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The discovery of the Higgs boson

The discovery of the Higgs boson by CMS and ATLAS collaborations has rapidly turned 
into detailed studies of various properties of the new particle.
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The Higgs boson  signal 
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A common theme that comes out of these studies is that  the new particle is very similar to the 
Standard Model Higgs boson.  This implies that searches for BSM physics in Higgs production and 
decay will require good control of theoretical predictions within the SM and attention to subtle 
details.
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The Higgs boson  signal:  precision target
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Figure 2: Comparison of the capabilities of LHC and ILC for model-independent measure-
ments of Higgs boson couplings. The plot shows (from left to right in each set of error bars)
1 � confidence intervals for LHC at 14 TeV with 300 fb�1, for ILC at 250 GeV and 250 fb�1

(‘ILC1’), for the full ILC program up to 500 GeV with 500 fb�1 (‘ILC’), and for a program
with 1000 fb�1 for an upgraded ILC at 1 TeV (‘ILCTeV’). More details of the presentation
are given in the caption of Fig. 1. The marked horizontal band represents a 5% deviation
from the Standard Model prediction for the coupling.
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Observable Expected Error (experiment � theory)
LHC at 14 TeV with 300 fb�1

�(gg) · BR(��) 0.06 � 0.13
�(WW ) · BR(��) 0.15 � 0.10
�(gg) · BR(ZZ) 0.08 � 0.08
�(gg) · BR(WW ) 0.09 � 0.11
�(WW ) · BR(WW ) 0.27 � 0.10
�(gg) · BR(⌧+⌧�) 0.11 � 0.13
�(WW ) · BR(⌧+⌧�) 0.15 � 0.10
�(Wh) · BR(bb) 0.25 � 0.20
�(Wh) · BR(��) 0.24 � 0.10
�(Zh) · BR(bb) 0.25 � 0.20
�(Zh) · BR(��) 0.24 � 0.10
�(tth) · BR(bb) 0.25 � 0.20
�(tth) · BR(��) 0.42� 0.10
�(WW ) · BR(invisible) 0.2 � 0.24

Table 1: Input data for the fits to Higgs couplings from LHC measurements. See the
discussion in the Appendix.
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The precision with which the Higgs couplings can  be measured at the LHC are  estimated 
to be in the range between 5 and 20 percent;  with comparable contributions due to 
theoretical and experimental uncertainties.   These numbers are not dramatically different 
from expected BSM effects. Therefore, it is important to keep focus on improving 
measurement techniques and theory predictions for major Higgs production processes at 
the LHC;  by doing that we may, in fact, discover something interesting.

M. Peskin

To set a scale for what we want to achieve,  let us recall that BSM physics at the TeV 
scale may change the Higgs couplings (and therefore Higgs production cross-sections) 
by a few percent:

g = gSM
�
1 +O �

v2/TeV2
��
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Theory of the Higgs production

Our understanding  of  Higgs boson production rates in 
hadron collisions is based on QCD factorization 
theorems.  They imply that Higgs production at the LHC 
can be described in perturbative QCD and that 
theoretical predictions are systematically improvable 
without obvious showstoppers. 

Perturbation theory is far from trivial.
To obtain reliable description of 
various Higgs production processes in 
hadron collisions,  we must understand 
 
1) parton distribution functions;

2) experimental realities (jets,  jet 
vetoes,  acceptancies);

3) higher-order QCD effects in 
partonic cross-sections.
 

It is important to stress that only by gaining full 
control over QCD, can we get access to 
interesting aspects of Higgs physics such as values 
of the couplings,  the mass, the spin, the width, 
etc.  This is the reason why perturbative QCD is 
so important for Higgs physics at the LHC

�pp!H =
X

ij

Z
dx

1

dx
2

fi(x1

)fj(x2

)d�ij!HF
obs

(1 +O(⇤
QCD

/Q))
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Theory of the Higgs production
Theory of the Higgs production is in a good shape:  main Higgs production cross-
sections are currently known to O(1-15) percent precision and existing tools often 
allow us to compute realistic observables.

Gluon fusion: NNLO QCD, (inlcusive and 
differential),  NLO EW,  QCD resummations, 
mixed EW-QCD, 1/mt corrections ;
H+1j, H+2j @NLO

Weak boson fusion:  NNLO QCD (inclusive),  
NLO EW,  WBF+1j @ NLO

Higgs Strahlung: NNLO QCD (differential), 
NLO EW,  VH+1j @NLO

ttH production: NLO QCD, including 
matching to parton showers

Given the very advanced stage of the Higgs boson production theory, it is quite 
remarkable that the pace of progress accelerated after the Higgs discovery and we 
have witnessed very interesting developments in the past year.  The goal of my talk is 
to summarize them. 

⇠ 1%

⇠ 1%

⇠ 10%
Higgs cross-sections working group

15%
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Progress with understanding Higgs production

To illustrate these points, I will describes some examples of recent developments in 
Higgs production theory 

1) estimates of the Higgs production cross-section in gluon fusion beyond NNLO;

2) Higgs pair production at the LHC beyond the infinite top mass limit;

3)  Higgs transverse momentum distribution and finite mass effects;

4) Higgs production with or without jets;

5) off-shell effects and signal - background interference in the Higgs production. 

I think there are three main directions in current physics of the  Higgs boson production:

1) search for subtle effects that could have been overlooked previously and may lead to either 
misinterpretation of the Higgs signal or help with  better understanding Higgs  properties;

2) application of  high-level QCD theory (NNLO, resummations, SCET, merging, matching) to 
more  exclusive processes and observables;

3) study exotic Higgs production options with an eye on the LHC future.
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Higgs boson gluon fusion: inclusive cross-section
The gluon fusion Higgs production cross section is clearly one of the major elements in the Higgs 
program at the LHC.  Its cross section is known to be strongly affected by higher order QCD 
effects.   The current state-of-the art is the NNLO in QCD, so moving forward will require us to 
either compute or estimate the three-loop corrections.
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gluon-gluon contribution at (N)NLO.
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Figure 8. Dependence of the N3LO cross section on the renormalization scale µR.

The scale dependence of our N3LO result is displayed in Fig. 8. We only show the renormalization
scale dependence: the factorization scale dependence of the N3LO result will be weaker than that of
the NNLO, which is already negligible. Also, our N3LO result only includes the (dominant) gluon
contribution, so its factorization scale dependence would be misleadingly large, and canceled by a
contribution from the quark channels.

The N3LO contribution reduces the renormalization scale dependence of the NNLO QCD result
from ±10% to ±7% if the scale is varied in the range 0.5 < µR/mH < 2. We also show the prediction

obtained using the soft approximation C

(3)
N -soft, with ḡ0,3 = 0, i.e. essentially the approximation of

Ref. [28]. The scale dependence of the N -soft result is similar to that of our own, but its absolute size
is rather smaller. Note that in Ref. [28] a smaller value of ↵s(mZ) is adopted, which would lead to a
yet smaller result.

18

Estimates of QCD corrections to Higgs production
make use of universal  enhancement mechanisms of 
fixed-order contributions such as soft and collinear 
emissions and BFKL-type behavior at high energy.  

The most recent study claims  the increase in the 
NNLO cross-section by 10-15 percent, depending  
on  the original value of the renormalization and 
factorization scales, and a much better stability with 
respect to scale variation. 

The new results are quite consistent with scale 
choices used in previous computations.
In particular, if              , the shift  (8%) does not look 
dramatic when compared with previous uncertainty 
estimates (~ 10%).  Nevertheless, the O(10) percent 
shift is, most-likely, to be expected and so uncertainty
estimate in NNLO cross-section is to be taken 
seriously.

R. Ball, M. Bonvini et al.

Earlier work by Catani, Grazzini, de Florian, 
Moch, Vogt, Becher and Neubert

µ =
mH

2
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Higgs boson gluon fusion: inclusive cross-section

It may be that the three-loop computation is actually closer than it seems...  Indeed, we now 
have 

1) very powerful reduction algorithms of complicated Feynman integrals to master-integrals;

2) new ideas on how integrals can be computed.  Three-loop predictions for Higgs decay to 
gluons and the three-loop result for the Hgg form-factor;   
       

4) two-loop approaches to real radiation ( ``reverse unitarity’’) combined with threshold 
expansion seem to hold up also at  NNNLO;

5) complete computations of the scale dependence of NNNLO cross-sections from the 
known NNLO results and corresponding results for collinear renormalization terms

Smirnov, Henn, Duhr, Baikov, Chetyrkin, Lee,  Gehrmann, Glover, Huber, Ikizleri, Studerius

Anastasiou, Duhr, Dulat, Mistlberger

While approximate results  are based on good understanding of physics relevant for Higgs 
production, and therefore look appealing, it is important to have them backed up by exact 
computations.  Next step for the Higgs production in gluon fusion is N3LO...  How far are 
we from getting it?

Buehler, Lazopoulos

Hoschele, Hoff, Pak, Steinhauser, Ueda
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It is probably a safe  bet that Higgs production in gluon  fusion will be known through 
N3LO sooner, rather than later.  This will be very important -- it will mean that we can 
turn a 60 percent NLO QCD correction into a few percent uncertainty and that Higgs 
physics at the LHC is becoming a truly precision physics.

However,  it is important to remember that for any quantitative conclusion about the 
true size of these N3LO corrections, we need to understand gluon (and other) parton 
distribution functions at N3LO level.  

It is difficult to imagine how this can be done in a self-consistent way.  However, it is 
quite possible to see how this can  be accomplished in the context of resummed 
calculations, primarily because resummations to high orders are available for a larger 
number of processes than the number of processes for which exact N3LO computations 
exist. 

Higgs boson gluon fusion: inclusive cross-section

Determination of the PDF sets that can be used consistently with yet higher 
order predictions for Higgs production in gluon fusion is an important  task that PDF 
fitting community  should be aware of. 
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Higgs pair production at the LHC
To what extent does the Higgs boson look Standard Model like?  An answer to this question
is very important for the future of  high-energy physics program worldwide.  Usually we address 
this question by focusing on Higgs couplings to other Standard Model particles.  

While it  is important to do this with the utmost precision, it is also very exciting to test if the 
Higgs self-coupling exists and, if it does,  is it  the same as in the Standard Model.   This is a 
difficult task, both  experimentally and  theoretically -- but it may be very rewarding.  Indeed, by 
probing the Higgs coupling,  we can measure the part of the Lagrangian that is directly 
responsible for EW symmetry breaking.

Figure 1: Box and triangle diagrams that contribute to double Higgs boson production at leading order. Solid lines
refer to top quarks and dashed lines refer to Higgs bosons.

H∗ → HH , making this contribution sensitive to triple Higgs boson coupling. Unfortunately,

observation of this process at the LHC is very challenging. Indeed, it has a relatively small cross

section to begin with and, furthermore, it suffers from huge backgrounds that are present for

almost all major decay modes of the Higgs bosons. Earlier estimates suggest that, with 600 fb−1,

it is possible to study the double Higgs boson production at the LHC in the bb̄γγ channel [7].

More recent applications of jet substructure techniques to double Higgs production indicate that

one is sensitive to this process in bb̄W+W− and bb̄τ τ̄ channels with the integrated luminosity of

600 − 1000 fb−1 [8, 9]. Since substructure techniques are still in the process of being developed,

it is reasonable to expect significant improvements in these initial estimates. Therefore, we will

assume an optimistic outlook about prospects for measuring the double Higgs boson production

cross section at the LHC and we will try to improve the quality of theoretical description of this

process within the Standard Model.

We begin by summarizing what is known about the double Higgs boson production in hadron

collisions in the Standard Model. As we already mentioned, the dominant contribution to the

process pp → HH is the gluon fusion that only occurs at one-loop in perturbative QCD. The

corresponding partonic and hadronic cross sections were computed in Refs. [4, 5]. Part of this

contribution comes from gg → H∗ process (see Fig. 1) which is equivalent to single Higgs boson

production. It is well-known that QCD radiative corrections to single Higgs production are large

[10, 11, 12]. The bulk of these large radiative corrections comes from relatively soft gluons that

should not be sensitive to the details of the final state as long as it is colorless. Therefore, we

can expect that similar large corrections are present in case of the double Higgs boson production

but, unfortunately, it is difficult to make this statement precise. This is so because computation

of QCD corrections to double Higgs boson production requires four-point two-loop amplitudes

with massive particles which are out of reach of contemporary technology for perturbative QCD

computations.

Given this difficulty, computation of QCD corrections to double Higgs boson production was

performed in the approximation where the mass of the top quark was taken to be very large

compared to the partonic center-of-mass collision energy and the Higgs boson mass [13]. QCD

corrections obtained in this large-Mt approximation appear to be significant; the ratio of next-to-

2
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refer to top quarks and dashed lines refer to Higgs bosons.
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The Higgs self-coupling can be explored using Higgs pair production at the LHC.
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Figure 2: Leading order hadronic cross section for Higgs boson pair production at the 14 TeV LHC as the function of
the upper cut on the Higgs boson pair invariant mass. Curve (b) is the full result; curve (a) is the box contribution;
curve (c) is the triangle contribution. The destructive interference between box and triangle contributions is
apparent. We use MSTW2008 parton distribution functions [15].

diagram gg → H∗ with subsequent decay H∗ → HH , see Fig. 1. Both the box and the triangle

diagrams are mediated by the top quark loops. Assuming that the top quark mass Mt is much

larger than both, the mass of the Higgs boson mH and the collision energy of the two gluons, we

can understand the leading contribution to gg → HH in this large-Mt limit using the concept of

the effective Lagrangian. The effective Lagrangian for Higgs-gluon interaction can be obtained by

integrating out the top quark field from the Standard Model Lagrangian. It reads [13]

L =
αs

6π
Tr [GµνG

µν ] log

(

1 +
H

v

)

, (2)

where Gµν = Ga
µνt

a is the gluon field-strength tensor and v is the vacuum expectation value of

the Higgs field. Expanding Eq. (2) to second order in H/v, we obtain terms that lead to ggH

and ggHH interactions. The scattering amplitude for g(p1)g(p2) → HH , that follows from the

effective Lagrangian Eq. (2), reads

Aλ1λ2
=

αsδab
8πv

δλ1λ2

[

−4

3
+

4m2
H

s−m2
H

]

, (3)

where s = 2p1 ·p2, λ1,2 are helicities of the two gluons and a, b are their color indices. We note that

the first term in square brackets in Eq. (3) comes from the box diagram and the second term from

the triangle diagram, that contains a triple Higgs coupling. It is interesting to note that box and

triangle contributions to gg → HH amplitude tend to strongly cancel each other. For example,

at the partonic threshold s = 4m2
H , the cancellation between the two contributions is exact. To

further illustrate this point, in Fig. 2 we show the leading order Higgs boson pair production

cross section at the 14 TeV LHC in dependence of the upper cut on the partonic center-of-mass

collision energy. As can be seen from that Figure, the impact of the triple Higgs boson coupling

4

Large destructive interference between box and triangle diagrams
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Higgs pair production at the LHC

Measuring the Higgs boson self-coupling is difficult.  Estimates of feasibility vary but it seems that a 
30 percent  self-coupling measurement is not unreasonable to expect.  To achieve this,  very high 
luminosity (3000/fb) is required.  

Reducible backgrounds (jets faking photons) dominate in           channel,  irreducible backgrounds 
are relatively minor problem.

Figure 3. The visible invariant mass distribution, mvis, in pp → bb̄γγ, after all kinematic cuts
(Eqs. (3) and (4)), for the conservative (short dashed) and optimistic (long dashed) QCD back-

grounds and a SM signal of mH = 120 GeV (solid) at the LHC. The dotted and short dash-dotted
lines show the signal cross section for λHHH = λ/λSM = 0 and 2, respectively. To illustrate how

the reducible backgrounds dominate the analysis, we also show the irreducible QCD bb̄γγ back-
ground by itself (long dash-dotted). We include the NLO K-factor for the signal and a factor 1.3
for the QCD backgrounds.

normalization uncertainty of 10% for the SM signal plus background rate. We express limits
on the deviation of the Higgs self-coupling from the SM value in terms of ∆λHHH , where

∆λHHH = λHHH − 1 =
λ

λSM
− 1 . (7)

We summarize our results in Table IV. The bounds obtained using the conservative
background estimate (labeled “hi”) are 10 − 20% less stringent than those found using the
more optimistic scenario (labeled “lo”). At the SLHC, for mH = 120 GeV, a vanishing Higgs
self-coupling can be ruled out at the 90% CL. Limits for mH = 140 GeV are a factor 1.2 – 2
weaker than those for mH = 120 GeV.

It may be possible to subtract large parts of the reducible backgrounds which do not
involve charm quarks using the following technique. Due to the their large cross sections
(see Tables II and III), one can fairly accurately determine the mvis distributions of the
individual processes, Hjj, bb̄γj, bb̄jj, jjγγ, γjjj and jjjj production, imposing the same
cuts as in the HH → bb̄γγ analysis (Eqs. (3) and (4)). If the photon–jet and light jet–b
misidentification probabilities are independently measured in other processes such as prompt
photon [43] and W+ jets production, one can simply subtract these backgrounds. For the
background processes involving charm quarks, on the other hand, this procedure will be
more difficult to realize, since the smaller charm quark mass and the shorter charm lifetime
result in a charm quark tagging efficiency much lower than that for b-quarks. The columns
labeled “bgd. sub.” list the limits achievable if the non-charm reducible contributions to the

11

Major kinematic distributions for HH production should be controlled at the level of 10 percent, to 
achieve  a 30 percent self-coupling measurement.   

Baur, Plehn, Rainwater

Baur, Plehn, Rainwater;   Baglio et al.; Goertz et al.; Dolan et al.
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Figure 5: Leading order partonic gg → HH cross section (left pane) and next-to-leading order contribution to

gg → HH cross section αs/π × σ(1)
gg (right pane), in fb. Different lines correspond to 1) exact leading order cross

section – black solid; 2) cross sections expanded to O(ρ0) – short-dashed red; to O(ρ1) – short-dashed green; to
O(ρ2) – dashed orange; to O(ρ3) – dashed blue; to O(ρ4) – dashed violet; to O(ρ5) – long-dashed light gray; to
O(ρ6) – long-dashed dark gray; See text for the description of input parameters.

mass are taken to be mH = 126 GeV [1, 2] and Mt = 173.18 GeV [27], respectively. We begin with

discussing partonic cross sections at leading and next-to-leading order. It is convenient to express

the cross sections using two variables, x = 4m2
H/s = 1 − δ and ρ = m2

H/M2
t . As we explained

in the previous Section, we compute the HH production cross section as series in ρ = m2
H/M2

t .

The expansion starts at ρ0 and we are able to obtain five terms of the ρ-expansion, up to O(ρ4),

for the gg partonic channel and seven terms, up to O(ρ6), for the qg and qq̄ channel. The master

integrals are computed as an expansion in the parameter δ = 1− x; for the final results all terms

up to O(δ50) are included. The partonic cross sections are defined as

σij→H+X (s, ρ) = δigδjgσ
(0)
gg (s, ρ) +

αs

π
σ(1)
ij (s, ρ), (27)

where σ(1)
ij is the O(αs) correction to the leading order cross section. For the discussion of the

partonic cross sections, we set the factorization and the renormalization scales to µr = µf = 2mH .

We will describe the scale dependence of our results below when we consider the hadronic cross

section.

We begin by showing some results for the gg channel. In Fig. 5 we compare σ(0)
gg (s, ρ) with

seven approximate cross sections that are obtained by expanding σ(0)
gg in ρ through O(ρi), i =

0, . . . , 6. It is clear from Fig. 5 that the convergence of the expansion is poor. Indeed, already

at
√
s ∼ 350 GeV, there is a sizable difference between the exact and the expanded result. In

the right pane of Fig. 5 we show the NLO contribution to the cross section expanded to different

orders in ρ. Similar to the leading order case, the 1/Mt expansion does not appear to converge.

The bad convergence of the 1/Mt expansion should not be very surprising. Indeed, we note

that the expansion is not supposed to work beyond, or even close to, the top quark threshold that

occurs at
√
s = 2Mt. Therefore, using the expansion techniques described above, we can only hope
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It is difficult to achieve the required precision. Indeed, Higgs pair production suffers from large 
radiative corrections which, however, are only known in the approximation of infinitely heavy top 
quark.  

But, it is unclear how to use the large-Mt results in practice since exact leading order  and large-
Mt cross-sections show dramatically different behavior at relevant energies of colliding partons.     
Therefore,  a  high-priority  question is to quantify the impact of finite-Mt corrections on the 
prediction for  Higgs pair production cross-section.  Can we estimate them?  Are they small? 
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Figure 6: Next-to-leading order contribution to gg → HH, qg → HH and qq̄ → HH cross sections re-scaled by
exact leading order result, in fb. The color coding is as in Fig. 5.

to obtain reliable results for values of s ≥ 4M2
t if we can show that corrections do not strongly

depend on s. From this perspective, the situation is similar to what occurs in the single Higgs

boson production in gluon fusion where the applicability of radiative corrections computed in the

large-Mt approximation is usually extended by combining them with the exact leading order cross

section for gg → H . The validity of such an approach in single Higgs production is verified by

comparing it to the exact results at NLO [12] and by its consistency with known power corrections

to the large-Mt limit at NNLO QCD [28, 29, 16, 30, 31]. Motivated by the success of this approach

to QCD corrections in single Higgs boson production, we apply it to Higgs pair production as well.

We write the NLO QCD contribution to the partonic cross section as

σ(1)
ij,N = σ(0)

gg,exact∆
(N)
ij , ∆(N)

ij =
σ(1)
ij,exp

σ(0)
gg,exp

=

N
∑

n=0
cNLO
ij,n ρn

N
∑

n=0
cLOgg,nρ

n

, (28)

where both numerator and denominator of the ∆-factor are expanded to the same order in ρ. By

changing N in the above formula, we can check the stability of our computation against additional

power corrections. Ideally, ∆(N)
ij , should become N -independent, after sufficient number of terms

are included in the numerator and denominator in Eq. (28).
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Taking ratios of expanded one- and two-loop
results may help to extend cross-section estimates
further into the region of large HH invariant masses;  
the reason for that is the dominance of soft emissions  
in large radiative effects in gluon fusion.

Dawson, Dittmaier, Spira

Grigo, Hoff, K.M., Steinhauser

Figure 1: Box and triangle diagrams that contribute to double Higgs boson production at leading order. Solid lines
refer to top quarks and dashed lines refer to Higgs bosons.

H∗ → HH , making this contribution sensitive to triple Higgs boson coupling. Unfortunately,

observation of this process at the LHC is very challenging. Indeed, it has a relatively small cross

section to begin with and, furthermore, it suffers from huge backgrounds that are present for

almost all major decay modes of the Higgs bosons. Earlier estimates suggest that, with 600 fb−1,

it is possible to study the double Higgs boson production at the LHC in the bb̄γγ channel [7].

More recent applications of jet substructure techniques to double Higgs production indicate that

one is sensitive to this process in bb̄W+W− and bb̄τ τ̄ channels with the integrated luminosity of

600 − 1000 fb−1 [8, 9]. Since substructure techniques are still in the process of being developed,

it is reasonable to expect significant improvements in these initial estimates. Therefore, we will

assume an optimistic outlook about prospects for measuring the double Higgs boson production

cross section at the LHC and we will try to improve the quality of theoretical description of this

process within the Standard Model.

We begin by summarizing what is known about the double Higgs boson production in hadron

collisions in the Standard Model. As we already mentioned, the dominant contribution to the

process pp → HH is the gluon fusion that only occurs at one-loop in perturbative QCD. The

corresponding partonic and hadronic cross sections were computed in Refs. [4, 5]. Part of this

contribution comes from gg → H∗ process (see Fig. 1) which is equivalent to single Higgs boson

production. It is well-known that QCD radiative corrections to single Higgs production are large

[10, 11, 12]. The bulk of these large radiative corrections comes from relatively soft gluons that

should not be sensitive to the details of the final state as long as it is colorless. Therefore, we

can expect that similar large corrections are present in case of the double Higgs boson production

but, unfortunately, it is difficult to make this statement precise. This is so because computation

of QCD corrections to double Higgs boson production requires four-point two-loop amplitudes

with massive particles which are out of reach of contemporary technology for perturbative QCD

computations.

Given this difficulty, computation of QCD corrections to double Higgs boson production was

performed in the approximation where the mass of the top quark was taken to be very large

compared to the partonic center-of-mass collision energy and the Higgs boson mass [13]. QCD

corrections obtained in this large-Mt approximation appear to be significant; the ratio of next-to-
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Figure 8: The NLO K-factors defined as the ratio of NLO and LO hadronic (left) and partonic (right) cross sections
are shown as the function of

√
scut. The renormalization and factorization scales are chosen to be µ = 2mH . The

color coding is as in Fig. 5.

δ at leading and next-to-leading order in the threshold region2
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+ . . .
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(29)

where Lδ = ln δ and ellipses stand for terms additionally suppressed by powers of either ρ or δ.

We observe that in the limit δ → 0, dominant contributions to σgg come from a term O(α2
sρ

2
√
δ)

at leading order and from a term O(α3
sρ

2
√
δ ln δ2) at next-to-leading order. This implies that

the behavior of the K-factor in the δ → 0 limit is strongly affected by power-suppressed 1/Mt

terms and that the K-factor becomes infinite at the exact δ → 0 threshold for HH production.

This point is further illustrated in the right pane of Fig. 8, where partonic K-factors are shown in

the vicinity of the two-Higgs threshold. It follows from that plot that the threshold limit of the

O(ρ0,1) curves is significantly different from the approximation that includes O(ρ2) and higher-

2The O(ρ0) leading order partonic cross section scales as δ5/2 at threshold.
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Figure 9: Scale dependence of the hadronic production cross section for pp → HH.
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Figure 10: The NLO hadronic cross section at the 14 TeV LHC as a function of
√
scut. Two black curves correspond

to ±20% variation in the triple Higgs boson coupling relative to its SM value. The violet (hatched) band shows the
uncertainty in the SM prediction for pp → HH due to uncalculated 1/Mt corrections.

power corrections. We also note that 1/Mt-corrections change the hadronic K-factor by about 14

percent at
√
scut = 700 GeV and the change decreases for smaller values of scut. The shift in the

√
scut = 700 GeV K-factor due to the last computed 1/Mt correction is close to seven percent.

In Fig. 9, we show the residual dependence of the production cross section pp → HH on the

factorization and renormalization scales that we set equal to each other. The NLO cross section

is computed with all available 1/Mt corrections included. The cut on the partonic center-of-

mass collision energy of 600 GeV is imposed. It follows from Fig. 9 that the NLO QCD cross

section is practically independent of the renormalization and factorization scales in a broad range

of µ. Choosing µ = 2mH as the central value and estimating the uncertainty by increasing and

decreasing µ by a factor of two, we arrive at the NLO cross section estimate σpp→HH = 38+0
−2 fb for

√
scut = 600 GeV to be compared to σpp→HH = 18+6

−4 fb at LO. The scale-dependence uncertainty

of the NLO cross section is therefore close to five percent, a significant improvement compared to

O(30%) uncertainty of the leading order cross section.
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to ±20% variation in the triple Higgs boson coupling relative to its SM value. The violet (hatched) band shows the
uncertainty in the SM prediction for pp → HH due to uncalculated 1/Mt corrections.

power corrections. We also note that 1/Mt-corrections change the hadronic K-factor by about 14

percent at
√
scut = 700 GeV and the change decreases for smaller values of scut. The shift in the

√
scut = 700 GeV K-factor due to the last computed 1/Mt correction is close to seven percent.

In Fig. 9, we show the residual dependence of the production cross section pp → HH on the

factorization and renormalization scales that we set equal to each other. The NLO cross section

is computed with all available 1/Mt corrections included. The cut on the partonic center-of-

mass collision energy of 600 GeV is imposed. It follows from Fig. 9 that the NLO QCD cross

section is practically independent of the renormalization and factorization scales in a broad range

of µ. Choosing µ = 2mH as the central value and estimating the uncertainty by increasing and

decreasing µ by a factor of two, we arrive at the NLO cross section estimate σpp→HH = 38+0
−2 fb for

√
scut = 600 GeV to be compared to σpp→HH = 18+6

−4 fb at LO. The scale-dependence uncertainty

of the NLO cross section is therefore close to five percent, a significant improvement compared to

O(30%) uncertainty of the leading order cross section.
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Grigo, Hoff, K.M., Steinhauser

K-factors change by about 10-15 percent when 
top-quark mass corrections are included The scale dependence is significantly improved

Sufficient  control of the mass-dependent 
corrections to the cross-section,  to 
detect 20 percent changes in the Higgs
self-coupling

These results show that infinite Mt approximation 
works reliably for total cross-section K-factor.  This 
opens up a way to estimate NNLO QCD corrections 
to Higgs pair production.  First (soft-virtual) results 
were recently obtained.

de Florian, Mazzitelli

The theory challenge now is to find a way  to 
describe kinematic distributions with high  
precision. This is not possible with existing 
methods, so some ingenuity is required !
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Many results on the Higgs production are derived in the approximation of the infinite top quark 
mass.  There are many attempts to estimate the accuracy of this approximation for various 
observables and to understand better how finite quark mass effects can affect the Higgs 
production.  Usually, one talks about top quark mass corrections, but recently there was an 
interesting discussion of  b-quark contribution to Higgs transverse momentum distribution. 

It is interesting that  inclusion of the bottom quark loop to ggH vertex changes the shape of the 
distribution and creates large deviations from the infinite top mass limit at around 150 GeV.  Why 
the Higgs transverse momentum -- where bottom contribution is important -- is so large?

Mass effects in Higgs transverse momentum distribution

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

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

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

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

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

The mass effects in differential NLO distributions were previously discussed in Ref. [13]. We
have compared our results with those of Ref. [13] and found agreement.
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regarding the resummed cross section of the gluon fusion process. As stated above, trans-
verse momentum resummation of the Higgs boson is known in the heavy-top limit at
NLO+NNLL [29–31], while in this paper we presented the full top- and bottom-mass de-
pendence at LO+NLL. Both cross sections should be combined by

d�best
dpT

=
d�NLO+NNLL

htl!t

dpT
� d�LO+NLL

htl!t

dpT
+

d�LO+NLL
t+b

dpT
. (19)

The first two terms on the right hand side of eq. (19) can be calculated with the program
HqT [29–31]. As well for the second but especially for the third term numbers can be
obtained from the authors of this paper upon request.

Let us return at this point to the question of choosing an appropriate resummation scale for
the bottom contribution. For this purpose Fig. 9 (a) compares the resummed cross section
with top- and bottom-mass dependence for Qres = mH/2 (red, solid) and Qres = 5 GeV13

(blue, dashed). For a low resummation scale the impact of resummed logarithms is small
at high transverse momenta. Thus already for pT > 25 GeV the resummed cross section

13Please recall that such a scale choice is not suitable for the top contribution in general. Consequently,
the purpose of this comparison is just to provide qualitative information about the scale of the bottom
contribution.
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Mass effects in the transverse momentum distributions
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The b-quark loop affects the inclusive Higgs production cross-section by destructively  
interfering  with the top loop, at low values of the Higgs transverse momentum. Once the 
Higgs transverse momentum increases,  the b-quark loop contribution becomes smaller 
thereby reducing the the magnitude of negative interference and increasing the differential 
cross-section.  Eventually, negative interference changes the sign and becomes positive.  

top-quark mass.

When the bottom-quark mass is included, the behaviour of the spectrum is rather different.
When pT ∼<mb the behaviour is still driven by the singularities of the H+3 parton matrix element,
but in the region mb ∼< pT < mH the shape of the spectrum is distorted.

In order to better understand what happens, in the following we examine the analytic behaviour
of the QCD matrix elements [33]. To make the discussion simpler let us consider the amplitude
of the Higgs production in the qg → Hq channel. In this channel only one Feynman diagram
contributes, which is shown in Fig. 2: it consists in a triangular loop in which one of the gluons is
off shell and radiated from the incoming quark line. In the small-pT region the singular behaviour
is due to the collinear region, in which the gluon with momentum p1 − p3 goes on shell.

In Fig. 3 we plot the pT spectrum in this channel normalized to the corresponding result in
the large-mt limit. We see that the qualitative behaviour is the same observed in Fig. 1: the
behaviour of the spectrum is distorted in the small and intermediate pT region by the presence of
the bottom mass.

p1

p2

p3

H

Figure 2: Typical Feynman diagrams for the qg → Hq process.

Figure 3: Transverse momentum distribution for a SM Higgs with mH = 125 GeV computed
at NLO in the qg + gq channel. Left: result normalized to the large-mt approximation. Right:
normalized to the mt-dependent result.

This behaviour is somewhat against intuition: in the region pT $ mH we could expect the

9

H
t, b

Anticipating discussion on the next slide, note additional double logarithmic contributions in 
the b-loop that  are not accounted for in the standard transverse-momentum resummation

Example from Grazzini, Sargsyan based on a 
paper by R.K. Ellis, Hinchliffe, Soldate, van der Bij
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Mass effects in the transverse momentum distributions
Recent interest in finite mass effects in Higgs momentum distribution was related 
to heavy quark mass effects implementation in MC@NLO and POWHEG and the 
comparison between the two generators.  The implementation and comparison 
produced somewhat counter-intuitive  results ( large b-quark effects at high 
transverse momenta) which were then scrutinized using analytic resummations. 

Resummation is performed by separating modes into ``soft’’ and ``hard’’. Hard 
modes go into Wilson coefficient, ``soft modes’’ are dynamic.  Hard and soft are 
separated by the factorization scale. The b-loop has an intrinsic scale given by its 
mass. It is not resolved only if the virtuality of the gluon is small compared to the 
b-quark mass.  One can use different resummation scales for top and bottom 
loops to ensure correct behavior of ``re-summed’’ radiation in the two cases.

g⇤

H

Figure 6: Left: transverse momentum spectrum at NLL+NLO with full dependence on heavy
quark masses (Q2 = mb) normalized to the result in the large-mt limit (solid histogram). The
result is compared to the NLL+NLO results in the large-mt limit obtained with Q = mH , mH/4.
Right: transverse momentum spectra at NLL+NLO for Q2 = mb/2, mb, 2mb normalized to the
result in the large-mt limit.

region are even more important. In Fig. 7 (right) we present our resummed spectrum computed
with Q2 = mb/2, mb, 2mb. We see that the effects of Q2 variations around mb is as small as at
NLL+NLO.

Figure 7: The same as in Fig. 6 but at NNLL+NNLO.

We finally add few comments on the uncertainties affecting the shape of the resummed pT
spectrum at NNLL+NNLO. Such uncertainties were previously studied in Ref. [24], within the
large-mt approximation, by using the HqT numerical program. It was shown (see Fig. 4 of Ref. [24])
that the combined variation of resummation, renormalization and factorization scale leads to
effects up to O(±5%) on the normalized spectrum 1/σ × dσ/dpT . Non-perturbative effects (see
Ref. [23] and references therein) are expected to significantly affect the pT distribution only in the

15

The effects are important at small  transverse momenta 
and are comparable to the current uncertainties in NNLL
+NNLO resummations for Higgs      distribution.

Mantler, Wiesemann;  Grazzini, Sarksyan

d�N (b) ⇠ HN (mH , Q)⇥ eG(ln(Qb/b0),Q)

Qt ⇠ mH Qb ⇠ mb

p?

 Grazzini, Sarksyan
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Top quark mass effects in Higgs production

Top quark mass effects  in  Higgs production
Many computations of the Higgs production processes in gluon fusion are performed in 
the limit of infinitely heavy top quark.  This is convenient approximation that 
allows us to reach high (NNLO) accuracy by removing one (top quark) loop.  Top quark 
mass corrections are known to be small for inclusive cross-section.

Recently, mass corrections were studied in dependence of the Higgs boson transverse 
momentum.  The ratio of expanded NLO and LO differential cross sections ( K-factors ) 
turned out to be  stable against including mass corrections.  This feature -- probably -- is 
the consequence of soft-collinear dominance in Higgs production. Does it also hold for 
fully differential observables? Can they be computed the same way?
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Figure 10: Similar to Fig. 8, but for the di↵erential cross section d�/dpT; here,
Kn ⌘ Kn({pT}).

We have checked that this result holds for Higgs masses below 2mt. The accuracy is thus
better than the current uncertainty on the cross section due to its dependence on the PDFs
and due to missing higher order QCD corrections.
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Many computations of the Higgs production processes in gluon fusion are performed in 
the limit of infinitely heavy top quark.  This is convenient approximation that 
allows us to reach high (NNLO) accuracy by removing one (top quark) loop.  Top quark 
mass corrections are known to be small for inclusive cross-section.

Recently, mass corrections were studied in dependence of the Higgs boson transverse 
momentum.  The ratio of expanded NLO and LO differential cross sections ( K-factors ) 
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(a) (b) (c) (d)

(e) (f)

Figure 2: Sample Feynman diagrams contributing to the process pp ! H+jet at
NLO QCD. Notation as in Fig. 1.
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Figure 3: Higgs+jet cross section as defined in Eq. (1), with pcutT = 30GeV.

4

The preceding discussion of Higgs transverse momentum is, strictly speaking,  the leading-order 
one, albeit  for finite values of quark masses.  To improve on that, two-loop computations are 
required.  This was recently done in the context of 1/mt expansion. The ratio of NLO to LO 
expanded differential cross-sections turned out to be stable against 1/mt expansion, especially in 
gg channel.  A useful way to approach mass effects in more differential observables? 

(a) (b) (c)

Figure 1: Sample Feynman diagrams contributing to the process pp ! H+jet at
LO QCD. The graphical notation for the lines is: thick straight =̂ top quark; thin
straight =̂ light quark q 2 {u, d, c, s, b}; spiraled =̂ gluon; dashed =̂ Higgs boson.

2 Outline of the problem

In this paper we consider the quantities d�/dpT and d�/dy in the gluon fusion process,
where a Higgs boson is produced in association with a jet in hadronic collisions through a
top-loop mediated gluon-Higgs coupling. Other quark-loop contributions are suppressed
by their Yukawa coupling and will be neglected. The Higgs’ transverse momentum pT
and its rapidity y are measured relative to the hadronic center-of-mass system. The
LO contribution to this process is of order ↵3

s; it is obtained by convolving the partonic
subprocesses gg ! Hg, qg ! Hq, q̄g ! H+ q̄, and qq̄ ! Hg (q 2 {u, d, s, c, b}), see Fig. 1,
with the corresponding parton density functions. At this order of perturbation theory, the
full dependence on the top quark and Higgs boson mass mH is known, and also parton
shower e↵ects have been evaluated [39,40].

At NLO, the Feynman diagrams can be divided into three groups: the first one is obtained
by dressing each of the partonic LO processes by a virtual or a real gluon, see Fig. 2 (a)-(d),
for example; the second one by splitting the emitted gluon into a qq̄-pair, see Fig. 2 (e).
The third group is of the form q1q2 ! Hq1q2, where both q1 and q2 run continuously from
the inital to the final state, and q1, q2 denote quarks or anti-quarks of the first five flavors,
see Fig. 2 (f), for example.

3 Leading order considerations

Fig. 3 shows the LO result for the cross section

�(pT > pcutT ) =

Z

pT�pcutT

dpT
d�

dpT
(1)

as a function of mH , divided into the individual partonic sub-processes according to the
MS-scheme, and keeping the full top mass dependence (solid), the expansion in 1/mt

3
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Higgs production in association with jets
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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
|∆φ"",MET |> π2 8100 8120± 40 170± 2
p""
T
> 30 5497 5490± 30 156± 2

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

NWW NVV Ntt̄ Nt NZ/γ∗ 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
|∆φ"",MET |> π2 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

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

NWW NVV Ntt̄ Nt NZ/γ∗ 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→ ττ veto 4138 4020± 30 84± 1
m"" < 50 886 830± 10 63± 1
|∆φ"" |< 1.8 728 650± 10 59± 1

NWW NVV Ntt̄ Nt NZ/γ∗ 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

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

NWW NVV Ntt̄ Nt NZ/γ∗ 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 backgrounds for H+0 jets, H
+1 jet and H+2 jets are different.

Signal to background ratios in H+1 and H+2 jet 
bins are small -- signals are at best O(10) 
percent of the background.

The significance of  H+1jet is smaller, but not 
much smaller, than the significance of H+0 
jets. With full LHC luminosity,  5 sigma 
significance can be reached for H+1jet 
process as alone.
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Separating events into different jet-multiplicity bins may introduce instabilities into perturbative 
expansion.  The reason can be an``incomplete’’ cancellation of infra-red sensitivity of virtual and real 
corrections or sensitivity of an observable to soft/collinear emissions. The sum of the jet-vetoed 
cross-section and the 1-jet cross-section are not affected by the transverse momentum cut.
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The standard argument is that jet-pt veto-dependent corrections are large and require 
resummations. But how large are they really? Numerically, for 30 GeV jet transverse 
momentum cut, the corrections may be significant but they are hardly overwhelming and,

2↵sCA

⇡
ln2

125 GeV

30 GeV
⇠ 0.37

probably, can be cured by going to sufficiently high  order in fixed-
order perturbation theory.   Note that this is exactly what 
happens in the inclusive Higgs production. Nevertheless, it is 
interesting to see if we have experimental indications that 
processes with jet-vetoes show worse perturbative behavior than 
the inclusive ones.

Higgs production in association with jets
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Higgs production in association with jets
Jet cross sections and jet-vetoed cross sections  are two sides of the same coin.  Jet cross 
sections for objects with electroweak-scale masses (Z-bosons) and 30 GeV jet transverse 
momentum cut are being measured at the LHC.  There is no indication that perturbation 
theory breaks down.
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The important difference between Higgs and 
Z production is that color charges of colliding 
partons are smaller in Z-production than in 
the Higgs production -- radiative effects in 
Higgs production should be worse. But this 
difference is (somewhat, not completely) 
ameliorated if we go to Z+1j etc.  Yet, even in 
Z+1 jet,  fixed-order perturbation theory 
works well.
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Higgs production with a jet veto
If the jet transverse momentum cut is small compared to the Higgs boson mass,                    
and Higgs production with a jet veto can be studied using  resummation techniques. The 
current state of the art  is NNLL resummation.  The challenging part is the appearance of the 
jet-algorithm dependence at NNLL.  

Banfi, Salam, Zanderighi

Soft and collinear emissions are 
combined together by a jet algorithm
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At NNLL exact dependence of the resummed cross 
section on R is know.

In practice, R~0.4; it is comparable to              so that 
clustering logs appear to be relevant for phenomenology.   
Numerically, at NNLO, log(R)-dependent terms are 
about one half of the terms that are resummed.  Does 
this mean that log(R) terms need to be resummed as 
well?
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Higgs production with a jet veto

Current state-of-the-art computations allow us to predict ratios of the zero-jet to the inclusive 
cross-section with about ten percent accuracy.  Relevance of the resummation changes 
dramatically in a small range of jet-veto momenta.   Significant contribution to the uncertainty 
in efficiency is caused by a  poor knowledge of H+1 jet production cross-section. To improve 
on this, we need NNLO QCD prediction for H+1 jet.

  

Partonic cross-sections, jet binning and resummation

● Resummed jet-vetoed cross-sections are known to next-to-next-to-leading logarithmic 
accuracy (log p

t
/m

H
 ) (although relevant values of p

t
 are such that the usefulness of the 

resummation is questionable)..

● The resulting uncertainties  on the jet-vetoed Higgs boson production cross-section and the 
efficiency  remain close to  twenty percent. 

● Important source of this uncertainty is large scale dependence of the NLO QCD result for 
pp → H+jet.  This can be only improved if NNLO QCD computation becomes available.

Banfi, Moni, Salam, Zanderighi ; similar results by Banfi, Moni, Salam, Zanderighi ; similar results by 
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Partonic cross-sections, jet binning and resummation
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Also recent studies by Becher,  Neubert; 
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Higgs production in association with a jet
H+jet cross section  at NNLO in QCD without light quarks was recently computed.  
Light quarks are important (30 percent at leading order) but one should not expect 
dramatic changes in the size of radiative corrections. 

Extremely challenging computation; one of the first NNLO QCD results for two-to-
two scattering processes whose existence depends on the presence of a jet algorithm. 

R. Bougezhal, F. Caola, K.M., F. Petriello, M. Schulze
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Figure 5. Scale dependence of the hadronic cross section in consecutive orders in perturbative QCD.
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convolution with the parton luminositites, we obtain5

σLO(pp → Hj) = 2713+1216
−776 fb,

σNLO(pp → Hj) = 4377+760
−738 fb,

σNNLO(pp → Hj) = 6177−204
+242 fb.

(7.8)

We note that NNLO corrections are sizable, as expected from the large NLO K−factor, but

the perturbative expansion shows marginal convergence. We also evaluated PDFs error using

the full set of NNPDF replicas, and found it to be of order 5% at LO, and of order 1-2% at

both NLO and NNLO, similarly to the inclusive Higgs case [78]. The cross-section increases

by about sixty percent when we move from LO to NLO and by thirty percent when we move

from NLO to NNLO. It is also clear that by accounting for the NNLO QCD corrections we

reduce the dependence on the renormalization and factorization scales in a significant way.

The scale variation of the result decreases from almost 50% at LO, to 20% at NLO, to less

than 5% at NNLO. We also note that a perturbatively-stable result is obtained for the scale

choice µ ≈ mH/2. In this case the ratio of the NNLO over the LO cross-section is just 1.5,

to be compared with 2.3 for µ = mH and 3.06 for µ = 2mH , and the ratio of NNLO to NLO

is 1.2. It is interesting to point out that a similar trend was observed in the calculation of

higher-order QCD corrections to the Higgs boson production cross-section in gluon fusion. It

has been pointed out that because of the rapid fall of the gluon PDFs, the production cross

section is dominated by the threshold region, thus making µ = mH/2 an excellent choice for

the renormalization and factorization scales [14, 81]. The reduced scale dependence is also

apparent from Fig. 5, where we plot total cross-section as a function of the renormalization

and factorization scale µ in the region p⊥,j < µ < 2mh.

5We checked our LO and NLO results against MCFM (gluons only), and found agreement.
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As expected, significant K-factors, 
strongly reduced O(3%) residual 
scale dependence.

  

Preliminary results  for pp → H+jet  (gg initial state)

● Putting everything together, we compute partonic cross-sections for gg → H+jet at 
leading, next-to-leading and next-to-next-to-leading order in QCD. 

●  We use k
t
-jet algorithm, p

tj
 > 30 GeV, R=0.4, m

H
 = 125 GeV.

● We can turn these partonic cross-sections into cross-sections for pp → H+j at the 8 
TeV LHC by ``convoluting'' them with appropriate parton distribution functions. 
Results to the right use NNPDFs  and scale choices  m

H
/2, m

H
 and 2m

H
.

     

                                                                                                                                            
                                                                                                                                            
                                                                                                                                            
                            

                                                                                                                                            
                                                                                                                

                                                                                                                                            
                                                                                                                                            
                   

The magnitude of QCD radiative corrections to 
pp → H+jet cross-section is very similar to the 
magnitude of QCD  corrections to the inclusive 
pp → H+X rate.

Partonic cross-section multiplied with 
MSTW2008 parton distribution functions for 

Once light quarks are added, one can do interesting phenomenology including  better 
understanding effects of the jet veto and true NNLO analysis of the Higgs transverse 
momentum distribution.
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Higgs boson signals off the Higgs mass peak

I will discuss two topics in the context of off-peak / interference effects:

1) signal-background interference in Higgs decays to two photons and its impact on the Higgs 
boson mass measurement;

2) off-peak effects in 

The good reason for off-peak Higgs physics  to be of interest is that it can be used to constrain 
the Higgs boson width at the LHC.

Higgs boson is a narrow resonance in the Standard Model and, probably,  even if the SM 
assumption is relaxed.  Usually, narrow resonances can be studied almost independently of 
the background, even if the two have a potential to interfere.

Amazingly, this is not quite true in case of the Higgs boson where one can find interesting 
off-peak effects and effects related to signal-background interference. Usually, these effects 
are small and not very relevant in the Standard Model but they become very interesting in 
the BSM context.

pp ! H ! ZZ
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Higgs boson signal-background interference

g

g

t, b
H

γ

γ

W, t
b, c, τ · · ·

b, c, . . . u, c, d, s, b · · ·

∗

FIG. 1: Sample Feynman diagrams contributing to the interference of gg → H → γγ with the

continuum background. Only one diagram is shown at each loop order, for each amplitude. The

blob contains W and t loops, and small contributions from lighter charged fermions.

level. A potential worry, addressed in this letter, is the interference between the resonant

Higgs amplitude gg → H → γγ, and the continuum gg → γγ scattering process induced

by light quark loops. Higgs resonance-continuum interference has been studied previously

in gg → H → tt̄ at a hadron collider [15], and in γγ → H → W+W− and ZZ at a

photon collider [16]. These studies assumed that the Higgs boson is heavy enough to have a

GeV-scale width. In the case of a light (mH < 2min(mW , mt)), narrow-width Higgs boson,

the interference in gg → H → γγ was considered [8], but the dominant contribution in

the SM was not identified. Resonance-continuum interference effects are usually tiny for a

narrow resonance, and for mH < 150 GeV the width ΓH is less than 17 MeV. However, the

gg → H → γγ resonance is also rather weak. As shown in fig. 1, it consists of a one-loop

production amplitude followed by a one-loop decay amplitude. Thus a one-loop (or even

two-loop) continuum amplitude can partially compete with it.

In the SM, the production amplitude gg → H is dominated by a top quark in the loop.

The decay H → γγ is dominated by the W boson, with some t quark contribution as well.

For mH < 160 GeV, the Higgs is below the tt̄ and WW thresholds, so the resonant amplitude

is mainly real, apart from the relativistic Breit-Wigner factor. The full gg → γγ amplitude

is a sum of resonance and continuum terms,

Agg→γγ =
−Agg→HAH→γγ

ŝ − m2
H + imHΓH

+ Acont , (1)

where ŝ is the gluon-gluon invariant mass. The interference term in the partonic cross section

3

Since the Higgs boson is a a narrow particle, no significant impact of the interference on the 
production cross-section should be expected.  On the other hand, the Higgs boson 
resonance amplitude is small (two-loop), so that large (one-loop) background amplitude can 
interfere.  Naively, the interference can be as large as few tens of percent but -- by accident -- 
the effect is small,  it changes the cross-section by about 2% for the Higgs boson with the 
mass 125 GeV.

FIG. 2: Top panel: the percentage reduction of the SM Higgs γγ signal as a function of the Higgs

mass, for CM scattering angle θ = 45◦. The solid curve gives the result with all phases turned

on; the other curves turn on one of the component phases at a time. Bottom panel: the same

quantities, plotted as a function of the scattering angle, for mH = 140 GeV. The vertical dotted

line indicates that an event with θ < 34.9◦ will not pass the standard ATLAS and CMS photon pT

cuts.
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Higgs boson signal-background interferences
An interesting  effect of the interference is the shift in the measured value of the Higgs boson 
mass. This effect comes from the real part of the interference amplitude, anti-symmetric across 
the resonance peak.  It impacts the mass measurement because of imperfect experimental 
resolution of the photon invariant mass that, in effect,  forces us to define the mass through e.g. 
first moment of Breit-Wigner distribution.  Interference leads to  a downward shift in mass, 
proportional to either the size of the bin or experimental resolution. It was estimated to be  
close to -70 MeV and it is present even for an infinitely narrow resonance.  The mass shift is 
small; it is comparable to the ultimate precision on the Higgs mass that can be reached at the 
LHC.

5
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FIG. 1: The distribution of diphoton invariant masses from the real interference term in eq. (12), as a
function of Mγγ =

√
ŝ, from eq. (10), before including experimental resolution effects. The right panel is a

close-up of the left panel, showing the maximum and minimum near Mγγ = MH ± ΓH/2.
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FIG. 2: The distribution of diphoton in-
variant masses from the real interference,
as in Figure 1, but now smeared by vari-
ous Gaussian mass resolutions with widths
σMR.

2.4 GeV. This has the effect of reducing the peak and dip in the interference, and moving their

points of maximal deviations from 0 much farther from MH .

To obtain the size of the shift in the Higgs peak diphoton distribution, one can now combine the

interference contribution with the non-interference contribution from eqs. (10) and (11). The results

are shown in Figure 3 for the case of a Gaussian mass resolution σMR = 1.7 GeV. The distribution

obtained including the interference effect is shifted slightly to the left of the distribution obtained

neglecting the interference. In order to quantify the magnitude of the shift, it will be necessary

to specify the precise method used to fit the signal; this is again beyond the scope of the present
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FIG. 4: The shift in the diphoton invariant
mass distribution due to interference with the
continuum background, using the measure of
eqs. (17)-(19), for various assumed values of the
mass resolution Gaussian width σMR.

positive (negative) tail at lower (higher) Mγγ . This is shown in Figure 4, where ∆Mγγ is given

as a function of δ, for various values of the Gaussian mass resolution σMR. Because a Gaussian

mass resolution is assumed here for simplicity, one finds 〈Mγγ〉δ, no interference = MH to very

high precision, but 〈Mγγ〉δ, total is increasingly smaller as δ is increased. If one takes a value like

δ = 4 GeV as indicative, since this is large enough to include most of the signal events, then from

Figure 4 the shift is about −185 MeV, with not much sensitivity to the assumed mass resolution.

However, even a moderately larger value of δ = 5 GeV would increase the typical shift to about

−240 MeV.

The results so far are based on total cross-sections, but experimental cuts and efficiencies favor

scattering into the central regions of the detectors. In the CM frame, the non-interference part of

the signal is isotropic, but the interference is peaked at large |z| = | cos θCM|, as can be seen from

eqs. (8), (9), (12), (14) and graphed in the left panel of Figure 5. The way this angular distribution

would translate into the effects of a cut on η = − ln[tan(θlab/2)] is shown in the right panel of

Figure 5. Here I show the ratio of acceptances R = (σint
cut/σ

int
total)/(σ

H
cut/σ

H
total) as a function of ηmax,

where “int” refers to the Higgs-continuum interference part from eq. (12) and “H” to the Higgs

contribution without interference from eq. (11), and “cut” means |η| < ηmax for both photons, while

“total” means no cut on η. A simple cut on η does not translate into experimental reality, as the

ATLAS Higgs analysis is sensitive to |η| < 2.37 except for 1.37 < |η| < 1.52, and CMS to |η| < 2.5

except for 1.44 < |η| < 1.57, but with efficiencies that vary over those ranges. Both experiments

also have cuts on the photon pT ’s, but the effect of this cannot be treated well by the present

leading-order analysis. Furthermore, higher order corrections that have been neglected here could

enhance or suppress the interference part relative to the non-interference part. To illustrate the

possible effects of these considerations, Figure 6 depicts the impact on the shift ∆Mγγ of a relative

suppression of the interference part of the cross-section by a factor of r. This shows that the effect

of such a suppression is to decrease the shift in the Mγγ peak by approximately the same factor r.

For r = 0.8, the shift ∆Mγγ found for δ = 4 GeV would be reduced to about 150 MeV, although

larger values are possible if the signal-background fitting procedure effectively corresponds to larger

δ.

S. Martin

Studies of similar effects in the Higgs+jet channel showed very small impact on the Higgs boson 
mass measurement. De. Florian, N. Fidanza et. al;  S. Martin; Dixon and Li
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Off-shell effects in pp -> H -> ZZ
 As pointed out by Kauer and Passarino,  there are fairly large off-shell and interference effects 
in pp -> H -> ZZ.  For example, using CMS cuts employed  in the 4-lepton analysis, we estimate 
that off-shell production of the Higgs adds almost 20 percent compared to number of events in 
the peak and that the interference gives -50 percent compared to the number of events in the 
peak.   These events are not in the Higgs mass peak -- and do not affect the analysis of the Higgs 
signal -- but, as a matter of fact, they are present at higher invariant masses.

2

be done already with the current data. To show how
this constraint arises, we recall how Eq.(1) is obtained.
We focus on H ! ZZ ! eeµµ final state and write the
production cross-section as a function of the invariant
mass of four leptons M4l

d�pp!H!ZZ

dM2
4l

⇠ g2Hggg
2
HZZ

(M2
4l �m2

H)2 +m2
H�2

H

. (2)

The cross-section in Eq.(1) receives contributions from
the region of invariant masses M2

4l�m2
H ⇠ mH�H , while

contributions to the cross-section from larger or smaller
invariant masses is independent of �H , but it is still pro-
portional to squares of Hgg and HZZ couplings.

Suppose now that in Eq.(2), the product of coupling
constants cgZ = g2Hggg

2
HZZ and the width �H are scaled

by a common factor ⇠ and that this factor is still suf-
ficiently small to make the narrow width approxima-
tion applicable. Under this circumstance, the reso-
nance contribution remains unchanged and is given by
Eq.(1), while the o↵-shell contribution from the region
M2

4l � m2
H increases linearly with ⇠ and can, therefore,

be bounded from above by the total number of events
observed in the pp ! ZZ process above the Higgs boson
peak in ZZ invariant mass spectrum. This is the main
idea behind this paper.

There are two sources of Higgs-related ZZ events o↵
the peak. One is the o↵-shell production of the Higgs
boson followed by its decay to ZZ final state. The sec-
ond source of events in the interference between gg !
H ! ZZ and gg ! ZZ amplitudes. The interference
exists, but is numerically irrelevant on the peak, while,
as we show below, it significantly changes the number of
expected Higgs-related events o↵ the peak. We account
for both of these e↵ects in the following discussion. To
estimate the number of Higgs events in gg ! H ! ZZ,
including the interference, we use the program gg2VV
described in Ref. [10].

To calculate the number of Higgs-related events that
are expected o↵ peak, we compute 7 and 8 TeV produc-
tion cross-sections for pp ! H ! ZZ ! e+e�µ+µ� at
leading order in perturbative QCD requiring that the in-
variant mass of four leptons is either smaller or larger
than 130 GeV. We refer to the former case as the “on
peak” cross-section and to the latter case as “o↵ peak”.

We employ the CMS slection cuts [9] requiring p?,µ >
5 GeV, p?,e > 7 GeV, |⌘µ| < 2.4, |⌘e| < 2.5, Ml�l+ >
4 GeV, M4l > 100 GeV. In addition, the transverse mo-
mentum of the hardest (next-to-hardest) lepton should
be larger than 20 (10) GeV, the invariant mass of a pair
of same-flavor leptons closest to the Z-mass should be in
the interval 40 < mll < 120 GeV and the invarian mass
of the other pair should be in the interval 12� 120 GeV.
We also take the Higgs boson mass to be 126 GeV.

The corresponding cross-sections for the Higgs signal
on and o↵ the peak as well as the interference contribu-
tions to cross-sections are shown in Table I. The num-
ber of 2e2µ events in that Table is computed starting
from the number of on-peak events reported in Table I

Energy �H
peak �H

o↵ �int
o↵

7 TeV 0.203 0.044 -0.1070

8 TeV 0.255 0.0613 -0.165

NSM
2e2µ 9.8 1.73 -4.6

NSM
tot 21.1 3.73 -9.91

TABLE I: Fiducial cross-sections for pp ! ZZ ! 2e2µ
in fb, and the corresponding number of events expected
for integrated luminosity of L7 = 5.1 fb�1 at 7 TeV and
L8 = 19.6 fb�1 at 8 TeV. All cross-sections are computed
with leading order MSTW 2008 parton distribution functions
[11]. The renormalization and factorization scales are set to
µ = mH/2. The peak cross-section is defined with the cut
M4l < 130 GeV, while o ↵ -peak and the interference cross-
sections are defined with the cut M4l > 130 GeV. The total
number of events in the last row includes contributions from
other lepton channels. The number of events are obtained
using procedures outlined in the text.

of Ref. [9]. According to Table 1 in Ref. [9], the CMS
collaboration expects 9.8 Higgs-related events in eeµµ
channel on peak

1. We estimate the number of Higgs-
related events above the 130 GeV invariant mass by tak-
ing ratios of cross-sections weighted with luminosity fac-
tors. We also include additional suppression factor due to
the fact that the appropriate scale choice for the strong
coupling constant in gg ! H⇤ ! ZZ is the invari-
ant mass of the ZZ boson pair divided by two rather
than mH/2, as appropriate for the on-shell cross-section
[12]. We take 300 GeV as a typical value of the invari-
ant mass for Higgs-related events produced o↵ the peak.
The corresponding suppression factor is then given by
⌘ = (↵s(150 GeV)/↵s(mH/2))2 ⇡ 0.75. We find

NH,o↵
2e2µ = 9.8⇥ ⌘

L7�
H
o↵(7) + L8�

H
o↵(8)

L7�H
peak(7) + L8�H

peak(8)
= 1.75. (3)

We combine this estimate with results for other lep-
ton channels by similarly rescaling CMS data on 2e and
2µ, and conclude that 3.73 four-lepton events produced
by decays of an o↵-shell Higgs boson can be expected in
the current data. Repeating this exercise with the in-
terference contributions, we find that �9.91 events are
expected. Since cross-sections that we use are computed
in leading order approximation and do not include any
detector e↵ects, one may wonder if the number of events

1
This number of events is a combination of gg ! H (88%), weak

boson fusion (7%) and V H production (5%). Although a detailed

study of these channels is beyond the scope of this paper, we

believe that they will contribute to the number of high-mass ZZ
events in a way which is similar to gg ! H ! ZZ; for this reason

we decided to keep the number of events in the peak unchanged

when performing numerical esitmates.
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Figure 1. Representative Feynman graphs for the Higgs signal process (left) and the qq̄- (center)
and gg-initiated (right) continuum background processes at LO.

calculations have been presented in Refs. [26, 27]. The accuracy of the Mt → ∞ approxi-

mation at NNLO has been investigated in Refs. [28–33].2 In addition to higher-order QCD

corrections, electroweak (EW) corrections have been computed up to two loops [35–42] and

found to be at the 1–5% level. Mixed QCD-EW effects have also been calculated [43]. Re-

fined calculations/updated cross sections for gg → H have been presented in Refs. [44–48].

Kinematic distributions and NNLO cross sections with experimental selection cuts have

also been studied extensively for gg → H → V V → 4 leptons (V = W,Z) [49, 50] and all

other important decay modes (see Ref. [51] and references therein). NLO EW corrections

to H → V V → 4 leptons have been calculated in Refs. [52, 53].

The proper theoretical description of the Higgs boson line shape is an essential ingre-

dient for heavy Higgs searches and has been studied in detail in Ref. [54]. A comparison of

the zero-width approximation (ZWA, see below) and finite-width Higgs propagator schemes

for inclusive Higgs production and decay can also be found in Refs. [46, 47, 55].3 In the

light Higgs mass range the on-shell width of the SM Higgs boson is more than four orders

of magnitude smaller than its mass, for instance 4.03MeV for a mass of 125GeV.4 The

ZWA a.k.a. narrow-width approximation, which factorizes the Higgs cross section into

on-shell production and on-shell decay when ΓH approaches zero, is expected to be excel-

lent well below the WW and ZZ thresholds with an error estimate of O(ΓH/MH). For

Higgs production in gluon fusion, we show in Sections 2 and 3 that this is not always the

case. For gg → H → V V , we find that the deviation between ZWA and off-shell results

is particularly large. We therefore take into account the resonance-continuum interference

(see Fig. 1, left and right), which was studied in Refs. [60–65] and for related processes in

Refs. [66–68]. For studies of the continuum background (see Fig. 1, center and right), we
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Total number of Higgs-related events off the peak is small compared to the number of expected 
background events( 430) ; this means that in the SM the off-shell four-lepton contributions 
seems to be not very relevant.  
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Off-shell effects and the Higgs width
 An interesting  physics use of these off-shell Higgs-related effects is a constraint on the Higgs 
couplings.  Once Higgs couplings are constrained, the on-shell cross-sections provide the 
measurement of the Higgs total width.

�i!H!f ⇠
g2i g

2
f

�H

4

Higgs signal receives an additional enhancement from the
virtual correction to the top quark loop, which is missing
in the continuum background [16]. As expected, the K
factor of the interference is between that of the signal
and background, if we neglect the new destructive inter-
ference starting at two loops. For moderate jet veto cuts,
the mass shift has a very weak dependence on pT due to
the smallness of the real radiation contribution. The ex-
tra interference with quark-gluon scattering at tree level
results in a small additional reduction in the mass shift,
as shown in the curve labeled NLO (gg) + LO (qg) in
fig. 3. At small veto pT , the results become unreliable:
large logarithms spoil the convergence of perturbation
theory, and resummation is required, which is beyond
the scope of this letter.
In fig. 4 we study how the mass shift depends on the

Higgs transverse momentum pT,H . This strong depen-
dence could potentially be observed experimentally, com-
pletely within the γγ channel, without having to com-
pare against a mass measurement using the only other
high-precision channel, ZZ∗. (The mass shift for ZZ∗

should be much smaller than for γγ because H → ZZ∗

is a tree-level decay process, while the continuum back-
ground gg → ZZ∗ arises at one loop, the same order
as gg → γγ.) Using only γγ events might lead to re-
duced experimental systematics associated with the ab-
solute photon energy scale. The pT,H dependence of the
mass shift was first studied in ref. [7]. The dotted ma-
genta band includes, in addition, the continuum process
qg → γγq at one loop via a light quark loop, a part of
the full O(αα2

s) correction. This new contribution par-
tially cancels against the tree-level qg channel, leading to
a larger negative Higgs mass shift. The scale variation
of the mass shift at finite pT,H is very small, because it
is essentially a LO analysis; the scale variation largely
cancels in the ratio between interference and signal that
enters the mass shift.
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FIG. 5. Higgs mass shift as a function of the Higgs width.
The coupling cgγ has been adjusted to maintain a constant
signal yield.

Finally, we allow the Higgs width to differ from the
SM prediction. The Higgs couplings to gluons, photons,
and other observed final states should then change ac-
cordingly, in order to maintain roughly SM signal yields,
as is in reasonable agreement with current LHC measure-
ments. In particular, for the product cgcγ = cgγ entering
the dominant gluon fusion contribution to the γγ yield,
we solve the following equation,

c2gγS

ΓH
+ cgγI =

S

ΓSM
H

+ I. (6)

The mass shift is directly proportional to cgγ . On the
right-hand side of eq. (6), the two-loop imaginary inter-
ference term I is negligible; the fractional destructive in-
terference in the SM is IΓSM

H /S ≈ −1.6%. When I can
also be neglected on the left-hand side, the solution for

cgγ is simply cgγ =
√

ΓH/ΓSM
H . Fig. 5 shows that the

mass shift is indeed proportional to
√
ΓH for small Higgs

widths. However, once the width ΓH exceeds several
times the SM width, the term cgγI becomes significant
on the left-hand side of eq. (6). Then cgγ increases more
rapidly, almost linearly with ΓH , assuming the same sign
(destructive) interference as in the SM. If new physics
somehow reversed the sign of the Higgs diphoton ampli-
tude, one would obtain a constructive interference and a
positive mass shift instead. In this case, also shown in
fig. 5, the mass shift flattens out at large ΓH .

DISCUSSION

In this letter, we have studied the interference of a SM
Higgs boson with the LHC diphoton continuum back-
ground at NLO in QCD. The mass shift is largely stable
for moderate jet veto pT cuts. In addition, we provide a
slightly more precise prediction for the mass shift at finite
Higgs pT , by including the contribution from quark-gluon
scattering via quark loops. The strong pT -dependence of
the mass shift may allow its measurement without ref-
erence to the ZZ∗ channel. Furthermore, we consider a
scenario in which new physics modifies the Higgs width
without altering event rates in the diphoton channel. The
mass shift increases rapidly with the Higgs width, which
could potentially lead to a more direct bound on the
Higgs width than is presently available.
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By measuring the apparent Higgs mass difference in 
ZZ and di-photon channels that is caused by signal-
background interference in the di-photon channel,  
it is possible to constrain the Higgs width relative 
to its Standard Model value
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In ZZ channel, the high-mass tail is 
sensitive to HZZ and Hgg couplings 
-- more events must appear there if 
couplings are signficiantly larger than 
in the SM.  Theory estimates lead to 
the following 95% CL
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Conclusions
Detailed exploration of the Higgs boson properties is in full swing.   It relies on trustable  
predictions for Higgs production rates, provided by the theory community,  that take realities of 
experimental event selection into account. We have wonderful tools that allow us to do this and 
we have added quite a number  of interesting results to the Higgs production toolkit during this 
year.   They include 

1) estimates of N^3LO effects in Higgs production in gluon fusion and strong indications that 
exact computations are within reach;

2) understanding mass effects in Higgs pair production; 

3) improved control of mass effects  in Higgs transverse momentum distribution; 

4) better understanding of the Higgs production cross-sections with jets or jet vetoes from both 
fixed order (NNLO QCD)  and resummations;

5) appreciation of the off-shell Higgs signals, with interesting  constraints on  the Higgs  width;

The pace of progress in understanding SM Higgs production has been remarkable.  Our goal 
should be to significantly out-perform the metric set by the projected accuracy for Higgs 
couplings extractions with 300/fb.   Given the pace of progress on the theory side that we saw 
in recent years, we are on the right track to achieve that goal.
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