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Higgs boson discovery completes the Standard Model
Discovery of the Higgs boson completed the construction of the Standard Model. 
For the first time in the history of physics, we have a theory that allows us to 
describe many (if not all) phenomena at particle colliders and elsewhere. 

For the Higgs boson, this implies that Higgs properties are completely predicted in 
the  Standard Model once its mass is measured. 
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The Higgs boson in  the Standard Model

Citation: K.A. Olive et al. (Particle Data Group), Chin. Phys. C38, 090001 (2014) (URL: http://pdg.lbl.gov)
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It follows from the Standard Model that 

1) the Higgs boson is a spin-zero, 
neutral particle ;

2) its couplings to fermions are 
proportional to their masses  ;

3) its couplings to massive gauge 
bosons are proportional to their masses 
squared ;

4) the Higgs boson self-coupling is 
proportional to the Higgs mass squared; 

5) Higgs  couplings to massless gauge 
bosons appear only at one-loop.
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Is this a true picture ?
It is important to verify this picture. There are many reasons not to believe in it, including 
the fact that the Higgs sector in the Standard Model is very ad hoc.  It  does what it is 
supposed to do,  but it is hard to see a reason as to why the Higgs sector should be so 
simplistic.  

To study the Higgs sector, we explore the Higgs production and decays experimentally 
and theoretically, with the hope to find a feature  that does not fit into the Standard 
Model picture.  Existing experimental data constrain possible deviations in many  Higgs 
couplings to about O(10-15) percent while others (Yukawa, 1st and 2nd generations) 
remain largely unconstrained. 
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Where do we expect  to get ?

  I. Nomidis, Carleton U                               Higgs physics at the HL-LHC

  I. Nomidis, A.U.Th.              Study of the b-quark properties with the first ATLAS data

Outline

Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerSignificant contribution from theoretical uncertainties to the total uncertainty, can be up to 50%
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•  Offline Data Quality Monitoring software for the muon spectrometerTo reach the ultimate precision on Higgs measurements, improvements are required also on the 
theoretical calculations for the signal processes
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Outline

Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerUncertainties for background processes also relevant for specific channels: e.g. electroweak unc. 
for high mass ZZ (H→4ℓ), V/tt+heavy flavour production for VH/ttH (H→bb)

Dependence of measurements on theory input

16 4 Higgs Boson Properties

fusion and via vector-boson fusion production [30–32]. The dimuon events can be observed as
a narrow resonance over a falling background distribution. The shape of the background can
be parametrized and fitted together with a signal model. Assuming the current performance of
the CMS detector, we confirm these studies and estimate a measurement of the hµµ coupling
with a precision of 8%, statistically limited in 3000 fb�1.
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The projections are obtained with the two uncertainty scenarios described in the text.
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Figure 13: Estimated precision on the signal strengths (left) and coupling modifiers (right).
The projections assuming

p
s = 14 TeV, an integrated dataset of 3000 fb�1 and Scenario 1 are

compared with a projection neglecting theoretical uncertainties.

4.5 Spin-parity

Besides testing Higgs couplings, it is important to determine the spin and quantum numbers
of the new particle as accurately as possible. The full case study has been presented by CMS
with the example of separation of the SM Higgs boson model and the pseudoscalar (0�) [7].
Studies on the prospects of measuring CP-mixing of the Higgs boson are presented using the
H! ZZ⇤ ! 4l channel. The decay amplitude for a spin-zero boson defined as

A(H ! ZZ) = v�1
⇣

a1m2
Ze

⇤
1e

⇤
2 + a2 f ⇤(1)

µn

f ⇤(2),µn + a3 f ⇤(1)
µn

f̃ ⇤(2),µn

⌘
. (2)

Scenario 1 
Systematics as in Run-1


Scenario 3 
No theoretical unc.
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CMS NOTE-13-002

Current projections (CMS/ATLAS) indicate that reaching  a few percent precision for  
Higgs-gauge  couplings and the 3rd generation Yukawa couplings is realistic with 
3000 fb-1.  ``A few percent’’ is an important goal to reach; it is a generic size of a 
deviations in Higgs couplings due to New Physics at  O(1) TeV. 

Thursday, December 1, 16



The Higgs boson decays 

�X = �H ⇥ Br(H ! X)

We observe the Higgs boson through its decay products. In this sense, the number 
of ``observed Higgses’’ is determined by the products of the Higgs boson 
production cross sections and the Higgs boson decay branching fractions.  

Higgs partial decay widths and branching ratios are
 known with a high precision --  a few percent. Further
improvements may still be needed for the linear collider, 
but  not for the LHC.  

H ! bb̄ 0.5%

H ! gg 3%

H ! �� 1%

H ! V V 0.5%

↵s = 0.118(1.5)

�mb = ±0.3 GeV

�mt = ±1 GeV

Uncertainties  in partial widths due to  
uncalculated higher orders.

Parametric uncertainties in branching ratios 
are caused by an imprecise knowledge of  
inputs; in many cases they  are currently the 
largest source of uncertainties.

Thursday, December 1, 16



d� =

Z
dx1dx2fi(x1)fj(x2)d�ij(x1, x2)FJ (1 +O(⇤QCD/Q))

The pQCD framework 

To obtain high-precision description of  Higgs boson production at colliders, we  use  
the QCD factorization framework, studied and verified at the Tevatron and the LHC.

!
!

…in some more detail 

There are deviations from the SM predictions; however, given the errors, both  
theoretical and experimental, nothing to write 500 papers about…again…or make a reservation for  
Stockholm  

J. Huston, Loopfest 2016
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Advances in understanding the Higgs boson production 

Perturbative description of  partonic cross sections is an important and (very) active 
field of research.  The level of sophistication that has been reached in connection with 
description of Higgs-related processes at the LHC is without a precedent. Indeed, 

1) all but one  major Higgs production channels are currently known through  NNLO 
QCD (gluon fusion is known through N3LO) and through NLO electroweak.  

2) Many associated Higgs production processes with high jet multiplicity are also 
known at least through NLO QCD.

3) Matching and merging of NLO QCD results with parton showers  is available 
thanks to  major automated programs (MC@NLO, Powheg, Sherpa etc.)

Currently,  major focus in precision Higgs physics is on improving perturbative predictions 
for partonic cross sections and on having trustworthy parton distribution functions.

Occasionally, ideas about new ways to study Higgs properties appear; in some cases these 
ideas force us to focus on  unconventional observables that are useful for learning about 
Higgs physics. 
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Advances in understanding the Higgs boson properties

Although  NLO QCD computations for high-multiplicity processes, as well as matching 
and merging are very important topics, they are also relatively well-established by now.  
I’ll  not talk about them here. 

1) Higgs production in gluon fusion, including Higgs transverse momentum distribution 
and the double Higgs production.

2) Higgs in WBF;

3) Off-shell measurements.

These  results are important since they give us a new perspective on how well properties of 
the Higgs boson can be understood from  the LHC data.  

Instead,  I want to spend most of my time talking about recent results that either push 
the precision frontier  or illustrate what kind of physics needs to be understood if we try  
to get access to  Higgs boson properties in  less conventional ways.
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The largest cross section and its derivatives
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Higgs boson production in gluon fusion

Scale uncertainty of the gluon fusion cross section 

The perturbative  series for gg -> H cross section appear  
to converge. This is no  small feat as the corrections start 
at O(100%) at NLO, are still O(20%) at NNLO, but decrease 
to just O(4%) at N3LO. The residual scale dependence 
uncertainty is just  about 3%.   

Gluon fusion is the dominant production mechanism at the LHC.  The production rate is 
known to be affected by large O(100%) QCD radiative corrections.  Those corrections are 
currently known to three loop order (N3LO) in the infinite top mass limit.  This is extremely 
non-trivial  computation whose success is the consequence of the  ingenuity of its authors, 
powerful computational technologies developed recently and tremendous capability  of 
modern computing facilities.

Anastasiou,  Duhr,  Dulat, Furlan, Herzog, Gehrmann, 
Mitzlberger etc.

3

FIG. 2: Scale variation of the gluon fusion cross-section at
all perturbative orders through N3LO.

pressions valid for all regions are known, is similarly sup-
prerssed. We therefore believe that the uncertainty of
our computation for the hadronic cross-section due to
the truncation of the threshold expansion is negligible
(less than 0.2%).

In Fig. 2 we present the hadronic gluon-fusion Higgs
production cross-section at N3LO as a function of a com-
mon renormalisation and factorisation scale µ = µr =
µf . We observe a significant reduction of the sensitiv-
ity of the cross-section to the scale µ. Inside a range

µ 2
⇥
mH

4 ,mH

⇤
the cross-section at N3LO varies in the

interval [�2.7%,+0.3%] with respect to the cross-section
value at the central scale µ = mH

2 . For comparison, we
note that the corresponding scale variation at NNLO is
about ±9% [2, 3]. This improvement in the precision of
the Higgs cross-section is a major accomplishment due to
our calculation and will have a strong impact on future
measurements of Higgs-boson properties. Furthermore,
even though for the scale choice µ = mH

2 the N3LO cor-
rections change the cross-section by about +2.2%, this
correction is captured by the scale variation estimate for
the missing higher order e↵ects of the NNLO result at
that scale. We illustrate this point in Fig. 3, where we
present the hadronic cross-section as a function of the
hadronic center-of-mass energy

p
S at the scale µ = mH

2 .
We observe that the N3LO scale uncertainty band is in-
cluded within the NNLO band, indicating that the per-
turbative expansion of the hadronic cross-section is con-
vergent. However, we note that for a larger scale choice,
e.g., µ = mH , the convergence of the perturbative series
is slower than for µ = mH

2 .

In table I we quote the gluon fusion cross section
in e↵ective theory at N3LO for di↵erent LHC energies.
The perturbative uncertainty is determined by varying
the common renormalisation and factorisation scale in
the interval

⇥
mH

4 ,mH

⇤
around mH

2 and in the interval⇥
mH

2 , 2mH

⇤
around mH .

�/pb 2 TeV 7 TeV 8 TeV 13 TeV 14 TeV

µ = mH
2 0.99+0.43%

�4.65% 15.31+0.31%
�3.08% 19.47+0.32%

�2.99% 44.31+0.31%
�2.64% 49.87+0.32%

�2.61%

µ = mH 0.94+4.87%
�7.35% 14.84+3.18%

�5.27% 18.90+3.08%
�5.02% 43.14+2.71%

�4.45% 48.57+2.68%
�4.24%

TABLE I: The gluon fusion cross-section in picobarn in the e↵ective theory for di↵erent collider energies in the interval
[mH

4 ,mH ] around µ = mH
2 and in the interval [mH

2 , 2mH ] around µ = mH .

Given the substantial reduction of the scale uncertainty
at N3LO, the question naturally arises whether other
sources of theoretical uncertainty may contribute at a
similar level. In the remainder of this Letter we briefly
comment on this issue, leaving a more detailed quantita-
tive study for future work.

First, we note that given the small size of the N3LO
corrections compared to NNLO, we expect that an esti-
mate for the higher-order corrections at N4LO and be-
yond can be obtained from the scale variation uncer-
tainty. Alternatively, partial N4LO results can be ob-
tained by means of factorisation theorems for thresh-
old resummation. However, we expect that the insight
from resummation on the N4LO soft contributions is only

qualitative given the importance of next-to-soft, next-to-
next-to-soft and purely virtual contributions observed at
N3LO, as seen in Fig. 1.

Electroweak corrections to Higgs production have been
calculated through two loops in ref. [32], and estimated
at three loops in ref. [33]. They furnish a correction of
less than +5% to the inclusive cross-section. Thus, they
are not negligible at the level of accuracy indicated by
the scale variation at N3LO and need to be combined
with our result in the future. Mixed QCD-electroweak
or purely electroweak corrections of even higher order
are expected to contribute at the sub-percent level and
should be negligible.

Next, we have to comment on our assumption that the
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GGF

GLUON FUSION - INCLUSIVE CROSS SECTION

▸ LHC predictions demand effects beyond pure EFT 

▸ Mass corrections & EWK effects

~88.2%

GGF

GLUON FUSION - INCLUSIVE CROSS SECTION

~88.2%

▸ Many residual uncertainties of comparable importance 

▸ Todo List:  - Full mass dependent NNLO  
- Mixed                  corrections 
- N3LO PDFs 
….

O(↵↵S)

Large QCD effects and many small corrections

Anastasiou, Duhr, Dulat, Furlan, Gehrmann, Herzog, Lazopoulos, Mistlberger

� = 48.58 pb

+2.22 pb(+4.56%)
�3.27 pb(�6.72%)(theory)± 1.56 pb (3.20%)(PDF + ↵s)

Current ``best’’ estimate  of  the gluon fusion cross section includes  large number of 
subtle effects and requires  careful evaluation of the residual uncertainty.
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Inputs for the Higgs  production
Why PDF4LHC recommendation is necessary

PDF4LHC15
∼ 𝟐%

Envelope
∼ 𝟏𝟏%

Estimates of PDF uncertainties may vary drastically depending on the method.

An overly conservative estimate greatly reduces sensitivity to BSM physics.

Figure by J. Rojo
31

Why PDF4LHC recommendation is needed

∼ 𝟓%

∼ 𝟐𝟕%

Figure by J. Rojo
32

Parton distribution functions, obtained by different fitting groups, give  very  different results 
for the gluon fusion Higgs production cross sections!   The differences between predictions 
obtained with different PDF sets may disagree by as much as O(10%). 

Differences  in predictions are real; they are 
related  to the use of different flavor schemes that 
are used by ABM and the rest;  a combination of 
different values of the strong  coupling constants 
and PDFs leads to rather different predictions for 
the Higgs cross sections.

Recall that the uncertainty  of the 
theory prediction on ggH without 
PDFs  is O(5%); uncertainty on ttH is 
similar. 
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Realistic cross sections
The Higgs boson couplings are extracted from cross sections that are subject to kinematic 
constraints on the final states.  This happens because detectors have restricted angular 
coverage and because by selecting final states with particular kinematic properties, certain 
backgrounds can be significantly reduced.   

This requires precision predictions for  exclusive/fiducial cross sections, including jet-binning,  
Higgs boson decays etc, making them highly non-trivial.   However, without such predictions,  
the Higgs couplings can not be extracted from the LHC data with the ultimate precision.

Higgs production in association with jets

jetsN
0 2 4 6 8 10

Ev
en

ts

0
2000
4000
6000
8000

10000
12000
14000
16000
18000
20000
22000  Data  stat)� SM (sys 

 WW a WZ/ZZ/W
t t  Single Top

 Z+jets  W+jets
  H [125 GeV]

ATLAS Preliminary
-1 Ldt = 20.7 fb0 = 8 TeV, s

ieiµ/iµieA
(*)WWAH

Table 8: Selection table for Njet = 0 in 8 TeV data. The observed (Nobs) and expected (Nexp) yields for

the signal (Nsig) and background (Nbkg) processes are shown for the (a) eµ+ µe and (b) ee+ µµ chan-

nels. The composition of Nbkg is given on the right. The requirements are imposed sequentially from

top to bottom. Energies, masses, and momenta are in units of GeV. All uncertainties are statistical.

(a) eµ+ µe channel

Selection Nobs Nbkg Nsig

Njet = 0 9024 9000± 40 172± 2
|!!"",MET |> #2 8100 8120± 40 170± 2
p""
T
> 30 5497 5490± 30 156± 2

m"" < 50 1453 1310± 10 124± 1
|!!"" |< 1.8 1399 1240± 10 119± 1

NWW NVV Ntt̄ Nt NZ/$! NW+ jets

4900± 20 370± 10 510± 10 310± 10 2440± 30 470± 10
4840± 20 360± 10 490± 10 310± 10 1690± 30 440± 10
4050± 20 290± 10 450± 10 280± 10 100± 10 320± 5
960± 10 110± 6 69± 3 46± 3 18± 7 100± 2
930± 10 107± 6 67± 3 44± 3 13± 7 88± 2

(b) ee+ µµ channel

Selection Nobs Nbkg Nsig

Njet = 0 16446 15600± 200 104± 1
|!!"",MET |> #2 13697 12970± 140 103± 1
p""
T
> 30 5670 5650± 70 99± 1

m"" < 50 2314 2390± 20 84± 1
pmiss
T,rel
> 45 1032 993± 10 63± 1

|!!"" |< 1.8 1026 983± 10 63± 1
frecoil < 0.05 671 647± 7 42± 1

NWW NVV Ntt̄ Nt NZ/$! NW+ jets

2440± 10 190± 5 280± 6 175± 6 12300± 160 170± 10
2430± 10 190± 5 280± 6 174± 6 9740± 140 160± 10
2300± 10 170± 5 260± 6 167± 5 2610± 70 134± 4
760± 10 64± 3 53± 3 42± 3 1410± 20 62± 3
650± 10 42± 2 47± 3 39± 3 200± 5 19± 2
640± 10 41± 2 46± 3 39± 3 195± 5 18± 2
520± 10 30± 2 19± 2 22± 2 49± 3 12± 1

Table 9: Selection table for Njet = 1 in 8 TeV data. More details are given in the caption of Table 8.

(a) eµ+ µe channel

Selection Nobs Nbkg Nsig

Njet = 1 9527 9460± 40 97± 1
Nb-jet = 0 4320 4240± 30 85± 1
Z" %% veto 4138 4020± 30 84± 1
m"" < 50 886 830± 10 63± 1
|!!"" |< 1.8 728 650± 10 59± 1

NWW NVV Ntt̄ Nt NZ/$! NW+ jets

1660± 10 270± 10 4980± 30 1600± 20 760± 20 195± 5
1460± 10 220± 10 1270± 10 460± 10 670± 10 160± 4
1420± 10 220± 10 1220± 10 440± 10 580± 10 155± 4
270± 4 69± 5 216± 6 80± 4 149± 5 46± 2
250± 4 60± 4 204± 6 76± 4 28± 3 34± 2

(b) ee+ µµ channel

Selection Nobs Nbkg Nsig

Njet = 1 8354 8120± 90 54± 1
Nb-jet = 0 5192 4800± 80 48± 1
m"" < 50 1773 1540± 20 38± 1
pmiss
T,rel
> 45 440 420± 10 21± 1

|!!"" |< 1.8 430 410± 10 20± 1
frecoil < 0.2 346 320± 10 16± 1

NWW NVV Ntt̄ Nt NZ/$! NW+ jets

820± 10 140± 10 2740± 20 890± 10 3470± 80 60± 10
720± 10 120± 10 720± 10 260± 10 2940± 70 40± 10
195± 4 35± 2 166± 5 65± 3 1060± 10 20± 2
148± 3 21± 1 128± 5 52± 3 64± 4 5.1± 0.8
143± 3 20± 1 125± 5 51± 3 63± 4 4.5± 0.7
128± 3 17± 1 97± 4 44± 3 25± 2 3.1± 0.6

7.2 Statistical model and signal extraction

The statistical analysis uses the likelihood function L, the product of Poisson functions for each
signal and control region and Gaussian constraints, where the product is over the decay channels. In

the Poisson term for the signal region µ scales the expected signal yield, with µ = 0 corresponding to

22

Experimental analyses of Higgs decays to W-
bosons splits the Higgs signal according to jet 
multiplicities since systematic uncertainties in 
H+0 jets, H+1 jets and H+2 jets are very 
different.

Signal to background ratios in 
H+1 and H+2 jet bins are small, they are 
roughly 10 percent of the background

The signal significance in H+1jet is smaller, but 
not much smaller, than the significance in H+0 
jets

Thursday, May 2, 13
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Jet-binned cross sections
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Figure 1: Cancellation of 1/✏ poles in the qg channel. Note
that individual contributions have been rescaled by a factor
of 0.1, while the sum of them is not rescaled.

detail in our previous work on Higgs plus jet production
in pure gluodynamics [9], we only sketch here the salient
features of the calculation. We then present the numer-
ical results of the computation including NNLO results
for cross sections of Higgs plus jet production at various
collider energies and for various values of the transverse
momentum cut on the jet. We also discuss the NNLO
QCD corrections to the transverse momentum distribu-
tion of the Higgs boson. Finally, we present our conclu-
sions.

We begin by reviewing the details of the computation.
Our calculation is based on the e↵ective theory obtained
by integrating out the top quark. For values of the Higgs
p
?

below 150 GeV, this approximation is known to work
to 3% or better at NLO [13, 14]. Since the Higgs boson re-
ceives its transverse momentum by recoiling against jets,
we expect that a similar accuracy of the large-mt ap-
proximation can be expected for observables where jet
transverse momenta do not exceed O(150) GeV as well.

The e↵ective Lagrangian is given by

L = �1

4
G(a)

µ⌫ G
(a),µ⌫ +

X

i

q̄ii/Dqi�C1
H

v
G(a)

µ⌫ G
(a),µ⌫ , (1)

where G
(a)
µ⌫ is the gluon field-strength tensor, H is the

Higgs boson field and qi denotes the light quark field
of flavor i. The flavor index runs over the values i =
u, d, s, c, b, which are all taken to be massless. The co-
variant derivative /D contains the quark-gluon coupling.
The Higgs vacuum expectation value is denoted by v,
and C1 is the Wilson coe�cient obtained by integrating
out the top quark. The calculation presented here re-
quires C1 through O(↵3

s), which can be obtained from
Ref. [15]. Both the Wilson coe�cient and the strong
coupling constant require ultraviolet renormalization; the
corresponding renormalization constants can be found
e.g. in Ref. [16].

Partonic cross sections computed according to the
above prescription are still not finite physical quantities.

NNPDF2.3, 8 TeV

�
[fb

]

µ [GeV]

LO

NLO

NNLO
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8000

Figure 2: Dependence of the total LO, LO and NNLO cross-
sections on the unphysical scale µ. See text for details.

Two remaining issues must be addressed. First, contribu-
tions of final states with di↵erent number of partons must
be combined in an appropriate way to produce infrared-
safe observables. This requires a definition of final states
with jets. We use the anti-kT jet algorithm [17] to com-
bine partons into jets. Second, initial-state collinear sin-
gularities must be absorbed into the parton distribution
functions (PDFs) by means of standard MS PDF renor-
malization. A detailed discussion of this procedure can
be found in Ref. [18].
The finite cross sections for each of the partonic chan-

nels ij obtained in this way have an expansion in the MS
strong coupling constant ↵s ⌘ ↵s(µ), defined in a theory
with five active flavors,

�ij = �
(0)
ij +

↵s

2⇡
�
(1)
ij +

⇣↵s

2⇡

⌘2

�
(2)
ij +O(↵6

s). (2)

Here, the omitted terms indicated by O(↵6
s) include the

↵3
s factor that is contained in the leading order cross sec-

tion �
(0)
ij . Our computation will include the gg and qg

partonic cross sections at NNLO, �(2)
gg and �

(2)
qg , where q

denotes any light quark or anti-quark. At NLO, it can be
checked using MCFM [19] that these channels contribute
over 99% of the cross section for typical jet transverse
momentum cuts, p

?

⇠ 30 GeV. We therefore include the
partonic channels with two quarks or anti-quarks in the
initial state only through NLO.
In addition to the ultraviolet and collinear renormal-

izations described above, we need the following ingre-

dients to determine �
(2)
gg and �

(2)
qg : the two-loop vir-

tual corrections to the partonic channels gg ! Hg and
qg ! Hq; the one-loop virtual corrections to gg ! Hgg,
gg ! Hqq̄ and qg ! Hqg; the double real emission
processes gg ! Hggg, gg ! Hgqq̄, qg ! Hqgg and
qg ! HqQQ̄, where the QQ̄ pair in the last process can
be of any flavor. The helicity amplitudes for all of these
processes are available in the literature. The two-loop
amplitudes were computed in Ref. [20]. The one-loop cor-
rections to the four-parton processes are known [21] and

Suppose that we are interested to know the cross section for Higgs production without 
detectable QCD radiation.  To obtain this (zero-jet bin) cross section, we subtract the one-
jet inclusive cross section from the total inclusive cross section, at matching orders in 
pQCD.

The inclusive Higgs production is available through N3LO and the H+jet production is  
computed through NNLO QCD; these are matching  orders in perturbation theory.   Using 
these results, one can improve on predictions for jet-binned cross sections.

R. Boughezal, F. Caola, K.M., F. Petriello, M. Schulze;
Chen, Cruz-Martinez, Gehrmann, Glover, Jacquer 

Anastasiou,  Duhr,  Dulat, Furlan, Herzog, 
Gehrmann, Mistlberger etc.

H H
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Jet veto acceptances 
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FIG. 2. Comparison of NNLO, NLL+NNLO and NNLL+NNLO results for jet-veto e!ciencies for Higgs (left) and Z-boson
(right) production at the 8 TeV LHC. The Higgs plot includes the result from a POWHEG (revision 1683) [20, 40] plus Pythia
(6.426) [17, 41] simulation in which the Higgs-boson pt distribution was reweighted to match the NNLL+NNLO prediction
from HqT 2.0 [7] as in [21]. The lower panels show results normalised to the central NNLL+NNLO e!ciencies.

Our central predictions have µR = µF = Q = M/2 and
scheme a matching, with MSTW2008NNLO PDFs [54].
We use the anti-kt [29] jet-algorithm with R = 0.5, as
implemented in FastJet [55]. For the Higgs case we use
the large mtop approximation and ignore bb̄ fusion and
b’s in the gg ! H loops (corrections beyond this approx-
imation have a relevant impact [16, 56]). To determine
uncertainties we vary µR and µF by a factor of two in
either direction, requiring 1/2 " µR/µF " 2. Maintain-
ing central µR,F values, we also vary Q by a factor of
two and change to matching schemes b and c. Our final
uncertainty band is the envelope of these variations. In
the fixed-order results, the band is just the envelope of
µR,F variations.

The results for the jet-veto e!ciency in Higgs and Z-
boson production are shown in Fig. 2 for 8 TeV LHC
collisions. Compared to pure NNLO results, the cen-
tral value is slightly higher and for Higgs production, the
uncertainties reduced, especially for lower pt,veto values.
Compared to NNLO+NLL results [21], the central values
are higher, sometimes close to edge of the NNLO+NLL
bands; since the NNLO+NLL results used the same ap-
proach for estimating the uncertainties, this suggests that
the approach is not unduly conservative. In the Higgs
case, the NNLO+NNLL uncertainty band is not particu-
larly smaller than the NNLO+NLL one. This should not
be a surprise, since [21] highlighted the existence of pos-
sible substantial corrections beyond NNLL and beyond
NNLO. For the Higgs case, we also show a prediction
from POWHEG [20, 40] interfaced to Pythia 6.4 [17] at
parton level (Perugia 2011 shower tune [41]), reweighted

to describe the NNLL+NNLO Higgs-boson pt distribu-
tion from HqT (v2.0) [7], as used by the LHC experi-
ments. Though reweighting fails to provide NNLO or
NNLL accuracy for the jet veto, for pt,veto scales of prac-
tical relevance, the result agrees well with our central
prediction. It is however harder to reliably estimate un-
certainties in reweighting approaches than in direct cal-
culations.
Finally, we provide central results and uncertainties

for the jet-veto e!ciencies and 0-jet cross sections (in
pb) with cuts (in GeV) like those used by ATLAS and
CMS, and also for a larger R value:

R pt,veto !(7 TeV) "(7 TeV)
0-jet !(8 TeV) "(8 TeV)

0-jet

0.4 25 0.63+0.07
!0.05 9.6+1.3

!1.1 0.61+0.07
!0.06 12.0+1.6

!1.4

0.5 30 0.68+0.06
!0.05 10.4+1.2

!1.1 0.67+0.06
!0.05 13.0+1.5

!1.5

1.0 30 0.64+0.03
!0.05 9.8+0.8

!1.1 0.63+0.04
!0.05 12.2+1.1

!1.4

Interestingly, the R = 1 results have reduced upper un-
certainties, due perhaps to the smaller value of the NNLL
f(R) correction (a large f(R) introduces significant Q-
scale dependence). The above results are without a ra-
pidity cut on the jets; the rapidity cuts used by ATLAS
and CMS lead only to small, < 1%, di"erences [21].
For the 0-jet cross sections above, we used total

cross sections at 7 TeV and 8 TeV of 15.3+1.1
!1.2 pb and

19.5+1.4
!1.5 pb respectively [57, 58] (based on results in-

cluding [45–49]) and took their scale uncertainties to be
uncorrelated with those of the e!ciencies. Symmetris-
ing uncertainties, we find correlation coe!cients between
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FIG. 7: The 0-jet cross section for R = 0.4 and mH = 125GeV. On the left we show the NLLpT , NLL!
pT+NLO, and

NNLL!
pT+NNLO predictions. A good convergence and reduction of uncertainties at successively higher orders is observed. On

the right we compare our best prediction at NNLL!
pT+NNLO to the fixed NNLO prediction. The lower plots show the relative

uncertainty in percent for each prediction. On the lower left the lighter inside bands show the contribution from !resum only,
while the darker outer bands show the total uncertainty from adding !resum and !µ in quadrature.

ues for !0(pcutT , R) with both theoretical uncertainties:

!0(25GeV, 0.4) = 12.67± 1.22pert ± 0.46clust pb ,

!0(30GeV, 0.5) = 13.85± 0.87pert ± 0.24clust pb . (74)

It is interesting to compare our results and uncertain-
ties for !0 to the NNLL+NNLO results presented ear-
lier in Ref. [9]. Our results build on their results in a
few ways. In particular, our RG approach includes "2

resummation, our results are quoted as NNLL! because
they go beyond NNLL by including the complete NNLO
singular terms in the fixed-order matching (which are the
correct boundary conditions for the N3LL resummation),
and finally we use a factorization based approach to un-
certainties, which also makes predictions for the correla-
tions between the di!erent jet bins.
Comparing !0 at pcutT = 25GeV and R = 0.4 our cen-

tral values agree with those in Ref. [9], and are well within
each other’s uncertainties. Our perturbative uncertainty
of 9.6% is a bit smaller than the 13.3% uncertainty for
!0 of Ref. [9] which seems reasonable given the above

mentioned additions. One important ingredient in this
comparison is the inclusion of the "2 resummation which
improves the convergence of our results and decreases our
uncertainty. On the other hand, in Ref. [9] the central
scale is chosen to be µFO = mH/2 which also works in the
same direction, decreasing the uncertainty relative to the
choice µFO = mH . For the total cross section Ref. [9] has
a 7.4% uncertainty, whereas we have 6.9% uncertainty
using µFO = mH and including "2 resummation (see Ta-
ble II). From Table IV in appendix App. A we see that
our perturbative uncertainty for !0(25GeV, 0.4) would
increase to 12.8% if the "2 resummation were turned o!
(while still taking the central µFO = mH), and that at
this level the uncertainty would become comparable to
that of Ref. [9]. For pcutT = 30GeV and R = 0.5 our
central values remain perfectly compatible with Ref. [9],
and the uncertainties follow a pattern similar to the case
above.

Jet binning requires jet identification and selection; this may make perturbative 
computations unstable. To see if this happens, we consider low pt cuts and narrow 
jets. Then,  resummations of the logarithmically enhanced terms ( logarithms of the 
transverse momentum cut and the jet radius) can be performed.  An alternative way to 
get the quasi-realistic answer.

✏pt,veto =
[⌃

0

+ ⌃
1

+ ⌃
2

+ ⌃
3

](pt,veto)

�
0

+ �
1

+ �
2

+ �
3

Banfi, Zanderighi, Salam; Tackmann, Zuberi, Walsh; Becher, Neubert 

Are the logarithms large? Does the  resummation 
really help? 

↵s ln
2 p?j/mH � 1 lnR � 1
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Jet-binned cross sections
The results of N3LO computation for inclusive Higgs production, NNLO for the H+j 
production as well as advances with re-summations of jet-radius logarithms allow 
one to improve on existing predictions for 0-jet and 1-jet  cross sections. 
For the 13 TeV LHC, using NNPDF2.3, anti-kT, R=0.5, μ0=mH/2, Qres = mH/2 and 
accounting for top and bottom mass effects, one finds the following results:

0-jet bin

≥1-jet bin

• No breakdown of fixed order perturbation theory for pT ~ 25- 30 GeV ;
• Reliable error estimate from lower orders ; residual errors O(3-5) percent for the 

two jet bins; proper correlation of errors. 
• Re-summed results change fixed-order results within the error bars of the former/

latter.  There seems to be little difference between re-summed and fixed order 
results. 

A. Banfi, F. Caola,  F. Dreyer, P. Monni, G.Salam, G. Zanderighi, F. Dulat

Figure 6. N3LO+NNLL+LLR best prediction for the jet-veto cross section (blue/hatched) com-
pared to NNLO+NNLL (left) and fixed-order at N3LO (right).

LHC 13 TeV ✏N
3LO+NNLL+LL

R

⌃

N3LO+NNLL+LL
R

0-jet [pb] ⌃

N3LO
0-jet ⌃

NNLO+NNLL
0-jet

pt,veto = 25GeV 0.539+0.017
�0.008 24.7+0.8

�1.0 24.3+0.5
�1.0 24.6+2.6

�3.8

pt,veto = 30GeV 0.608+0.016
�0.007 27.9+0.7

�1.1 27.5+0.5
�1.1 27.7+2.9

�4.0

Table 2. Predictions for the jet-veto efficiency and cross section at N3LO+NNLL+LLR, compared
to the N3LO and NNLO+NNLL cross sections. The uncertainty in the fixed-order prediction is
obtained using the JVE method. All numbers include the effect of top and bottom quark masses,
treated as described in the text, and are for a central scale µ

0

= mH/2.

The right-hand plot of Fig. 7 shows our best prediction with uncertainty obtained
with the JVE method, compared to the case of just scale (i.e. µR, µF , Q) variations. We
observe a comparable uncertainty both at small and at large transverse momentum, which
indicates that the JVE method is not overly conservative in the tail of the distribution. We
have observed that the same features persist for the corresponding differential distribution.
Table 3 contains the predictions for the inclusive one-jet cross section for two characteristic
pt,min choices.

4 Conclusions

In this article we have presented new state-of-the-art, N3LO+NNLL+LLR, predictions for
the jet-veto efficiency and the zero-jet cross section in gluon-fusion induced Higgs produc-
tion, as well as NNLO+NNLL+LLR results for the inclusive one-jet cross section. The
results, shown for 13 TeV LHC collisions, incorporate recent advances in the fixed-order
calculation of the total cross section [8], the fixed-order calculation of the one-jet cross sec-
tion [9–11] and the resummation of small-R effects [12]. They also include the earlier NNLL

– 15 –

Figure 7. Matched NNLO+NNLL+LLR prediction for the inclusive one-jet cross section
(blue/hatched) compared to fixed-order at NNLO (left) and to the matched result with direct
scale variation for the uncertainty (right), as explained in the text.

LHC 13 TeV ⌃

NNLO+NNLL+LL
R

�1-jet [pb] ⌃

NNLO
� 1-jet [pb]

pt,min = 25GeV 21.2+0.4
�1.1 21.6+0.5

�1.0

pt,min = 30GeV 18.0+0.3
�1.0 18.4+0.4

�0.8

Table 3. Predictions for the inclusive one-jet cross section at NNLO+NNLL+LLR and NNLO. The
uncertainty in the fixed-order prediction is obtained using the JVE method. All numbers include
the effect of top and bottom quark masses, treated as described in the text, and are for a central
scale µ

0

= mH/2.

jet pt resummation [5] including finite quark mass effects [23]. Uncertainties have been de-
termined using the jet-veto efficiency method, which has been updated here to take into
account the good perturbative convergence observed with the new fixed-order calculations.

Results for the jet-veto efficiency and zero-jet cross section for central scale choices of
µ0 = mH/2 and µ0 = mH are reported in tables 2 and 5, respectively. With our central scale
choice, µ0 = mH/2, we find that the inclusion of the new calculations decreases the jet-veto
efficiency by 2% with respect to the NNLO+NNLL prediction, and it has a substantially
smaller uncertainty, reduced from more than 10% to less than 5%.

In the zero-jet cross section, the reduction in the jet-veto efficiency is compensated
by a similar increase in the total cross section due to the N3LO correction, resulting in a
sub-percent effect. In comparison to the N3LO result, the matched N3LO+NNLL+LLR

jet-veto efficiency and zero-jet cross section are about 2% larger, and have comparable
(⇠ 3 � 4%) theoretical errors. The picture is different for a central scale µ0 = mH , as
discussed in appendix B. In this case the jet-veto efficiency at N3LO+NNLL+LLR decreases
by more than 5% with respect to the NNLO+NNLL result, while it is in perfect agreement

– 16 –
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H+jet @ NNLO : fiducial results
Since pQCD perfectly describes jet-vetoed cross sections, one can use it to predict fiducial 
volume cross sections including  Higgs boson decays to photons or leptons.  What makes  
these calculation even more interesting is that there are measurements of the  ATLAS and 
CMS  collaborations at the 8 TeV LHC that can be directly compared to the results of the 
fiducial volume  calculation (results are shown for infinitely heavy top quark).

anti� kt, �R = 0.4, pj? = 30 GeV, abs(yj) < 4.4

p?,�1 > 43.75 GeV, p?,�2 = 31.25 GeV, �R�j > 0.4

�fid
LO = 5.43+2.32

�1.5 fb �fid
NLO = 7.98+1.76

�1.46 fb �fid
NNLO = 9.46+0.56

�0.84 fb

�fid
1j,ATLAS = 21.5± 5.3(stat)± 2.3(syst)± 0.6 lum fb

The difference between the ATLAS H+j measurements and the SM prediction is close to 
two standard deviations;  the ratio of central values is larger than in the inclusive case. 

Atlas cuts on 
photons and 
jets

F. Caola, K.M.,  M. Schulze 
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H+jet @ NNLO : fiducial results
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Once Higgs boson decays are included on the theory side, any fiducial cross section or 
distribution can be obtained.  To make the long story short,  I only show a few plots where 
comparison with the results of CMS and  ATLAS is performed.    

The comparison is not very impressive; at the moment, the luminosity/energy is simply too 
low to make meaningful comparison possible.  The good news is that we have everything 
to make theory/data comparison. The existence of precise theory predictions should  
serve as a motivation for  refined experimental analyses, this time at 13 TeV

Exclusive jet cross sections Transverse momentum distribution of a leading jet

F. Caola, K.M.,  M. Schulze 
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Figure 2. Jet multiplicity in Higgs-plus-jet production compared to ATLAS [2] and CMS [3] data.

Figure 3. Jet multiplicity in Higgs-plus-jet production, normalized to the total fiducial cross
section compared to ATLAS [2] and CMS [3] data.

comparison between data and theory.

In this section, we have presented NNLO QCD results for fiducial cross sections in

Higgs-plus-jet production in the diphoton decay mode taking the LO mass e↵ects into ac-

count according to the EFT⌦M precription. Our results were obtained with the NNLOJET

code, which is based on the antenna subtraction method. Overall, we observe the correc-

tions to be positive and moderate in size. The NNLO predictions are typically at the upper

edge of the NLO scale variation interval, and come themselves with a residual theory uncer-

tainty of around 5%. We observe that the ATLAS measurements [2] are well-described in

shape, but not in normalization, a feature that also persists to the same magnitude in the

– 11 –

Chen, Cruz-Martinez, Gehrmann, Glover, Jacquer
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The Higgs boson transverse momentum distribution
Knowledge of the Higgs boson transverse  momentum distribution is important for signal 
modeling, but it can also provide unique  information about Higgs properties.  

For example, it can be used to constrain Yukawa couplings of light quarks, or to probe for 
contributions of additional ultra-heavy particles to Higgs coupling to gluons. The problem is to 
get the SM theory right in both cases.

Although moderate in the SM, all-order effects can be useful when studying 
constraints on the light-quark Yukawa couplings using transverse momentum  
distributions of the Higgs and recoiling jets —> few % precision required 

Quark masses - Yukawa couplings

[Bishara, Haisch, PM, Re ’16] 
[Soreq, Zhu, Zupan ’16] 
[Bonner, Logan ’16]e.g. bottom and charm Yukawas

21

Bishara, Haisch, Monni; Soreq, Zhu, Zupan; Bonner, Logan Langenegger, Spira, Strebel 

where x = d�/dp?. This parametrization has been adjusted to the known systematic top
mass effects obtained in Ref. [7]. Uncertainties from a variation of the PDFs or the top
quark mass are found to be negligible.
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Figure 6. Expected sensitivity vs. integrated luminosity. The experimental uncertainties (left) are
combined quadratically, the theoretical uncertainties (right) are added linearly.

The two Higgs boson hypotheses can be separated with 2 standard deviations (�) with
an integrated luminosity of about 500 fb�1. With a luminosity of 1000 fb�1 the expected
separation sensitivity is about 3�. The largest experimental uncertainty (downwards) arises
from the background uncertainty in the high-p? region. A combination with other Higgs
boson final states and a more elaborate analysis would help to improve the sensitivity.
However, theoretical uncertainties and missing top mass effects also have a large impact
on the sensitivity as can be inferred from Fig. 6 (right panel). A reduction requires the
full implementation of higher-order effects on the transverse-momentum distribution in the
generators and in particular the full top mass effects at NLO that have not been calculated
so far.

5 Conclusions

We have studied the possibility to separate in gluon fusion loop-induced Higgs boson pro-
duction from point-like production. Using the Higgs boson yields (normalized to the overall
rate) and the shape of the Higgs boson p? distribution the two hypotheses can be separated
with 2� with an integrated luminosity of about 500 fb�1 (likely after Run-2 of the LHC).
The largest systematic uncertainty affecting this estimate is the background event yield, as
that strongly dilutes the difference between the two Higgs boson hypotheses. Understanding
and mitigating the impact from pile up will be crucial for this analysis.

– 9 –

Sensitivity to bottom and charm Yukawa couplings from kinematic 
distributions in Higgs production.

Expected separation of point-like Hgg 
coupling from the realistic one, as  a 
function of the LHC luminosity. 
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Higgs physics - pT distribution

Currently known at NNLL+NNLO in HEFT: 
• Interesting example (one of many) of observable with zeros away from the 

Sudakov limit (two kinematic mechanisms competing in the limit pt -> 0) 
• resummation if rIRC safe 
• new handle on joint resummations and Sudakov shoulders 
!
!
!
!
!
!

!
!

18

[PM, Re, Torrielli ‘16]

Resummation relevant below 
 pt ~ 40 GeV - th. uncertainties ~ 10%

Many effects beyond this point: 
• Luminosity uncertainties estimated to 

be ~ 3% 
• strong coupling unc. ~ 2% 
• quark masses (known at LO) ~ 5-6% in 

this region 
• hadronisation ~ 2-4% 
!

• N3LL+NNLO on its way : little effect on 
central values, but theory uncertainties 
halved (~5%). We should star t 
worrying about  other effects

[Li, Zhu ‘16]

The Higgs boson transverse momentum distribution
In principle, transverse momentum distribution of a color-neutral particle can be computed 
following  well-established procedures at low (resummation) and high (perturbation theory) 
transverse momentum. 

Monni, Re, Torrielli

↵s ln
2 mH

p?
� 1 ↵s ln

2 p?
mb

� 1

When the full theory is considered the bottom-quark amplitudes are 
enhanced by (regular) logarithms of the ratio           in the region                                 

!
• Subject of discussion in the past years: what’s their impact at HO ?

Should they be resummed ? 
!

• Amplitude DL resummed in the abelian limit ~Cf^n as^n L^2n    
!
!
!
!
!
!
!

Corrections in the abelian limit beyond LO are moderate: at two loops ~ 2% 
of which only 0.2% is pt dependent (strong cancellations) - an order of 
magnitude smaller at 3 loops…

Masses and soft factorisation
Top and bottom loops have also a different behaviour with respect to 
factorisation of soft emissions in the region 

pt ⌧ mH ⌧ mt mb ⌧ pt ⌧ mH

H

W+

W�

W+

W�

H

pt
pt

p
t,veto = 25� 30GeV

Top loop: Bottom loop:

Soft gluons cannot resolve the 
top loop      factorisation OK)

Soft gluons can resolve a bottom 
loop      factorisation breaking?)

mbmtQuark masses

19

m2
b << p2t << m2

Hpt/mb

[Melnikov, Penin ‘16]
e.g.

Full NLO result important for %-level theory,  
all-order corrections expected to remain moderate

! A++± = ±2 ln
m

2
b

m

2
H

Z 1�⌧t

0

1� e

�x⌘(1�⌘)

x⌘

d⌘ , ⌧t ⇠ ln
m

2
b

p

2
t

/ ln
m

2
b

m

2
H

Grazzini, Sargsyan

However, the Higgs boson is a special case since the Hgg vertex is not point-like. At small pt , 
b-loops leads to the appearance of Sudakov-like double logarithmic corrections, related to the 
helicity flip on the ``soft’’ fermion line;  origin of these logarithms, let alone their resummation, is 
not understood. 
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Higgs transverse momentum distribution
At large transverse momentum the situation is also interesting since the top quark loop 
gets resolved and an additional point-like component of the ggH  vertex can be detected 
-- if present ( the point-like coupling leads to harder spectrum). 

 If boosted techniques can be used to identify the Higgs boson at high  transverse 
momentum through its decays to b-quarks, very reasonable number of events
can be expected.  However, even  the di-photon final state does not look hopeless.  
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Figure 11. Transverse momentum distribution of the Higgs boson at 13 TeV (for CMS fiducial
cuts) for the EFT (red), EFT�M (green) and EFT⌦M (blue) approximations. Left panel is the
absolute cross sections, right panel normalized to �H .

turn out to be numerically large, there is no reason for them to increase substantially with

transverse momentum. The EFT�M is therefore overestimating the hardness of the mass-

corrected transverse momentum spectrum, and can thus be considered as upper bound on

the actual exact mass dependence. The EFT⌦M prediction is on the other hand reweight-

ing the full spectrum with the softness of the LO mass dependence of the (H + 1)-parton

process. A recent study [40] of the LO quark mass e↵ects in Higgs-plus-multijet production

demonstrated that the mass-dependent suppression (with respect to the EFT prediction)

of large transverse momentum configurations is less strong for the (H + 2)-parton and

(H +3)-parton processes than it is for the (H +1)-parton process. Consequently, EFT⌦M

could be considered as lower bound on the exact mass dependence.

Lacking the full mass dependence of the predictions at NLO, it is however premature

to conclude on whether EFT�M or EFT⌦M should be considered to be more reliable. In-

stead, their spread serves to quantify the large systematic uncertainty that persists on the

theoretical prediction of the transverse momentum distribution at high pHT . The di↵erence

between the di↵erent approaches increases with increasing pHT and clearly exceeds the scale

uncertainty for pHT > 250 GeV. At pHT ⇠ 400(500) GeV, the NNLO EFT⌦M approximation

is 52% (39%) of the NNLO EFT with a small scale uncertainty. Conversely, the EFT�M

has a much larger scale uncertainty and is roughly 74% (65%) of the NNLO EFT predic-

tion. The EFT�M is larger than EFT⌦M by a factor 1.42 (1.69), thereby estimating the

uncertainty on the predictions in this large transverse momentum region.

The behaviour of the Higgs boson transverse momentum distribution is mirrored in

the transverse momentum distribution of the leading photon, shown in Fig. 12. Again,

the di↵erence between the approximations are clearly visible. Above p�1T ⇠ mt, NNLO

EFT⌦M distribution is significantly softer than the NNLO EFT prediction, while the

– 18 –

Langenegger, Spira, Strebel 

This requirement is quite strict, but not inconsistent with present capabilities [36] using
area-based energy subtraction procedures [37]. As mentioned above, an improved pileup
treatment will be required for the successful usage of the photon isolation variable at the
HL-LHC.

The two photons with the largest p? are combined to form Higgs boson candidates.
The diphoton invariant mass must fulfill 70 < m�� < 180GeV. The leading (subleading)
photon has to fulfill ET > 80(50)GeV and for both photons |⌘| < 2.5 is required. No
jet information is used in this analysis, even though implicitly there will be jets as we
require for the diphoton p? > 300GeV (this will be referred to as high-p? region). For this
kinematic region the signal (background) selection efficiency is 32.3% (3.4%). The values
for the single and diphoton p? requirements were optimized by maximizing the expected
hypothesis discrimination sensitivity.

In Fig. 3 (right) the effective differential cross section for signal and background after the
event selection is shown. The background contribution is found to be very large even after
the above selection. The average expected diphoton invariant mass and p? distributions for
an integrated luminosity of 1000 fb�1 are shown in Fig. 4, where signal and background have
been combined (in contrast to Fig. 3, where signal and background are shown separately).
The Higgs boson invariant mass resolution depends strongly on the diphoton p? and is
limited by the angular resolution in the kinematic range of this analysis.

m [GeV]
80 100 120 140 160 180

Av
er

ag
e 

ex
pe

ct
ed

 e
ve

nt
s 

/ 2
 G

eV

0

5

10

15

20

25

30

35

40

  

 = 14 TeVs
-1L = 1000 fb

 > 300 GeV
T

p

Diphoton background plus
 (point-like)γ γ →H 
 (loop-induced)γ γ →H 

  

 [GeV]
T

p
300 400 500 600 700 800 900 1000

Av
er

ag
e 

ex
pe

ct
ed

 E
ve

nt
s 

/ 1
0 

G
eV

-110

1

10

210

  

 = 14 TeVs
-1L = 1000 fb

 < 180 GeVγγ70 < m

Diphoton background plus
 (point-like)γ γ →H 
 (loop-induced)γ γ →H 

  

Figure 4. Average expected event yields vs diphoton invariant mass (left) and diphoton p? (right),
normalized to 1000 fb�1. The histograms contain the background plus the point-like Higgs produc-
tion (open triangles) and the background plus the loop-induced Higgs production (open circles).
The background component is identical for both hypotheses. The error bars show the statistical
uncertainty only.

The invariant mass distribution for the signal is well described by a single Gaussian with
standard deviation � = 9.4GeV in the high-p? region. The background is parametrized

– 6 –

Chen, Cruz-Martinez, Gehrmann, Glover, Jacquer

L6 2 at|H|2Q̄LH̃tR + ag|H|2Gµ⌫G
µ⌫
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Mass effects in the Higgs boson transverse momentum distribution

For both, high- and low- Higgs boson transverse-momentum region, one has to compute 
complicated Feynman integrals with internal masses.  This is a general problem that goes 
beyond the H+j production.   

The  recent progress is encouraging  and suggests that we will have good understanding 
of these effects by the time 500 fb-1 are collected at the LHC.  Planar master-integrals were 
recently computed by  R. Bonciani, V. Del Duca, H. Frellesvig, J. Henn, F. Moriello and V. 
Smirnov.  

Complete gg -> Hg amplitude in the limit  of a small mass of the quark that facilitates the 
gg->Hg transition was also obtained  recently (L. Tancredi, C. Wever, K.M.). First 
phenomenological results are coming. 

Heavy	quark	mass	effects	
•  H+jet	amplitudes	with	masses	

§  Small-mass	limit	(K.	Melnikov,	L.	Tancredi,	C.	Wever)	

§  Two-loop	integrals	with	full	mass	dependence	in	
progress	(R.	Bonciani,	V.	Del	Duca,	H.	Frellesvig,	J.	Henn,	F.	Moriello,	V.	
Smirnov;	D.	Kara,	TG)	

g

g
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g

g

g
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g
g

g
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g

g

g

H

g

Figure 1: Examples of two-loop Feynman diagrams that contribute to the process
gg ! Hg.

where, for consistency with Eq.(2.6), sums over polarizations of external gluons are

taken to be

!

pol

(!µ1 (p1))
! !!1(p1) = "gµ! +

pµ1p
!
2 + p!1p

µ
2

p1 · p2
, (3.2)

!

pol

(!µ2 (p2))
! !!2(p2) = "gµ! +

pµ2p
!
3 + p!2p

µ
3

p2 · p3
, (3.3)

!

pol

(!µ3 (p3))
! !!3(p3) = "gµ! +

pµ1p
!
3 + p!1p

µ
3

p1 · p3
. (3.4)

We stress at this point that all Lorenz indices in Eq.(3.1) have to be understood as

d-dimensional. The explicit form of the projection operators can be found by making
an Ansatz in terms of the same linearly independent tensors as in Eq.(2.7)

P µ!"
j =

1

d" 3

"

c(j)1 gµ! p"2 + c(j)2 gµ" p!1 + c(j)3 g!" pµ3 + c(j)4 pµ3p
!
1p

"
2

#

, (3.5)

where j # {1, 2, 3, 4}. The scalar functions c(j)i are unknown a priori; they are found

by requiring that Eq.(3.1) is satisfied. We obtain

c(1)1 =
t

s u
, c(1)2 = 0 , c(1)3 = 0 , c(1)4 = "

1

s u
,

c(2)1 = 0 , c(2)2 =
u

s t
, c(2)3 = 0 , c(2)4 = "

1

s t
,

c(3)1 = 0 , c(3)2 = 0 , c(3)3 =
s

t u
, c(3)4 = "

1

t u
,

c(4)1 = "
1

s u
, c(4)2 = "

1

s t
, c(4)3 = "

1

t u
, c(4)4 =

1

s t u
.

(3.6)

With these results at hand, we can compute each of the form factors separately.
Since the form factors are independent of the external polarization vectors, all the

– 7 –
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How large is the  triple Higgs coupling ?

2

L � �V (�), V (�) =
1

2
µ2�2 +

1

4
��4

Higgs Lagrangian:

EW symmetry breaking

m2
H

2
H2 +

m2
H

2v
H3 +

m2
H

8v2
H4

Higgs pair production probes triple-Higgs coupling

Motivation

�LO (fb) �NLO (fb)

B.I. HEFT 19.85+27.6%
�20.5% 38.32+18.1%

�14.9%

FTapprox 19.85+27.6%
�20.5% 34.26+14.7%

�13.2%

Full Theory 19.85+27.6%
�20.5% 32.91+13.6%

�12.6%
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Triple-Higgs Coupling Sensitivity
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SM: Destructive interference 
between         and      contrib. 

Distributions: can help to 
distinguish between    values
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Baglio, Djouadi, Gröber, Mühlleitner, Quevillon, Spira 12

ghhh y2T

VBF

�

VBF: More sensitive (but small XS)

ghhh = �gSMhhh

pmin
T,jet

Barr, Dolan, Englert, Ferreira de Lima, Spannowsky 15;  
Mangano et al. 16; Goertz, Papaefstathiou, Yang, Zurita 13; 
Behr, Bortoletto, Frost, Hartland, Issever, Rojo 15

Can increase sensitivity to HH: 
•          cut 
•  
•Multivariate 
�(gg ! HH)/�(gg ! H)

bb̄bb̄

Borowka, Greiner, Heinrich, Kerner, Schenk, Schubert, Zirke

7

H(iggs)EFT:                
Effective tree-level couplings between gluons and Higgs 
Lowers number of loops by 1

HEFT valid for

Born improved NLO HEFT:

HH production for

Higgs EFT

d�NLO(mT ) ⇡ d�̄NLO(mT ) ⌘
d�NLO(mT ! 1)

d�LO(mT ! 1)
d�LO(mT )

Spira et al. (HPAIR)

Small energy range in which HEFT is technically justified

mT ! 1

p
ŝ ⌧ 2mT

2mH <
p
ŝ

?

Learning about triple Higgs coupling is the first step towards profiling the EW-symmetry 
breaking potential.   Extracting it from the LHC data with  decent precision is a non-trivial 
problem for both experimenters (low rates) and theorists (best observables, modeling the 
signal, expectations in the SM). 

``Masses  in  loops’’ issue  was numerically  overcome is the double Higs production; the 
computational technology used there is generalizable. 
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Higgs production in vector boson fusion 
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Higgs boson production in weak boson fusion
The Higgs boson  production in weak boson fusion is an interesting process for 
a variety of  reasons, including the direct access to HVV (V = Z,W) coupling etc. 

Due to color conservation, computations of NLO QCD corrections are simple -- 
the upper and lower qqV vertices receive QCD corrections but the two blocks 
do not talk to each other.    As the consequence, one can view the structure of 
QCD corrections -- to the total inclusive cross section --- as the `` Deep Inelastic 
Scattering squared’’  and use the DIS building blocks - the structure functions -  to 
calculate the corrections.    For NLO QCD, this observation is  not essential  but it is 
useful for NNLO since those results for the coefficients functions  are available. 

The QCD corrections obtained in this  approach are small ( O(5%) NLO,  O(3%) NNLO, 
O(0.1%) at N3LO) ; it then seemed natural to  assume that this size of QCD corrections 
will be indicative for the fiducial cross sections.

Bolzoni, Maltoni, Moch, Zaro, Dreyer, Kalberg 
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Higgs boson production in weak boson fusion
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However,  this assumption turns out to be incorrect  and, in fact, one can get larger 
O(6-10%) corrections for fiducial (WBF cuts)  cross sections and kinematic distributions.  
Often, the shape of those corrections seems rather different from  both the  NLO and/or 
parton shower predictions.  

Cacciari,  Dreyer, Kalberg, Salam, Zanderighi

�nocuts[pb] �VBF cuts[pb]

LO 4.032+0.057
�0.069 0.957+0.066

�0.059

NLO 3.929+0.024
�0.023 0.876+0.008

�0.018

NNLO 3.888+0.016
�0.012 0.826+0.013

�0.014

p
j1,2
? > 25 GeV, |yj1,2 | < 4.5,

�yj1,j2 = 4.5, mj1,j2 > 600 GeV,

yj1yj2 < 0, �R > 0.4

WBF cuts

Cross sections with and without WBF cuts
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Off-shell measurements

Observed Median expected
RB

H! 0.5 1.0 2.0 0.5 1.0 2.0

cut-based 10.8 12.2 14.9 13.6 15.6 19.9
ME-based discriminant analysis 6.1 7.2 9.9 8.7 10.2 14.0

Table 3: The observed and expected 95% CL upper limits on µo!-shell in the cut-based and the ME-based
discriminant analyses in the 4! channel, within the range of 0.5 < RB

H! < 2. The bold numbers correspond
to the limit assuming RB

H! = 1. The upper limits are evaluated using the CLs method, with the alternative
hypothesis RB

H! = 1 and µo!-shell = 1.

off-shell
µ
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Λ
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ln

0

2

4

6

8

10

12

14

4l expected with syst.
4l expected no syst.
4l observed

Preliminary ATLAS
l 4→ ZZ → H

-1Ldt = 20.3 fb∫ = 8 TeV: s

Figure 6: Scan of the negative log-likelihood, "2 ln", as a function of µo!-shell in the ZZ # 4! channel
in the ME-based discriminant analysis. The black solid (dashed) line represents the observed (expected)
value including all systematic uncertainty, while the red dotted line is for the expected value without
systematic uncertainties. A relative gg# ZZ background K-factor of RB

H!=1 is assumed.

19

ΓH < 4.8-7.7 ΓH,SM = 20-32 MeV @ 95CL

H off-shell
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The Higgs width 
Direct  measurement of the Higgs width is very imprecise; hardly improvable.   The off-
shell measurement bounds couplings far  off the pole and uses them back on the pole --  
potential contamination from ``anomalous couplings’’ but can be dealt with through a 
combination of alternative measurements. 

Need precise prediction for ZZ production both  in quark-antiquark and gluon fusion. 

Sep&30,&2015& Marco&Pieri&UC&San&Diego& 10&

Sep&30,&2015& Marco&Pieri&UC&San&Diego& 10&

6

Table 1: Expected and observed numbers of events in the 4` and 2`2n channels in gg-enriched
regions, defined by m4` � 330 GeV and Dgg > 0.65 (4`), and by mT> 350 GeV and Emiss

T >
100 GeV (2`2n). The numbers of expected events are given separately for the gg and VBF pro-
cesses, and for a SM Higgs boson (GH = GSM

H ) and a Higgs boson width of GH = 10 ⇥ GSM
H . The

unphysical expected contributions for the signal and background components are also reported
separately, for the gg and VBF processes. For both processes, the sum of the signal and back-
ground components differs from the total due to the negative interferences. The parameters
are set to µ = µggH = µVBF = 1.

4` 2`2n

(a) total gg (GH = GSM
H ) 1.8±0.3 9.6±1.5

gg signal component (GH = GSM
H ) 1.3±0.2 4.7±0.6

gg background component 2.3±0.4 10.8±1.7
(b) total gg (GH = 10 ⇥ GSM

H ) 9.9±1.2 39.8±5.2
(c) total VBF (GH = GSM

H ) 0.23±0.01 0.90±0.05
VBF signal component (GH = GSM

H ) 0.11±0.01 0.32±0.02
VBF background component 0.35±0.02 1.22±0.07

(d) total VBF (GH = 10 ⇥ GSM
H ) 0.77±0.04 2.40±0.14

(e) qq background 9.3±0.7 47.6±4.0
(f) other backgrounds 0.05±0.02 35.1±4.2

(a+c+e+f) total expected (GH = GSM
H ) 11.4±0.8 93.2±6.0

(b+d+e+f) total expected (GH = 10 ⇥ GSM
H ) 20.1±1.4 124.9±7.8

observed 11 91

between the low- and high-mass regions.

Among the signal uncertainties, experimental systematic uncertainties are evaluated from ob-
served events for the trigger efficiency (1.5%), and combined object reconstruction, identifica-
tion and isolation efficiencies (3–4% for muons, 5–11% for electrons) [7]. In the 2`2n final state,
the effects of the lepton momentum scale (1–2%) and jet energy scale (1%) are taken into ac-
count and propagated to the evaluation of Emiss

T . The uncertainty in the b-jet veto (1–3%) is
estimated from simulation using correction factors for the b-tagging and b-misidentification
efficiencies as measured from the dijet and tt decay control samples [38].

Theoretical uncertainties in the qq background contribution are within 4–10% depending on
mZZ [7]. The systematic uncertainty in the normalization of the reducible backgrounds is
evaluated following the methods described in Refs. [7, 16]. In the 2`2n channel, for which
these contributions are not negligible at high mass, the estimation from control samples for
the Z+jets and for the sum of the tt, tW and WW contributions leads to uncertainties of 25%
and 15% in the respective background yields. Theoretical uncertainties in the high mass contri-
bution from the gluon-induced processes, which affect both the normalization and the shape,
are especially important in this analysis (in particular for the signal and interference contri-
butions that are scaled by large factors). However, these uncertainties partially cancel when
measuring simultaneously the yield from the same process in the on-shell signal region. The
remaining mZZ-dependent uncertainties in the QCD renormalization and factorization scales
are derived using the K factor variations from Ref. [14], corresponding to a factor of two up
or down from the nominal mZZ/2 values, and amount to 2–4%. For the gg ! ZZ continuum
background production, we assign a 10% additional uncertainty on the K factor, following
Ref. [22] and taking into account the different mass ranges and selections on the specific final
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The Higgs width 
Quark-antiquark annihilation to ZZ is known through  NNLO QCD and the gluon fusion -- 
to NLO, including interference with the signal.  Integrals with top quark loops are known 
approximately. Close proximity of K-factors for the signal and the background.
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Figure 6: Four-lepton invariant mass distributions in gg ! ZZ processes at the 13 TeV LHC.

The full result is shown as well as contributions of signal, background and interference separately.

LO results are shown in yellow, NLO results are shown in blue, and scale variation is shown for

m4`/4 < µ < m4` with a central scale µ = m4`/2. The lower pane shows the K-factors.

the background distributions are relatively flat, with a slight increase with m4`. The situation

with the interference is different. In this case, the K-factor around the 2mZ threshold is

large, Kintf ⇡ 2.5 for m4`
<⇠ 2mZ . As the invariant mass increases, the interference K-factor

decreases rapidly and flattens out, reaching the value Kintf ⇡ 1.5 at m4` = 2mt. Hence, at

around m4` ⇠ 2mt, values of the interference, signal and background K-factors become very

similar and, practically, independent of the value of the invariant mass m4`. Thus, we find

that the impact of NLO QCD corrections on the interference K-factor can be approximated

by the geometric mean of the signal and the background K-factors when the interference is

integrated over the full kinematic range of four-lepton masses, as well as at higher values of

the invariant masses where Ksignal ⇡ Kbkgd ⇡ Kintf . However, this is not the case close to

2mZ threshold, where the behavior of the interference K-factor is different from either the

signal or background K-factors.
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Figure 2: Representative Feynman diagrams at NLO. Shown are the two-loop and real emission

contributions to the signal amplitude AH ((a) and (b)) and to the background amplitude Ap ((c)-

(f)). The decays of the Z-bosons to leptons are only shown in (f).

that, upon integration over the phase-space of the relevant final states, produce the corre-

sponding contributions to the cross section. We will refer to the three contributions to the

cross sections, shown in Eq.(2), as the signal, the background and the interference, respec-

tively. Note that the interference contribution to the cross section is not sign-definite, in

contrast to contributions of both the signal and background.

We now describe the ingredients that we use to assemble the full scattering amplitude

AZZ . The one-loop LO amplitudes AH and Ap are shown in Fig. 1. The former, with

full dependence on the quark masses that facilitate ggH interaction, has been known for a

long time. The latter amplitudes for both massless and massive quark contributions were

computed in [35–37]; more recent computations are available in the codes gg2VV [38] and

MCFM [5, 39]. We make use of the amplitudes from MCFM in our calculation.

For the NLO QCD computation we need virtual corrections to gg ! ZZ and real contri-

butions gg ! ZZ + g (see examples of contributing diagrams in Fig. 2). To compute the

6

 F. Caola,  K. Melnikov,  R. Rontsch, L.  Tancredi; interference also: J. Campbell, M. Czakon, K. Ellis,  S. Kirchner

Bac
kg

rou
nd

s

Interference

 M. Grazzini, S. Kallweit, P. Maierhoefer,   D. Rathlev

Thursday, December 1, 16



Conclusion
Availability of precise  predictions for Higgs boson production and decay processes in 
the Standard Model is a crucial  element of the research program aimed at  detailed 
studies of Higgs boson  properties at the LHC. 

We have seen an impressive progress in this field in the past year   (inclusive Higgs 
through  N3LO, H+jet at NNLO, Higgs in WBF at NNLO).   In addition, there are 
significant improvements with the general understanding of strong dynamics in hadron 
collisions (NLO QCD computations for complex processes, improved parton showers, 
matching and merging). 

This progress gets translated into an overall confidence  that reliable and (sometimes) 
precise exploration of Higgs boson properties is possible at the LHC. 
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Now this is not the end. It is not even the beginning of the end. 
But it is, perhaps, the end of the beginning.

The status of the Higgs physics
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