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Due to absence of signs of new physics
HEP has ‘Big Mac’ blues, 


i.e. why nature not like (as natural as) advertised?

Sure, it (Higgs boson) does the job, but…

Commercial Reality
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•  Discovery of Higgs boson huge success

•  However, Higgs boson remnant/  
 by-product of BEH mechanism

No detailed understanding so far

We’ve got 

the Higgs boson

Not enough evidence to identify theory of nature

New Physics has got to be out there:

• Matter/Anti-Matter asymmetry

• Dark Matter

• Hierarchy Problem

• Inflation

Every discovery 
starts with an 

anomaly
‘Do you have to yell ‘Eureka’ every 

time you see something new?’
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EFT

‣ interpretation of any measurement model dependent

‣ interpretation requires communication between different scales 
as well as theorists and experimentalists

 Improved/Unified way of interpretation of measurements

Connecting measurements with UV physics

Kappa

Framework

Simplified 

Models

Full (UV) 

Model

Complexity/Flexibility

‣ NP models simple 
rescaling of couplings

‣ No new Lorentz 
-structures or 
kinematics

‣ SM degrees of 
freedom and 
symmetries

‣ New kinematics/
Lorentz structures

‣ New low-energy 
degrees of 
freedom 

‣ Subset of states of 
full models, 
reflective at scale 
of measurement

‣ Very complex and 
often high-dimensional 
parameter space

‣ Allows to correlate 
high-scale and low-
scale physics
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Coupling measurement during Run 1 using kappa-framework:

Higgs coupling fits based on total rates… no dynamics

No new Lorentz structures, limited applicability for new physics 

⇢X,Y =
E[(X � E[X])(Y � E[Y ])]

�x�y
(193)

gggh(mh) > gggh,SM (194)

bb̄bb̄ (195)

i =
gi

gi,SM
(196)

14

kappa is ratio of couplings:

physics
so-called

⇢X,Y =
E[(X � E[X])(Y � E[Y ])]

�x�y
(193)

gggh(mh) > gggh,SM (194)

bb̄bb̄ (195)

i =
gi

gi,SM
(196)

�(gp)⇥ BR(gd) (197)

14

• try to over-constrain couplings basis 

• Higgs width of particular importance
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EFT fit for hadron collider needs to address:

Basis

Precision

Practicality 

Validity

‣Complete
‣ Inspired by UV physics?

‣Manageable number of 
operators for fit

‣Validity range of EFT set by kinematic of measurement

‣Resummation of large log (RGE improved pert. theory)

‣ Full NLO

Several available:
Warsaw Basis [1008.4884]

SILH Basis
Primary/Higgs Basis

[hep-ph/070164]
[1405.0181]

hello bonjour hola

bon giorno

shalom

hej
ni hao
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Flavor diagonal still complex:

Agnostic operator basis highly complex:

2499 non-redundant parameters at dim-6

Basis and choice of operators to consider

59 operators

• Focus on operators with Higgs 
involvement (new kid on the block)

constrained by LEP at permille level

• Focus on operators that are 
probed predominantly at LHC

Choose SILH basis:

here 

[Peskin, Takeuchi ’91]

pp ! Hjj (208)

pp ! HV (209)

pp ! ttH (210)

cT ⇠ T (211)

cB + cW ⇠ S (212)

15

pp ! Hjj (208)

pp ! HV (209)

pp ! ttH (210)

cT ⇠ T (211)

cB + cW ⇠ S (212)

15

and 

[Giudice, Grojean, Pomarol, Rattazzi ’07]
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FIG. 1: New Physics interpretation of constraint on new op-
erators C(ΛNP)⟨ÔNP⟩ ∼ (gNP/ΛNP)

2 (black line). The red
vertical line indicates the validity cut-off of the effective the-
ory. Only the parameter space captured the by green-shaded
area is constrained using the effective theory approach.

est new particle mass, but if this mass scale is resolved
by the LHC, the only theoretically correct way to con-
strain models is to include the full model dependence on
the propagating degrees of freedom. While the numer-
ical effects can be small depending on the model, their
full inclusion is well possible given the state-of-the-art of
current Monte Carlo event generators.

IV. DIJETS AND CONTACT INTERACTIONS
AT THE LHC

Let us come back to the contact interaction model in-
troduced in Sec. II. To make our discussion transparent,
we use these results for all contributing quark flavour-
changing partonic subprocesses (and neglect the factor
GF /

√
2 in the operator definitions). We define the new

physics scale and the resulting EFT at (i) ΛNP = 14 TeV,
outside the kinematic LHC coverage of the run 2 start-
up energy

√
s = 13 TeV and (ii) at the maximum energy

of a low statistics phase during run 2 following Sec. III
in a toy MC analysis. To take into account the opera-
tor mixing and to reflect the energy dependence of the
Wilson coefficients when probed at different centre-of-
mass energies

√
ŝ, we can solve the RGE resulting from

Eqs. (8) and (10) and evaluate the effective Lagrangian at
a specific energy scale on an event-by-event basis. Setting
the correct scale at which we evaluate {Ci(µ)} involves
some freedom, similar to choosing an appropriate scale,
at which we evaluate the running of αs in SM-like sim-
ulations of hadron collider processes. In this particular
case we choose µ =

√
ŝ, which is also chosen to be the

relevant scale for parton densities and the running of the
strong coupling.
In Fig. 2 we display the differential impact of taking

into account the RGE-improved separation of ΛNP =
14 TeV from the scale at which the effective Lagrangian
is probed as a function of the jets’ transverse momentum
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FIG. 2: Transverse momentum distribution of dijet events at
the LHC with

√
s = 13 TeV. We show the SM and two scenar-

ios including the effective operators of Sec. II. Scenario 1 (2)
refers to a choice of the Wilson coefficient of C1 = C2 = 10.
“fixed” refers to the non-RGE improved distributions and
“RGE” refers to distributions obtained by fixing the effective
Lagrangian at Λ = 14 TeV and using the RGEs to consis-
tently resum QCD effects to the measurement scale

√
ŝ. The

ratio panel gives the differential impact of including the RGE
running, displaying the ratio of “fixed” and “RGE”.

pT,j .¶

Generally the absolute effects dominated over the RGE
improved event simulation as becomes obvious from the
logarithmic plot in Fig. 2. The induced relative difference
turns out to be of order O(10%) in this particular exam-
ple. Depending on the size of the data sample and the
systematic uncertainty this could in principle be the level
at which the LHC will be able to probe jet distributions
at large luminosities during run 2.
Obviously, for our choice of ΛNP, the impact of RGE

effects are not very large and will not account for the
dominant uncertainties on non-standard interactions at
the beginning of run 2 (see Refs. [24, 25] for a discus-
sion of systematic uncertainties of jet measurements at
the LHC). Given the 10% relative impact of a theoreti-
cally clean separation of new physics and measurement
scale as demonstrated in Fig. 2, we can turn the argu-

¶These results have been obtained with a modified version of MadE-
vent/MadGraph v5 [21], inputting a Ufo [22] model file generated
with FeynRules [23]. We select jets in |ηj | ≤ 2.5 using the Monte
Carlo’s default settings. The toy model could be thought of in
terms of an already constrained very massive W ′ boson. We have
checked that an analogous Z′ model leads to similar results.

Validity and Relevance of EFT

⇢X,Y =
E[(X � E[X])(Y � E[Y ])]

�x�y
(193)

gggh(mh) > gggh,SM (194)

bb̄bb̄ (195)

pT,H . 2mt (196)

2mt . pT,H . 2mNP (197)

2mNP . pT,H (198)

H ! ⌧+⌧� (199)

H ! WW ⇤ (200)

H ! ZZ⇤ (201)

L = LSM +
X

i

g2i
⇤2
NP

Oi (202)

14

Lagrangian dim-6:

shape sets limit on Wilson 
coefficient (black line)

EFT used to set limits on UV models from non-observation of new physics

Endpoint of kinematic distribution 
sets lower cut-off for NP (red line)

Any UV (weakly coupled) 
models left?

[Englert, MS 1408.5147]
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As a result, each measured event probes a different combination of operators

⇢X,Y =
E[(X � E[X])(Y � E[Y ])]
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(193)
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W1 (195)

W2 (196)
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g = gR, gL = 0 (198)

C1(⇤NP) (199)

C2(⇤NP) (200)

C3(⇤NP) (201)
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ŝ) (203)

C3(
p

ŝ) (204)

14

⇢X,Y =
E[(X � E[X])(Y � E[Y ])]

�x�y
(193)

U(1)⇥ SU(2)L ⇥ SU(2)R (194)

W1 (195)

W2 (196)

g = gL, gR = 0 (197)

g = gR, gL = 0 (198)

C1(⇤NP) (199)

C2(⇤NP) (200)

C3(⇤NP) (201)

C1(
p
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ŝ) (204)

14

measurement

at characteristic 
scale of event

Coefficients of 
operators at New 

Physics scale

In general higher-order corrections induce 
scale dependence and mixing of operators  

• scale hierarchies similar to flavor 
physics mW/mb~20  

• evolution from renormalization group 
equations 
 
 

• consistent interpretation requires 
communication of resolved scales

[Grojean, Jenkins, Manohar, Trott ’13]
[Jenkins, Manohar, Trott ’13]
[Elias-Miro et al ’13]
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FIG. 6: (a) Scatter plot indicating the exclusion contours for (CW , CB , CWB = 0) from pp → HZ as detailed in the text. We
choose ΛNP ≃ 2.4 TeV, which is the maximum energy scale probed in a toy MC experiment with statistics of L ≃ 1500/fb
(only taking into account branching ratios Z → e+e−, µ+µ− and H → bb̄) following Sec. III. (b) Same as (a) but choosing
ΛNP ≃ 14 TeV, strictly outside the LHC 13 TeV coverage. To allow for direct a comparison we rescale the Wilson coefficients
by [14 TeV/maxminv]
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FIG. 7: Induced (CW , CWB) contour at the scale ΛNP that
results operator mixing of the scan shown in Fig. 6(b).

but we stress that this is a random choice at this stage,
which is solely motivated by having an ad hoc EFT va-
lidity over the entire LHC run 2 energy range.
We compare ΛNP = 14 TeV with ΛNP = mmax

inv ≃
2.8 TeV in Fig. 7 (for details see the caption). Since
we only probe a single observable at this stage we have
to make an assumption to reduce the numbers of param-
eters. We proceed as outlined in the preceding section to
perform a measurement of (CW (µ)), CB(µ)) subject to
the boundary condition CWB(µ) = 0. Note that this is
merely a choice to obtain an acceptable ρ parameter at
this stage and CWB can be constrained from other com-
plementary measurements [34] (strictly speaking, the Z
mass needs to be input as a boundary condition to the
RGE running).
The difference between choosing ΛNP outside the LHC

coverage and as the maximum available energy is of

course that the larger the ratio of pT /ΛNP becomes, the
more important the deviation from the standard analysis
that does not include the RGE running becomes.
Even though CWB = 0 is a boundary condition at

the measurement scale, operator running still induces
CWB ≠ 0 at the UV scale. To give an estimate of numer-
ical size, we show the induced exclusion contour in the
(CW , CWB) plane for the ΛNP = 14 TeV in Fig. 7.

VI. CONCLUSIONS

Coupling measurements at the 10% level can be ob-
tained during the LHC run 2 [35]. This is the level of sys-
tematic uncertainty that can be expected from weak and
strong operator running and mixing effects in the dimen-
sion 6 extension of the SM sector and other new physics
scenarios as we have discussed using three instructive ex-
amples. Those particular examples comprehensively dis-
cuss the impact of QCD and electroweak operator mix-
ing and running, especially for a class of phenomenolog-
ically highly relevant operators in the Higgs sector. As
such they stand representative for other (possibly more
complex) processes where we expect our findings to hold
qualitatively as well. If the RGE-induced effects become
of the order of the expected sensitivity, the resummation
effects are relevant in reaching a consistent interpreta-
tion of new physics searches. We stress that there might
well be additional sources of corrections of that size from
additional one-loop effects.

A measurement of differential distributions constrains
effective Lagrangians at different energy scales. These
measurements can be consistently combined by using
RGEs to evolve results to a well-defined and separated
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but we stress that this is a random choice at this stage,
which is solely motivated by having an ad hoc EFT va-
lidity over the entire LHC run 2 energy range.
We compare ΛNP = 14 TeV with ΛNP = mmax

inv ≃
2.8 TeV in Fig. 7 (for details see the caption). Since
we only probe a single observable at this stage we have
to make an assumption to reduce the numbers of param-
eters. We proceed as outlined in the preceding section to
perform a measurement of (CW (µ)), CB(µ)) subject to
the boundary condition CWB(µ) = 0. Note that this is
merely a choice to obtain an acceptable ρ parameter at
this stage and CWB can be constrained from other com-
plementary measurements [34] (strictly speaking, the Z
mass needs to be input as a boundary condition to the
RGE running).
The difference between choosing ΛNP outside the LHC

coverage and as the maximum available energy is of

course that the larger the ratio of pT /ΛNP becomes, the
more important the deviation from the standard analysis
that does not include the RGE running becomes.
Even though CWB = 0 is a boundary condition at

the measurement scale, operator running still induces
CWB ≠ 0 at the UV scale. To give an estimate of numer-
ical size, we show the induced exclusion contour in the
(CW , CWB) plane for the ΛNP = 14 TeV in Fig. 7.

VI. CONCLUSIONS

Coupling measurements at the 10% level can be ob-
tained during the LHC run 2 [35]. This is the level of sys-
tematic uncertainty that can be expected from weak and
strong operator running and mixing effects in the dimen-
sion 6 extension of the SM sector and other new physics
scenarios as we have discussed using three instructive ex-
amples. Those particular examples comprehensively dis-
cuss the impact of QCD and electroweak operator mix-
ing and running, especially for a class of phenomenolog-
ically highly relevant operators in the Higgs sector. As
such they stand representative for other (possibly more
complex) processes where we expect our findings to hold
qualitatively as well. If the RGE-induced effects become
of the order of the expected sensitivity, the resummation
effects are relevant in reaching a consistent interpreta-
tion of new physics searches. We stress that there might
well be additional sources of corrections of that size from
additional one-loop effects.

A measurement of differential distributions constrains
effective Lagrangians at different energy scales. These
measurements can be consistently combined by using
RGEs to evolve results to a well-defined and separated

maxQ2 = 2.4 TeV =� LBSM(2.4 TeV)

High-dim operators often momentum dependent

Sensitivity of measurement in tail of distribution

RG running potentially less important 

as scale separation can be small (model dependent)

Here maxQ=14 TeV

T= C   = 0 at low scaleWB but induced and allowed at high scale

Finite NLO pieces can be sizeable
[Hartmann, Trott ’15]

[Gauld, Pecjak, Scott ’16]
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Results for linearised LO EFT approach

2

narrow width approximation calculations,

�(pp! H ! X) = �(pp! H)BR(H ! X) . (2)

Therefore, we can divide the simulation of the underlying
dimension six phenomenology into production and decay

of the Higgs boson. We discuss our approach to these
parts in the following.

We consider the set of operators known as the strongly-
interacting light Higgs basis in bar convention (for details
see Refs. [9, 11, 42, 43])

LSILH =
c̄H
2v2

@µ
�
H†H

�
@µ

�
H†H

�
+

c̄T
2v2

⇣
H† !DµH

⌘⇣
H† !D µH

⌘
�

c̄6�

v2
�
H†H

�3

+
⇣ c̄u,iyu,i

v2
H†Hū(i)

L Hcu(i)
R + h.c.

⌘
+
⇣ c̄d,iyd,i

v2
H†Hd̄(i)L Hd(i)R + h.c.

⌘

+
ic̄W g

2m2

W

⇣
H†�i !DµH

⌘
(D⌫Wµ⌫)

i +
ic̄Bg0

2m2

W

⇣
H† !DµH

⌘
(@⌫Bµ⌫)

+
ic̄HW g

m2

W

(DµH)†�i(D⌫H)W i
µ⌫ +

ic̄HBg0

m2

W

(DµH)†(D⌫H)Bµ⌫

+
c̄�g0

2

m2

W

H†HBµ⌫B
µ⌫ +

c̄gg2S
m2

W

H†HGa
µ⌫G

aµ⌫ .

(3)

In particular we assume flavour-diagonal dimension six
e↵ects and in order to directly reflect the oblique cor-
rection subset of LEP measurements of S, T we decrease
the number of degrees of freedom in the fit by identifying
(see also [9, 11, 21, 44])

c̄T = 0 , c̄W + c̄B = 0 . (4)

We do not include anomalous triple gauge vertices to our
fit [21].

A. Higgs Production and Decay

We rely on eHdecay to include the correct Higgs
branching ratios in the dimension six extended Standard
Model [45]. We sample a broad range of dimension six
parameter choices and interpolate them using the Pro-

fessor method detailed in the appendix A. This also
allows us to identify already at this stage a “meaningful”
Wilson coe�cient range with a positive-definite Higgs de-
cay phenomenology.

We find an excellent interpolation of the eHdecay out-
put (independent of the interpolated sample’s size and
choice) and we typically obtain per mille-level accuracy
of the Higgs partial decay widths and branching ratios,
which is precise enough for the limits we can set. Inter-
polation using Professor is key to performing the fit in
the high dimensional space of operators and observables
in a very fast and accurate way.

For the production we rely on an implementation of
dimension six operators analogous to [46], which we have
cross checked and introduced in [47]. The Monte-Carlo
integration of the Higgs production processes is per-
formed with a modified version ofVbfnlo [48] that inter-

faces FeynArts, FormCalc, and LoopTools [49, 50]
using a model file output by FeynRules [51–53] and we
only consider “genuine” dimension six e↵ects that arise
from the interference of the dimension six amplitude with
the SM. Writing

M = MSM +Md=6 , (5)

we obtain a squared matrix element of the form

|M|
2 = |MSM|

2 + 2Re{MSMM
⇤
d=6

}+O(1/⇤4) , (6)

and we consistently neglect the dimension eight contribu-
tions that arise from squaring the dimension six e↵ects.
Similar to higher order electroweak or QCD calculations,
the di↵erential cross sections are not necessarily positive
definite in this expansion, but negative bin entries pro-
vide a means to judge the validity of the Wilson coe�-
cient and the dimension six approach in general.
For parameter choices close to the SM, including

|Md=6|
2 is typically not an issue and the parameters c2i

are often numerically negligible for inclusive observables
such as signal strengths. However, to obtain an inclusive
measurement, we marginalise over a broad range of ener-
gies at the LHC and a positive theoretical cross section
might be misleading as momentum dependencies of some
dimension six operators violate a naive scaling c2i < ci in
the tails of momentum-dependent distributions. For this
reason, we choose to calculate cross sections to the exact
order ⇠ 1/⇤2 and later reject Wilson coe�cient choices
that lead to a negative di↵erential cross section for in-
tegrated bins of a given LHC setting when this part of
the phase space is resolved; such negative cross sections
signal bigger contributions of the d = 6 terms than we
expect in the SM, and we cannot justify limiting our anal-
ysis to dimension six operators if new physics becomes as
important as the SM in observable phase space regions.
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In particular we assume flavour-diagonal dimension six
e↵ects and in order to directly reflect the oblique cor-
rection subset of LEP measurements of S, T we decrease
the number of degrees of freedom in the fit by identifying
(see also [9, 11, 21, 44])

c̄T = 0 , c̄W + c̄B = 0 . (4)

We do not include anomalous triple gauge vertices to our
fit [21].

A. Higgs Production and Decay

We rely on eHdecay to include the correct Higgs
branching ratios in the dimension six extended Standard
Model [45]. We sample a broad range of dimension six
parameter choices and interpolate them using the Pro-

fessor method detailed in the appendix A. This also
allows us to identify already at this stage a “meaningful”
Wilson coe�cient range with a positive-definite Higgs de-
cay phenomenology.

We find an excellent interpolation of the eHdecay out-
put (independent of the interpolated sample’s size and
choice) and we typically obtain per mille-level accuracy
of the Higgs partial decay widths and branching ratios,
which is precise enough for the limits we can set. Inter-
polation using Professor is key to performing the fit in
the high dimensional space of operators and observables
in a very fast and accurate way.

For the production we rely on an implementation of
dimension six operators analogous to [46], which we have
cross checked and introduced in [47]. The Monte-Carlo
integration of the Higgs production processes is per-
formed with a modified version ofVbfnlo [48] that inter-

faces FeynArts, FormCalc, and LoopTools [49, 50]
using a model file output by FeynRules [51–53] and we
only consider “genuine” dimension six e↵ects that arise
from the interference of the dimension six amplitude with
the SM. Writing

M = MSM +Md=6 , (5)

we obtain a squared matrix element of the form

|M|
2 = |MSM|

2 + 2Re{MSMM
⇤
d=6

}+O(1/⇤4) , (6)

and we consistently neglect the dimension eight contribu-
tions that arise from squaring the dimension six e↵ects.
Similar to higher order electroweak or QCD calculations,
the di↵erential cross sections are not necessarily positive
definite in this expansion, but negative bin entries pro-
vide a means to judge the validity of the Wilson coe�-
cient and the dimension six approach in general.
For parameter choices close to the SM, including

|Md=6|
2 is typically not an issue and the parameters c2i

are often numerically negligible for inclusive observables
such as signal strengths. However, to obtain an inclusive
measurement, we marginalise over a broad range of ener-
gies at the LHC and a positive theoretical cross section
might be misleading as momentum dependencies of some
dimension six operators violate a naive scaling c2i < ci in
the tails of momentum-dependent distributions. For this
reason, we choose to calculate cross sections to the exact
order ⇠ 1/⇤2 and later reject Wilson coe�cient choices
that lead to a negative di↵erential cross section for in-
tegrated bins of a given LHC setting when this part of
the phase space is resolved; such negative cross sections
signal bigger contributions of the d = 6 terms than we
expect in the SM, and we cannot justify limiting our anal-
ysis to dimension six operators if new physics becomes as
important as the SM in observable phase space regions.

Focus on linear contribution 
of EFT for theory prediction:

Wilson coefficients can be (over) constraint in many decay and production 
processes:

Decays:

Production:
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H ! WW⇤ (205)
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We assume that production and decay factorise to good approximation

4

and the luminosity L of the particular analysis:

Nth = �(H +X)⇥ BR(H ! Y Y )

⇥ L⇥ BR(X,Y ! final state) (7)

This number is then multiplied by the e�ciency to mea-
sure the production channel ✏p and the e�ciency to mea-
sure the decay products ✏d, to obtain the measured num-
ber of events

Nev = ✏p✏dNth. (8)

For the e�ciency to reconstruct a specific final state, we
rely on experimental results from run 1, where avail-
able. The e�ciencies used are ✏p,tt̄h = 0.10 [68–71],
✏p,ZH = 0.12, ✏p,WH = 0.04, ✏p,VBF = 0.30 [4, 72–74].
We assume a value of ✏p,H+j = 0.5 [75] (see also [76])
where no experimental results targeting this production
mode are available so far. In order to simplify the as-
sumptions and the background estimates, we consider
only leptonic channels for the V H and tt̄H production
modes. Here only final states with electrons and muons
are used. These are however allowed to originate from
⌧ -decays. In case of the gluon fusion production mode,
analyses targeting di↵erent final states have di↵erent re-
construction e�ciencies. We use the following e�ciencies
for the process pp ! H: ✏p,GF = 0.4 for H ! �� [72, 74],
✏p,GF = 0.01 for H ! ⌧+⌧� [77, 78], ✏p,GF = 0.25 for
H ! 4l [4, 79], ✏p,GF = 0.10 for H ! 2l2⌫ [80, 81],
✏p,GF = 0.10 for H ! Z� [82, 83], and ✏p,GF = 0.50 for
H ! µµ [84, 85]. The H ! bb̄ decay is not considered for
the gluon fusion production mode. Taking a conservative
approach we assume the same reconstruction e�ciencies
for measurements at 14 TeV, independent of the Higgs
transverse momentum.

In the reconstruction of the Higgs boson we include
reconstruction and identification e�ciencies of the final
state objects:

H ! bb̄: We assume a flat b-tagging e�ciency of 60%,
i.e. ✏d,bb̄ = 0.36.

H ! ��: For the identification and reconstruction of iso-
lated photons we assume respectively an e�ciency
of 85%. Hence, we find ✏d,�� ' 0.72.

H ! ⌧+⌧�: We consider ⌧ -decays into hadrons
(BRhad = 0.648) or leptons, i.e. an electron
(BRe = 0.178) or muon (BRµ = 0.174). For the
reconstruction e�ciency of the hadronic ⌧ we
assume a value of 50% and for the electron and
muon we use 95%. Thus, the total reconstruction
e�ciency is ✏d,⌧⌧ ' 0.433.

H ! ZZ⇤
! 4l: We consider Z decays into electrons

and muons only, also taking into account ⌧ decays
into lighter leptons. For each lepton we assume a
reconstruction e�ciency of 95%, which gives a total
reconstruction e�ciency of ✏d,4l ' 0.815.

production process decay process

pp ! H 10 H ! bb̄ 25
pp ! H + j 30 H ! �� 20
pp ! H + 2j 100 H ! ⌧

+
⌧
� 15

pp ! HZ 10 H ! 4l 20
pp ! HW 50 H ! 2l2⌫ 15
pp ! tt̄H 30 H ! Z� 150

H ! µ
+
µ
� 150

TABLE II: Relative statistical uncertainties for each produc-
tion and decay channel in %.

H ! WW ⇤
! 2l2⌫: Only lepton decays into electrons

and muons are considered and for each visible lep-
ton we include a 95% reconstruction e�ciency, i.e.
✏d,2l2⌫ = 0.9025

H ! Z�: Again, we include separately an 85% identi-
fication and reconstruction e�ciency for isolated
photons and a 95% reconstruction e�ciency for
each electron and muon. As a result we find
✏d,Z� ' 0.767.

H ! µ+µ�: Each muon is assumed to have a reconstruc-
tion e�ciency of 95%, resulting in ✏d,µµ = 0.9025.

Owing to the di↵erent selections made in the various
experimental analyses, each channel has a unique back-
ground composition, resulting in di↵erent additional sta-
tistical uncertainties on the measurements. We approx-
imate those by adding uncertainties from the produc-
tion and decay channels in quadrature. The uncertainties
used are given in Tab. II.
Beyond identification and reconstruction e�ciencies

for production channels and Higgs decays, each channel
is plagued by individual experimental systematic uncer-
tainties. For the individual channels studied at a center-
of-mass energy of 8 TeV, we adopt flat systematic uncer-
tainties as published by the experiments [3, 4, 68, 72, 74,
77–88], see Tab. III. In channels where no measurement
has been performed or no information is publicly avail-
able, e.g. pp ! H+2j, H ! Z�, we choose a conservative
estimate of systematic uncertainties of 100%. In addition
to the uncertainties listed in Tab. III, we include a sys-
tematic uncertainty of 30% for the H ! 2l2⌫ channel for
di↵erential cross sections. This uncertainty is due to the
inability of reconstructing the Higgs transverse momen-
tum accurately.
During future runs, systematic uncertainties are likely

to improve with the integrated luminosity. Hence for
our results at 14 TeV we use the 8 TeV uncertainties
as a starting point, as displayed in Tab. III, and rescale
them by

p
L8/L14 for a given integrated luminosity at

14 TeV L14. This results in a reduction of statistical
and systematic uncertainties by a factor of about 0.3 for
L14 = 300 fb�1 and about 0.1 for L14 = 3000 fb�1.
We only consider measurements with more than 5 sig-

nal events after the application of all e�ciencies and a
total uncertainty smaller than 100%. The pseudo-data
are constructed using the SM hypothesis, i.e. all Wil-

Number of predicted events:

Each channel has own prod. and decay efficiencies:
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H ! WW ⇤
! 2l2⌫: Only lepton decays into electrons

and muons are considered and for each visible lep-
ton we include a 95% reconstruction e�ciency, i.e.
✏d,2l2⌫ = 0.9025

H ! Z�: Again, we include separately an 85% identi-
fication and reconstruction e�ciency for isolated
photons and a 95% reconstruction e�ciency for
each electron and muon. As a result we find
✏d,Z� ' 0.767.

H ! µ+µ�: Each muon is assumed to have a reconstruc-
tion e�ciency of 95%, resulting in ✏d,µµ = 0.9025.

Owing to the di↵erent selections made in the various
experimental analyses, each channel has a unique back-
ground composition, resulting in di↵erent additional sta-
tistical uncertainties on the measurements. We approx-
imate those by adding uncertainties from the produc-
tion and decay channels in quadrature. The uncertainties
used are given in Tab. II.
Beyond identification and reconstruction e�ciencies

for production channels and Higgs decays, each channel
is plagued by individual experimental systematic uncer-
tainties. For the individual channels studied at a center-
of-mass energy of 8 TeV, we adopt flat systematic uncer-
tainties as published by the experiments [3, 4, 68, 72, 74,
77–88], see Tab. III. In channels where no measurement
has been performed or no information is publicly avail-
able, e.g. pp ! H+2j, H ! Z�, we choose a conservative
estimate of systematic uncertainties of 100%. In addition
to the uncertainties listed in Tab. III, we include a sys-
tematic uncertainty of 30% for the H ! 2l2⌫ channel for
di↵erential cross sections. This uncertainty is due to the
inability of reconstructing the Higgs transverse momen-
tum accurately.
During future runs, systematic uncertainties are likely

to improve with the integrated luminosity. Hence for
our results at 14 TeV we use the 8 TeV uncertainties
as a starting point, as displayed in Tab. III, and rescale
them by

p
L8/L14 for a given integrated luminosity at

14 TeV L14. This results in a reduction of statistical
and systematic uncertainties by a factor of about 0.3 for
L14 = 300 fb�1 and about 0.1 for L14 = 3000 fb�1.
We only consider measurements with more than 5 sig-

nal events after the application of all e�ciencies and a
total uncertainty smaller than 100%. The pseudo-data
are constructed using the SM hypothesis, i.e. all Wil-

signal strength:
36 indep. meas. (300 ifb)
46 indep. meas. (3000 ifb)
differential:
88 indep. meas. (300 ifb)
123 indep. meas. (3000 ifb)

[Englert, Kogler, Schulz, MS 1511.05170]
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most likely and practical pT,H unfolded

high correlation 

⇢X,Y =
E[(X � E[X])(Y � E[Y ])]

�x�y
(193)

U(1)⇥ SU(2)L ⇥ SU(2)R (194)

W1 (195)

W2 (196)

g = gL, gR = 0 (197)

g = gR, gL = 0 (198)

C1(⇤NP) (199)

C2(⇤NP) (200)

C3(⇤NP) (201)

C1(
p
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C2(
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C3(
p

ŝ) (204)

p
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To show benefit of differential distribution need observable

• Different observables can give different results for fit

• 2->2 scattering leaves only 2 degrees of freedom,  
but 2->3 (tth, vbf) more complex

• However, exp. need to be able to provide unfolded distributions

Tehran                IWPPP      Michael Spannowsky             20.02.2018                   13



Three sources of uncertainties

6

tt̄H HZ HW H incl. H + j H + 2j

H ! bb̄ 80 25 40 100 100 150
H ! �� 60 70 30 10 10 20

H ! ⌧
+
⌧
� 100 75 75 80 80 30

H ! 4l 70 30 30 20 20 30
H ! 2l2⌫ 70 100 100 20 20 30
H ! Z� 100 100 100 100 100 100

H ! µ
+
µ
� 100 100 100 100 100 100

TABLE III: Relative systematic uncertainties for each pro-
duction times decay channel in %.

production process decay process

pp ! H 14.7 H ! bb̄ 6.1
pp ! H + j 15 H ! �� 5.4
pp ! H + 2j 15 H ! ⌧

+
⌧
� 2.8

pp ! HZ 5.1 H ! 4l 4.8
pp ! HW 3.7 H ! 2l2⌫ 4.8
pp ! tt̄H 12 H ! µ

+
µ
� 2.8

TABLE IV: Theoretical uncertainties for each production and
decay channel in %.

son coe�cients are set to zero. We construct expected
signal strength measurements for all accessible produc-
tion and decay modes. Additionally, di↵erential cross
sections as function of the Higgs transverse momentum
are simulated with a bin size of 100 GeV. Comparing
our predictions for the signal strength measurements for
14 TeV using an integrated luminosity of L14 = 300 fb�1

and L14 = 3000 fb�1, with the expectations published by
ATLAS [89, 90] and CMS [91, 92], we find good agree-
ment with the publicly available channels.

Theory uncertainties included in the fit are listed in
Tab. IV and have been obtained by the Higgs cross sec-
tion working group [65–67]. We assume the same size of
theory uncertainties for the SM predictions as for calcu-
lations using the EFT framework.

A. Results for Run 1

In the following we will evaluate the status of the e↵ec-
tive Lagrangian Eq. (3) in light of available run 1 analy-
ses. Similar analyses have been performed by a number
of groups , see e.g. [19, 21, 23, 93]. Comparing the above
fit-procedure to these results not only allows us to vali-
date the highly non-trivial fitting procedure against other
approaches, but also to extend these results by includ-
ing additional measurements which have become avail-
able in the meantime. We include experimental analy-
ses using HiggsSignals v1.4 [94, 95], based on Higgs-

Bounds v4.2.1 [96–99].
Specifically we include the following analyses. Higgs

decays to bosons have been measured in the channels
H ! �� [72, 74], H ! ZZ(⇤)

! 4l [79, 86] and
H ! WW (⇤)

! 2l2⌫ [80, 81, 87, 100]. These analy-
ses have sensitivity to the gluon-fusion, H + 2j and V H

production modes. The coupling to leptons has been
probed in the H ! ⌧+⌧� channel [77, 78], with some
evidence for H ! bb̄ in V H production [73, 101] and
a search for H ! µ+µ� [85]. The coupling to top
quarks has been addressed through tt̄H production in
the H ! bb̄ decay [68, 69] and in leptonic decays, sensi-
tive to the H ! ZZ(⇤), H ! WW (⇤) and H ! ⌧+⌧�

channels [69, 102]. This results in a total of 77 mea-
surements included in the fit. Correlations between the
measurements are introduced due to the acceptance of
a given experimental measurement to a number of pro-
duction and decay modes. These correlations are taken
into account. Also, the theoretical uncertainties from the
normalisation of the signal strength measurements to the
SM prediction, as included in the experimental results,
are taken to be fully correlated among the experimental
measurements [94, 95]. Correlations due to theory un-
certainties in the calculations with dimension six e↵ects
are included as well.
The results are shown in Fig. 2. We note that we are

in good agreement with [21]; with slight di↵erences that
can be understood from working under di↵erent assump-
tions (specifically the strict linearisation of dimension six
e↵ects) as well as including more analyses. The fit con-
verges with a minimum value of �2 of 87.9 for 69 degrees
of freedom (ndof), corresponding to a p-value of about
0.06. Without theory uncertainties the value of �2 in-
creases to 96.8. The goodness-of-fit is slightly worse than
the result of a �2 test of the SM hypothesis, which gives a
minimum value of �2/ndof = 91.3/77 = 1.19, or a p-value
of 0.13. The smaller p-value for the dimension-six fit with
respect to the SM result can be understood because of
the addition of free parameters not needed to describe
the data, in other words, some dimension-six coe�cients
are not constrained by the current data.

Let us compare these limits to the SM to get an
estimate of how big these constraints are if we move
away from the bar convention. The limits on, e.g.,
c̄g . 0.03 ⇥ 10�3 can be compared for instance against
the e↵ective ggH operator that arises from integrating
out the top quark in the limit mt ! 1. The e↵ective
operator for this limit, using low energy e↵ective theo-
rems [103–105] reads

↵s

12⇡
Ga

µ⌫G
aµ⌫ log(1 +H/v)

'
↵s

12⇡v
Ga

µ⌫G
aµ⌫H + . . . (9)

Matching this operator onto SILH convention of Eq. (3),
we obtain |c̄g(e↵ective SM)| ' 0.23 ⇥ 10�3. So in this
sense, new physics is constrained to a O(10%) deviation
relative to the SM from inclusive observables. The rela-
tive deviations in the tails for this operator can easily be
as big as factors of two (see e.g. [47, 54, 55]), which high-
lights the necessity to resolve this deviation with energy
or momentum dependent observables during run 2 and
the high luminosity phase to best constrain the presence
of non-resonant physics using high momentum transfers.

obtained for 7/8 TeV are scaled 
to 14 TeV with 300 and 3000 ifb 
respectively by

⇢X,Y =
E[(X � E[X])(Y � E[Y ])]

�x�y
(193)

U(1)⇥ SU(2)L ⇥ SU(2)R (194)

W1 (195)

W2 (196)

g = gL, gR = 0 (197)

g = gR, gL = 0 (198)

C1(⇤NP) (199)

C2(⇤NP) (200)

C3(⇤NP) (201)

C1(
p

ŝ) (202)

C2(
p

ŝ) (203)

C3(
p

ŝ) (204)

p

ŝ ⇠ mH + pT,H (205)

p
L8/L14 (206)

14

Theoretical uncertainties

(taken from exp. Run-1 papers)

Flat over pT,H range…

Conservative for inclusive rate, aggressive for distributions

Systematic uncertainties

statistical uncertainties

part of fit and we require 5

events to consider a channel

rel. syst. uncertainty in %
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We generated pseudo-data for the extrapolation to 300 and 3000 ifb
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signal strength measurement differential measurement

green = 300 ifb orange = 3000 ifb
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Grey: signal strength only
Orange: differential distributions

66% CL (dark), 95% CL (middle), 99% CL (light)

at 14 TeV and 3000 ifb

Parametrisation of cross sections with 
Professor and fit using Gfitter
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Signal strength only differential distributions

7/8 TeV (blue)

14 TeV, 300 ifb (green)

14 TeV, 3000 ifb (orange)

Setup allows to address most fundamental question for high-energy physics:

• Which theory calculations most important?
• Which systematic uncertainties most limiting?
• Where can we improve knowledge most?
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Interpretation of results

Composite (SILH) Higgs:

One expects

10

statistical and systematic uncertainties, which leads to a
more constrained fit. The fit for the 300 fb�1 scenario
uses 36 signal strength measurements, and 46 measure-
ments are used for the scenario with 3000 fb�1. Specifi-
cally the constraints on operators that modify associated
Higgs production and weak boson fusion benefit from the
increased centre-of-mass energy and luminosity. In the
scenario for the high luminosity phase the theoretical un-
certainties become dominant in some cases.

In a second step, we include the di↵erential pT,H mea-
surements from all production modes, except pp ! H.
For the pp ! H production mode we include six sig-
nal strength measurements, as no transverse momentum
of the Higgs boson is generated on tree-level. This re-
sults in 82+6 independent measurements included for
the fit with 300 fb�1 and 117+6 for 3000 fb�1. In a
given production and decay channel, experimental sys-
tematic uncertainties are included as correlated uncer-
tainties among bins in pT,H . Comparing the above con-
straints with those expected from including the di↵eren-
tial distributions, Fig. 4, we see a tremendous improve-
ment. Two-dimensional contours of the expected con-
straints are shown in Fig. 5. Several flat directions are re-
solved, which are present when using only signal strength
measurements, e↵ectively allowing to constrain all coef-
ficients simultaneously. Elements of studying di↵erential
distributions to e↵ective Higgs dimension six framework
have been investigated with similar findings in the liter-
ature [21, 23, 106], but, to our knowledge, Figs. 4 and 5
provide the first consistent fit of all single-Higgs relevant
operators in a fully di↵erential fashion, in particular with
extrapolations to 14 TeV.

A series of dimension six operators, on which no con-
straints can be formulated at this stage of the LHC pro-
gramme or by only including signal strength measure-
ments, can eventually be constrained with enough data
and di↵erential distributions. The reason behind this
is that di↵erential measurements ipso facto increase the
number of (correlated) measurements by number of bins,
leading to a highly over-constrained system. Also, since
the impact of many operators is most significant in the
tails of energy-dependent distribution, the relative statis-
tical pull is decreased by only considering inclusive quan-
tities.

IV. INTERPRETATION OF CONSTRAINTS

The whole purpose of interpreting data in terms of an
e↵ective field theory is to use this framework as a means
of communication between a low-scale measurement at
the LHC and a UV model defined at a high scale, out of
reach of the LHC. This way, the EFT framework allows
us to limit a large class of UV models.

For a well-defined interpretation using e↵ective opera-
tors, we assume that the operators, induced by the UV
theory, only directly depend on the SM particle and sym-
metry content, and we also need to assume that the UV

FIG. 6: Matching the constraints on |c̄g| . 5 ⇥ 10�6 of
Fig. 4 onto stop contributions using Eq. (11) for identified
soft masses m

Q̃
= m

t̃
= m. For details see text.

theory is weakly coupled to the SM sector. The last
condition is necessary to justify the truncation of the ef-
fective Lagrangian at dimension six. After establishing
limits on Wilson coe�cients of the e↵ective theory, as
performed in Secs. III A-III B, we can now address the
implications for a specific UV model.
Two popular ways of addressing the Hierarchy problem

are composite Higgs models and supersymmetric theo-
ries. Let us quickly investigate in how far these con-
straints are relevant once we match the EFT expansion
to a concrete UV scenario.
In the strongly-interacting Higgs case, from the power-

counting arguments of Ref. [9, 107, 108], one typically
expects

cg ⇠
m2

W

16⇡2f2

y2t
g2⇢

, (10)

where g⇢ . 4⇡ and the compositeness scale is set by
⇤ ⇠ g⇢f . So our constraint translates into ⇤ & 2.8
TeV, which falls outside the e↵ective kinematic coverage
of the Higgs phenomenology at the LHC. This means that
new composite physics with a fundamental scale ⇤ & 2.8
TeV can naively not be probed in the Higgs sector alone.
However, new contributions, such as narrow resonances
around this mass can be discovered in di↵erent channels
such as weak-boson fusion [109] or Drell-Yan production
[110].
Matching, say, the MSSM stop contribution on the c̄g

operator, we have (see e.g. [61, 111, 112] for a more
detailed discussion)

cg =
m2

W

(4⇡)2
1

24

✓
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t � g2
1
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◆
, (11)
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However, new contributions, such as narrow resonances
around this mass can be discovered in di↵erent channels
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statistical and systematic uncertainties, which leads to a
more constrained fit. The fit for the 300 fb�1 scenario
uses 36 signal strength measurements, and 46 measure-
ments are used for the scenario with 3000 fb�1. Specifi-
cally the constraints on operators that modify associated
Higgs production and weak boson fusion benefit from the
increased centre-of-mass energy and luminosity. In the
scenario for the high luminosity phase the theoretical un-
certainties become dominant in some cases.

In a second step, we include the di↵erential pT,H mea-
surements from all production modes, except pp ! H.
For the pp ! H production mode we include six sig-
nal strength measurements, as no transverse momentum
of the Higgs boson is generated on tree-level. This re-
sults in 82+6 independent measurements included for
the fit with 300 fb�1 and 117+6 for 3000 fb�1. In a
given production and decay channel, experimental sys-
tematic uncertainties are included as correlated uncer-
tainties among bins in pT,H . Comparing the above con-
straints with those expected from including the di↵eren-
tial distributions, Fig. 4, we see a tremendous improve-
ment. Two-dimensional contours of the expected con-
straints are shown in Fig. 5. Several flat directions are re-
solved, which are present when using only signal strength
measurements, e↵ectively allowing to constrain all coef-
ficients simultaneously. Elements of studying di↵erential
distributions to e↵ective Higgs dimension six framework
have been investigated with similar findings in the liter-
ature [21, 23, 106], but, to our knowledge, Figs. 4 and 5
provide the first consistent fit of all single-Higgs relevant
operators in a fully di↵erential fashion, in particular with
extrapolations to 14 TeV.

A series of dimension six operators, on which no con-
straints can be formulated at this stage of the LHC pro-
gramme or by only including signal strength measure-
ments, can eventually be constrained with enough data
and di↵erential distributions. The reason behind this
is that di↵erential measurements ipso facto increase the
number of (correlated) measurements by number of bins,
leading to a highly over-constrained system. Also, since
the impact of many operators is most significant in the
tails of energy-dependent distribution, the relative statis-
tical pull is decreased by only considering inclusive quan-
tities.

IV. INTERPRETATION OF CONSTRAINTS

The whole purpose of interpreting data in terms of an
e↵ective field theory is to use this framework as a means
of communication between a low-scale measurement at
the LHC and a UV model defined at a high scale, out of
reach of the LHC. This way, the EFT framework allows
us to limit a large class of UV models.

For a well-defined interpretation using e↵ective opera-
tors, we assume that the operators, induced by the UV
theory, only directly depend on the SM particle and sym-
metry content, and we also need to assume that the UV

FIG. 6: Matching the constraints on |c̄g| . 5 ⇥ 10�6 of
Fig. 4 onto stop contributions using Eq. (11) for identified
soft masses m

Q̃
= m

t̃
= m. For details see text.

theory is weakly coupled to the SM sector. The last
condition is necessary to justify the truncation of the ef-
fective Lagrangian at dimension six. After establishing
limits on Wilson coe�cients of the e↵ective theory, as
performed in Secs. III A-III B, we can now address the
implications for a specific UV model.
Two popular ways of addressing the Hierarchy problem

are composite Higgs models and supersymmetric theo-
ries. Let us quickly investigate in how far these con-
straints are relevant once we match the EFT expansion
to a concrete UV scenario.
In the strongly-interacting Higgs case, from the power-
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FIG. 7: Marginalised 95% confidence level constraints for the dimension-six operator coe�cients for current data (blue),
the LHC at 14 TeV with an integrated luminosity of 300 fb�1 (green) and 3000 fb�1 (orange). The expected constraints are
centred around zero by construction, since the pseudo-data are generated by using the SM hypothesis. The left panel shows the
constraints obtained using signal strength measurements only, and on the right di↵erential pT,H measurements are included.
The inner error bar depicts the experimental uncertainty, the outer error bar shows the total uncertainty.

where ht ⌘ yts� , Xt ⌘ At � µ cot� and mQ̃ and mt̃R
denote the soft masses of the left and right-handed stops
respectively. To ensure the validity of our EFT approach
based on di↵erential distributions, we have to make the
strong assumption that all supersymmetric particles are
heavier than the momentum transfer probed in all pro-
cesses that are involved in of our fit [40, 113] (see also
[47, 114] for discussions of (non-)resonant signatures in
BSM scenarios and EFT). For convenience, we addition-
ally assume that all supersymmetric particles except the
lightest stop t̃1 are very heavy and decouple from cg.
The largest value for pT,H we expect to probe during the
LHC high-luminosity runs, based on our leading-order
theory predictions is 500 GeV. And we can therefore
trust the e↵ective field theory approach for mt̃1 > 600
GeV. For instance, fixing the soft masses mQ̃ = mt̃ = m,
µ = 200 GeV and tan� = 30 we can understand the con-
straints on cg as constraints in the At �m plane, Fig. 6.
Similar interpretations are, of course, possible with the
other Wilson coe�cients.

V. DISCUSSION, CONCLUSIONS AND
OUTLOOK

Even though current measurements as performed by
ATLAS and CMS show good agreement with the SM
hypothesis for the small statistics collected during LHC
run 1, the recently discovered Higgs boson remains one of
the best candidates that could be a harbinger of physics
beyond the SM. If new physics is heavy enough, modi-
fications to the Higgs boson’s phenomenology from inte-
grating out heavy states can be expressed using e↵ective
field theory methods.

In this paper we have constructed a scalable fitting
framework, based on adapted versions of Gfitter, Pro-
fessor, Vbfnlo, and eHdecay and have used an abun-
dant list of available single-Higgs LHC measurements to
constrain new physics in the Higgs sector for the results
of run 1. In these fits we have adopted the leading order
strongly-interacting light Higgs basis assuming vanishing
tree-level T and S parameters and flavour universality of
the new physics sector. Our results represent the latest
incarnation of fits at 8 TeV, and update results from the
existing literature. The main goal of this work, however,
is to provide an estimate of how these constraints will
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statistical and systematic uncertainties, which leads to a
more constrained fit. The fit for the 300 fb�1 scenario
uses 36 signal strength measurements, and 46 measure-
ments are used for the scenario with 3000 fb�1. Specifi-
cally the constraints on operators that modify associated
Higgs production and weak boson fusion benefit from the
increased centre-of-mass energy and luminosity. In the
scenario for the high luminosity phase the theoretical un-
certainties become dominant in some cases.

In a second step, we include the di↵erential pT,H mea-
surements from all production modes, except pp ! H.
For the pp ! H production mode we include six sig-
nal strength measurements, as no transverse momentum
of the Higgs boson is generated on tree-level. This re-
sults in 82+6 independent measurements included for
the fit with 300 fb�1 and 117+6 for 3000 fb�1. In a
given production and decay channel, experimental sys-
tematic uncertainties are included as correlated uncer-
tainties among bins in pT,H . Comparing the above con-
straints with those expected from including the di↵eren-
tial distributions, Fig. 4, we see a tremendous improve-
ment. Two-dimensional contours of the expected con-
straints are shown in Fig. 5. Several flat directions are re-
solved, which are present when using only signal strength
measurements, e↵ectively allowing to constrain all coef-
ficients simultaneously. Elements of studying di↵erential
distributions to e↵ective Higgs dimension six framework
have been investigated with similar findings in the liter-
ature [21, 23, 106], but, to our knowledge, Figs. 4 and 5
provide the first consistent fit of all single-Higgs relevant
operators in a fully di↵erential fashion, in particular with
extrapolations to 14 TeV.

A series of dimension six operators, on which no con-
straints can be formulated at this stage of the LHC pro-
gramme or by only including signal strength measure-
ments, can eventually be constrained with enough data
and di↵erential distributions. The reason behind this
is that di↵erential measurements ipso facto increase the
number of (correlated) measurements by number of bins,
leading to a highly over-constrained system. Also, since
the impact of many operators is most significant in the
tails of energy-dependent distribution, the relative statis-
tical pull is decreased by only considering inclusive quan-
tities.

IV. INTERPRETATION OF CONSTRAINTS

The whole purpose of interpreting data in terms of an
e↵ective field theory is to use this framework as a means
of communication between a low-scale measurement at
the LHC and a UV model defined at a high scale, out of
reach of the LHC. This way, the EFT framework allows
us to limit a large class of UV models.

For a well-defined interpretation using e↵ective opera-
tors, we assume that the operators, induced by the UV
theory, only directly depend on the SM particle and sym-
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theory is weakly coupled to the SM sector. The last
condition is necessary to justify the truncation of the ef-
fective Lagrangian at dimension six. After establishing
limits on Wilson coe�cients of the e↵ective theory, as
performed in Secs. III A-III B, we can now address the
implications for a specific UV model.
Two popular ways of addressing the Hierarchy problem

are composite Higgs models and supersymmetric theo-
ries. Let us quickly investigate in how far these con-
straints are relevant once we match the EFT expansion
to a concrete UV scenario.
In the strongly-interacting Higgs case, from the power-
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TeV can naively not be probed in the Higgs sector alone.
However, new contributions, such as narrow resonances
around this mass can be discovered in di↵erent channels
such as weak-boson fusion [109] or Drell-Yan production
[110].
Matching, say, the MSSM stop contribution on the c̄g

operator, we have (see e.g. [61, 111, 112] for a more
detailed discussion)

cg =
m2

W

(4⇡)2
1

24

✓
h2

t � g2
1
c2�/6

m2

Q̃

+
h2

t + g2
1
c2�/3

m2

t̃R

�
h2

tX
2

t

m2

Q̃
m2

t̃R

◆
, (11)

large At can be 
constrained

⇢X,Y =
E[(X � E[X])(Y � E[Y ])]

�x�y
(193)

U(1)⇥ SU(2)L ⇥ SU(2)R (194)

W1 (195)

W2 (196)

g = gL, gR = 0 (197)

g = gR, gL = 0 (198)

C1(⇤NP) (199)

C2(⇤NP) (200)

C3(⇤NP) (201)

C1(
p
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Constraining the Higgs width at the LHC?

[Caola, Melnikov PRD 88]

Measurement done in CMS-PAS-HIG-14-002 and presented at Moriond ‘14

By now ATLAS has performed same measurement

• alternative method using interference effects directly see [Dixon, Li ’13]
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in off-shell region
using angular correlations of 4l decay products

CMS ‘width’ Measurement

CMS search region

[Kauer, Passarino 2011]
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 III. insert off-shell coupling measurement in
on-shell signal strength to bound width
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FIG. 1: Constraining the total Higgs width by
fixing the signal strength (on-shell region) and
measuring the cross section at large invariant ZZ
masses, keeping couplings in the on-shell and Higgs
o↵-shell region fixed. Distributions are leading or-
der, while keeping all quarks dynamical and the
bottom and top quarks massive. We have chosen
a minimal cut set pT (`) � 10 GeV, |y(`)|  2.5,
�R(``0) � 0.4.

CMS have presented first results [18] using this strat-
egy, claiming �h < 4.2 ⇥ �SM

h at 95% confidence level
by injecting a global Higgs signal strength µ ' 1. The
strategy is sketched in Fig. 1; and we give a quick outline
to make this work self-contained (for additional details
see [11, 14, 18]):

As long as the narrow width approximation is appli-
cable, the cross section for the process p(g)p(g) ! h !

ZZ
⇤
! 4` in the the Higgs on-shell region scales as3

�h,g ⇥ BR(H ! ZZ ! 4`) ⇠
g
2
ggh g

2
hZZ

�h
, (2)

where we denote the relevant couplings by gX . The
dominant Feynman diagram in this phase space region
is the triangle of Fig. 2, the continuum contribution from
gg ! ZZ

⇤ is highly suppressed and interference is negli-
gible [12].

Since the Higgs width is anticipated to be a small pa-
rameter compared to the Higgs mass �h/mh ⇠ 10�4, we
can expand the Higgs Breit-Wigner propagator D(s) =

g

g

e
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q q!
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q q!

FIG. 2: Representative Feynman diagram topologies con-
tributing to gg ! ZZ with leptonic Z boson decays in the
SM and theories with extended fermionic sectors.

3We mainly focus on the final state e+e�µ+µ� in the following.
Generalizing our results to full leptonic ZZ decays is straightfor-
ward due to negligible identical fermion interference.

i/(s�m
2
h + i�hmh) away from the peak region s � m

2
h

|D|
2 =

1

s2

✓
1 +

m
4
h

s4

�2
h

m
2
h

◆
+O

✓
�4

s4

◆
(3)

which shows that the Higgs width parameter rapidly de-
couples from the scattering process for Higgs o↵-shell pro-
duction. Therefore, the contribution from the triangle di-
agrams in Fig. 2 (neglecting interference for the moment)
scales as

d�h ⇠
g
2
ggh(

p
s) g2hZZ(

p
s)

s
dLIPS⇥pdfs. (4)

Now, if there is a direct correspondence between gi(mh)
and gi(

p
s), measuring the signal strength µ in the o↵-

shell and on-shell regions simultaneously allows to set a
limit on the width of the Higgs boson �h. More explicitly,
for �h > �SM

h , we need to have g2gghg
2
hZZ > (g2gghg

2
hZZ)

SM

to keep µ = µ
SM fixed, which in turn implies �h > �

SM
h .

Fig. 1 validates this line of thought and qualitatively re-
flects the CMS analysis.

But how general is this approach, or put di↵erently,
how solid is a limit on �h obtained this way once we in-
clude unknown new physics e↵ects? And let aside the in-
terpretation in terms of a constraint on the Higgs width,
what are the more general ramifications of a measure-
ment of the gluon-fusion ZZ and WW cross section away
from the Higgs mass peak?
It is the purpose of this letter to address these ques-

tions from a new physics perspective with a particular
emphasis on probability conservation. First we interpret
the outlined Higgs width measurement from a unitarity
perspective, which paves the way to the formulation of a
simple and transparent BSM counterexample. We anal-
yse the interplay of new resolved physics contributions
to gg ! V V

⇤ to both Higgs and continuum ZZ,WW

production in light of electroweak precision constraints
and finally point out that, enforcing µ ' µ

SM the o↵-
shell measurement provides additional statistical pull to
constrain the Higgs’ CP nature in the presence of higher

+

[Caola, Melnikov 2013]

Chosen language affects answer:
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EFTKappa

Framework

Simplified 

Models

Full (UV) 

Model

Example ‘width-measurement’

c̃�1/2
WW � 600 GeV (497)

c̃�1/2
�� � 24 TeV (498)

�⇤�⇤ (499)

⌧± ! ⇢±(⇡±⇡0)⌫ (500)

�on�peak

gg!H!ZZ ⇠
g2ggHg2HZZ

�H
(501)

�o↵�peak

gg!H!ZZ ⇠ g2ggHg2HZZ (502)

35

Measure coupling off-shell -> limit denominator on-shell

c̃�1/2
WW � 600 GeV (497)

c̃�1/2
�� � 24 TeV (498)

�⇤�⇤ (499)

⌧± ! ⇢±(⇡±⇡0)⌫ (500)

�on�peak

gg!H!ZZ ⇠
g2ggHg2HZZ

�H
(501)

�o↵�peak

gg!H!ZZ ⇠ g2ggHg2HZZ (502)

35

• Assuming global 
coupling rescaling

• Assuming valid 
and no flat 
directions

• Eg. Higgs portal, 
NP can contribute 
on-shell but not 
off-shell

• Eg. Higgs triplet, 
new scalar below 
measurement 
range cancels on-
shell enhancement

[Englert, MS ’14]

[Logan ’15]

• Uninteresting

Coupling assumptions strong

LEP limits stronger than LHC

[Englert, McCullough, MS ’15]

width not a free 
parameter of the 
theory

width derived and 
fully determined

F = V = cos�

�1

�2

tan�  4

G/H = SU(3)L/SU(2)L

(2, 2)⌦ (2, 2) ' 3� 3� 1� 1

(3, 3)⌦ (2, 2) ' 5� 3� 3� 1� 187

V � ⌘�|�s|
2
|�h|

2

0.73 �SM . �h . 1.87 �SM

�H  4.2 �H,SM

37
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Finally

and

are taking data at unprecedented energies
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Energetic final states not only important for effective couplings

Higgs-bottom coupling

b
b Higgs-top coupling

Off-shell Higgs (Width)

Higgs selfcouplingBoosted Higgs in H+jet

HZ final state

[Kauer, Passarino ’12]
[Caola, Melnikov ’14]

[Plehn, Salam, MS ’09]

[Englert, McCullough, MS ’13]

[Dolan, Englert, MS ’12 ’12]

CP Higgs

[Klamke, Zeppenfeld ’07]

[Baur, Plehn, Rainwater ’02 ’03]

[Baglio et al ’13]

[Butterworth, Davison, 
Rubin, Salam ’08]

[Banfi, Martin, Sanz ’13]
[Harlander, Neumann ’13]

[Grojean, Salvioni, 
Schlaffer Weiler ’14] [Plehn, Rainwater, Zeppenfeld ’01]

[Moretti, Petrov, Pozzorini, MS ’15]
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Higgs at the LHC

[Zeppenfeld, Kinnunen, Nikitenko, Richter-Was; Dührssen et al.]

production decay
gg → H ZZ
qqH ZZ
gg → H WW
qqH WW
tt̄H WW (3ℓ)
t t̄H WW (2ℓ)
inclusive γγ
qqH γγ
t t̄H γγ
WH γγ
ZH γγ
qqH ττ (2ℓ)
qqH ττ (1ℓ)
t t̄H bb̄
WH/ZH bb̄ (subjet)

Total width

degeneracy σ · BR ∝ g2
p
g2
d

ΓH
(ΓH ∝ g2)

Here: ΓH = ΣSMΓi  [GeV]Hm
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2 Experiments
-1 L dt=2*30 fb∫

M. Rauch – Bestimmung der Higgsboson-Kopplungen im und jenseits des Standardmodells 29. März 2011 6/22

Production

Decay into spec. 
channel

Sum of all 
possible decays

3

on mass resolution and background rejection.

The above results were obtained with HER-
WIG 6.510[17, 18] with Jimmy 4.31 [19] for the under-
yling event, which has been used throughout the sub-
sequent analysis. The signal reconstruction was also
cross-checked using Pythia 6.403[20]. In both cases
the underlying event model was chosen in line with the
tunes currently used by ATLAS and CMS (see for ex-
ample [21] 2). The leading-logarithmic parton shower
approximation used in these programs have been shown
to model jet substructure well in a wide variety of pro-
cesses [23, 24, 25, 26, 27, 28]. For this analysis, sig-
nal samples of WH, ZH were generated, as well as
WW, ZW, ZZ, Z + jet, W + jet, tt̄, single top and dijets
to study backgrounds. All samples correspond to a lu-
minosity ≥ 30 fb−1, except for the lowest p̂min

T dijet sam-
ple, where the cross section makes this impractical. In
this case an assumption was made that the selection ef-
ficiency of a leptonically-decaying boson factorises from
the hadronic Higgs selection. This assumption was tested
and is a good approximation in the signal region of the
mass plot, though correlations are significant at lower
masses.

The leading order (LO) estimates of the cross-section
were checked by comparing to next-to-leading order
(NLO) results. High-pT V H and V bb̄ cross sections were
obtained with MCFM [29, 30] and found to be about 1.5
times the LO values for the two signal and the Z0bb̄ chan-
nels (confirmed with MC@NLO v3.3 for the signal [31]),
while the W±bb̄ channel has a K-factor closer to 2.5 (as
observed also at low-pT in [30]).3 The main other back-
ground, tt̄ production, has a K-factor of about 2 (found
comparing the HERWIG total cross section to [32]). This
suggests that our final LO-based signal/

√
background es-

timates ought not to be too strongly affected by higher
order corrections, though further detailed NLO studies
would be of value.

Let us now turn to the details of the event selection.
The candidate Higgs jet should have a pT greater than
some p̂min

T . The jet R-parameter values commonly used
by the experiments are typically in the range 0.4 - 0.7.
Increasing the R-parameter increases the fraction of con-
tained Higgs decays. Scanning the region 0.6 < R < 1.6
for various values of p̂min

T indicates an optimum value
around R = 1.2 with p̂min

T = 200 GeV.

Three subselections are used for vector bosons: (a) An
e+e− or µ+µ− pair with an invariant mass 80 GeV <
m < 100 GeV and pT > p̂min

T . (b) Missing transverse
momentum > p̂min

T . (c) Missing transverse momentum

2 The non-default parameter setting are: PRSOF=0,
JMRAD(73)=1.8, PTJIM=4.9 GeV, JMUEO=1, with
CTEQ6L [22] PDFs.

3 For the V bb̄ backgrounds these results hold as long as both the
vector boson and bb̄ jet have a high pT ; relaxing the requirement
on pTV leads to enhanced K-factors from electroweak double-
logarithms.
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FIG. 2: Signal and background for a 115 GeV SM Higgs
simulated using HERWIG, C/A MD-F with R = 1.2 and
pT > 200 GeV, for 30 fb−1. The b tag efficiency is assumed
to be 60% and a mistag probability of 2% is used. The qq̄
sample includes dijets and tt̄. The vector boson selections
for (a), (b) and (c) are described in the text, and (d) shows
the sum of all three channels. The errors reflect the statisti-
cal uncertainty on the simulated samples, and correspond to
integrated luminosities > 30 fb−1.

> 30 GeV plus a lepton (e or µ) with pT > 30 GeV,
consistent with a W of nominal mass with pT > p̂min

T . It
may also be possible, by using similar techniques to re-
construct hadronically decaying bosons, to recover signal
from these events. This is a topic left for future study.

To reject backgrounds we require that there be no lep-
tons with |η| < 2.5, pT > 30 GeV apart from those used
to reconstruct the leptonic vector boson, and no b-tagged
jets in the range |η| < 2.5, pT > 50 GeV apart from the
Higgs candidate. For channel (c), where the tt̄ back-
ground is particularly severe, we require that there are
no additional jets with |η| < 3, pT > 30 GeV. The re-
jection might be improved if this cut were replaced by a
specific top veto [5]. However, without applying the sub-
jet mass reconstruction to all jets, the mass resolution
for R = 1.2 is inadequate.

The results for R = 1.2, p̂min
T = 200 GeV are shown

in Fig. 2, for mH = 115 GeV. The Z peak from ZZ and
WZ events is clearly visible in the background, providing
a critical calibration tool. Relaxing the b-tagging selec-
tion would provide greater statistics for this calibration,
and would also make the W peak visible. The major
backgrounds are from W or Z+jets, and (except for the
HZ(Z → l+l−) case), tt̄.

Combining the three sub-channels in Fig. 2d, and sum-
ming signal and background over the two bins in the
range 112-128 GeV, the Higgs is seen with a significance

Uncertainty of ALL coupling measurements 
driven by total width, i.e. H-> bb

[Butterworth, Davison, Rubin, Salam ‘09]
hbb measurement in HV possible

Some improvements possible [Soper, MS ’10 ’11]

Measuring Hbb at LHC

[Lafaye, Plehn, Rauch, Zerwas, Duehrssen (2009)]
[Zeppenfeld et al 2000]

Tehran                IWPPP      Michael Spannowsky             20.02.2018                   25



Measuring the Higgs-top coupling

Motivation: •  Direct access to top and bottom Yukawa  
 -> is Higgs potential stable?


•  Potential window to New Physics

•  Part of global coupling fit

Possible channels: • H->bb

• H->gamma gamma

• H->tau tau / WW

hadronic, semileptonic,  
di-leptonic tops

Striking signatures, e.g. same-sign leptons

Already now can recast SUSY searches and set limit

[Craig et al ’13] [Curtin et al ’13]

Strongest limit currently observed H->bb:

⇢X,Y =
E[(X � E[X])(Y � E[Y ])]

�x�y
(193)

gggh(mh) > gggh,SM (194)

bb̄bb̄ (195)

pT,H . 2mt (196)

2mt . pT,H . 2mNP (197)

2mNP . pT,H (198)

H ! ⌧+⌧� (199)

H ! WW ⇤ (200)

H ! ZZ⇤ (201)

L = LSM +
X

i

g2i
⇤2
NP

Oi (202)

�0.29 . kg . 0.24 (203)

µ < 3.4 (204)

14

[ATLAS]

Still, channel systematics limited! S/B small after selection O(0.1)
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semileptonic tops in H->bb:

• Improvement of S/B 

For di-leptonic tops see

[Artoisenet et al ’14]

ATLAS detector and physics performance Volume I

Technical Design Report 9 April 1999
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Figure 19-i ATLAS sensitivity for the discovery of a Standard Model Higgs boson. The statistical significances

are plotted for individual channels, as well as for the combination of all channels, assuming integrated luminosi-

ties of 30 fb-1 (top) and 100 fb-1 (bottom). Depending on the numbers of signal and background events, the sta-

tistical significance has been computed as S/ or using Poisson statistics. In the case of the H ! WW*

channel, a systematic uncertainty of #5% on the total number of background events has been assumed (this

uncertainty has been included in this case, since no mass peak can be reconstructed and the Higgs boson sig-

nal has therefore to be extracted from an excess of events).
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tth - using boosted jets
[T. Plehn, G. Salam, MS]

Motivation: • sizable cross-section
• Higgs discovery contribution in low mass range
• access to t- and b-Yukawa couplings

High expectations:

[ATLAS TDR 1999]

tth major channel

giv en the amount of Monte Carlo data av ailable (out to q0 between around 9 to 16, i.e., to the lev el of a
3 to 4 ! discov ery). At present it is not practical to v erify directly that the chi-square formula remains
v alid to the 5! lev el (i.e., out to q0 = 25). Thus the results on discov ery significance presented here rest
on the assumption that the asymptotic distribution is a v alid approximation to at least the 5! lev el.
The v alidation exercises carried here out indicate that the methods used should be v alid, or in some

cases conserv ativ e, for an integrated luminosity of at least 2 fb−1. At earlier stages of the data taking,
one will be interested primarily in exclusion limits at the 95% confidence lev el. For this the distributions
of the test statistic qµ at different v alues of µ can be determined with a manageably small number of
ev ents. It is therefore anticipated that we will rely on Monte Carlo methods for the initial phase of the
experiment.

4 Results of the combination

4.1 Combined discovery sensitivity

The full discov ery likelihood ratio for all channels combined, "s+b(0 ), is calculated using Eq. 33. This
uses the median likelihood ratio of each channel, "s+b,i(0 ), found either by generating toy experiments
under the s+b hypothesis and calculating the median of the "s+b,i distribution or by approximating the
median likelihood ratio using the Asimov data sets with µA,i = 1. Both approaches were v alidated to
agree with each other. The discov ery significance is calculated using Eq. 36, i.e., Z ⇥

!

�2ln" (0 ),
where " (0 ) is the combined median likelihood ratio.
The resulting significances per channel and the combined one are shown in Fig. 16 for an integrated

luminosity of 10 fb−1.
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Figure 16: The median discovery significance for the various channels and the combination with an integrated
luminosity of 10 fb−1 for (a) the lower mass range (b) for masses up to 600 GeV.

Themedian discov ery significance as a function of the integrated luminosity and Higgs mass is shown
colour coded in Fig. 17. The full line indicates the 5! contour. Note that the approximations used do
not hold for v ery low luminosities (where the expected number of ev ents is low) and therefore the results
below about 2fb−1 should be taken as indications only. In most cases, howev er, the approximations tend
to underestimate the true median significance.

4.2 Combined exclusion sensitivity

The full likelihood ratio of all channels used for exclusion for a signal strength µ , "b(µ), is calculated
using Eq. 34 with the median likelihood ratios of each channel, "b,i(µ), calculated, either by generating

27

HIGGS – STATISTICAL COMBINATION OF SEVERAL IMPORTANT STANDARD MODEL HIGGS . . .

310

1506

Expected Performance of the 
ATLAS Experiment, 

CERN-OPEN-2008-020

tth 
not considered

Cammin 
and 

Schumacher
(ATLAS)

O4= q̄α
Rbα

Lq̄β
Lbβ

R (161)

O5= q̄α
Rbβ

Lq̄β
Lbα

R (162)

pp → b̄bµ+νµ (163)

tanβ = 9.6 (164)

tanβ = 9.6 (165)

At = 900GeV (166)

δLR,31= 0.7 (167)

S√
B

= 5 (168)

S = 2%B (169)

80fb−1 (170)

5σ (171)

cos(νb,j1) < −0.5 (172)

cos(νb,j2) < −0.5 (173)

cos(νb1,j1) (174)

cos(νij) (175)

pi (176)

pi + pj (177)

ZZγ/WWγ (178)

S/B ≃ 1/9 (179)

12

pi + pj (177)

ZZγ/WWγ (178)

S/B ≃ 1/9 (179)

S/
√

B ≃ 2.2 (180)

13

•Use boost and jet substructure to 
ameliorate combinatorics

[Plehn, Salam, MS ’09]

[Moretti, Pozzorini, Petrov, MS ’15]
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Constrain/discover new physics in di-Higgs

• If new physics heavy can parametrise effect using EFT
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• c6 can only be constrained in HH production, but many 
more operators contribute

• Non-resonant loop-induced HH production affected

[Goertz, et al (2014)]
[Contino, et al (2012)]
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Not more promising at FCC-ee or ILC

• How about FCC-hh?   Ongoing studies, but promising first results

[Tian, Fujii 1311.6528]

• WBF most sensitive channel 
for large energies > 500 GeV

• Unless 1 TeV ILC 
precision low

• Decay via H->bb

[Azatov, Contino, Panico, Son (2015)]

[Papaefstathiou (2015)]

[Yao (2015)]

[Papaefstathiou, Sakurai (2015)]

[Barr, Dolan, Englert, Ferreira, MS (2014)]
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Higgs self-coupling measurements in the Standard Model

�L � 1
2
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hh2 +
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2
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Potential needs at least 
dihiggs production!
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Kinematics for gg -> HH
2->2 scattering process completely determined by 2 variables, 


e.g. S and T, E and scattering angle

variables more close to reconstructed objects: 

[Baur et al. PRL 89 (2002)]

m HH
and pT,H

[Dolan et al PRD 87 (2013)]

• All SM and BSM effects covered by double-
differential measurement of two variables

• Whether possible depends on signal rate and 
sensitivity in phase space (backgrounds)

(efficiencies, identifications, kinematics)
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FIG. 2: Comparison of the (normalized) pT,h distributions in pp ! hh + X 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. We choose mt =
175 GeV as in Ref. [14], from which we also obtain the
dashed blue reference line, and mb = 4.5 GeV and we use
the CTEQ6l1 parton distributions.

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 [23].

We also show the result of Ref. [14] for comparison
and find excellent agreement in total, keeping in mind
that the results of Ref. [14] were obtained using the GRV
parametrizations of parton luminosities [24], which are
di↵erent from the CTEQ6l1 [25] set that we employ for
the remainder of this paper‡. Interference between the
di↵erent contributions depicted in Fig. 3 becomes obvious
for the di↵erently chosen Higgs self-couplings.

We also learn from Fig. 3 that the dihiggs cross sec-
tion has a fairly large dependence on the particular value
of the trilinear coupling for a mh = 125 GeV Higgs bo-

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

CTEQ6l1 set we obtain perfect agreement.

son. 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 ren-
ders the triangle contributions 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 ' 4m

2

t
, which results in resonant contributions of

the three-point functions of Fig. 1 (c), well-known from
one-loop gg ! h production [26]. This ameliorates the s-
channel suppression of the trilinear coupling-sensitive tri-
angle graphs and causes the dependence of the cross sec-
tion on the trilinear coupling 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 ⇠ 4m

2

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
are naturally boosted pT,h

>
⇠ 100 GeV,

• interference leads to an a priori �-sensitive phe-
nomenology for mh ' 125 GeV,

• identical interference e↵ects also cause the bulk of
the sensitivity to � to follow from configurations
with pT,h ⇠ 100 GeV, while the pT,h shape at large
values becomes similar for di↵erent values of � due
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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]

Le↵ =
1
4

↵s

3⇡
G

a

µ⌫
G

a µ⌫ log(1 + h/v) , (2)

which upon expansion leads to

L � +
1
4

↵s

3⇡v
G

a

µ⌫
G

a µ⌫
h�

1
4

↵s

6⇡v2
G

a

µ⌫
G

a µ⌫
h

2
. (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 Q

2 >
⇠ m

2

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.

has maximum contribution for 

[Georgi et al. `78]

s = (ph,1 + ph,2)2 = 4m2
t

Higgs selfcoupling in HH+X
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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 effective

†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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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 different signs which
indicates important interference between the (nested)
three- and four point contributions to pp → hh + X al-
ready at the effective theory level.
On the other hand, it is known that the effective theory

of Eq. (3) insufficiently 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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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 effective

†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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L ⊃ +
1

4

αs

3πv
Ga

µνG
aµνh−

1

4

αs

6πv2
Ga

µνG
aµνh2 . (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 different signs which
indicates important interference between the (nested)
three- and four point contributions to pp → hh + X al-
ready at the effective theory level.
On the other hand, it is known that the effective theory

of Eq. (3) insufficiently 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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• Many taus/W not 
clear if 2 Higgs

• Zs, photons no 
rate

[Baglio et al. JHEP 1304]
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35
• Handles to suppress background: leptons, b-jets and MET

• Without jet substructure we find S/B ~ 1/5

Exclusion at 95% CL:

�WWH = ±0.33 (479)

bb̄⌧+⌧� (480)

bb̄�� (481)

� > �3000/fb
95% CL

' 3.0⇥ �SM (482)

34

• MT2 distribution discriminates between HH 
and ttbar 

• Jet substructure can help in addition to mT2

known to go very well together

[Barr, Dolan, Englert, MS]

• Here, major background ttbar -> MT2 can change that
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Other HH production channels

Second largest 
production process

cross section varies 
a lot with lambda

small 
uncertainties

[Frederix, Frixione, Hirschi, Maltoni, Mattelaer, Torielli, Vryonidou, Zaro ‘14]

Tehran                IWPPP      Michael Spannowsky             20.02.2018                   35



Higgs selfcoupling in HHjj+X

[Baglio et al. JHEP 1304]

[Dolan, Englert, Greiner, MS]

[Contino et al. JHEP 1005]

• Want to study VVHH  
Directly related to long. gauge boson scattering

S/B ' 1/3 (498)

gWWhh = e2/(2s2w) (499)

gZZhh = e2/(2s2w) (500)

VLVL ! hh (501)

35

• In SM fixed:

S/B ' 1/3 (498)

gWWhh = e2/(2s2w) (499)

gZZhh = e2/(2s2w) (500)

VLVL ! hh (501)

35

• However in BSM models, e.g. composite (strongly coupled light) 
Higgs models, can be strongly modified

• Higher-dim operators momentum dependent -> enhanced in high-pT region
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• Separation of WBF and gluon fusion channel non-trivial
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[Dolan, Englert, Greiner, Nordstrom, MS (2015)]

Reduction of GF HHjj 
‘background’ highly challenging
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limit on coupling modification

GF contribution only can be 
purified to
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and for 3000 ifb
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Other HH production channels

no destructive 
interference

different 
shape

k-factor < 1

[Frederix, Frixione, Hirschi, Maltoni, Mattelaer, Torielli, Vryonidou, Zaro ‘14]

Thirds largest 
production process
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Higgs selfcoupling in ttHH
[Englert, Krauss, MS, Thompson]

• Though Backgrounds for 5+ 
b-tags already small

• Signal rate too small for 
inventive reconstruction

• 13-22 signal event with 3000 ifb

[Liu, Zhang]
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I. Methods chosen to communicate important 

(eff. theory, simp. model, …)

• The information extracted depends on 
the ‘picture’, i.e. hypothesis, we 
compare with nature

• The more precise the picture is we have 
in mind, the more precise will be the 
answer on the question of interest

II. Higgs pheno and new physics searches 
request/benefit from high energies

Summary

Deviations in Higgs measurements and searches for 
resonances can cure us from ‘Big Mac’ blues

• Most important couplings hbb, htt, hhh 
require energy and luminosity
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