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Jet-veto cross sections: why?
Experimental analyses involving the Higgs select exclusive jet samples 

                  : the zero-jet bin is least 
contaminated by huge top-antitop 
background

H ! WW Two-jet exclusive samples needed 
to separate VFB from gluon fusion



The zero-jet cross section
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Higgs plus zero-jets at fixed order
The Higgs cross section in gluon fusion has been computed at very high 
accuracy  

These calculations are implemented in computer codes (FEHiP, HNNLO) 
producing exclusive events     directly compute            at NNLO 

The total cross section        is know also to NNNLO, with theoretical 
uncertainties of order 3% 

Higgs+1jet is known at NNLO     compute           at NNNLO  
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Need for resummation
At fixed-order, various ways of treating uncertainties (scale variations, 
Stewart-Tackmann, efficiency method) give different results 

Resummation of large logarithms                         needed to have stable 
predictions in the region considered at the LHC 

ln(mH/p
t,veto)

, R=0.5

p
t,veto ' 25� 30GeV



NNLL+NNLO resummations
NNLL resummation matched to NNLO is implemented in the code JetVHeto 
http://jetvheto.hepforge.org/ 

The same result has been obtained by two groups in the framework of Soft-
Collinear Effective Theory (SCET) 

Ingredients beyond NNLL accuracy 

Effect of top and bottom masses in loops 

Resummation of large logarithms induced by small jet radius

Further improvements:

[AB Monni Zanderighi JHEP 01 (2014) 097]

[Becher Neubert JHEP 07 (2012) 108 ] 
 [Becher Neubert Rothen JHEP 10 (2013) 125] 

 [Stewart Tackmann Walsh Zuberi PRD89 (2014) 054001]

[AB Monni Salam Zanderighi PRL 109 (2012) 202001]
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 [Stewart Tackmann Walsh Zuberi PRD89 (2014) 054001]

[Dasgupta Dreyer Salam Soyez JHEP 04 (2015) 039]
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Uncertainties: JVE method
Jet-veto efficiency (JVE) method for theoretical uncertainties  

Compute the zero-jet cross section from 

Treat uncertainties in         and                 as uncorrelated    

Uncertainties still sizeable at NNLL+NNLO, need to improve predictions by 
including        at NNNLO and Higgs+1jet@NNLO 
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Uncertainties: NNNLLp predictions
NNNLLp predictions include terms beyond NNLL 

Uncertainties in           : variation of all scales by a factor of two around        
and estimate of missing NNNLL R-dependent terms                   
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Figure 8: Resummed predictions for the leading-power jet-veto cross section at NLL (orange),
NNLL (red), and N3LLp order (green).

NLL band, and there is a rather substantial gap between them. The origin of the large scale
dependence of the NNLL order bands at small R can be traced back to the behavior of the
two-loop anomaly coefficient dveto2 (R) given in (16), which is plotted in Figure 9 in units of the
coefficient dA2 appearing in the resummation formula for the transverse-momentum distribu-
tion of Higgs bosons at low qT ≪ mH [43]. Whereas dveto2 (R)/dA2 is of modest size for R ! 0.8,
this ratio quickly increases as R decreases, and it reaches a very large value dveto2 (R)/dA2 ≈ 8.7
for R = 0.2. The origin of this effect can be understood from the presence of the lnR term
in the expression for the function f(R) in (17), which becomes large for such small values
of the jet radius. Note that the dveto2 (R) term first appears at NNLL order, and that the µ
dependence of the running coupling in the anomaly term

exp

[

−
dveto2 (R)

8

(
αs(µ)

π

)2

ln
mH

pvetoT

]

≈ exp

[

1.21
dveto2 (R)

dA2
α2
s(µ) ln

mH

pvetoT

]

(68)

contained in the hard function H̄ in (19) only gets compensated at N3LL order. For pvetoT =
25GeV and R = 0.2, the exponent approximately equals 17α2

s(µ). Since the NLL band com-
pletely misses this genuine source of large scale dependence, it underestimates the perturbative
uncertainties for small R. To reduce the scale variations of the NNLL band, it is necessary
to perform the resummation at N3LLp order, as we do in the present work. The fact that
the green bands in Figure 8 are narrower than at NNLL order and fall between the NLL and
NNLL bands gives us confidence that at N3LLp order, and for R ≥ 0.4 not too small, one
captures the main corrections and obtains reliable predictions and error estimates.

In order to substantiate this claim, we study the scale variations of the different ingredients
in the factorization formula (18) separately. The top panels in Figure 10 show the residual scale

27

 [Becher Neubert Rothen JHEP 10 (2013) 125]

�0�jet mH

e.g. R = 0.4, p
t,veto = 25GeV : ��0�jet ⇠ 9%

Results include resummation of       in 
virtual corrections: total cross section 
different from 
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Uncertainties: NNLL’+NNLO
Uncertainties on            are evaluated by varying all scales around        with 
profiling functions   

Theory uncertainty reduced by performing      resummation        

�0�jet mH

17
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FIG. 7: The 0-jet cross section for R = 0.4 and mH = 125GeV. On the left we show the NLLpT , NLL′
pT+NLO, and

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

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

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

ues for σ0(pcutT , R) with both theoretical uncertainties:

σ0(25GeV, 0.4) = 12.67± 1.22pert ± 0.46clust pb ,

σ0(30GeV, 0.5) = 13.85± 0.87pert ± 0.24clust pb . (74)

It is interesting to compare our results and uncertain-
ties for σ0 to the NNLL+NNLO results presented ear-
lier in Ref. [9]. Our results build on their results in a
few ways. In particular, our RG approach includes π2

resummation, our results are quoted as NNLL′ because
they go beyond NNLL by including the complete NNLO
singular terms in the fixed-order matching (which are the
correct boundary conditions for the N3LL resummation),
and finally we use a factorization based approach to un-
certainties, which also makes predictions for the correla-
tions between the different jet bins.
Comparing σ0 at pcutT = 25GeV and R = 0.4 our cen-

tral values agree with those in Ref. [9], and are well within
each other’s uncertainties. Our perturbative uncertainty
of 9.6% is a bit smaller than the 13.3% uncertainty for
σ0 of Ref. [9] which seems reasonable given the above

mentioned additions. One important ingredient in this
comparison is the inclusion of the π2 resummation which
improves the convergence of our results and decreases our
uncertainty. On the other hand, in Ref. [9] the central
scale is chosen to be µFO = mH/2 which also works in the
same direction, decreasing the uncertainty relative to the
choice µFO = mH . For the total cross section Ref. [9] has
a 7.4% uncertainty, whereas we have 6.9% uncertainty
using µFO = mH and including π2 resummation (see Ta-
ble II). From Table IV in appendix App. A we see that
our perturbative uncertainty for σ0(25GeV, 0.4) would
increase to 12.8% if the π2 resummation were turned off
(while still taking the central µFO = mH), and that at
this level the uncertainty would become comparable to
that of Ref. [9]. For pcutT = 30GeV and R = 0.5 our
central values remain perfectly compatible with Ref. [9],
and the uncertainties follow a pattern similar to the case
above.
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FIG. 11: The 0-jet cross section for mH = 125GeV and R = 0.4 using the real scale setting µH = µFO, which excludes the π2

resummation. The poor convergence of the hard function results in larger uncertainties and a poorer convergence of the cross
section at all values of pcutT .

σ≥0 [pb] σ0(pcutT ) [pb] σ≥1(p
cut
T ) [pb] ϵ0(pcutT )

NLL′
pT

+NLO

pcutT = 25GeV 14.57 ± 2.91 (20.0%) 8.96 ± 2.44 (27.2%) 5.61± 2.44 (43.5%) 0.615 ± 0.136 (22.1%)

pcutT = 30GeV 14.57 ± 2.91 (20.0%) 10.08 ± 2.62 (26.0%) 4.49± 2.32 (51.7%) 0.692 ± 0.138 (19.9%)

NNLL′
pT

+NNLO (R = 0.4)

pcutT = 25GeV 18.38 ± 1.91 (10.4%) 12.44 ± 1.59 (12.8%) 5.94± 1.32 (22.2%) 0.677 ± 0.059 (8.8%)

pcutT = 30GeV 18.38 ± 1.91 (10.4%) 13.54 ± 1.71 (12.6%) 4.84± 1.13 (23.4%) 0.737 ± 0.055 (7.4%)

NNLL′
pT+NNLO (R = 0.5)

pcutT = 25GeV 18.38 ± 1.91 (10.4%) 12.14 ± 1.50 (12.4%) 6.24± 1.29 (20.7%) 0.661 ± 0.056 (8.4%)

pcutT = 30GeV 18.38 ± 1.91 (10.4%) 13.29 ± 1.63 (12.2%) 5.09± 1.12 (21.9%) 0.723 ± 0.052 (7.2%)

NNLL′
pT+NNLO (R = 0.7)

pcutT = 25GeV 18.38 ± 1.91 (10.4%) 11.69 ± 1.41 (12.1%) 6.68± 1.33 (19.9%) 0.636 ± 0.055 (8.6%)

pcutT = 30GeV 18.38 ± 1.91 (10.4%) 12.91 ± 1.54 (11.9%) 5.47± 1.18 (21.6%) 0.703 ± 0.052 (7.5%)

TABLE IV: Predictions for various cross sections with real scale setting µH = µFO and µFO = mH as central scale.
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Zero-jet summary

All results are compatible within uncertainties 

Theoretical uncertainties are between 10% and 15% 

Inclusion of mass effects increases the uncertainty

BMSZ

B’NR n/a

STWZ’

BMZ

�0�jet(25GeV, R = 0.4) [pb] �0�jet(30GeV, R = 0.5) [pb]

large-

mt,mbexact

mtlarge-

mtlarge-

mt

11.81± 1.51 12.86± 1.47

11.59± 1.72 12.64± 1.79

12.67± 1.22pert(±0.46clust) 13.85± 0.87pert(±0.24clust)

11.25+0.77
�1.25

(+0.65)
(�1.15)

LHC                      MSTW2008NNLO
p
s = 8TeV

Comparing the various approaches is difficult because of different values of  �
tot



Across jet bins with JVE
The JVE method can be generalised to arbitrary jet multiplicities 

Uncertainties in the efficiency require considering different schemes to 
define the efficiency in terms of total cross sections 

The method does not need modification when resummed predictions 
become available 

The correlation matrix                                              can be computed by 
considering                as uncorrelated 

! 0! jet = " ! tot ! 1! jet = "1(1 ! ")! tot ! " 2! jets = (1 ! "1)(1 ! ")! tot

Cov[! tot , ! ! 1" jet , ! ! 2" jets ]
⇥
tot

, �, �
1

 [Les Houches proceedings 1405.1067]



Across jet bins with BLPTW
Combination of resummed predictions and fixed-oder for different jet 
multiplicities 

Problem: the one-jet cross section can be resummed only for 

 [Boughezal Liu Petriello Tackmann Walsh JHEP 10 (2013) 125]
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[Stewart Tackmann Walsh Zuberi PRD89 (2014) 054001]

 [Liu Petriello PRD87 (2013) 014018, PRD87 (2013) 094027]



H+1jet cross section

Ecm = 8 TeV
pTcut = 30 GeV

1-jet direct resum
≥1-jet resum - 2-jet FO
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Considerable reduction of theoretical uncertainties with resummation

e.g. R = 0.4, p
t,veto = 25GeV :

Also here the total cross section includes      resummation and differs from HXSWG ⇡2

�⇥NLO
1�jet ⇠ 40% ! �⇥BLPTW

1�jet ⇠ 16.5%



Uncertainties at the LHC
Comparison among different methods

anti� k
t

jets, R = 0.4, p
t,veto = 25 GeV

David Hall (Oxford) LHC HXSWG Jets Meeting, 24th January 2014

Compare cross sections
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Plot from David Hall’s talk 
@ HXSWG 2014 - Jet-
bin uncertainties in ggF 

[Stewart -Tackmann]

[Boughezal, Liu, Petriello, Tackmann, Walsh]

[AB, Monni, Salam, Zanderighi]

�tot = 19.27± 1.5 pb
�tot = 19.27± 1.5 pb



Comparision to data
Cross section in different bins have been measured by ATLAS in  H ! !!



Room for improvements
Zero-jet cross section 

NNLL+NNNLO including the most recent results for the total Higgs cross 
section and Higgs+1jet 

include resummation of 

combine recent results for two-loop beam and soft function to compute 
the two-loop constant and reach NNLL’+NNNLO 

use MADGRAPH interface to be differential in Higgs decay products  

One-jet cross section  

use Higgs+1jet@NNLO to obtain NLL’+NNLO results 

incorporate Higgs+1jet@NNLO in fixed-order uncertainty estimates with 
the efficiency method

! n
s lnn R

[Anastasiou Duhr Dulat Herzog Mistleberger 1503.0605]
[F. Caola’s talk at Moriond]

[Dasgupta Dreyer Salam Soyez JHEP 04 (2015) 039]

[Boughezal Liu Petriello 1504.02540]

[Becher Frederix Neubert Rothen 1412.8408]



Differential cross sections
With currently available LHC data it is possible to have access to a number 
of differential cross sections



Higgs pt distribution
The Higgs transverse momentum distribution suffers from the presence of 
large logarithms 

These logarithms have been resummed at NNLL+NNLO accuracy 

ln(mH/ptH)

[De Florian Ferrera Grazzini Tommasini JHEP 11 (2011) 064]
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Figure 1: Resummed predictions for the transverse-momentum distribution of Higgs bosons
produced at the LHC at NLL (blue bands) and NNLL order (green bands). The factorization
scaleµ is varied by a factor 2 about its default valueµ = qT + q! . The thick lines refer to the
default scale choice. The discontinuities atqT = 1.8 GeV arise from the change from 5 to 4
light ßavors occurring whenµ ! 1

2(qT + q! ) = 4 .75 GeV.

also at qT > q! , as they resum an asymptotically divergent, but Borel-summable subset of
higher-order corrections inas.

In Figure 1, we present predictions for the resummed transverse-momentum distributions of
Higgs bosons with massmH = 125 GeV produced in gluon fusion at the LHC. The blue bands
correspond to the results obtained at NLL order, in which case we keep terms up toO(! 0) in
(27) and (28) and use leading-order (LO) expressions for the Wilson coe! cients Ct and CS in
RG-improved perturbation theory. The green bands show resultswith NNLL accuracy, which
are obtained by retaining all terms shown in (27) and (28) and using next-to-leading-order
(NLO) expressions forCt and CS. We usev = 246.675 GeV for the Higgs vacuum expectation
value and work with MSTW2008NNLO PDFs with " s(MZ ) = 0 .1171 [36]. In our numerical
results, we include Þnite top-quark mass e" ects by working with the exact leading-order cross
section, which can be found e.g. in [37]. Numerically, usingmt = 172.6 GeV, this leads to a
6.6% increase in the cross section compared to themt " # limit. We do not include the
b-quark contribution and electroweak e" ects, which are of similar size but opposite sign and
tend to cancel each other. The combined e" ect of these would be areduction of the cross
section by about 1.5%. The left plot in the Þgure shows the spectrumd#/dqT , while the plot
on the right shows the distributiond#/dq2

T , which tends to a constant at the origin. Note that
at NNLL order the value of the intercept is predicted with very goodaccuracy. In [17], we
have presented an explicit formula for the intercept for the case of the Drell-Yan process.

To estimate the theoretical uncertainty of our predictions, we vary the factorization scale
by a factor 2 about the default valueµ = qT + q! . Our results also depend on the two hard
matching scalesµt and µh. At the scale µt the top quark is integrated out, giving rise to an
e" ective ggH vertex. The associated matching corrections are small, and varying µt in the
NNLL order cross section by a factor 2 about the default valueµt = mt changes the result
by less than 1%. The scaleµh is associated with the hard momentum transfer in theggH
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More exclusive distributions
With the program HRes it is possible to compute differential distributions in 
the decay products of the Higgs 

[De Florian Ferrera Grazzini Tommasini JHEP 06 (2012) 132]



Non-factorising corrections
Collinear emissions can resolve a bottom loop for  

Non-factorising contributions due to soft gluons cancel in the in interference 
with the top loop
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Impact of non-factorising terms
There are various ways to deal with non-factorising terms 

They spoil factorisation for                     stop the resummation at                 
with a low choice of the resummation scale                

pT ! mb ! pT ! mb

Q2
 [Grazzini Sargsyan JHEP 09 (2013) 129]



Impact of non-factorising terms
There are various ways to deal with non-factorising terms 

The phase space for non-factorising terms is limited to                           , so 
their effect is more in the fixed order region 

Stop the resummation when they start to become important 

Choose the range in resummation scale so that the resummation is not 
too different from the fixed order at high    

mb ⌧ pt ⌧ mH
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Figure 2: Large pT -behavior of the cross section for a CP-even Higgs boson
with mh = 125.6GeV. The di! erent lines correspond to various choices of the
resummation scale. (a) Pure top quark, (b) pure bottom quark, and (c) top-
bottom interference contribution. The vertical line marks the value of the Higgs
mass.
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Finite masses at high pt
A high-    gluon can resolve a top partner running in the loop, e.g. a heavy 
composite top or a stop 

Need perturbative control on the tail of jet-    distribution, where                   
is large      strong case for Higgs+1jet@NLO with full mass dependence 
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Highlights
Higgs cross section with zero jets 

Three different procedures that agree at NNLL+NNLO accuracy 

All predictions give an uncertainty of order 10-13% 

Including     resummation reduces scale uncertainties 

Uncertainties across jet bins 

JVE method can be generalised to an arbitrary jet multiplicity 

New BLPTW method that takes advantage of resummation of the exclusive 
one-jet cross section   

Effects of finite masses in loops 

inclusion of top and bottom mass effects gives a larger uncertainty in the jet-
veto cross section, of order 14%      Higgs+1jet@NLO needed 

Strategies needed to minimise the effect of the resummation at high 
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Thank you for your attention!
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Predictions for jet-veto efficiency

Reduction of theoretical uncertainty from NNLO to NNLL+NNLO 

Uncertainty would be further reduced with a larger jet radius
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Theoretical uncertainties

Central value: scheme (a) with
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