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Higgs boson signals
Higgs bosons at the LHC can be produced in gluon fusion, weak boson 
fusion and in association with vector bosons or top quarks. Higgs can 
decay to photons, electroweak gauge bosons, b-quarks and tau-leptons. All 
production and decay channels are important for elucidating Higgs 
properties.
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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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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
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⇣
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The framework 

To describe Higgs production at the LHC, we employ  the standard 
framework  of perturbative QCD where production cross sections are 
computed by convoluting  parton distribution functions and partonic cross 
sections. 

  

Introduction

● The goal of hadron collider physics program (Tevatron, LHC) is to discover and study 

physics beyond the Standard Model in the  mass range 100 GeV - few TeV 

● To produce that heavy final states, we require rare short-distance processes where both 

protons disintegrate and all momenta transfers are large. These processes can be 

understood using factorization and asymptotic freedom.

● A major role in  such an understanding  is played by parton-parton scattering that is 

described by  perturbative QCD.

                                           

d� =

Z
dx1dx2fi(x1)fj(x2)d�ij(x1, x2)FJ (1 +O(⇤QCD/Q))
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Not just the Higgs production 

This pQCD framework is standard; it was  used at the  LHC and the 
Tevatron  to successfully describe large number of hard scattering 
processes in the SM.

!
!

…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 

The level of sophistication that has been reached in describing Higgs 
signals  at the LHC is without a precedent in particle physics. 

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

2) processes where Higgs boson is produced in association with several 
jets  are known through  NLO QCD.

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

4) All important Higgs decay channels are known through (at least) 
NNLO QCD and NLO electroweak. 
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Parton distribution functions
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Knowledge of parton  distribution 
functions affects all production 
channels. The current situation 
appears to  be quite satisfactory; 
convergence of different PDF sets --  
compared to  what we have seen in 
the previous years -- is reassuring. 

d� =

Z
dx1dx2fi(x1)fj(x2)d�ij(x1, x2)FJ (1 +O(⇤QCD/Q))
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Theory behind the NNLO computations

1) We require computation of  complicated two (and higher) loop 
diagrams / amplitudes. 

2) We need to understand how to combine processes with different parton 
multiplicities to enable theoretical predictions for infra-red safe observables. 

For example, an IR/collinear  finite result for H+j @ NNLO  arises if e.g.   gg -
> H+g (2-loops) , gg -> H+gg (1-loop),  gg -> H+ggg (0-loops) are combined 
(and additional collinear subtractions / pdf renormalizations are 
undertaken). 

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

H

g

g

g

H

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

(εµ1 (p1))
∗ εν1(p1) = −gµν +

pµ1p
ν
2 + pν1p

µ
2

p1 · p2
, (3.2)

∑

pol

(εµ2 (p2))
∗ εν2(p2) = −gµν +

pµ2p
ν
3 + pν2p

µ
3

p2 · p3
, (3.3)

∑

pol

(εµ3 (p3))
∗ εν3(p3) = −gµν +

pµ1p
ν
3 + pν1p

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 µνρ
j =

1

d− 3

[

c(j)1 gµν pρ2 + c(j)2 gµρ pν1 + c(j)3 gνρ pµ3 + c(j)4 pµ3p
ν
1p

ρ
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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Gluon fusion
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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%.   

Higgs production in gluon fusion is affected by large O(100%) QCD 
corrections.  These corrections are currently known to three loop order 
(N3LO) in the infinite top mass limit.  

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 estimates  of  the gluon fusion cross section include  large number 
of subtle effects and require  careful evaluation of the residual uncertainty.
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H+jet @ NNLO : fiducial results
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H+jet production is known through NNLO in pQCD, including decays of 
the Higgs boson into electroweak final states.    The current comparison of 
theory predictions with ATLAS and CMS data is not very impressive but it 
provides a good starting point  for refined studies 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

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

�fid
NNLO = 9.46+0.56

�0.84 fb�fid
NLO = 7.98+1.76

�1.46 fb�fid
LO = 5.43+2.32

�1.5 fb

H ! ��, 8 TeV
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Jet-binned cross sections
The results of N3LO computation for inclusive Higgs production, NNLO for the 
H+jet, as well as advances with re-summations of jet-radius logarithms allow one 
to improve on existing predictions for H+ 0-jet and H+ 1-jet  cross sections. 
For the 13 TeV LHC, using NNPDF2.3, anti-kT, R=0.5, !0=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 cross sections once we arrive at sufficiently high orders in both cases. 

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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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

A transverse momentum distribution of a color-neutral particle can be 
computed following  well-established procedures at low (resummation) 
and high (perturbation theory) transverse momentum.  There was an 
important progress on that recently (N3LL re-summation matched to 
NNLO fixed order). 

Monni, Re, Torrielli

↵s ln
2 mH

p?
� 1

RadISH, 13 TeV, mH = 125 GeV

µR = µF = mH, Q = mH/2

PDF4LHC15 (NNLO)
uncertainties with µR, µF, Q variations (x 3/2)

Fixed order from PRL 115 (2015) 082003
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Quark masses and Higgs  pt distribution

Using the smallness of the mass to 
transverse momentum ratio, all 
the relevant two-loop scattering 
amplitudes  can be computed (L. 
Tancredi, C. Wever, K.M).

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

H

g

g

g

H

g
g

g

H

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

(εµ1 (p1))
∗ εν1(p1) = −gµν +

pµ1p
ν
2 + pν1p

µ
2

p1 · p2
, (3.2)

∑

pol

(εµ2 (p2))
∗ εν2(p2) = −gµν +

pµ2p
ν
3 + pν2p

µ
3

p2 · p3
, (3.3)

∑

pol

(εµ3 (p3))
∗ εν3(p3) = −gµν +

pµ1p
ν
3 + pν1p

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 µνρ
j =

1

d− 3

[

c(j)1 gµν pρ2 + c(j)2 gµρ pν1 + c(j)3 gνρ pµ3 + c(j)4 pµ3p
ν
1p

ρ
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 –

Grazzini, Sargsyan
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

↵s ln
2 p?
mb

� 1

The Higgs boson is a special case since the Hgg vertex is not point-like. 
At small pt , b-quark loops lead  to  Sudakov-like double logarithmic 
corrections, related to the helicity flip on the ``soft’’ fermion line;  
resummation of these logarithms  is not well-understood. 

Planar master-integrals with full mass dependence 
were recently computed  by  R. Bonciani et al.

mb/p? ⌧ 1
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The two-loop amplitudes were combined with the OpenLoops (Pozzorini et 
al.) to calculate mass-suppressed contributions to Higgs + jet production at 
NLO QCD.  The corrections to the mass-suppressed interference terms are 
large but they appear similar to large corrections to a point-like top-loop 
contribution. 

J. Lindert, K.M., L. Tancredi, C. Wever

Rint(O) =

R
d�tb �(O �O(~x))R
d�tt �(O �O(~x))

Quark masses and Higgs  pt distribution
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Another interesting region is that of the high (  > 400 GeV) pt of the Higgs 
boson.   Higher-order QCD corrections can be computed expanding in the 
mass of the top quark  relative to all kinematic variables.  Wonderful 
convergence.  Exact K-factor is  O(10) percent larger than  the K-factor 
computed in                   approximation.

K. Kudashkin, J. Lindert, K.M., C. Wever

Quark masses and Higgs  pt distribution
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Off-shell measurements

ΓH < 4.8-7.7 ΓH,SM = 20-32 MeV @ 95CLH off-shell

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

Need precise prediction for ZZ production both  in 
quark-antiquark and gluon fusion, including the 
interference with the off-shell Higgs in the gg 
channel. 

g
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g
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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
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Off-shell measurements 
Quark-antiquark annihilation to ZZ is known through  NNLO QCD and 
the gluon fusion -- to NLO QCD (two loops), including interference with 
the signal.  Integrals with top quark loops are known approximately. Close 
proximity of K-factors for the signal and the background.

intf, 13 TeVd
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d
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`
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f
b
/
1
0
G
e
V
]

LO
NLO�0.005

�0.004

�0.003

�0.002
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m4` [GeV]

1

2

3

160 180 200 220 240 260 280 300 320

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.

14

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

Ba
ck

gr
ou

nd
s

Interference

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

10−7

10−6

10−5

10−4

10−3

d
σ
/d

pT 4
!
[p
b
/G

eV
]

ra
ti
o

0.0

1.0

2.0

0 50 100 150 200 250

d
σ
/d

pT 4
!
[p
b
/G

eV
]

ra
ti
o

LHC 13 TeV

µ = m4!/2

PWHG LHE
PWHG+PY8

SCALUP< 50 GeV
NLO

pT
4!
[GeV]

0.0

1.0

2.0

0 50 100 150 200 250

10−7

10−6

10−5

10−4

10−3

d
σ
/d

pT Z
1
[p
b
/G

eV
]

ra
ti
o

0.5
1.0
1.5
2.0

0 50 100 150 200 250

d
σ
/d

pT Z
1
[p
b
/G

eV
]

ra
ti
o

LHC 13 TeV

µ = m4!/2

PWHG LHE
PWHG+PY8

NLO

pT
Z1

[GeV]

0.5
1.0
1.5
2.0

0 50 100 150 200 250

 S. Alioloi, F. Caola,  J. Luisoni, R. Rontsch.

Wednesday, November 8, 17



Weak boson fusion
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Higgs boson production in weak boson fusion

In the large - Nc approximation, upper and lower quark lines do not talk 
to each other and QCD corrections to weak boson fusion can be read off 
from the QCD corrections in deep inelastic scattering.  Especially simple 
are corrections to inclusive cross section since they are given by QCD 
corrected DIS structure functions.  

The QCD corrections to inclusive WBF cross section 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 is indicative for 
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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Higgs boson production in weak boson fusion
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Leading jet pt and rapidity distributions in dependence on the jet clustering radius 

Fiducial WBF cross section at NLO and 
at NNLO show strong dependence on 
the jet clustering radius. Broader jets at 
NNLO relative to NLO.   

M. Rauch and D. Zeppenfeld
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VH  associated production
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Associated production: VH(bb)
The associated production was studied  extensively using NNLO 
approximation for the production and NLO approximation for 
decay.  Some observables exhibit relatively large corrections due 
to radiation in decays due to fiducial volume cuts. 

d�NNLO ⇠d�(0) ⇥ d�(0) + d�(1)

�(0) + �(1)

+ (d�(1) + d�(2))⇥ d�(0)

�(0)

Campbell, Ellis, Williams;   Ferrera, Grazzini,  Tramontano
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Associated production: VH(bb)
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Extension of these results to include NNLO QCD corrections  in 
the decay, for massless b-quarks.  Relatively large effects on  
kinematic distributions  (some are explained by being NLO 
corrections to ``radiative’’ Higgs decay).  NNLO effects in the 
decay cause additional O(-5%) corrections to the fiducial cross 
section.
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Conclusion

Precision   predictions for Higgs boson production 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 years   
(inclusive Higgs through  N3LO, H+jet at NNLO, Higgs in WBF at 
NNLO, mass effects and the resummation in Higgs pt spectrum, NLO 
for off-shell and HH).   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 precise exploration of Higgs boson properties will be  possible at 
the LHC. 
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