures that the inclusive production cross section is

proportional to (t + g)2 . In fact, from Eq. (1.3) we readily obtain

�
incl

(t,g)

�SM

incl

' (t + g)
2

✓
1� 7

15

g

t + g

m2

h

4m2

t

◆
' (t + g)

2 , (1.5)

where in the second equality we neglected corrections that will remain untouchable at the

LHC [9]. The only hope then to have a direct access to the top Yukawa coupling is through

the pp ! tt̄h process, which is notoriously di�cult due to its high threshold, its small rate and

its complicated final state with copious decay products. Exploratory studies concluded that

the sensitivity in the measurement of the top Yukawa coupling through the tt̄h process will

be limited to about 10% within the LHC high-luminosity program [10] and Higgs factories
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In this paper we propose an alternative way to break the degeneracy between the two

coe�cients t and g and thus to provide direct information on the top Yukawa coupling.

3See Ref. [7] for a study of the e↵ects of Higgs-gluons interactions of dimension 7 in h+ jet and h+2 jets

observables.

2



Higgs EFT

Degeneracy ‘long-distance’ vs ‘short-distance’ 

1 Introduction

With the discovery [1,2] last year of a new resonance that is identified as the long sought-after

Higgs boson with a probability better than 1�10�13, a new era started in the understanding

of the Standard Model (SM) of particle physics. In the absence of any evidence for any other

new degree of freedom at the weak scale, a mass gap is likely to separate the SM particles

from the dynamics generating and stabilizing the Higgs potential. Our ignorance about

the New Physics sector can thus be conveniently parametrized in terms of a set of higher

dimensional operators built of the SM blocks and obeying the simple SM symmetries laws.

Assuming the most conservative flavor hypothesis, there are 59 independent ways to deform

the SM [3]. Of particular interest are the 18 CP-invariant deformation directions a↵ecting

the Higgs physics [4, 5]. Actually, 8/2 of them were already constrained at the per-mil/cent

level, before the Higgs discovery itself, thanks to electroweak measurements involving massive

gauge bosons. The Higgs data collected by the ATLAS and CMS experiments (as well

as by the 2 Tevatron experiments) start putting interesting bounds on the remaining 8

directions [5]. In this regard, the mass of the Higgs around 125 GeV o↵ers remarkable

opportunities to have access to these directions since it opens numerous decay channels with

a rate accessible with the current luminosity delivered by the LHC. Among these 8 directions,

2 are particularly important since they control the main production channel of the Higgs via

gluon fusion and they are associated to the 2 dimension-6 operators:

Ot =
yt
v2

|H|2Q̄LH̃tR , Og =
↵s

12⇡v2
|H|2Ga

µ⌫G
aµ⌫ , (1.1)

added to the SM Lagrangian with appropriate Wilson coe�cients 1

L = LSM + (1� ct)Ot + kgOg . (1.2)

1yt is the SM top Yukawa coupling, Ga
µ⌫ is the QCD gauge field strength and ↵s is the QCD coupling

strength, H is the SM Higgs doublet and H̃ = i�2H
⇤, v is the SM Higgs vacuum expectation value related

to the Fermi constant by v = (2GF )
1/2 ' 246 GeV, and finally QL and tR are the SU(2)L quark doublet

and charged-2/3 quark singlet of the third generation. The unity factor introduced in the Wilson coe�cient

of the Ot operator ensures that the linear coupling of the top quark is directly proportional to ct (ct = 1 for

the SM), i.e., the e↵ective Lagrangian yields a linear interaction of the Higgs boson to the top quark of the

form Lht̄t = ct (mt/v)ht̄t.
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to use the reported numbers as an estimate for our analysis. In order to reduce background

a reconstructed higgs mass between 100 and 300GeV was demanded and its e↵ect is already

included in the e�ciencies.

To break the degeneracy of the inclusive cross section in the ct-kg-plane we need at least

two observables. On the one hand we take the inclusive cross section normalized by its SM

value

µincl(ct, kg) =
�BSM
incl (ct, kg)

�SM
incl

= (ct + kg)
2 (2.9)

to constrain the plane on a band where (ct + kg)2 is constant. On the other hand we take

the ratio

R(ct, kg) =
�650GeV

�150GeV
(ct, kg)

K650

K150
(2.10)

which has the advantage that the uncertainties in the K-factors Kpmin

T

and the scale variation

cancel at least partially. The K-factors were calculated using MCFM [23] and included in the

definition of R to take NLO corrections approximately into account. MCFM can calculate

the SM cross section for pp ! h+ jet with the higgs decaying to a pair of ⌧s and having at

least a given pmin
T at both, LO and NLO 2. However, this computation is performed only in

the heavy top limit and can therefore not be used for our analysis. Yet, by taking the ratio

of the LO and NLO cross section for pmin
T = 150GeV and 650GeV we get a result for the

two K-factors needed in R.

Combining these two observables µincl and R we get the following expression for �2:

�2(ct, kg) =

✓R(ct, kg)�R⇤

�R
◆2

+

✓
µincl(ct, kg)� µ⇤

incl

�µincl

◆2

(2.11)

This function is determined by choosing an initial value for µ⇤
incl and for the top yukawa

modification c0t = 0.8, 1.0 or 1.2 corresponding to the colors blue, red and black in figures

2(a)-(c). These two choices fix the initial value for kg to k0
g =

p
µ⇤
incl � c0t and thus R⇤ =

R(c0t , k
0
g). For the uncertainty of µincl we assumed only a systematic uncertainty of 10%, i.e.

�µincl = 0.1µ⇤
incl. The uncertainty for R is a combination of 10% systematic uncertainty on

each of the two cross sections and a statistical uncertainty given by 1/
q
Npmin

T

where Npmin

T

=

�pmin

T

(c0t , k
0
g)Kpmin

T

✏tot L is the number of expected events for the integrated luminosity L,
2process 204
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top-partners in  
composite Higgs

Christophe Grojean Higgs-theory ECFA HL-LHC, Oct. 21, 2o1412

Boosted Higgs
  inability to resolve the top loops

 the bearable lightness of the Higgs: rich spectroscopy w/ multiple decays channels
 the unbearable lightness: loops saturate and don’t reveal the physics @ energy physics (*)

contribution, evaluated in the large-mt approximation, and we normalize it with the exact mt-
dependent Born cross section, σLO(mt). More precisely, we multiply the O(α4

S) contributions by
the ratio σLO(mt)/σLO(mt → ∞).

2.1 Numerical results

We have implemented the exact heavy-quark mass dependence in a new version of the numerical
code HNNLO. The program HNNLO is a parton level event generator that allows the user to compute
the Higgs production cross section and the associated distributions up to NNLO in QCD perturba-
tion theory, and to apply arbitrary infrared-safe cuts on the Higgs decay products and the recoiling
QCD radiation. The program includes the H → γγ, H → WW → lνlν and H → ZZ → 4l decay
modes.

In the following, we present only a limited sample of the numerical results that can be obtained
with our program. We consider Higgs boson production in pp collisions at

√
s = 8 TeV and we

use the MSTW2008 sets of parton distributions [44], with densities and αS evaluated at each
corresponding order (i.e., we use (n + 1)-loop αS at NnLO). Unless stated otherwise, we set the
renormalization and factorization scales to the Higgs boson mass, µR = µF = mH , and we set
mt = 172.5 GeV and mb = 4.75 GeV.

The first quantity that is important to test with the modified program is the inclusive cross
section. In Table 1 we study the impact of heavy-quark masses at NLO. We report the NLO cross
sections evaluated with the exact top and bottom mass dependence, normalized to the NLO result
in the large-mt limit.

mH(GeV) σNLO(mt)
σNLO(mt→∞)

σNLO(mt,mb)
σNLO(mt→∞)

125 1.061 0.988
150 1.093 1.028
200 1.185 1.134

Table 1: Impact of the heavy-quark masses on the inclusive NLO cross sections. All results are
normalized to the mt → ∞ result.

From Table 1 we see that the mass effects change the cross section at the few percent level,
and that the bottom contribution decreases the cross section by a few percent. This effect is
well known, and it is due to the negative interference with the top-quark contribution. We have
compared our results with those obtained with the numerical program HIGLU [5, 7] and found very
good agreement.

We now move to consider the impact of mass effects on the pT cross section. Such effects have
been studied at NLO in earlier works [45, 46, 47, 13, 48, 49].

In Fig. 1 (left panel) we plot the pT spectrum of the Higgs boson at NLO with full dependence
on the masses of the top and bottom quarks and we compare it with the corresponding result in
which only the top-quark contribution is considered. Both results are normalized to the result
obtained in the large-mt limit. To better emphasize the impact of the bottom quark, in the right
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Beyond current channels
the LHC measurements are plagued with several degeneracies
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 the bearable lightness of the Higgs: rich spectroscopy w/ multiple decays channels
 the unbearable lightness: loops saturate and don’t reveal the physics @ energy physics (*)

contribution, evaluated in the large-mt approximation, and we normalize it with the exact mt-
dependent Born cross section, σLO(mt). More precisely, we multiply the O(α4

S) contributions by
the ratio σLO(mt)/σLO(mt → ∞).

2.1 Numerical results

We have implemented the exact heavy-quark mass dependence in a new version of the numerical
code HNNLO. The program HNNLO is a parton level event generator that allows the user to compute
the Higgs production cross section and the associated distributions up to NNLO in QCD perturba-
tion theory, and to apply arbitrary infrared-safe cuts on the Higgs decay products and the recoiling
QCD radiation. The program includes the H → γγ, H → WW → lνlν and H → ZZ → 4l decay
modes.

In the following, we present only a limited sample of the numerical results that can be obtained
with our program. We consider Higgs boson production in pp collisions at

√
s = 8 TeV and we

use the MSTW2008 sets of parton distributions [44], with densities and αS evaluated at each
corresponding order (i.e., we use (n + 1)-loop αS at NnLO). Unless stated otherwise, we set the
renormalization and factorization scales to the Higgs boson mass, µR = µF = mH , and we set
mt = 172.5 GeV and mb = 4.75 GeV.

The first quantity that is important to test with the modified program is the inclusive cross
section. In Table 1 we study the impact of heavy-quark masses at NLO. We report the NLO cross
sections evaluated with the exact top and bottom mass dependence, normalized to the NLO result
in the large-mt limit.

mH(GeV) σNLO(mt)
σNLO(mt→∞)

σNLO(mt,mb)
σNLO(mt→∞)

125 1.061 0.988
150 1.093 1.028
200 1.185 1.134

Table 1: Impact of the heavy-quark masses on the inclusive NLO cross sections. All results are
normalized to the mt → ∞ result.

From Table 1 we see that the mass effects change the cross section at the few percent level,
and that the bottom contribution decreases the cross section by a few percent. This effect is
well known, and it is due to the negative interference with the top-quark contribution. We have
compared our results with those obtained with the numerical program HIGLU [5, 7] and found very
good agreement.

We now move to consider the impact of mass effects on the pT cross section. Such effects have
been studied at NLO in earlier works [45, 46, 47, 13, 48, 49].

In Fig. 1 (left panel) we plot the pT spectrum of the Higgs boson at NLO with full dependence
on the masses of the top and bottom quarks and we compare it with the corresponding result in
which only the top-quark contribution is considered. Both results are normalized to the result
obtained in the large-mt limit. To better emphasize the impact of the bottom quark, in the right

4

e.g. Grazzini, Sargsyan ’13 

the inclusive rate
doesn’t “see” the finite mass of the top 

L =
↵scg
12⇡

|H|2Ga 2
µ⌫ +

↵c�
2⇡

|H|2Fµ⌫ + ytctq̄LH̃tR|H|2

fermionic top-partners in composite Higgs models  exactly lead to                                .                    

�(h ! ��)

SM
= (1 + (c� � 4ct/9)v

2)2
�(gg ! h)

SM
= (1 + (cg � ct)v

2)2

�ct = �cg =
9

4
�c�

 short distance physics (new particles running in the loop)cannot disentangle 
 long distance physics (modified top coupling) ➾

➾

(*) unless it doesn’t decouple 
(e.g. 4th generation)

e.g. 1306.4581

⇡

�(pp ! H +X)inclusive

http://arxiv.org/abs/1306.4581


Beyond current observables

Christophe Grojean The scalar sector of the SM and beyond EPS-HEP, 22nd July 2o1318

Beyond current channels

cut open the top loops

high pT ≈ Higgs off-shell 
 we “see” the details of the particles 

running inside the loops the high pT tail
is tens’ % sensitive  
to the mass of top

Baur, Glover ’90 

 Grazzini, Sargsyan ’13 
Langenegger, Spira, Starodumov, Trueb ’06

Note: LO only
NLOmt is not known

1/mt corrections known O(αs4) 
few % up to pT~150 GeV

 Harlander et al  ’12 
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Composite Higgs Model
top partners contributions

inclusive rate: O(%)

with high-pT cut: O(x10’%)

high pT tail “sees” the top partners that are missed by the inclusive rate

Grojean, Salvioni, Schlaffer, Weiler 
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Figure 1: Example Feynman diagrams for pp ! h+jet in the SM and with the contact term.

of the pT cut (see section 3). The corresponding matrix element MUV is obtained from the

matrix element with the full top mass dependence MIR in the limit where the top mass

becomes infinite. In the case of two gluons or a quark and anti-quark in the initial state it

is given by [15]

X

helicities

��M1
gg

��2 = 32↵3
S ↵

3

s4 + t4 + u4 +m8
h

s t um2
W

X

helicities

��M1
qq̄

��2 = 16↵3
S ↵

9

t2 + u2

sm2
W

(2.3)

where averaging factors are omitted.

Combining the matrix elements MIR with the top loops and MUV with the e↵ective

interaction we find an expression to obtain the partonic cross section in dependence of the

tt̄h-coupling ct and the coe�cient of the e↵ective operator kg. For the calculation we set the

factorization and renormalization scale to the transverse mass mT =
p
m2

h + p2T , where mh

is the higgs mass and p2T = t u
s

its transverse momentum squared expressed in Mandelstam

variables. The calculation of the strong coupling constant ↵S and the convolution with the

PDFs was done using the MSTW 2008 LO PDFs [18] and the values of the scalar integrals

were obtained from LoopTools-2.8. [19]

The partonic cross section for the production of a higgs with a transverse momentum of

at least pmin
T from any of the initial states is then given by

�̂pmin

T

(ct, kg, ŝ) / 1

16 ⇡ ŝ2

t
maxZ

t
min

dt |ct MIR + kg MUV |2 (2.4)

where theMs have to be chosen according to the initial state and the limits of the integration

4

IR

are given by

tmin

max

=
1

2

✓
m2

h � ŝ⌥
q
m4

h � 2 ŝ (m2
h + 2 (pmin

T )2) + ŝ2
◆

(2.5)

Finally, the hadronic cross section is obtained by combining the partonic cross section with

the appropriate parton luminosity Lpart

�pmin

T

(ct, kg) =

1Z

s
min

/s

d⌧ Lpart(⌧) �̂pmin

T

(ct, kg, ⌧ s) (2.6)

with smin = m2
h+2 (pmin

T )2+2
p
m2

h (p
min
T )2 + (pmin

T )4. From equation (2.4) it follows directly

that the cross section can always be expressed in terms of the semi-numerical formula

�pmin

T

(ct, kg)

�SM
pmin

T

= (ct + kg)
2 + � ct kg +  k2

g (2.7)

which avoids lengthy integrations once the coe�cients � and  are determined. For a center

of mass energy of
p
s = 14TeV and various choices for the minimal transverse momentum

of the higgs they are listed in table 1.

2.2 ⌧⌧ channel

While a full analysis would definitely have to include all possible decay channels of the higgs,

an estimate of the possibilities of searches with a boosted higgs can be obtained looking at

one channel only. A good compromise between branching ratio and e�ciency was found in

the decay of the higgs to ⌧⌧ .

The branching ratios for the higgs decay were taken from [20] and the ones for the

subsequent decay of the ⌧ ’s to leptons (L) or hadrons (H) from [21]. Modifications of the

branching ratios due to e↵ects of new physics are neglected in the calculation. Together with

the e�ciencies ✏i for the reconstruction for boosted ⌧ ’s we find

✏tot = BR(h ! ⌧⌧)

 
X

LL,LH,HH

BR(⌧⌧ ! i) ✏i

!
= 2.03⇥ 10�2 (2.8)

The e�ciencies were estimated in [22] for a heavy resonance Z 0 of 2TeV decaying to Zh and

thus producing a very boosted higgs which then decays into a pair of ⌧s. Due to the high

mass of the resonance the pT of the higgs is in a similar range as in our process, enabling us
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of the pT cut (see section 3). The corresponding matrix element MUV is obtained from the

matrix element with the full top mass dependence MIR in the limit where the top mass

becomes infinite. In the case of two gluons or a quark and anti-quark in the initial state it

is given by [15]
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where averaging factors are omitted.

Combining the matrix elements MIR with the top loops and MUV with the e↵ective

interaction we find an expression to obtain the partonic cross section in dependence of the

tt̄h-coupling ct and the coe�cient of the e↵ective operator kg. For the calculation we set the

factorization and renormalization scale to the transverse mass mT =
p
m2

h + p2T , where mh

is the higgs mass and p2T = t u
s

its transverse momentum squared expressed in Mandelstam

variables. The calculation of the strong coupling constant ↵S and the convolution with the

PDFs was done using the MSTW 2008 LO PDFs [18] and the values of the scalar integrals

were obtained from LoopTools-2.8. [19]

The partonic cross section for the production of a higgs with a transverse momentum of

at least pmin
T from any of the initial states is then given by
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T

(ct, kg, ŝ) / 1

16 ⇡ ŝ2

t
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t
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dt |ct MIR + kg MUV |2 (2.4)

where theMs have to be chosen according to the initial state and the limits of the integration
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Finally, the hadronic cross section is obtained by combining the partonic cross section with

the appropriate parton luminosity Lpart
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1Z
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min
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d⌧ Lpart(⌧) �̂pmin
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(ct, kg, ⌧ s) (2.6)

with smin = m2
h+2 (pmin

T )2+2
p
m2

h (p
min
T )2 + (pmin

T )4. From equation (2.4) it follows directly

that the cross section can always be expressed in terms of the semi-numerical formula
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�SM
pmin

T

= (ct + kg)
2 + � ct kg +  k2

g (2.7)

which avoids lengthy integrations once the coe�cients � and  are determined. For a center

of mass energy of
p
s = 14TeV and various choices for the minimal transverse momentum

of the higgs they are listed in table 1.

2.2 ⌧⌧ channel

While a full analysis would definitely have to include all possible decay channels of the higgs,

an estimate of the possibilities of searches with a boosted higgs can be obtained looking at

one channel only. A good compromise between branching ratio and e�ciency was found in

the decay of the higgs to ⌧⌧ .

The branching ratios for the higgs decay were taken from [20] and the ones for the

subsequent decay of the ⌧ ’s to leptons (L) or hadrons (H) from [21]. Modifications of the

branching ratios due to e↵ects of new physics are neglected in the calculation. Together with

the e�ciencies ✏i for the reconstruction for boosted ⌧ ’s we find

✏tot = BR(h ! ⌧⌧)
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= 2.03⇥ 10�2 (2.8)

The e�ciencies were estimated in [22] for a heavy resonance Z 0 of 2TeV decaying to Zh and

thus producing a very boosted higgs which then decays into a pair of ⌧s. Due to the high

mass of the resonance the pT of the higgs is in a similar range as in our process, enabling us
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pmin
T [GeV] �SM

pmin

T

[fb] � 

100 2200 0.016 0.023

150 840 0.069 0.13

200 350 0.20 0.31

250 160 0.39 0.56

300 75 0.61 0.89

350 38 0.86 1.3

400 20 1.1 1.8

450 11 1.4 2.3

500 6.3 1.7 2.9

550 3.7 2.0 3.6

600 2.2 2.3 4.4

650 1.4 2.6 5.2

700 0.87 3.0 6.2

750 0.56 3.3 7.2

800 0.37 3.7 8.4

Table 1: SM cross section and coe�cients for the semi-numerical formula (2.7) calculated

for
p
s = 14TeV.
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thus producing a very boosted higgs which then decays into a pair of ⌧s. Due to the high

mass of the resonance the pT of the higgs is in a similar range as in our process, enabling us
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p
s [TeV] pmin

T [GeV] �SM

pmin
T

[fb] � ✏ gg, qg [%] �̃ �̃ ✏̃

14

100 2200 0.016 0.023 67, 31 2.3 -3.8 2.3

150 830 0.069 0.13 66, 32 2.3 -4.0 2.5

200 350 0.20 0.31 65, 34 2.3 -4.4 2.9

250 160 0.39 0.56 63, 36 2.3 -4.9 3.5

300 75 0.61 0.89 61, 38 2.3 -5.7 4.2

350 38 0.86 1.3 58, 41 2.3 -6.6 5.1

400 20 1.1 1.8 56, 43 2.3 -7.6 6.2

450 11 1.4 2.3 54, 45 2.4 -8.9 7.4

500 6.3 1.7 2.9 52, 47 2.4 -10 8.8

550 3.7 2.0 3.6 50, 49 2.4 -12 10

600 2.2 2.3 4.4 48, 51 2.4 -14 12

650 1.4 2.6 5.2 46, 53 2.4 -16 14

700 0.87 3.0 6.2 45, 54 2.4 -18 16

750 0.56 3.3 7.2 43, 56 2.4 -20 18

800 0.37 3.7 8.4 42, 57 2.5 -23 21

100
500 970 1.8 3.1 72, 28

2000 1.0 14 78 56, 43

Table 1: Summary table of the cross sections for pp ! hj at proton-proton colliders with
p
s = 14TeV and

p
s = 100TeV. The third, fourth and fifth column show, for the given cut

on pT > pmin

T , the parameters of the semi-numerical formula in Eq. (2.4). The last column

shows the fraction of the SM cross section coming from the partonic subprocesses gg and qg.

The contribution of the qq̄ channel is always smaller than 2%.
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add CPV coupling

various choices of pmin

T . In the calculation we set the factorization and renormalization scales

to the Higgs transverse mass, µ
fact

= µ
ren

= mT (h) =
p
m2

h + p2T , where mh is the mass of

the Higgs and p2T = t̂û/ŝ its transverse momentum squared. The calculation of the strong

coupling constant and the convolution with the PDFs was done using the MSTW 2008 LO

PDFs [18]. The values of the scalar integrals were obtained from LoopTools-2.8 [19]. We have

compared our results for the SM cross sections with MCFM [20] and with HIGLU [21], finding

exact agreement. In Table 1 we also show the values of {� , ✏} for a 100 TeV proton-proton

collider, for two choices of pmin

T , to illustrate the possibilities of such a machine. However,

since the e�ciencies achievable at the very-high-energy collider are not known yet, we do

not consider these values further in our analysis. We note that the gg and qg initial states

contribute to the total cross section roughly at the same level, with the relative contribution

of qg increasing at higher pT . The qq̄ initial state contributes to the total cross section at

the level of 1÷ 2%.

The CP-odd operator for fermion-Higgs interaction is

ı
mt

v
ū�

5

uA0 (2.5)

The decay width calculated with this operator is given in the Paper by M. Spira, A. Djouadi,

D. Graudenz and P. M. Zerwas (“Higgs boson production at the LHC,” Nucl. Phys. B 453

(1995) 17 [hep-ph/9504378]). In the heavy top limit it becomes

� ! ↵2

Sm
3

A

32⇡3v2
(2.6)

The same decay width is generated by

L =
↵S

8⇡v
A0 eGa

µ⌫G
aµ⌫ (2.7)

Since this e↵ective Operator gives the same result as the CP-even operator if the 8 is replaced

by 12, the coe�cient of this operator has to fulfill ✏̃ =
�
2

3

�
2

(1+✏). This is quite good fulfilled

for pT � 150 GeV.

The semi-numerical formula for the CP-odd part is given by

�pmin
T

�SM
pmin
T

= �̃̃2

t + �̃̃t̃g + ✏̃̃2

g (2.8)
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h + 2 (pmin
T )2) + ŝ2
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Finally, the hadronic cross section is obtained by combining the partonic cross section with

the appropriate parton luminosity Lpart
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which avoids lengthy integrations once the coe�cients � and  are determined. For a center

of mass energy of
p
s = 14TeV and various choices for the minimal transverse momentum

of the higgs they are listed in table 1.

2.2 ⌧⌧ channel

While a full analysis would definitely have to include all possible decay channels of the higgs,

an estimate of the possibilities of searches with a boosted higgs can be obtained looking at

one channel only. A good compromise between branching ratio and e�ciency was found in

the decay of the higgs to ⌧⌧ .

The branching ratios for the higgs decay were taken from [20] and the ones for the

subsequent decay of the ⌧ ’s to leptons (L) or hadrons (H) from [21]. Modifications of the

branching ratios due to e↵ects of new physics are neglected in the calculation. Together with

the e�ciencies ✏i for the reconstruction for boosted ⌧ ’s we find
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X

LL,LH,HH

BR(⌧⌧ ! i) ✏i

!
= 2.03⇥ 10�2 (2.8)

The e�ciencies were estimated in [22] for a heavy resonance Z 0 of 2TeV decaying to Zh and

thus producing a very boosted higgs which then decays into a pair of ⌧s. Due to the high

mass of the resonance the pT of the higgs is in a similar range as in our process, enabling us

5

The values were calculated with HIGLU, using the 4th generation model. The coupling of

the t
4

was modified such that the cross section with only a heavy SM top is the same as the

one with only a heavy t
4

(I used one point
p
s = 14TeV and pT = 300GeV for determining

this coupling and checked the relation also for
p
s = 30TeV and pT = 300 and 600 GeV). For

the normalization to the SM values, the HIGLU SM values were used, to cancel systematics,

e.g. in the running of alphaS.

It is interesting to consider also the possibility that the top partners generate a CP -odd

e↵ective interaction, parameterized by the operator

̃g
↵s

12⇡

h

v
Ga

µ⌫
eGµ⌫ a , eGµ⌫ a =

1

2
✏µ⌫⇢�Ga

⇢� . (2.9)

It has been shown [22] that the e↵ective operators proportional to g and ̃g, when added in

turn to the SM Lagrangian, lead to identical amplitudes squared for the processes gg, qg, qq̄ !
hj. In addition, there is no interference between the amplitude proportional to ̃g and those

proportional to t and g. It follows that the e↵ect of the CP -odd operator can be taken into

account by replacing 2

g ! 2

g + ̃2

g in Eq. (2.4). For simplicity, in the rest of the discussion

we will restrict ourselves to the case ̃g = 0.

2.2 Breaking the degeneracy

In this section we aim at giving an estimate of the potential of the boosted Higgs measurement

to resolve the ambiguity in the plane of the couplings (t,g). While a full analysis would

ideally combine several decay modes of the Higgs, a first estimate can be obtained looking

at one channel only. Because, as shown in Table 1, in order to break the degeneracy we need

to consider very large Higgs transverse momenta and therefore small rates, it is natural to

consider first the decay channels with the largest branching ratios, namely h ! bb̄,WW, ⌧⌧ .

Here we focus on the last mode, and we will comment briefly on other possibilities at the end

of this section. For a Higgs transverse momentum larger than 500GeV, the typical angular

separation between the two taus is �R ⇠ 2mh/pT . 0.5. As a consequence, when at least

one of the taus decays hadronically, the standard tau-tagging techniques will fail, due to the

non-isolation of the hadronic tau candidate(s). However, such ‘ditau-jets’ can be tagged by

adapting the usual tau-tagging algorithm, as suggested in Ref. [23], whose e�ciencies for
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Top partner models

• Supersymmetry (stops)

• Composite Higgs (MCHM5)



Composite pGB Higgs

2.3 �� channel

2.4 other channels (including bb̄)

3 Resolving the top partner spectrum in composite

Higgs models

The degeneracy between the couplings ct and kg assumes a peculiar form in composite Higgs

models. It turns out that in the most popular realizations of the Higgs as a composite

pseudo-Nambu Goldstone boson, the combination ct + kg is insensitive to the ‘top partners’

(the fermionic resonances that are expected to accompany the top) [9–13], as a consequence

of an exact cancellation among their contribution to ct and to kg. It follows that no indirect

information on the resonances can be extracted from the inclusive Higgs rates. To review

how this result arises in the well-known ‘Minimal Composite Higgs Model (MCHM)’, based

on the coset SO(5)/SO(4), we first note that

ct + kg = v

✓
@

@h
log detMt(h)

◆

hhi
, (3.13)

where Mt(h) is the mass matrix in the top sector. The partial compositeness structure

and the pseudo-Goldstone nature of the Higgs imply [13] that the determinant factorizes

as detMt(h) = m0
t (h) ⇥ detMc , where m0

t denotes the top mass3, whereas Mc is the mass

matrix of top partners. The latter does not depend on h , so its determinant drops out

of Eq. (3.13). In addition, by means of a spurion argument [11] it can be shown that in

models where only one SO(4) invariant ILR(h/f) can be built out of the embeddings of

tL and tR, one has m0
t (h) / ILR(h/f) and thus Eq. (3.13) yields simply ct + kg = fg(⇠),

where fg is some function satisfying fg(⇠ ! 0) = 1 . Interestingly, the most viable (and

popular) realizations of the MCHM feature only one left-right invariant: for example, the

choices 5L + 5R , 10L + 10R and 14L + 1R all lead to ILR = sin(2h/f) and therefore to

ct + kg = (1� 2⇠)/
p
1� ⇠ . Furthermore, the insensitivity of the low-energy hgg coupling to

the resonances holds also in several Little Higgs models [10].

3More precisely, m0
t is the expression of the top mass when corrections to the wavefunctions of tL,R due

to the mixing with top partners are ignored [13].
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Resolving top loop: Boosted Higgs

cut open the top loops

high pT ≈ Higgs off-shell 
 we “see” the details of the particles 

running inside the loops

panel of Fig. 1 we show the full NLO result normalized to the result obtained neglecting the
bottom quark.

We see that, when only the top contribution is considered, the cross section at low pT is larger
than the corresponding cross section in the large-mt limit. In this region the recoiling parton is soft
and/or collinear, and the differential cross section factorizes into a universal factor times the Born
level contribution. The limit of the solid and dashed histograms in the left panel of Fig. 1 thus
correspond to the ratios σLO(mt, mb)/σLO(mt → ∞) = 0.949 and σLO(mt)/σLO(mt → ∞) = 1.066,
respectively.

The results in Fig. 1 show that the impact of the bottom quark is important, especially in the
low-pT region, since it substantially deforms the shape of the spectrum. At large pT values, the
impact of the bottom quark becomes small and the differential cross section quickly departs from
its value in the large-mt limit. This is a well known feature of the large-mt approximation: at
large pT the parton recoiling against the Higgs boson is sensitive to the heavy-quark loop, and the
large-mt approximation breaks down.

Another feature that is evident from Fig. 1 is that the qualitative behaviour of the results is
rather different. When considering the NLO result with only the top quark included, in a wide
region of transverse momenta the shape of the spectrum is rather stable and in rough agreement
with what is obtained in the large-mt approximation. This is not the case when the bottom
contribution is included: the shape of the spectrum quickly changes in the small- and intermediate-
pT region and the spectrum becomes harder. We will come back to this point in Sec. 3.1.

Figure 1: Transverse momentum distribution for a SM Higgs with mH = 125 GeV computed
at NLO. Left: result normalized to the large-mt approximation. Right: normalized to the mt-
dependent result.

The mass effects in differential NLO distributions were previously discussed in Ref. [13]. We
have compared our results with those of Ref. [13] and found agreement.
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high-pT tail “sees” the top partners that are missed by the inclusive rate
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Figure 3: Distribution of the couplings t and g versus the mass of the lightest top partner,

as obtained from the numerical scan in the two-site MCHM
5

.

we find that ‘large’ values of g, |g| > ⇠ , are possible only in the presence of a very light

resonance, m
lightest

⌧ 1TeV. This is confirmed by the numerical scan: the points yielding

|g| > ⇠ have a resonance lighter than 500GeV.

3.1 Validity of the e↵ective theory approach

In our analysis of the MCHM
5

, we have assumed the validity of the EFT and computed the

coe�cient g by integrating out the top partners. However, given a transverse momentum

cut pT > pmin

T , we naively expect the EFT to break down if there is at least one resonance

with massM < pmin

T . Since we defined the very boosted region by pmin

T = 650GeV, we expect

the EFT to be inaccurate for the spectra which feature a top partner with M . 650GeV.

This is quantified in Fig. 4, where we compare the boosted cross section computed in the

EFT approximation to the full result obtained by keeping the complete loop form factors.

We find that the EFT is accurate within 10% for top partners as light as 500GeV. We also

show a comparison of the EFT and exact cross sections for each partonic initial state, namely

for gg, qg and qq̄ . For the gg channel the EFT is accurate within a few percent, whereas

for qg the approximation works within 20% for resonances above 500GeV. Recalling from

Table 1 that for pT > 650GeV the gg and qg channels each make up about 50% of the total
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Figure 1: The Higgs mass in low-energy super-
symmetry for large tan� ⇡ 20. The shaded re-
gion in the (Xt,mS) plane corresponds to the
observed value of mh. Higher-order corrections
and the uncertainty in the top mass amount to
an error of a few GeV in mh.

Figure 2: The white region is the range in the
(m

˜t1
,m

˜t2
) plane allowed by the mh constraint,

while shaded regions are excluded. The full,
dashed, and dotted lines correspond to fixed val-
ues of �t, satisfying the mh constraint with
|Xt| >

p
6 (blue) or |Xt| <

p
6 (black).

2 The light-stop window

2.1 Constraints from the Higgs mass and decay rates

The leading part of the supersymmetric prediction for the mass of the lightest Higgs boson

is

m2

h = m2

Z cos2 � +
3y2tm

2

t

(4⇡)2

"

log

 
m2

S

m2

t

!

+X2

t

 

1� X2

t

12

!#

+ · · · (1)

where Xt = (At + µ cot �)/mS, m2

S = m
˜t1m˜t2 is the average stop mass, yt = mt/v is the

top-quark Yukawa coupling, and v ⇡ 174 GeV is the Higgs vev. In fig. 1 we show the region

of the (Xt,mS) plane compatible with the observed Higgs mass (for tan � � 1), including

also the leading two-loop corrections to the Higgs mass not shown in eq. (1). The lightest

average stop mass that can lead to the observed Higgs mass is obtained for

mS ⇡ 500 GeV and X2

t ⇡ 6 . (2)

We focus on such configuration, the so-called “maximal mixing” case, since it reduces the

fine-tuning in electroweak symmetry breaking and can lead to observable signals.
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Figure 4:

the left-handed top.4 The simple estimate in Eq. (3.14) agrees with the results of the scan

displayed in Fig. 3.

TO ADD: plot with validity of e↵ective theory and discussion.

4 Resolving stop spectrum/mixing in supersymmetric

models

In supersymmetric models the h ! gg rate is sensitive to loop contributions of stops and

sbottoms, a↵ecting both the inclusive [24] and the boosted cross section [25]. In addition to

the supersymmetric analogs of the SM diagrams of Fig. 11, new topologies sensitive to the

stop trilinear term At can contribute to the cross section, see Fig. 6. The inclusive signal

strenth signal strength is given by

�(gg ! h)

�(gg ! h)SM
= (1 +�t)

2, (4.15)

with

�t ⇡ m2
t

4

 
1

m2
t̃1

+
1

m2
t̃2

� At � µ
tan�

m2
t̃1
m2

t̃2

!
, (4.16)

We work in the limit where the pseudoscalar higgs decouples, see e.g. [29, 28], and ignore

small D-terms contributions. As in composite higgs models we encounter a flat direction.

4The degree of compositeness of qL is in general strongly constrained by EWPT.
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For large enough At, the stop contribution can be made to vanish. In Fig. 5, we show

this cancellation as a function of the stop masses and At. This condition requires large At

and one might worry about vacuum stability. A large At leads to a large trilinear scalar

coupling / hAtt̃Lt̃⇤R. If all three fields aquire vevs, the potential can have a deep charge- and

color breaking minimum, separated only by a relatively low potential barrier from the usual

electro-weak vacuum. A rough but conservative estimate of the vacuum stability condition

is given by

A2
t + 3µ2 < a · �m2

t̃1
+m2

t̃2

�
, (4.17)

with a ⇡ 2.35, extracted from [30, 31]. We further identify the regions of parameter space

with real soft masses MQ3 ,MU3 . These vacuum stability and reality conditions are shown in

Fig. 5 as grey and orange regions, respectively.

Direct limits from ATLAS and CMS significantly constrain the allowed parameter space.

An exhaustive re-analysis of all possible light and mixed stop spectra and their decays is,

however, beyond the scope of our paper. Current experimental searches exclude stop masses

below XX GeV [ATLAS,CMS] assuming a 100% branching ratio into a top and a massless

neutralino. These limits soften considerably for larger neutralino masses, kinematical degen-

eracies, more complicated decay chains, or the absence of traditional missing ET signatures.

It is therefore interesting to ask if we can be sensitive to light and mixed stops independent

of assumptions on the decays and even if the contribution cancels in the inclusive rate.

We calculated the contributing Feynman diagrams using FeynArts-3.7 [32] and FormCalc-

8.0 [19], see Fig. 6. For the calculation of the boosted cross section we again used the MSTW

2008 LO PDFs [18] provided by LHAPDF-5.8.9 [33]. In all calculations we set tan � = 10,

MA0 = 500GeV, M2 = 1000GeV, µ = 200GeV and all trilinear couplings were set to

a common value At. The sfermion masses were set to 1000GeV except for M eQ and MeU

which were chosen such that the stop masses given below were obtained and the mass of the

lightest higgs was set to 125GeV. Unlike in the computation with the e↵ective operator the

renormalization scale was not chosen dynamically equal to the transverse mass but set to

the minimal transverse mass determined by the cut on pT .

TABLE would be better The points chosen for the plot in figure 7 are:

• P1: mt̃1 = 171GeV, mt̃2 = 440GeV, and At = 490GeV ) �t = 0.0026
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Charge-color breaking vacua

mQ,mU 2 R
�t ⇡ 0

flat direction
Real soft masses

A2
t + 3µ2 > a ·

⇣
m2

t̃1
+m2

t̃2

⌘
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Figure 6: Example Feynman diagrams for pp ! h+ jet involving supersymmetric particles.

In addition, diagrams like in figure 1 with the loop quark replaced by a squark are present,

too.
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Figure 7: Cross section for boosted higgs in the MSSM, normalized by the SM value. The

di↵erent lines correspond to stop masses and choices for At.
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pT dependent shift mostly from  
At independent diagrams

flat direction
�t ⇡ 0

Point m
˜t1 [GeV] m

˜t2 [GeV] At [GeV] �t

P
1

171 440 490 0.0026

P
2

192 1224 1220 0.013

P
3

226 484 532 0.015

P
4

226 484 0 0.18

Table 3: The benchmark points shown in Fig. 7. We set tan � = 10, MA0 = 500GeV,

M
2

= 1000GeV, µ = 200GeV and all trilinear couplings to a common value At. The

remaining sfermion masses were set to 1TeV and the mass of the lightest CP -even Higgs

was set to 125GeV.
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Figure 7: Cross section for boosted Higgs in the MSSM, normalized to the SM value, as a

function of the transverse momentum cut pmin

T . The di↵erent lines correspond to the stop

masses and values of At given in Table 3.
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i.e.

�R = R⇤
r

1

N150GeV

+
1

N650GeV

+ 2 · 0.12 (2.12)

In the first three plots in figure 2 we show in gray the band to which the ct-kg-plane

is constrained by the inclusive signal strength varied by 20% and in blue, red and black

ellipses the 95% CL contours after combining µincl and R for an integrated luminosity of

L = 3000 fb�1 at a center of mass energy of
p
s = 14TeV. The sensitivity of the ratio R

to a scale variation is shown in figure 2(d) where the 95% CL contours are drawn for the

SM input (c0t = 1 and k0
g = 0) and the renormalization and factorization scale µren is set to

0.5mT , 1.0mT and 2.0mT corresponding to R⇤ = 1.68⇥ 10�3, 1.65⇥ 10�3 and 1.60⇥ 10�3,

respectively.

8

to use the reported numbers as an estimate for our analysis. In order to reduce background

a reconstructed higgs mass between 100 and 300GeV was demanded and its e↵ect is already

included in the e�ciencies.

To break the degeneracy of the inclusive cross section in the ct-kg-plane we need at least

two observables. On the one hand we take the inclusive cross section normalized by its SM

value

µincl(ct, kg) =
�BSM
incl (ct, kg)

�SM
incl

= (ct + kg)
2 (2.9)

to constrain the plane on a band where (ct + kg)2 is constant. On the other hand we take

the ratio

R(ct, kg) =
�650GeV

�150GeV
(ct, kg)

K650

K150
(2.10)

which has the advantage that the uncertainties in the K-factors Kpmin

T

and the scale variation

cancel at least partially. The K-factors were calculated using MCFM [23] and included in the

definition of R to take NLO corrections approximately into account. MCFM can calculate

the SM cross section for pp ! h+ jet with the higgs decaying to a pair of ⌧s and having at

least a given pmin
T at both, LO and NLO 2. However, this computation is performed only in

the heavy top limit and can therefore not be used for our analysis. Yet, by taking the ratio

of the LO and NLO cross section for pmin
T = 150GeV and 650GeV we get a result for the

two K-factors needed in R.

Combining these two observables µincl and R we get the following expression for �2:

�2(ct, kg) =

✓R(ct, kg)�R⇤

�R
◆2

+

✓
µincl(ct, kg)� µ⇤

incl

�µincl

◆2

(2.11)

This function is determined by choosing an initial value for µ⇤
incl and for the top yukawa

modification c0t = 0.8, 1.0 or 1.2 corresponding to the colors blue, red and black in figures

2(a)-(c). These two choices fix the initial value for kg to k0
g =

p
µ⇤
incl � c0t and thus R⇤ =

R(c0t , k
0
g). For the uncertainty of µincl we assumed only a systematic uncertainty of 10%, i.e.

�µincl = 0.1µ⇤
incl. The uncertainty for R is a combination of 10% systematic uncertainty on

each of the two cross sections and a statistical uncertainty given by 1/
q
Npmin

T

where Npmin

T

=

�pmin

T

(c0t , k
0
g)Kpmin

T

✏tot L is the number of expected events for the integrated luminosity L,
2process 204
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    (estimate using MCFM, LO → NLO large mt)

Fit assuming estimated stat. & sys. errors
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high pT tail discriminates short and long distance physics contribution to gg ➙ h

Are the NLOm QCD corrections (not known) going to destroy all the sensitivity?
Frontier priority: N3LO∞ for inclusive xs or NLOmt for pT spectrum?

competitive/complementary to htt channel to measure the top-Higgs coupling
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10-20% precision on κt

see Schlaffer et al ’14 for a more complete analysis including WW channel 
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(partonic analysis in the boosted “ditau-jets” channel)

10-20% precision on κt

see Schlaffer et al ’14 for a more complete analysis including WW channel 

see N. Glover’s talk

•  NLOmt  recently calculated (1410.5806 ),     
  uncertainty still unknown, will it spoil the sensitivity ? 

•  Realistic study with backgrounds at reco-level 
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III. EVENT GENERATION

A. Signal sample

In this paper we consider H+jet events with subsequent H decays to WW ⇤ ! `+`�⌫⌫̄ and ⌧+⌧� modes as a
signal. The signal events are generated with MadGraph5, version 1.5.15 [104] and showerd with HERWIG++ [105–
107], where only WW ⇤ and ⌧+⌧� decays are specified.

We have used MadGraph5 to generate H+jet events using the HEFT model with SM couplings which makes
use of the low energy theorem. The generated cross section is proportional to |M(0, 1)|2 and does not take into
account finite top mass e↵ects which are crucial to our analysis. To obtain the correct weight of the events we
reweighted them by a weight factor

w(ct,g) =
|M(ct,g)|2
|M(0, 1)|2 (10)

making use of our own code which is based on an implementation of the formulas for the matrix elements
given in [103] and also calculated in [108]. At present no finite top mass NLO computation of the SM Higgs pT
spectrum is available. An exact NLO prediction of SM Higgs pT spectrum would be very desirable and help to
exploit the full potential of this observable. Recent progress in the precision prediction of h+ jet can be found
in Refs. [109–111]. We will approximate the NNLO (+ NNLL) result of 49.85 pb [112–114] by multiplying the
exact LO result with a K factor of 1.71 obtained in the mt ! 1 limit.

We reweight the events for points along the line ct + g = 1 for cg 2 [�0.5, 0.5] with steps of 0.1, as shown in
the left panel of Fig. 1. This is consistent with the SM inclusive Higgs production cross section. The size of cg
alone is only weakly constrained by the current ttH measurement. Although we only consider the most di�cult
points satisfying ct + g = 1 (which means no e↵ect in the inclusive cross-section), an analysis along di↵erent
ct + g = const. lines should be straightforward as a di↵erent choice essentially just corresponds to an overall
rescaling of the signal.
The right panel of the Fig. 1 shows the pT,H distributions for several model points. In the region with low

pT,H , the distributions are degenerate but for high pT,H the distributions start to split. For the model points
with g > 0 we see the enhancement in high pT,H region while we see the suppression for the model points with
g < 0. Table I shows the Higgs production cross sections relative to the SM value for several model points
(ct,g) and pT,H cuts. As one can see, for pT,H > 10GeV the cross sections are essentially the same as the SM
value within 2%, while for increasing pcutT , significant di↵erences from the SM predictions can be observed. For
the model point (ct,g) = (0.7, 0.3), for example, a 5% di↵erence would be observed for �(pT,H > 200 GeV),
and a ⇠ 20% di↵erence for �(pT,H > 300 GeV). We will see that these e↵ects are comparable to the sensitivity
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of the boosted Higgs shape measurements, see Section IV. For very hard cuts, O(1) di↵erences can be observed,
as can be seen from the cross-section ratios for pT,H > 500 GeV and harder.

(0.5,0.5) (0.7,0.3) (0.9,0.1) SM (1.1,-0.1) (1.3,-0.3) (1.5,-0.5)

pT,H > 10 GeV 0.9733 0.9838 0.9945 1.0000 1.0055 1.0167 1.0281

pT,H > 100 GeV 1.0044 1.0012 0.9999 1.0000 1.0006 1.0031 1.0076

pT,H > 200 GeV 1.1166 1.0646 1.0198 1.0000 0.9820 0.9513 0.9277

pT,H > 300 GeV 1.3450 1.1921 1.0591 1.0000 0.9459 0.8526 0.7791

pT,H > 400 GeV 1.6531 1.3590 1.1087 1.0000 0.9023 0.7397 0.6210

pT,H > 500 GeV 2.0233 1.5520 1.1633 1.0000 0.8573 0.6340 0.4932

pT,H > 600 GeV 2.4869 1.7871 1.2274 1.0000 0.8076 0.5279 0.3882

pT,H > 700 GeV 3.1213 2.1003 1.3093 1.0000 0.7482 0.4172 0.3161

pT,H > 800 GeV 3.7427 2.3989 1.3841 1.0000 0.6981 0.3411 0.3129

TABLE I. Cross sections normalized by the SM value after applying several pT,H cuts in parton level for several model
points (ct,g).

B. Background sample

We include W+jets, Z+jets and tt̄+jets as background processes which we have generated with ALPGEN +
PYTHIA [115, 116]. Since we consider the boosted Higgs reconstruction and since we will require the existence
of one hard recoil jet, we apply a pre-selection cut in the generation step, where we demand at least one recoil
parton of pT > 150 GeV. We merge up to two partons for WW+jets and Z+jets, and up to one parton for
tt̄+jets using the MLM matching scheme [117, 118]. As we only consider the di-lepton mode in this paper, we
preselect the W decay mode including W from tops only with leptons, e, µ, and ⌧ . For the Z decay, we consider
only Z ! ⌧+⌧� since for the other leptonic decay modes we can reconstruct the Z-peak and reject them. We
rescale the the tt̄ sample to obtain a NLO inclusive cross section of 918 pb [119–121]. For the Z+jets and
WW+jets samples we used LO cross sections.

Our analysis is performed at particle level with a simple detector simulation with the granularity resolution
of �⌘ ⇥ �� = 0.1 ⇥ 0.1. After removing the isolated leptons, the energy of the remaining visible particles
falling into each cell are summed up. Cells with transverse energy above 0.5 GeV are used for the further jet
reconstruction.
Jet clustering was performed using the FastJet [122] version 3.0.4. We use the Cambridge-Aachen (C/A)

algorithm [123, 124] with R = 0.5 for normal jet and b-tag jet definition. We also define fat jets for selecting jet
recoiling against the H, which is defined as C/A jet with R = 1.5.
In this paper, we only consider the events with isolated leptons for simplicity. There is room for improving

the analysis with hadronic tau modes with tau tagging for example [125], which is, however, beyond the scope
of our current study.

IV. BOOSTED H ! 2`+ /pT
IN THE STANDARD MODEL

In our notation a subscript ` will denote leptonically-decaying : ⌧` thus represents ⌧ ! `+ 2⌫, W` is mostly
W ! l⌫ with some W ! ⌧`⌫⌧ , and t` is t ! bW`. The decay H ! 2` + /pT

is mostly2 through H ! W`W ⇤
`

and H ! ⌧`⌧`. As noted in [126, 127], in the decay H ! WW ⇤ ! 2` + 2⌫ spin correlations ensure that the
two lepton momenta have similar directions, as do the two neutrino momenta. In H ! ⌧`⌧` however, the two ⌧

2 The branching ratios for H ! W`W
⇤
` and H ! ⌧`⌧` are BR = 1.4% and 0.77% respectively; H ! ZZ⇤ ! 2`+ 2⌫ is negligible

with BR = 8⇥ 10�4.
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⇤
` and H ! ⌧`⌧` are BR = 1.4% and 0.77% respectively; H ! ZZ⇤ ! 2`+ 2⌫ is negligible

with BR = 8⇥ 10�4.

M. Schlaffer, M. Spannowsky, M. Takeuchi, AW

see also Buschmann et al for 
Higgs + 2j, 



7

emitted by this gluon/quark (which might otherwise be clustered into a separate jet when clustering with
traditional ‘skinny’ jets). We veto if there is a second fat jet with pT,j > 100 GeV. Vetoing on additional
hadronic activity beyond the first hard fat jet suppresses higher-multiplicity backgrounds, i.e. tt̄+jets.

• Zero b-tags. This considerably reduces the (until now dominant) tt̄+jets background while having negligible
e↵ect on the signal. We re-cluster the hadronic activity into jets, again using the Cambridge/Aachen
algorithm but now with R

jet

= 0.5, and use these for the b-tagging. We assume a flat 70% (1%) e�ciency
for b (light quark or gluon) initiated jets, i.e. a 30% (99%) probability for such a jet not to provoke the
veto. We only consider b-jets of pT,b > 30 GeV and |⌘b| < 2.5.

The e�ciencies of these cuts for the signal and various backgrounds are shown in the first part of Table III.
At this stage the backgrounds from WW/Z/tt̄ +jets are seen to contribute at similar levels. The set of cuts
described so far are common to both our H ! ⌧`⌧` and H ! W`W ⇤

` analyses; from this point onwards they
diverge.

B. H ! ⌧`⌧` :::::::
analysis

The possibility of mass reconstruction
:::
We

::::
will

:::::
show

:::::
how

:::
the

::::::
Higgs

:::::
mass

:
in the decay H ! ⌧⌧

:::
can

:::
be

::::::::::::
reconstructed using the so called collinear approximationwas first pointed out in [108]. The large hierarchy in
mass

::::::
masses

:
between the Higgs and the two tau leptons ensures a very large boost for the latter

::::
taus, highly

collimating their visible and invisible decay products, and thus allowing a good approximation for the neutrinos
momenta by decomposing .

::::
We

::::
can

::::::::::::
approximate

:::
the

:::::::::
neutrino

:::::::::
momenta

:::
by

:
a
::::::::::::::
decomposition

::
of

:
the missing

transverse momentumunder the assumption
:
,
::::::
which

:::::::
assumes

:
that each invisible momentum is parallel to the

visible momentum (for the extension of this procedure to the
::::::::::::
corresponding

::::::
visible

:::::::::::
momentum.

:::::
(This

:::::::::
procedure

:::
can

:::
be

::::::::
extended

:::
to

:
decays of more than one particle, see [128]). As was noted inthe original reference

:::::
[108] ,

and further explored in [129], this procedure gains sensitivity with increasing transverse momentum of the
Higgs – i.e. when it

:::
the

:::::
Higgs

:
recoils against a jet. Viewed the other way round, it su↵ers for

::::
hard

:::
jet.

::
It

::::::
su↵ers

::
for

::
a
:
low-pT Higgs because the two ⌧ daughters are

:::
then

:
nearly back-to-back, providing a poor basis for

::
the

/pT
decomposition. For our high-pT Higgs study the mass reconstruction of the signal in this manner is very

sharp
::::
good

::::
and

::::::::
provides

:
a
::::::
sharp

:::::
peak3.

In more detail, the
::::
The Higgs mass in H ! ⌧`⌧` is reconstructed via the collinear approximation as follows.

The
:::
We

:::::::
require

::::
the

:::::::
missing

::::::::::
transverse

::::::::::
momentum

:/pT
vector is required to be inside the

:::::
plane

:::::::
spanned

:::
by

:::
the

:
two leptons. It is decomposed into

:::
We

::::::::::
decompose

::
it

::
as

:
a linear combination of the two lepton momenta

(acquiring a longitudinal component in the process):

/pT
= pT,⌫1,col + pT,⌫2,col : p⌫1,col = ↵

1

p`1 , p⌫2,col = ↵
2

p`2 . (13)

The requirement that /pT ::
to be inside the

::::
plane

::::::::
spanned

:::
by

:::
the

:
leptons is equivalent to requiring

:::::::::
demanding

that the decomposition coe�cients are both positive:

↵
1

> 0 and ↵
2

> 0. (14)

p⌫1,col and p⌫2,col thus approximate the neutrino three-momenta. Promoting them to massless four-momenta
and adding them to the lepton four-momenta gives the

::
an

:::::::::::
approximate

:
Higgs four-momentum , and we take

its invariant mass:
:::
and

:::
we

:::
can

:::::::::::
reconstruct

:::
the

::::::::
collinear

::::::
Higgs

:::::
mass:

:

p
col

= p⌫1,col + p⌫2,col + p`1 + p`2 , M2

col

= p2
col

. (15)

We apply one more cut before making use of the collinear mass variablethus described:
:
.
:::
We

::::
set an upper

limit on
:::
for the dilepton mass – m`` < 70 GeV – due to its tendency toward small values for the signal , shown

in the left panel of
:::::
since

:::::
most

::
of

:::
the

::::::
signal

::
is

:::::
below

::::
this

::::::
value,

::
as

::::::
shown

::
in

:
Fig. 2 . It kills e�ciently

:::
(left

:::::::
panel).

::::
This

:::
cut

::::
also

:::::::
reduces

::::
the tt̄+jets and WW+jets background while keeping most of

:::::::::::
backgrounds

::::
very

:::::::::
e�ciently

3 We
:::
have also tried

:
a reconstruction using the mT,Bound

-if-not-mT,True

prescription of [130] and found very similar results to the
collinear approximation; the former is expected to be preferred at lower boosts for

:
of
:
the Higgs than

:::::
which we

::
do

:::
not consider

here.
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IV. BOOSTED H ! 2`+ /pT
IN THE STANDARD MODEL

In our notation a subscript ` will denote leptonically-decaying : ⌧` thus represents ⌧ ! `+ 2⌫, W` is mostly
W ! l⌫ with some W ! ⌧`⌫⌧ , and t` is t ! bW`. The decay H ! 2` + /pT

is mostly2 through H ! W`W ⇤
`

and H ! ⌧`⌧`. As noted in [126, 127], in the decay H ! WW ⇤ ! 2` + 2⌫ spin correlations ensure that the
two lepton momenta have similar directions, as do the two neutrino momenta. In H ! ⌧`⌧` however, the two ⌧
leptons are back-to-back in the Higgs rest frame, and each of them gives rise to a highly collimated `+ 2⌫ trio.
These two facts imply that for a boosted H ! 2` + /pT

decay, the /pT
is typically outside the lepton pair for

the H ! W`W ⇤
` contribution and inside the lepton pair for H ! ⌧`⌧`, as shown in Table II. We use this binary

criterion – /pT
inside or outside the leptons – to split our analysis into two sub-analyses, which di↵er in their

background compositions as well as signals.

H ! W`W
⇤
` H ! ⌧`⌧`

Higgs rest frame

H→WℓW
∗

ℓ

ℓ

ℓ

ν

ν
H→τℓτℓ ℓ

ℓ

ν

ν

ν

ν

boosted Higgs

H→WℓW ∗

ℓ

ℓ

ℓ

/p
T

H→τℓτℓ

ℓ ℓ
/p
T

TABLE II. Showing the di↵erence in the relative positioning of the neutrinos//pT
and the dilepton system between

H ! W`W
⇤
` and H ! ⌧`⌧` decays.

A. Common Cuts for H ! ⌧`⌧` and H ! W`W
⇤
`

In both of our sub-analyses the cuts begin by requiring the following:

• Two opposite-sign isolated leptons each having pT > 10 GeV and |⌘| < 2.5. The signal leptons are
typically hard, and the pT threshold could be raised with minimal loss of e�ciency. Our isolation criterion
is ER<0.2

T,had /ET,` < 0.1, where ER<0.2
T,had is the sum of transverse energies over all hadronic activity in the

cone �R < 0.2 around the lepton. If a third isolated lepton with pT > 5 GeV and |⌘| < 2.5 is present, the
event is vetoed.

• A dilepton mass m`` exceeding 20 GeV which is necessary in practice to suppress Drell-Yan dilepton
production, but which have not simulated here.

• At least 200 GeV of transverse momentum for the system obtained by vectorially summing the dilepton
and missing transverse momenta:

|pT,H | ⌘ |/pT
+ pT,`1 + pT,`2 | > 200 GeV. (11)

2 The branching ratios for H ! W`W
⇤
` and H ! ⌧`⌧` are BR = 1.4% and 0.77% respectively; H ! ZZ⇤ ! 2`+ 2⌫ is negligible

with BR = 8⇥ 10�4.

8

 [GeV]llm
50 100 150 200 250

N
or

m
al

iz
ed

 d
is

tri
bu

tio
n

0

0.1

0.2
Zj
tt
WWj

ττ→h
WW→h

reject

 [GeV]colM
100 200 300

 [f
b/

5G
eV

]
co

l
/d

M
σd

-210

-110

1

10

Zj
tt
WWj

ττ→h
WW→h

SR

>200GeVrec
T,H

p

 [GeV]rec
T,H

p
200 300 400 500 600 700

 [f
b/

10
0G

eV
]

re
c

T,
H

/d
p

σd

-310

-210

-110

1
Zj
tt
WWj

ττ→h
WW→h

ττ→for H

FIG. 2. Left panel: the invariant mass of the two leptons, m``, after cut 6. Central panel: The collinear mass M
col

after
cut 7, stacking the di↵erent processes. Histograms are normalised to the respective cross-sections. Right panel: stacked
distributions of the ‘Higgs’ transverse momentum pT,H (defined in Eq. (11)) after selection cut 8, with a logarithmic
scale.

We apply one more cut before making use of the collinear mass variable thus described: an upper limit on the
dilepton mass – m`` < 70 GeV – due to its tendency toward small values for the signal, shown in the left panel
of Fig. 2. It kills e�ciently tt̄+jets and WW+jets background while keeping most of the H+jets signal and
Z ! ⌧⌧ background. At this stage Z ! ⌧⌧ becomes the dominant background for extracting H ! ⌧⌧ signal.
The amount of the tt̄ and WW backgrounds can be estimated in a data driven way by removing m`` < 70 GeV
cuts as discussed in detail in Appendix.
The collinear mass thereafter is shown in the central panel of Fig. 2. Note, that any particle decaying to

⌧`⌧` (with enough boost that the two ⌧ are not back-to-back) will have its mass reconstructed by this process;
indeed the most striking feature of the collinear mass distribution is the Z mass peak from the large irreducible
background Z ! ⌧`⌧`. A peak due to the signal is also visible at M

col

⇠ mH = 125 GeV. By selecting only
events in this window – |M

col

�mH | < 10 GeV – we achieve S/B ⇠ 0.4 with S/
p
B > 9 for 300 fb�1. (S is

taken to include the H ! WW ⇤ contribution, which is ⇠ 10% of H ! ⌧⌧ after our cuts designed to isolate
the latter.) We estimate the statistical error of the cross section measurement by

p
S +B/S, obtaining 12% for

�(pT,H > 200 GeV), 22% for �(pT,H > 300 GeV), and 41% for �(pT,H > 400 GeV). Assuming we can achieve
the same e�ciencies for high-luminosity run of the LHC (HL-LHC) for 3 ab�1, we extrapolate the values to
obtain ⇠ 4% for �(pT,H > 200 GeV), ⇠ 7% for �(pT,H > 300 GeV), and ⇠ 13% for �(pT,H > 400 GeV).
As seen in the central panel of Fig. 2 the smooth side-band distribution can be used for estimating the

background contribution. We show in the Appendix that these side-bands are available even with several precT,H
cut. Thus, we expect we can extract the amount of the background contributions except for statistic errors in a
data driven way, although there should be systematic uncertainty induced by the MC background modeling.
In this analysis we only use the recoil fat jet especially aiming for removing tt̄+jets background. As the

dominant background at the last stage is Z+jets, and since Z+jets and H+jets give di↵erent fraction of gluon
jets and quark jets it would be helpful to utilize the di↵erence between jet substructure of gluon jets and quark
jets [131, 132] while this feasibility is not investigated in this work.

C. H ! W`W
⇤
`

Our selection criteria for extracting H ! W`W ⇤
` from the background begin with those described in Sec-

tion IVA. In Section IVB we required that the /pT
vector be inside the two lepton momenta, after which the

signal was dominated by to H ! ⌧`⌧` and the background by Z!⌧`⌧`+jets. Here we will remove most of the
contribution of these processes by requiring that /pT

be outside the two lepton momenta. This is equivalent to

demanding that the m``
T2

variable [133] be greater than zero, as m``
T2

= 0 when it is not satisfied – the ‘trivial
zero’ [134]. In fact we go further and impose

m``
T2

> 10 GeV. (16)

Collinear mass

4

In more detail, the Higgs mass in H ! ⌧`⌧` is reconstructed via the collinear approximation as follows. The
/pT

vector is required to be inside the two leptons. It is decomposed into a linear combination of the two lepton
momenta (acquiring a longitudinal component in the process):

/pT
= pT,⌫1,col + pT,⌫2,col : p⌫1,col = ↵

1

p`1 , p⌫2,col = ↵
2

p`2 . (3)

The requirement that /pT
be inside the leptons is equivalent to requiring that the decomposition coe�cients are

both positive:

↵
1

> 0 and ↵
2

> 0. (4)

p⌫1,col and p⌫2,col thus defined approximate the neutrino three-momenta. Promoting them to massless four-
momenta and adding them to the lepton four-momenta gives the Higgs four-momentum, and we take its
invariant mass:

p
col

= p⌫1,col + p⌫2,col + p`1 + p`2 , M2

col

= p2
col

. (5)

We apply one more cut before making use of the collinear mass variable thus described: an upper limit on the
dilepton mass – m`` < 70 GeV – due to its tendency toward small values for the signal, shown in the left panel
of Fig. 1. It kills e�ciently tt̄+jets and WW+jets background while keeping most of the H+jets signal and
Z ! ⌧⌧ background. At this stage Z ! ⌧⌧ becomes the dominant background for extracting H ! ⌧⌧ signal.
The amount of the tt̄ and WW backgrounds can be estimated in data driven way by removing m`` < 70 GeV
cuts as discussed in detail in Appendix.

The collinear mass thereafter is shown in the central panel of Fig. 1. Note that any particle decaying to
⌧`⌧` (with enough boost that the two ⌧ are not back-to-back) will have its mass reconstructed by this process;
indeed the most striking feature of the collinear mass distribution is the Z mass peak from the large irreducible
background Z ! ⌧`⌧`. A peak due to the signal is also visible at M

col

⇠ mH = 125 GeV. By selecting only
events in this window – |M

col

� mH | < 10 GeV – we achieve S/B ⇠ 0.2 with S/
p
B > 5 for 300 fb�1. (S is

taken to include the H ! WW ⇤ contribution, which is ⇠10% of H ! ⌧⌧ after our cuts designed to isolate the
latter.) We estimate the statistical error of the cross section measurement by

p
S + B/S, obtaining 20% for

�(pT,H > 200 GeV), 35% for �(pT,H > 300 GeV), and 66% for �(pT,H > 400 GeV). Assuming we can achieve
the same e�ciencies for high-luminosity run of the LHC (HL-LHC) for 3 ab�1, we extrapolate the values to
obtain ⇠ 6% for �(pT,H > 200 GeV), ⇠ 11% for �(pT,H > 300 GeV), and ⇠ 20% for �(pT,H > 400 GeV).

As seen in the central panel of Fig. 1 the smooth side-band distribution can be used for estimating the
background contribution. We show these side-bands are available even with several precT,H cut in the Appendix.
Thus, we expect we can extract the amount of the background contributions except for statistic errors in data
driven way, although there should be systematic uncertainty induced by the MC background modeling.

In this analysis we only use the recoil fat jet especially aiming for removing tt̄+jets background. As the
dominant background at the last stage is Z+jets, and since Z+jets and H+jets give di↵erent fraction of gluon
jets and quark jets it would be helpful to utilize the di↵erence between jet substructure of gluon jets and quark
jets [49, 50] while this feasibility is not investigated in this work.

C. H ! W`W
⇤
`

Our selection criteria for extracting H ! W`W
⇤
` from the background begin with those described in Sec-

tion III A. In Section III B we required that the /pT
vector be inside the two lepton momenta, after which the

signal was dominated by to H ! ⌧`⌧` and the background by Z!⌧`⌧`+jets. Here we will remove most of the
contribution of these processes by requiring that /pT

be outside the two lepton momenta. This is equivalent to

demanding that the m``
T2

variable [51] be greater than zero, as m``
T2

= 0 when it is not satisfied – the ‘trivial
zero’ [52]. In fact we go further and impose

m``
T2

> 10 GeV. (6)

This rejects essentially all of the contribution from H ! ⌧⌧ and Z!⌧⌧+jets, which both have the same end
point at m⌧ due to the kinematics. For the safe margin for the endpoint smearing, we chose the cut at 10 GeV
instead of m⌧ .
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Event rate [fb] H ! ⌧⌧ H ! WW ⇤ W`W`+jets Z!⌧⌧+jets t` t̄`+jets S/B S/
p
B

0. Nominal cross section 3149.779 10719.207 580.000 1.01·104 1.02·105 – –

1. n` = 2, opposite-sign 118.043 323.531 195.033 347.516 3.72·104 – –

2. m`` > 20 GeV 117.733 264.723 189.522 315.201 3.57·104 – –

3. precT,H > 200 GeV 1.987 3.834 91.273 104.434 1.28·103 0.004 2.62

4. nfat

j = 1 (pT,j > 200 GeV) 0.957 1.858 50.443 58.810 395.602 0.006 2.17

5. nb = 0 0.940 1.825 48.855 57.068 105.851 0.01 3.29

6. /pT
inside the two leptons 0.923 0.533 20.215 55.551 44.050 0.01 2.30

7. m`` < 70 GeV 0.796 0.490 3.860 53.985 8.511 0.02 2.73

8. |M
col

�mH | < 10 GeV 0.749 0.046 0.298 1.019 0.758 0.38 9.56

precT,H > 300 GeV 0.234 0.012 0.115 0.343 0.166 0.39 5.40

precT,H > 400 GeV 0.068 0.006 0.042 0.106 0.049 0.38 2.88

precT,H > 500 GeV 0.021 0.001 0.014 0.038 0.010 0.36 1.55

precT,H > 600 GeV 0.008 0.001 0.006 0.014 0.005 0.32 0.89

TABLE III. Cut e�ciencies for our analysis aimed at H ! ⌧`⌧`. The values for each process are cross-sections in fb.
S/

p
B has been calculated for 300 fb�1. The W bosons in our WW/tt̄ +jets backgrounds were forced to decay to e, µ,

or ⌧ .

This rejects essentially all of the contribution from H ! ⌧⌧ and Z!⌧⌧+jets, which both have the same end
point at m⌧ due to the kinematics. For the safe margin for the endpoint smearing, we chose the cut at 10 GeV
instead of m⌧ .
We are now left with H ! W`W ⇤

` as our signal process, competing with WW/tt̄ +jets. Their kinematics
unfortunately allow little discriminating power: all of them contain two W bosons, with no possibility of mass
reconstruction. Nevertheless the transverse mass provides some discrimination. As shown in [135] the transverse
mass variable, constrained to satisfy mT,``  mh, giving the greatest lower bound on the Higgs mass in its decay
to W`W ⇤

` is

m2

T,`` = m2

`` + 2(ET,ll /ET � pT,ll · /pT
), (17)

where ET,ll = (m2

`` + p2T,ll)
1/2 is the transverse energy of the dilepton system, and /ET = |/pT

| is the missing
transverse energy. We adopt this definition of mT,``, also used by the ATLAS Collaboration [136]. (Setting the
dilepton mass m`` to zero in Eq. (17), despite its non-zero value being measured, gives the transverse mass used
by the CMS Collaboration [137]; this displays a less steep end point.) The end point at mH for the transverse
mass of the signal is shown in the left panel of Fig. 3, where all the selection cuts up to step 60 in Table IV are
applied. We therefore impose

mT,`` < mH = 125 GeV. (18)

Finally, backgrounds are further suppressed by requiring that the leptons have similar directions,

�R`` < 0.4, (19)

which is typically the case for the signal due to the aforementioned spin correlations.
The e�ciencies of the cuts aimed at H ! W`W ⇤

` (together with the last common cut – the b veto) are shown
in Table IV. Our final result can be seen to be S/B ⇠ 0.4, with S/

p
B > 6 for 300 fb�1. The table also shows

the event numbers left after increased pT cuts on the reconstructed Higgs. The resulting reconstructed Higgs
precT,H distributions are shown in the right panel of Fig. 3, stacked with the signal and background processes.
For WW mode optimization, the signal over background ratio drops faster than that for the ⌧⌧ mode as precT,H
increases.

Cut flow for H -> tau tau
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FIG. 5. CLs vs. the integrated luminosity for the model points g = 0 (SM, left) and g = 0.5 (central) against a BG
only hypothesis using the ⌧⌧ mode. Right panel: CLs plot for the model point of g = 0.5 against a BG only hypothesis
using the WW mode.

We also perform a binned likelihood analysis to estimate how well we can distinguish these model points from
the SM given the presence of backgrounds. The left panel of Fig. 6 shows the expected p-values to observe the
signal and background against the SM and background hypothesis as a function of the integrated luminosity
L for the model point of g = 0.5 using the H ! ⌧⌧ analysis. Again, systematic errors of 0, 5, and 10% are
assumed. We find that we are able to distinguish the model point g = 0.5 from the SM with L = 1000 fb�1

even assuming 10% systematic uncertainty.
It is more di�cult to prove the di↵erence from the SM for the model points with g < 0, compared with

the g > 0 case at the same |g| value, since we expect less signal events than in the SM. The central panel of
Fig. 6 shows the p-values for g = �0.5 using H ! ⌧⌧ analysis. As expected, we have less sensitivity and even
smaller values of |g| require larger integrated luminosities.

The right panel of Fig. 6 shows the p-values as a function of g using the H ! ⌧⌧ for an integrated luminosity
of 3000 fb�1. If we assume 0% systematic uncertainty we can exclude g < �0.29 and g > 0.24 for L = 3000
fb�1 at 95% CL. For the same integrated luminosity, assuming 10% systematic uncertainty, we can still exclude
g < �0.4 and g > 0.3 at 95% CL. We haven not combined the ⌧⌧ and the WW analysis although it could
improve our sensitivity by some amount. We have refrained from doing this since the WW mode has larger
systematic uncertainties compared to the ⌧⌧ mode due to the lack of a good side-band.
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FIG. 6. CLs vs. the integrated luminosity using ⌧⌧ mode for the model point of g = 0.5 (left) and g = �0.5 (central).
Right: CLs as a function of g for an integrated luminosity of 3000 fb�1.

VI. CONCLUSIONS

The dominant production mode of the Higgs at the LHC is an interesting probe of new physics. Even though
the inclusive rate has been measured to be in agreement with the SM, boosting the Higgs by recoiling against a
hard jet constitutes an interesting, albeit challenging measurement.

[to be continued once the final plots are in... -aw]
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distributions of the ‘Higgs’ transverse momentum pT,H (defined in Eq. (11)) after selection cut 8, with a logarithmic
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We apply one more cut before making use of the collinear mass variable thus described: an upper limit on the
dilepton mass – m`` < 70 GeV – due to its tendency toward small values for the signal, shown in the left panel
of Fig. 2. It kills e�ciently tt̄+jets and WW+jets background while keeping most of the H+jets signal and
Z ! ⌧⌧ background. At this stage Z ! ⌧⌧ becomes the dominant background for extracting H ! ⌧⌧ signal.
The amount of the tt̄ and WW backgrounds can be estimated in a data driven way by removing m`` < 70 GeV
cuts as discussed in detail in Appendix.
The collinear mass thereafter is shown in the central panel of Fig. 2. Note, that any particle decaying to

⌧`⌧` (with enough boost that the two ⌧ are not back-to-back) will have its mass reconstructed by this process;
indeed the most striking feature of the collinear mass distribution is the Z mass peak from the large irreducible
background Z ! ⌧`⌧`. A peak due to the signal is also visible at M

col

⇠ mH = 125 GeV. By selecting only
events in this window – |M

col

�mH | < 10 GeV – we achieve S/B ⇠ 0.4 with S/
p
B > 9 for 300 fb�1. (S is

taken to include the H ! WW ⇤ contribution, which is ⇠ 10% of H ! ⌧⌧ after our cuts designed to isolate
the latter.) We estimate the statistical error of the cross section measurement by

p
S +B/S, obtaining 12% for

�(pT,H > 200 GeV), 22% for �(pT,H > 300 GeV), and 41% for �(pT,H > 400 GeV). Assuming we can achieve
the same e�ciencies for high-luminosity run of the LHC (HL-LHC) for 3 ab�1, we extrapolate the values to
obtain ⇠ 4% for �(pT,H > 200 GeV), ⇠ 7% for �(pT,H > 300 GeV), and ⇠ 13% for �(pT,H > 400 GeV).
As seen in the central panel of Fig. 2 the smooth side-band distribution can be used for estimating the

background contribution. We show in the Appendix that these side-bands are available even with several precT,H
cut. Thus, we expect we can extract the amount of the background contributions except for statistic errors in a
data driven way, although there should be systematic uncertainty induced by the MC background modeling.
In this analysis we only use the recoil fat jet especially aiming for removing tt̄+jets background. As the

dominant background at the last stage is Z+jets, and since Z+jets and H+jets give di↵erent fraction of gluon
jets and quark jets it would be helpful to utilize the di↵erence between jet substructure of gluon jets and quark
jets [131, 132] while this feasibility is not investigated in this work.

C. H ! W`W
⇤
`

Our selection criteria for extracting H ! W`W ⇤
` from the background begin with those described in Sec-

tion IVA. In Section IVB we required that the /pT
vector be inside the two lepton momenta, after which the

signal was dominated by to H ! ⌧`⌧` and the background by Z!⌧`⌧`+jets. Here we will remove most of the
contribution of these processes by requiring that /pT

be outside the two lepton momenta. This is equivalent to

demanding that the m``
T2

variable [133] be greater than zero, as m``
T2

= 0 when it is not satisfied – the ‘trivial
zero’ [134]. In fact we go further and impose

m``
T2

> 10 GeV. (16)
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Conclusion

• Boosted gluon fusion gives additional insights 

• Resolves loop dynamics, complementary to 
ttH and off-shell Higgs (H* -> ZZ->4l)

• Breaks degeneracies in EFT, Susy and MCHM

• NLOmt desirable 
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Figure 4: Ratio of the boosted Higgs cross section computed within the e↵ective theory

to the exact cross section computed retaining the complete form factors, versus the mass

of the lightest top partner, for a sample set of points in the parameter space of MCHM
5

.

A transverse momentum cut pT > 650GeV is applied. The left panel shows the total

cross section pp ! h + jet , whereas the right panel shows the three partonic channels

gg, qg, qq̄ ! h+ jet individually.

we focus on the Minimal Supersymmetric SM (MSSM) and assume that additional D- or F -

term contributions help lift the Higgs mass into the phenomenologically allowed range. We

further assume that the associated beyond-the-MSSM degrees of freedom do not significantly

change the properties of the lightest CP -even Higgs. Besides the supersymmetric partners

of the SM diagrams of Fig. 1, new topologies sensitive to the stop trilinear term At can

contribute to the cross section, see Fig. 5. The inclusive signal strength is given by [42]

�(gg ! h)

�(gg ! h)
SM

= (1 +�t)
2, (4.18)

with

�t ⇡ m2

t

4

 
1

m2

˜t1

+
1

m2

˜t2

� (At � µ/ tan �)2

m2

˜t1
m2

˜t2

!
, (4.19)

We work in the limit where the pseudoscalar Higgs decouples, see e.g. Refs. [43, 19], and

we have ignored small D-term contributions. As in composite Higgs models, we encounter

a flat direction: for large enough At, the stop contribution to the inclusive rate can be

made to vanish. In Fig. 6 we show this cancellation as a function of the stop masses and

of At. This condition requires large At and one might worry about vacuum stability, see
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Off-shell Higgs
Off-shell Higgs effects 

naively small since the width is small (ΓH=4MeV, ΓH/mH =3x10-5) for a 125 GeV Higgs
but enhancement due to the particular couplings of H to VL

Narrow width approximation for Higgs boson
How can it fail? 


ΓH / MH=1/30,000

!

It fails spectacularly for      
gg→H→ZZ(*)→e-e+μ-μ+.

!

At least 15% of the cross section 
comes from m4l>130GeV.

!

3 phenomena happening in the 
tail.

Similar tail for H→WW.

12
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Figure 1: Sample diagrams contributing to gg ! ZZ.

Notice that, given our normalization, the parameterization of new physics e↵ects in terms

of an EFT expansion is meaningful only if the Wilson coe�cients satisfy

ci ⌧ 1 . (2.3)

After electroweak symmetry breaking Eq. (2.2) leads to the Lagrangian

L = �ct
mt

v
t̄th+

g2s
48⇡2

cg
h

v
Gµ⌫G

µ⌫ , (2.4)

where ct = 1� Re(cy) and we have ignored CP -odd contributions. It is well known (see for

instance Refs. [16,17]) that the current measurements of the Higgs couplings have a strongly

degenerate solution along the line ct + cg = constant, which originates from the Higgs low-

energy theorem: because on-shell Higgs production occurs at the scale mh < mt, its cross

section is proportional to

� ⇠ |ct + cg|2 . (2.5)

However, once we go to the far o↵-shell region, the partonic center-of mass energy of the

process
p
ŝ becomes higher than mt , so that we cannot integrate out the top anymore

and Eq. (2.5) becomes invalid. Therefore comparing the measurements of the on-shell and

o↵-shell Higgs production provides a way to disentangle the e↵ects of the ct, cg couplings.

Fig. 1 shows the diagrams contributing to the gg ! ZZ process, whose amplitude can be

schematically written as

Mgg!ZZ = Mh +Mbkg = ctMct + cgMcg +Mbkg , (2.6)

where Mh stands for the Higgs mediated diagram, and Mbkg stands for the interfering

background, given by the box diagrams on the Fig. 1. Notice that in addition to the
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degenerate solution along the line ct + cg = constant, which originates from the Higgs low-

energy theorem: because on-shell Higgs production occurs at the scale mh < mt, its cross

section is proportional to

� ⇠ |ct + cg|2 . (2.5)

However, once we go to the far o↵-shell region, the partonic center-of mass energy of the
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and Eq. (2.5) becomes invalid. Therefore comparing the measurements of the on-shell and

o↵-shell Higgs production provides a way to disentangle the e↵ects of the ct, cg couplings.

Fig. 1 shows the diagrams contributing to the gg ! ZZ process, whose amplitude can be

schematically written as
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SM: cancelation forced by unitarity
BSM: deviations of Higgs couplings at large s will be amplified
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N.#De#Filippis! A,er#the#discovery,#Benasque,#Spain,#April#07>17,#2014# 4 

Constraint'on'the'ΓH'from'H*(126)"ZZ'
F.#Caola,#K.#Melnikov#(Phys.#Rev.#D88#(2013)#054024)#and##
J.#Campbell#et#al.#(arXiv:1311.3589)##
showed#how#this#feature#can#be#turned#into#a#constraint'on'the'total'Higgs'width''

Once#µ#is#fixed#a#determinaOon#of#r#is#obtained#and#so#for#ΓH#:##

The#interference#with#conOnuum#gg#→#ZZ#is#taken#into#account#at#high#mass##"##gg2VV/MCFM'
VBF#producOon#is#10%#at#high#mass#"#PHANTOM#

µ#from#CMS#4l#paper#arXiv:1312.5333#
#and#provide#result#in#two#ways:#

�µ#expected”:#use#expected#signal#strength##

�µ#observed”:#use#observed#signal#strength##

FF>'so'measuring'the'raTo'of'σoffFpeak'and'σonFpeak'"'measurement'of'ΓH'

Recent analysis of gg→H*→ZZ→4l 
(about 15% of the Higgs events are far off-shell with m4l>300GeV)

CMS PAS HIG-14-002 
ATLAS-CONF-2014-042  


