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Analysis is done in jet bins, since background is very different when 
Higgs is produced in association with jets.

Need precise predictions for H + n jets, in particular for the 0-jet bin, 
i.e. the cross section with a jet veto:
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Jet veto in Higgs production

 pTJet   <  pTVeto ~ 15-30 GeV



Resummation for jet veto
Several recent papers on resummation for HIggs 
cross sections with jet vetoes

• Banfi, Salam and Zanderighi (BSZ) 1203.5773 
+ Monni 1206.4998 (BMSZ)

• TB and Neubert 1205.3806 (BN)

• Tackmann, Walsh, Zuberi 1206.4312 (TWZ)

• Liu and Petriello 1210.1906 (LP)

Will present our work and then discuss how it 
relates to the others



Fixed-order predictions

Smaller scale uncertainty than total cross section σtot ! Cancellation:  
• large positive corrections to σtot from analytic continuation of scalar form 

factor Ahrens, TB, Neubert, Yang ’09

• large negative corrections from collinear logs

• at small R ≲ 0.4 furthermore log(R) terms

Because of the presence of large corrections equivalent schemes can give 
quite different predictions.
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Figure 1: The jet-veto cross section σ(pvetoT ) and efficiency ε(pvetoT ) for Higgs production at
the LHC, at NLO (shaded light bands) and NNLO (dark bands) in fixed-order perturbation
theory. The first two panels compare the scale choices µ ∼ mH and µ ∼ pvetoT . The right
panels show predictions for the veto efficiency, defined either as a perturbative series in αs

(third plot), or as the ratio of the nth-order vetoed cross section to the nth-order total cross
section (last plot).

from a significant scheme ambiguity. The last plot in the figure shows the predictions for the
efficiency obtained when one expands the two cross sections σ(pvetoT ) and σtot to NLO or NNLO,
but then takes their ratio without performing a further expansion in powers of αs. Comparing
the last two panels, we observe that the scheme dependence remains uncomfortably large even
at NNLO.

The leading-logarithmic (LL) corrections to the jet-veto cross section were studied us-
ing parton showers [12, 13], but for a long time no systematic resummation of higher-order
logarithmic terms was available. To improve the accuracy of the numerical predictions, the
parton-shower results were re-weighted to the Higgs-boson qT spectrum obtained at next-
to-next-to-leading logarithmic (NNLL) order, as implemented in the code HqT [14]. As an
alternative, it was suggested to use the event-shape variable beam thrust instead of a jet veto
to discriminate against the background from top decays [15]. The NNLL resummed results for
this variable confirmed the picture that there are large corrections from collinear emissions.
It was found that a fixed-order computation is not reliable and that the scale variation un-
derestimates the perturbative uncertainties. While beam thrust is theoretically simpler than
the jet veto, it would be more difficult to use in experimental analyses, since this observable
is sensitive to underlying-event and pile-up effects. Based on the results for beam thrust,
an alternative way to estimate the scale uncertainties for Higgs searches using jet bins was
proposed in [16].

Very recently, however, it was pointed out that the resummation for the jet-veto cross
section defined with a standard sequential jet algorithm is indeed feasible, and numerical
results for the cross section at NLL order were presented [17]. These results were obtained
using the Caesar code [18], which performs automated NLL resummations for observables
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Jet clustering

• As long as R < ln(mH/pT) ≈ 1.5, the algorithm will cluster 
soft and collinear radiation separately.

• TWZ argue that R ~ pT/mH is necessary. Will discuss 
this later.

• Jet veto translates into veto in each individual sector.

J
J J
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The naive factorization suffers from a collinear 
anomaly. Prove that it has the form

Two sources of log(mH/pT): 1.) RG evolution of hard 
function Ct2|CS |2 to from  μ ~ mH to μ ~ pT. 2.) anomaly.

Factorization theorem from SCET

After some straightforward algebra, we obtain

dσ(pveto
T ) = σ0(µ) C2

t (m
2
t , µ)

!
!CS(−m2

H , µ)
!
!2 m2

H

τs
dy

d2q⊥
(2π)2

"
d2x⊥ e−iq⊥·x⊥

× 2Bµν
c (ξ1, x⊥, pveto

T , µ)Bøc µν(ξ2, x⊥, pveto
T , µ)S(x⊥, pveto

T , µ) ,

(8)

where ξ1,2 =
√

τ e±y and τ = (m2
H + |q2

⊥|)/s . The Born-level cross section is

σ0(µ) =
m2

H α2
s(µ)

72(N 2
c − 1)πsv2

!
!
!

#

q= t,b

A(xq)
!
!
!
2
; xq =

4m2
q

m2
H

− iε . (9)

The function A(xq), which accounts for finite quark-mass e! ects at tree level, is given by

A(x) =
3

2

$
x + x(1 − x) arctan2 1√

x − 1

%
. (10)

Its value lies very close to 1 for the top quark, while A(xb) = O(m2
b /m

2
H) is rather small.

Up to corrections of order λ2, one can replace τ → m2
H /s in (8). Given that the peak of the

transverse-momentum distribution is around 10GeV [25], this is a very good approximation.
Integrating over q⊥, we then obtain the simple result

dσ(pveto
T )

dy
= σ0(µ) C2

t (m
2
t , µ)

!
!CS(−m2

H , µ)
!
!2

× 2Bµν
c (ξ1, 0, pveto

T , µ)Bøcµν(ξ2, 0, pveto
T , µ)S(0, pveto

T , µ) .

(11)

Since the jet veto does not prefer any direction in the transverse plane, we can replace

Bµν
c (z,0, pveto

T , µ) =
gµν
⊥

2
Bc(z, pveto

T , µ) , (12)

where

Bc(z, pveto
T , µ) = −

z n̄ · p
2π

"
dt e−iztøn·p

#

Xc

′
〈P(p)| Aµ,a

c⊥ (tn̄) |X c〉 〈X c| Aa
c⊥µ(0) |P(p)〉 . (13)

Note the similarity of this function with the usual definition of the gluon distribution function
in the proton, which in SCET notation reads [26]

φg/P (z, µ) = −
z n̄ · p

2π

"
dt e−iztøn·p 〈P(p)| Aµ,a

c⊥ (tn̄)Aa
c⊥µ(0) |P(p)〉 . (14)

Dropping the vanishing argument x⊥ = 0 in the soft function, we finally obtain

dσ(pveto
T )

dy
= σ0(µ) C2

t (m
2
t , µ)

!
!CS(−m2

H , µ)
!
!2 Bc(ξ1, pveto

T , µ)Bøc(ξ2, pveto
T , µ)S(pveto

T , µ) . (15)

This formula appears to disentangle the two hard scales mt and mH from the soft scale
pveto

T ' mH . The factorization is however not yet complete. Closer inspection shows that

5

top-loop scalar 
form factor

collinear anti-collinear soft
Howeverk2(µ) vanishes at tree level, and this equation then implies thatit is zero to all orders
in perturbation theory, since there is no way to compensate the µ dependence of the coupling
constant.

The outcome of the above considerations is that the logarithm of the product of beam-jet
and soft functions is linear in ln(mH /µ ). This result is important for the resummation of
logarithms. It implies that in the casepveto

L = pveto
R = pveto

T the product can be written in the
form !

Bc(! 1, pveto
T , µ) Bøc(! 2, pveto

T µ) S(pveto
T , µ)

"
q2= m2

H

=
#

mH

pveto
T

$ ! 2Fgg (pveto
T ,µ)

B (! 1, pveto
T , µ) B(! 2, pveto

T , µ) ,
(25)

where for convenience we have absorbed the soft function into the refactorized beam-jet func-
tions B. The mH dependence due to the collinear anomaly is now explicit.

The structure of the anomaly is particularly simple for the jet veto. In previous applications
of the collinear anomaly in the context of transverse-momentum resummation for Drell-Yan
production [26] and jet broadening ine+ e! annihilations [27], the anomalous exponents anal-
ogous toFgg depended on some convolution variables, which were shared with the jet and soft
functions in the factorization theorem. After integration over these variables, the resulting
dependence on the hard scale can be quite complicated (see inparticular the discussion in
[28]). In the present case, on the other hand, the anomaly leads to an extra term in the cross
section, which (at Þxedpveto

T ) is pure power ofmH /pveto
T .

For a Þnal factorization step, we now use that in practice thejet veto is much larger than
the scale! QCD governing non-perturbative hadronic e" ects in QCD. It is thus possible to
calculate the physics associated withpveto

T in perturbation theory, and to relate the beam-jet
functions to conventional parton distribution functions (PDFs) [24, ?]. We write this relation
in the form

B(! , pveto
T , µ) =

%

i = g,q,øq

& 1

!

dz
z

I g" i (z, pveto
T , µ) " i/P (! /z, µ ) , (26)

which is valid up to hadronic corrections suppressed by powers of ! QCD /pveto
T . By means of this

relation, the cross section in (15) can be expressed as a convolution of calculable perturbative
functions I g" i , which in general depend on the jet algorithm as well as on thejet veto, with
PDFs. The end result for the cross section then takes the form

d#(pveto
T )

dy
= #0(µ) C2

t (m2
t , µ)

'
'CS(! m2

H , µ)
'
' 2

#
mH

pveto
T

$ ! 2Fgg (pveto
T ,µ)

(27)

"
%

i,j

& 1

! 1

dz1

z1

& 1

! 2

dz2

z2
I g" i (z1, pveto

T , µ) I g" j (z2, pveto
T , µ) " i/P (! 1/z 1, µ) " j/P (! 2/z 2, µ) ,

where the sums overi, j extend over all ßavors of partons (gluons, quarks, and anti-quarks).
In the above factorization theorem, the dependence on the two disparate scalesmH and
pveto

T # mH is completely explicit. Large logarithms of their ratio canbe resummed by
choosing the factorization scale around the jet veto,µ $ pveto

T . With such a choice, the
functions Fgg and I g" i have well-behaved perturbative expansions free of large logarithms.
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Beam function factorizes

Cross section: 

Result for cross section
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dσ(pveto
T )

dy
= σ0(µ) C2

t (m2
t , µ)

!
!CS(! m2

H , µ)
!
!2

"
mH

pveto
T

# ! 2Fgg (pveto
T ,µ)

(28)

"
$

i,j

Ig" i (pveto
T , µ) # φi/P (µ) Ig" j (pveto

T , µ) # φj/P (µ)

where the sums overi, j extend over all ßavors of partons (gluons, quarks, and anti-
quarks). In the above factorization theorem, the dependence on the two disparate scalesmH

and pveto
T $ mH is completely explicit. Large logarithms of their ratio canbe resummed

by choosing the factorization scale around the jet veto,µ % pveto
T . With such a choice, the

functions Fgg and Ig" i have well-behaved perturbative expansions free of large logarithms.
Explicit expressions will be presented in the next section.Large logarithms ofmH /pveto

T are
contained in the anomaly term (in exponentiated form) and inthe short-distance matching
coefficients Ct and CS, whose form is know at NNLO in RG-improved perturbation theory.
The corresponding expressions are collected in the Appendix.

A particularly nice formula is obtained after we integrate the differential cross section over
rapidity. It reads

σ(pveto
T ) = σ0(µ) C2

t (m2
t , µ)

!
!CS(! m2

H , µ)
!
!2

"
mH

pveto
T

# ! 2Fgg (pveto
T ,µ)

"
$

i,j = g,q

%1

τ

dz

z
IIij (z, pveto

T , µ) ffij (z, µ) ,

(29)

where the Mellin convolutionIIij & Ig" i # Ig" j is deÞned as

IIij (z, pveto
T , µ) =

%1

z

du

u
Ig" i (u, pveto

T , µ) Ig" j (u/z, pveto
T , µ) ; i, j = g, q (30)

are the convolutions of two kernel functions, whileffij are ßavor-singlet parton luminosity
functions, given byffgg = φg/P # φg/P , ffgq = φg/P #

&
q

'
φq/P + φøq/P

(
, etc.

To complete our discussion, we present the RG equations obeyed by the various functions
in (28). The evolution equation for the Wilson coefficient Ct was Þrst given in [29], while that
for CS can be found, e.g., in [7]. The evolution equations for the functions Fgg and Ig" i then
follow from the scale invariance of the cross section. In analogy with our discussion in [26],
we Þnd

d

d ln µ
Fgg(pveto

T , µ) = 2 ΓA
cusp(µ) ,

d

d ln µ
Ig" i (z, pveto

T , µ) =
)
2ΓA

cusp(µ) ln
µ

pveto
T

! 2γg(µ)
*
Ig" i (z, pveto

T , µ)

!
$

j

%1

z

du

u
Ig" j (u, pveto

T , µ) Pj " i (z/u, µ) ,

(31)

wherePj " i are the usual DGLAP splitting functions.
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Ingredients for NNLL resummation
• One-loop Ig ←j (pTveto, µ), computed in our paper.
• Two-loop constant d2(R) in anomaly Fgg(pTveto, µ)

• Related to F (R) computed by BSZ

• In BN, we extracted d2veto(R) from F (R). This involves 
taking the limit R �à��! . 

• BMSZ: limits pTveto �à  0 and R �à��! do not commute, 
extra constant term arises. Changes numerical value of 
d2veto(R) significantly.

• Have now computed d2veto(R) directly in SCET. Result is 
fully consistent with BMSZ
• Updated phenomenological analysis under way.

TB, Neubert, Rothen, in preparation
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Comparison to other work
• NNLL formula of BSMZ is equivalent to ours

• both general structure, and explicit computations 
of ingredients agree

• TWZ and LP (for 0 jets) use different formalism 
(“rapidity renormalization group”), but obtain the 
same factorization formula

• argue that factorization only holds at small R and 
that soft-collinear mixing terms will spoil 
resummation to NNLL



Soft-collinear mixing terms?
• Both soft and collinear 

contributions are integrated 
over full phase space in SCET

• Avoid double counting by
• multi-pole expanding 

integrands
• or by performing “zero-bin” 

subtraction of overlap

k+

k!

Q

! Q

�2Q

�2Q ! Q Q

n-coll.

øn-coll.

soft

Figure 1 . The mass-shell hyperbolae showing the distinction between the di↵erent sectors [5]. The
separation between soft and collinear modes is arbitrary and leads to rapidity divergences. The soft
sector has two distinct rapidity (UV) divergences that must cancel with rapidity (IR) divergences
arising from the collinear sector.

Let us now see how factorization of the soft from collinear modes leads to rapidity diver-
gences. Consider the full theory one loop vertex correction. The relevant scalar integral is
given by

If =
Z

[dnk]
1

(k2 � M2)
1

(k2 � n · køn · p1 + i✏)
1

(k2 � øn · kn · p2 � i✏)
(4.3)

This integral is Þnite in UV as well as the IR. In the e↵ective theory there are three
contributions. A soft integral coming from taking the limit kµ ! (M, M, M )

IS =
Z

[dnk]
1

(k2 � M2)
1

(�n · k + i✏)
1

(�øn · k + i✏)
(4.4)

and two collinear integrals (In, In̄) of the form

In =
Z

[dnk]
1

(k2 � M2)
1

(k2 � n · k øn · p1 + i✏)
1

(�øn · k + i✏)
. (4.5)

Given that the full theory graph is IR Þnite, so must be the sum of the e↵ective theory
graphs. Let us consider the soft graph integrating overk?.

IS ⇠
Z

[d2k](n · k øn · k � M2)�2✏ 1
(�n · k + i✏)

1
(�øn · k + i✏)

(4.6)

We see that the relevant region of phase space lives on the hyperbolan · k øn · k ⇠ M2, shown
in Þgure 1. O↵ the hyperbola the integral becomes scaleless. Given this restriction, we note
that the integral diverges when the rapidity (n · k/øn · k) approaches inÞnity or zero. These
divergences are not regulated by dimensional regularization and correspond to the rapidity
divergences that arise when the soft integral overlaps with the two collinear rapidity regions.
This is illustrated in Þgure (4). On the other hand, if we consider the collinearn diagram

Ð 9 Ð

• Find that soft-collinear mixing contribution cancels 
against zero-bin subtraction of collinear-collinear.

• If integrand is expanded in small soft rapidities, both 
terms are absent.



Evidence for the absence sc-mixing

• Our computation of the R-dependent terms does 
not include sc-mixing but agrees with QCD 
computation BMSZ

• BMSZ have explicitly verified that they correctly 
reproduce the logarithmic terms at O(αs2) and 
O(αs3)

3

section for the jet-veto is given by:

Σ(J)
NNLL(pt,veto) =

∑

i,j

∫

dx1dx2 |MB|2δ(x1x2s−M2)

×
[

fi
(

x1, e
−LµF

)

fj
(

x2, e
−LµF

)

(

1 +
αs

2π
H(1)

)

+

+
αs

2π

1

1− 2αsβ0L

∑

k

∫ 1

x1

dz

z

(

C(1)
ki (x1)fi

(x1

z
, e−LµF

)

× fj
(

x2, e
−LµF

)

+ {(x1, i) ↔ (x2, j)}
)]

(1 + Fclust + Fcorrel)× eLg1(αsL)+g2(αsL)+αs
π g3(αsL) ,

(8)

where the coefficient functions H(1) and C(1)
ki , and re-

summation functions g1, g2 and g3 are as derived for the
boson pBt resummation [6, 7, 9] (reproduced for complete-
ness in the supplemental material to this letter [35], to-
gether with further discussion on the connection to boson
pBt resummation). The results are expressed in terms of
L = ln(Q/pt,veto), αs ≡ αs(µR); the resummation, renor-
malisation and factorisation scales Q,µR and µF are to
be chosen of order of M .
A form similar to Eq. (8) was derived independently in

[22] for Higgs production, also using ingredients from [21].
It differs however at NNLL in that the combination
of f clust + f correl is accompanied by an extra −ζ3CA.
Ref. [22] had used a NNLL analysis of the R → ∞ limit
to relate jet and boson-pt resummations. A subtlety of
this limit is that one must then account for a N3LL α2

sR
term, which for R ! lnM/pt is promoted to an additional
NNLL α2

s lnM/pt contribution [35].
One check of Eq. (8) is to expand it in powers of

αs, Σ(J)
NNLL(pt) = α2

s

∑∞
n=0 Σ

(J)
NNLL,n(pt), and compare

dΣ(J)
NNLL,2(pt)/d ln pt to the NLO Higgs+1 jet predic-

tion [36–38] from MCFM [39], dΣ(J)
2 (pt)/d ln pt. NNLL

resummation implies control of terms α2
sL

3 . . .α2
s (con-

stant terms) in this quantity and so the difference be-
tween MCFM and the 2nd order expansion of the resum-
mation should vanish for large L. This is what we find
within reasonable precision. The precision of the test
can be increased if one considers the O

(

α2
s

)

difference
between the jet and boson-pt resummations, which has
fewer logarithms and so is numerically easier to deter-
mine in MCFM. It is predicted to be

dΣ(J)
NNLL,2(pt)

d ln pt
−

dΣ(B)
NNLL,2(pt)

d ln pt
=

−
4Cα2

sσ0

π2

(

f clust(R) + f correl(R) + ζ3 C
)

. (9)

This is compared to MCFM’s LO H+2-jet result in the
upper panel of Fig. 1. There is excellent agreement at
small pt, for each of three R values. The result of [22]
(BN, only for R = 0.5) is also shown for comparison.
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FIG. 1. Upper panel: 2nd order di ! erence between jet and
Higgs-boson lnpt di! erential distributions, showing the coef-
Þcient of 4! 2

s CA " 0/ #2 as determined with MCFM and pre-
dicted in Eq. (9), for three R values. We also show the pre-
diction from [22] (BN). Lower panel: di ! erences atO

!
! 3

s " 0
"

between jet and boson lnpt di! erential distributions, with the
expected! 3

s " 0L 2 term subtracted (denoted by a subscript lin ),
showing the MCFM H+2-jet NLO result compared to our
NNLL prediction for the ! 3

s " 0L term.

The above test can be extended one order further
by examining the order α3

sσ0 difference between the jet
and boson pt differential distributions. The comparison
between our predictions and MCFM H+2-jet NLO re-
sults [42, 43] is given in Fig. 1 (lower panel), for each of
three R values. To facilitate visual interpretation of the
results, the expected α3

sσ0L2 term has been subtracted.
The residual α3

sσ0L term is clearly visible in the MCFM
results and, within the fluctuations, coincides well with
our predictions, providing a good degree of corroborating
evidence for the correctness of our results beyond order
α2
sσ0.

To illustrate the phenomenological implications of
our work, we examine the jet veto efficiency ε(pt) ≡
Σ(J)(pt)/σtot, where σtot is the total cross section, known
up to NNLO [44–49]. We combine (“match”) the resum-
mation with fixed-order predictions, available from fully
differential NNLO boson-production calculations [4, 5,
50, 51] or NLO boson+jet calculations [36, 52] imple-
mented in MCFM [53]. We use three matching schemes,
denoted a, b and c, straightforward extensions [35] of
those used at NLL in [21].

3

section for the jet-veto is given by:

! (J )
NNLL (pt ,veto ) =

!

i,j

"
dx1dx2 |M B |2! (x1x2s ! M 2)

"
#
f i

$
x1, e! L µF

%
f j

$
x2, e! L µF

%&
1 +

" s

2#
H (1)

'
+

+
" s

2#
1

1 ! 2" s$0L

!

k

" 1

x 1

dz
z

(
C(1)

ki (x1)f i

&x1

z
, e! L µF

'

" f j
$
x2, e! L µF

%
+ { (x1, i ) # (x2, j )}

) *

(1 + F clust + F correl ) " eLg 1 ( ! s L )+ g2 ( ! s L )+ ! s
" g3 ( ! s L ) ,

(8)

where the coe" cient functions H (1) and C(1)
ki , and re-

summation functions g1, g2 and g3 are as derived for the
bosonpB

t resummation [6, 7, 9] (reproduced for complete-
ness in the supplemental material to this letter [35], to-
gether with further discussion on the connection to boson
pB

t resummation). The results are expressed in terms of
L = ln( Q/p t, veto ), " s $ " s(µR ); the resummation, renor-
malisation and factorisation scalesQ, µR and µF are to
be chosen of order ofM .

A form similar to Eq. (8) was derived independently in
[22] for Higgs production, also using ingredients from [21].
It di #ers however at NNLL in that the combination
of f clust + f correl is accompanied by an extra! %3CA .
Ref. [22] had used a NNLL analysis of theR % & limit
to relate jet and boson-pt resummations. A subtlety of
this limit is that one must then account for a N 3LL " 2

sR
term, which for R ! ln M/p t is promoted to an additional
NNLL " 2

s ln M/p t contribution [35].
One check of Eq. (8) is to expand it in powers of

" s, ! (J )
NNLL (pt ) = " 2

s
+ "

n =0 ! (J )
NNLL ,n (pt ), and compare

d! (J )
NNLL ,2(pt )/d ln pt to the NLO Higgs+1 jet predic-

tion [36Ð38] from MCFM [39], d! (J )
2 (pt )/d ln pt . NNLL

resummation implies control of terms " 2
sL 3 . . . " 2

s (con-
stant terms) in this quantity and so the di #erence be-
tween MCFM and the 2nd order expansion of the resum-
mation should vanish for large L . This is what we Þnd
within reasonable precision. The precision of the test
can be increased if one considers theO

$
" 2

s

%
di! erence

between the jet and boson-pt resummations, which has
fewer logarithms and so is numerically easier to deter-
mine in MCFM. It is predicted to be

d! (J )
NNLL ,2(pt )

d ln pt
!

d! (B )
NNLL ,2(pt )

d ln pt
=

!
4C" 2

s&0

#2

$
f clust (R) + f correl (R) + %3 C

%
. (9)

This is compared to MCFMÕs LO H+2-jet result in the
upper panel of Fig. 1. There is excellent agreement at
small pt , for each of threeR values. The result of [22]
(BN, only for R = 0 .5) is also shown for comparison.

-15

-10

-5

 0

 5

 10

 15

-8 -7 -6 -5 -4 -3 -2 -1  0[d
!

J (p
t)/

d 
ln

 p
t "

 d
!

B
(p

t)/
d 

ln
 p

t] 
/ (

4 
#

s2  C
A
 $

0 
/%

2 ) 
  

ln pt/mH

pp, 7 TeV, mH = 125 GeV
µR = µF  = mH/2
MSTW2008 NNLO PDFs
anti-kt jets

R=1.5

R=0.5

R=0.1

MCFM H+2-jet LO

BMSZ (this work) O(#s
2 L0)

BN (R=0.5)

-5

 0

 5

 10

 15

 20

-6 -5 -4 -3 -2 -1  0

[d
!

J (p
t)/

d 
ln

 p
t "

 d
!

B
(p

t)/
d 

ln
 p

t] l
in

 [f
b]

ln pt/mH

pp, 40 TeV, mH = 5 TeV
µR = µF  = mH/2
MSTW2008 NNLO PDFs
anti-kt jets

R=0.5

R=1.5

R=0.1

MCFM H+2-jet NLO

BMSZ (this work) O(#s
3 L)

FIG. 1. Upper panel: 2nd order di ! erence between jet and
Higgs-boson lnpt di! erential distributions, showing the coef-
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s CA " 0/ #2 as determined with MCFM and pre-
dicted in Eq. (9), for three R values. We also show the pre-
diction from [22] (BN). Lower panel: di ! erences atO
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between jet and boson lnpt di! erential distributions, with the
expected! 3

s " 0L 2 term subtracted (denoted by a subscript lin ),
showing the MCFM H+2-jet NLO result compared to our
NNLL prediction for the ! 3

s " 0L term.

The above test can be extended one order further
by examining the order " 3

s&0 di#erence between the jet
and bosonpt di#erential distributions. The comparison
between our predictions and MCFM H+2-jet NLO re-
sults [42, 43] is given in Fig. 1 (lower panel), for each of
three R values. To facilitate visual interpretation of the
results, the expected" 3

s&0L 2 term has been subtracted.
The residual " 3

s&0L term is clearly visible in the MCFM
results and, within the ßuctuations, coincides well with
our predictions, providing a good degree of corroborating
evidence for the correctness of our results beyond order
" 2

s&0.

To illustrate the phenomenological implications of
our work, we examine the jet veto e" ciency ' (pt ) $
! (J ) (pt )/ &tot , where&tot is the total cross section, known
up to NNLO [44Ð49]. We combine (ÒmatchÓ) the resum-
mation with Þxed-order predictions, available from fully
di#erential NNLO boson-production calculations [4, 5,
50, 51] or NLO boson+jet calculations [36, 52] imple-
mented in MCFM [53]. We use three matching schemes,
denoted a, b and c, straightforward extensions [35] of
those used at NLL in [21].
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Figure 2: Resummed results without matching. The upper panel corresponds to NLL (which
is independent of R), the middle panel to NNLL. The lower panel shows an alternative version
of NNLL, in which the NNLL in the anomaly were expanded out. The full hard function is
used in all cases. The factorization scale has been varied in the region pveto

T /2 < µf < 2pveto

T .
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Numerical results
In the following, I will 
show various plots, of 
the cross section.
All plots have the 
same format as the 
one on the right.
The results are 
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Figure 1: The jet-veto cross section σ(pvetoT ) and efficiency ε(pvetoT ) for Higgs production at
the LHC, at NLO (shaded light bands) and NNLO (dark bands) in fixed-order perturbation
theory. The first two panels compare the scale choices µ ∼ mH and µ ∼ pvetoT . The right
panels show predictions for the veto efficiency, defined either as a perturbative series in αs

(third plot), or as the ratio of the nth-order vetoed cross section to the nth-order total cross
section (last plot).

from a significant scheme ambiguity. The last plot in the figure shows the predictions for the
efficiency obtained when one expands the two cross sections σ(pvetoT ) and σtot to NLO or NNLO,
but then takes their ratio without performing a further expansion in powers of αs. Comparing
the last two panels, we observe that the scheme dependence remains uncomfortably large even
at NNLO.

The leading-logarithmic (LL) corrections to the jet-veto cross section were studied us-
ing parton showers [12, 13], but for a long time no systematic resummation of higher-order
logarithmic terms was available. To improve the accuracy of the numerical predictions, the
parton-shower results were re-weighted to the Higgs-boson qT spectrum obtained at next-
to-next-to-leading logarithmic (NNLL) order, as implemented in the code HqT [14]. As an
alternative, it was suggested to use the event-shape variable beam thrust instead of a jet veto
to discriminate against the background from top decays [15]. The NNLL resummed results for
this variable confirmed the picture that there are large corrections from collinear emissions.
It was found that a fixed-order computation is not reliable and that the scale variation un-
derestimates the perturbative uncertainties. While beam thrust is theoretically simpler than
the jet veto, it would be more difficult to use in experimental analyses, since this observable
is sensitive to underlying-event and pile-up effects. Based on the results for beam thrust,
an alternative way to estimate the scale uncertainties for Higgs searches using jet bins was
proposed in [16].

Very recently, however, it was pointed out that the resummation for the jet-veto cross
section defined with a standard sequential jet algorithm is indeed feasible, and numerical
results for the cross section at NLL order were presented [17]. These results were obtained
using the Caesar code [18], which performs automated NLL resummations for observables
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Figure 1: The jet-veto cross section σ(pvetoT ) and efficiency ε(pvetoT ) for Higgs production at
the LHC, at NLO (shaded light bands) and NNLO (dark bands) in fixed-order perturbation
theory. The first two panels compare the scale choices µ ∼ mH and µ ∼ pvetoT . The right
panels show predictions for the veto efficiency, defined either as a perturbative series in αs

(third plot), or as the ratio of the nth-order vetoed cross section to the nth-order total cross
section (last plot).

from a significant scheme ambiguity. The last plot in the figure shows the predictions for the
efficiency obtained when one expands the two cross sections σ(pvetoT ) and σtot to NLO or NNLO,
but then takes their ratio without performing a further expansion in powers of αs. Comparing
the last two panels, we observe that the scheme dependence remains uncomfortably large even
at NNLO.

The leading-logarithmic (LL) corrections to the jet-veto cross section were studied us-
ing parton showers [12, 13], but for a long time no systematic resummation of higher-order
logarithmic terms was available. To improve the accuracy of the numerical predictions, the
parton-shower results were re-weighted to the Higgs-boson qT spectrum obtained at next-
to-next-to-leading logarithmic (NNLL) order, as implemented in the code HqT [14]. As an
alternative, it was suggested to use the event-shape variable beam thrust instead of a jet veto
to discriminate against the background from top decays [15]. The NNLL resummed results for
this variable confirmed the picture that there are large corrections from collinear emissions.
It was found that a fixed-order computation is not reliable and that the scale variation un-
derestimates the perturbative uncertainties. While beam thrust is theoretically simpler than
the jet veto, it would be more difficult to use in experimental analyses, since this observable
is sensitive to underlying-event and pile-up effects. Based on the results for beam thrust,
an alternative way to estimate the scale uncertainties for Higgs searches using jet bins was
proposed in [16].

Very recently, however, it was pointed out that the resummation for the jet-veto cross
section defined with a standard sequential jet algorithm is indeed feasible, and numerical
results for the cross section at NLL order were presented [17]. These results were obtained
using the Caesar code [18], which performs automated NLL resummations for observables
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Figure 1: The jet-veto cross section σ(pvetoT ) and efficiency ε(pvetoT ) for Higgs production at
the LHC, at NLO (shaded light bands) and NNLO (dark bands) in fixed-order perturbation
theory. The first two panels compare the scale choices µ ∼ mH and µ ∼ pvetoT . The right
panels show predictions for the veto efficiency, defined either as a perturbative series in αs

(third plot), or as the ratio of the nth-order vetoed cross section to the nth-order total cross
section (last plot).

from a significant scheme ambiguity. The last plot in the figure shows the predictions for the
efficiency obtained when one expands the two cross sections σ(pvetoT ) and σtot to NLO or NNLO,
but then takes their ratio without performing a further expansion in powers of αs. Comparing
the last two panels, we observe that the scheme dependence remains uncomfortably large even
at NNLO.

The leading-logarithmic (LL) corrections to the jet-veto cross section were studied us-
ing parton showers [12, 13], but for a long time no systematic resummation of higher-order
logarithmic terms was available. To improve the accuracy of the numerical predictions, the
parton-shower results were re-weighted to the Higgs-boson qT spectrum obtained at next-
to-next-to-leading logarithmic (NNLL) order, as implemented in the code HqT [14]. As an
alternative, it was suggested to use the event-shape variable beam thrust instead of a jet veto
to discriminate against the background from top decays [15]. The NNLL resummed results for
this variable confirmed the picture that there are large corrections from collinear emissions.
It was found that a fixed-order computation is not reliable and that the scale variation un-
derestimates the perturbative uncertainties. While beam thrust is theoretically simpler than
the jet veto, it would be more difficult to use in experimental analyses, since this observable
is sensitive to underlying-event and pile-up effects. Based on the results for beam thrust,
an alternative way to estimate the scale uncertainties for Higgs searches using jet bins was
proposed in [16].

Very recently, however, it was pointed out that the resummation for the jet-veto cross
section defined with a standard sequential jet algorithm is indeed feasible, and numerical
results for the cross section at NLL order were presented [17]. These results were obtained
using the Caesar code [18], which performs automated NLL resummations for observables
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NNLL resummed result

• At low R the result contains log(R) terms 
which are not resummed. 

• Good theoretical control R>0.6 
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Figure 2: Resummed results without matching. The upper panel corresponds to NLL (which
is independent of R), the middle panel to NNLL. The lower panel shows an alternative version
of NNLL, in which the NNLL in the anomaly were expanded out. The full hard function is
used in all cases. The factorization scale has been varied in the region pveto

T /2 < µf < 2pveto

T .
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Figure 1: The jet-veto cross section σ(pvetoT ) and efficiency ε(pvetoT ) for Higgs production at
the LHC, at NLO (shaded light bands) and NNLO (dark bands) in fixed-order perturbation
theory. The first two panels compare the scale choices µ ∼ mH and µ ∼ pvetoT . The right
panels show predictions for the veto efficiency, defined either as a perturbative series in αs

(third plot), or as the ratio of the nth-order vetoed cross section to the nth-order total cross
section (last plot).

from a significant scheme ambiguity. The last plot in the figure shows the predictions for the
efficiency obtained when one expands the two cross sections σ(pvetoT ) and σtot to NLO or NNLO,
but then takes their ratio without performing a further expansion in powers of αs. Comparing
the last two panels, we observe that the scheme dependence remains uncomfortably large even
at NNLO.

The leading-logarithmic (LL) corrections to the jet-veto cross section were studied us-
ing parton showers [12, 13], but for a long time no systematic resummation of higher-order
logarithmic terms was available. To improve the accuracy of the numerical predictions, the
parton-shower results were re-weighted to the Higgs-boson qT spectrum obtained at next-
to-next-to-leading logarithmic (NNLL) order, as implemented in the code HqT [14]. As an
alternative, it was suggested to use the event-shape variable beam thrust instead of a jet veto
to discriminate against the background from top decays [15]. The NNLL resummed results for
this variable confirmed the picture that there are large corrections from collinear emissions.
It was found that a fixed-order computation is not reliable and that the scale variation un-
derestimates the perturbative uncertainties. While beam thrust is theoretically simpler than
the jet veto, it would be more difficult to use in experimental analyses, since this observable
is sensitive to underlying-event and pile-up effects. Based on the results for beam thrust,
an alternative way to estimate the scale uncertainties for Higgs searches using jet bins was
proposed in [16].

Very recently, however, it was pointed out that the resummation for the jet-veto cross
section defined with a standard sequential jet algorithm is indeed feasible, and numerical
results for the cross section at NLL order were presented [17]. These results were obtained
using the Caesar code [18], which performs automated NLL resummations for observables
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Figure 1: The jet-veto cross section σ(pvetoT ) and efficiency ε(pvetoT ) for Higgs production at
the LHC, at NLO (shaded light bands) and NNLO (dark bands) in fixed-order perturbation
theory. The first two panels compare the scale choices µ ∼ mH and µ ∼ pvetoT . The right
panels show predictions for the veto efficiency, defined either as a perturbative series in αs

(third plot), or as the ratio of the nth-order vetoed cross section to the nth-order total cross
section (last plot).

from a significant scheme ambiguity. The last plot in the figure shows the predictions for the
efficiency obtained when one expands the two cross sections σ(pvetoT ) and σtot to NLO or NNLO,
but then takes their ratio without performing a further expansion in powers of αs. Comparing
the last two panels, we observe that the scheme dependence remains uncomfortably large even
at NNLO.

The leading-logarithmic (LL) corrections to the jet-veto cross section were studied us-
ing parton showers [12, 13], but for a long time no systematic resummation of higher-order
logarithmic terms was available. To improve the accuracy of the numerical predictions, the
parton-shower results were re-weighted to the Higgs-boson qT spectrum obtained at next-
to-next-to-leading logarithmic (NNLL) order, as implemented in the code HqT [14]. As an
alternative, it was suggested to use the event-shape variable beam thrust instead of a jet veto
to discriminate against the background from top decays [15]. The NNLL resummed results for
this variable confirmed the picture that there are large corrections from collinear emissions.
It was found that a fixed-order computation is not reliable and that the scale variation un-
derestimates the perturbative uncertainties. While beam thrust is theoretically simpler than
the jet veto, it would be more difficult to use in experimental analyses, since this observable
is sensitive to underlying-event and pile-up effects. Based on the results for beam thrust,
an alternative way to estimate the scale uncertainties for Higgs searches using jet bins was
proposed in [16].

Very recently, however, it was pointed out that the resummation for the jet-veto cross
section defined with a standard sequential jet algorithm is indeed feasible, and numerical
results for the cross section at NLL order were presented [17]. These results were obtained
using the Caesar code [18], which performs automated NLL resummations for observables
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NNLL, no matching

PRELIMINARY



Matching to NNLO fixed order
Will consider three schemes

(A) No prefactor.

(B) Factor out overall prefactor 

(C) Extract prefactor 

The large corrections in          also affect 
matching terms: (B) and (C) are better 
motivated.

σNNLL+NNLO = σNNLL + ∆σmatch (29)

σNNLL+NNLO = C2
t |CS|2

(

mH

pveto
T

)−2Fgg
[

Ig←i ⊗ φi/P Ig←j ⊗ φj/P + ∆match

]

(30)

10

σNNLL+NNLO = σNNLL + ∆σmatch (29)

σNNLL+NNLO = C2
t |CS|2

(

mH

pveto
T

)−2Fgg
[

Ig←i ⊗ φi/P Ig←j ⊗ φj/P + ∆match

]

(30)

10

σNNLL+NNLO = σNNLL + ∆σmatch (29)

σNNLL+NNLO = C2
t |CS|2

(

mH

pveto
T

)−2Fgg
[

Ig←i ⊗ φi/P Ig←j ⊗ φj/P + ∆match

]

(30)

10



• Small scale dependence in A, very small scale uncertainty in 
scheme C

• Cancellation of scale dependence between resummed result 
and matching correction.
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Figure 3: Resummed results with naive matching.
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Figure 4: Resummed results with matching. The hard function is factored out before the
matching is performed.
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Figure 5: Resummed results with matching. The hard function and the anomaly are both
factored out before the matching is performed.
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Figure 5: Resummed results with matching. The hard function and the anomaly are both
factored out before the matching is performed.
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NNLL+NNLO, scheme C (factor out hard function and anomaly)
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NNLL+NNLO, scheme A (naive matching)



• Large scale uncertainty at small R, in contrast to 
the other schemes.

• Given the differences among schemes, it is not 
straightforward to assign theoretical uncertainty 
at low R 
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Figure 5: Resummed results with matching. The hard function and the anomaly are both
factored out before the matching is performed.
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NNLL+NNLO, scheme B (factor out hard function only)
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Summary
• Derived all-order factorization theorem for Higgs cross 

section with a jet veto.

• to NNLL our result is equivalent to BMSZ

• Have computed all ingredients to perform resummation to 
NNLL

• confirm BMSZ result for R-dependent terms

• find that soft-collinear mixing terms are absent

• We are working on updated phenomenological predictions 

• Larger values of R preferred, to avoid large log(R) terms.

• Predict σ instead of ε, will be interesting to compare 
numerical results to BMSZ
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Fixed order for different R
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Figure 1: NNLO fixed order result. The factorization scale has been varied in the region
pveto

T /2 < µf < 2pveto

T .
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Figure 5: Resummed results with matching. The hard function and the anomaly are both
factored out before the matching is performed.
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NNLL+NNLO, scheme A (naive matching)

Fixed order
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One-loop result

•           are usual Altarelli-Parisi Kernels

• Closely related to Higgs qT beam function

• One-loop soft function is scaleless with our 
regulator.

xx xx xx xx

xx

Figure 1: One-loop diagrams contributing to the matching coefficients Ig←g (top row) and
Ig←q (bottom row). The vertical lines indicate cut propagators.

differences between NLL and NNLL calculations for Higgs production at the LHC. [Shall we
derive results for their A and B coefficients (or however they are called)?]

While a two-loop calculation of the coefficient dveto
2 in (31) and the kernels Ig←i is beyond the

scope of this work, we believe that such a calculation may still be practicable using presently
available tools. An analytic regularization scheme appropriate for SCET calculations beyond
one-loop order has recently been developed in [31]. Sensitivity to the jet algorithm arises first
in two-loop diagrams in which two intermediate lines are cut, corresponding to final states X
containing two collinear, anti-collinear, or soft partons. In the phase-space integrals for these
partons, we can change variables such that

d3ki

(2π)3 2Eki

→
dyi dφi kT i dkT i

16π3
; i = 1, 2 , (36)

where kT i = |k⊥i|, and without loss of generality we can set φ1 = 0 and φ2 = φ. If for the
two emitted partons

√

(y1 − y2)2 + φ2 < R, then these two partons are merged into a single
jet, and the jet veto must be applied to the sum of their transverse momenta, i.e., we must
impose that

√

k2
T1 + k2

T2 + 2kT1kT2 cos φ < pveto
T . This happens inside a disk with radius R

in the y –φ plane. If the first condition is not satisfied, then the partons are classified as
two individual jets and the jet veto must be applied to each of them, i.e., we must require
that kT1, kT2 < pveto

T . The integrals over transverse momenta can be evaluated after the jet
clustering has performed.

4 Phenomenological applications

...

5 Summary

...
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3 Resummation at NNLL order

At NNLL order, the functions Fgg and Ig←i entering the factorization formulae (28) and (29)
are closely related to corresponding quantities entering the resummed cross section for Higgs
production at small transverse momentum [26, 32]. For a consistent treatment at NNLL order,
we require the anomaly exponent Fgg at two-loop order, while the one-loop expressions for the
kernel functions Ig←i suffice.

At two-loop order, the solution to the first evolution equation in (31) reads

Fgg(p
veto
T , µ) = as ΓA

0 L⊥ + a2
s

(

ΓA
0 ! 0

L2
⊥

2
+ ΓA

1 L⊥ + dveto
2

)

; L⊥ = 2 ln
µ

pveto
T

, (32)

where as ! " s(µ)/(4#), ΓA
0 = 4CA and ΓA

1 =
(

268
9 " 4π2

3

)

C2
A " 80

9 CATF nf are the one- and
two-loop coefficients of the cusp anomalous dimension, and ! 0 = 11

3 CA " 4
3 TFnf denotes the

one-loop coefficient of the ! function. The constant term dveto
2 is independent of the jet veto

pveto
T but in general will depend on the jet algorithm. At one-loop order, the solution to the

second evolution equation in (31) can be written as

Ig←i(z, p
veto
T , µ) = $(1 " z) $gi

[

1 + as

(

ΓA
0

L2
⊥

4
" %g

0 L⊥

)]

+ as

[

" P(1)
g←i(z)

L⊥

2
+ Rg←i(z)

]

,

(33)
where %g

0 = " ! 0,

P(1)
g←g(z) = 8CA

[

z

(1 " z)+

+
1 " z

z
+ z(1 " z)

]

+ 2! 0 $(1 " z) ,

P(1)
g←q(z) = 4CF

1 + (1 " z)2

z

(34)

are the one-loop splitting functions.
The calculation of the kernel functions at one-loop order proceeds in close analogy to the

calculation of the corresponding functions entering in the qT resummation for Drell-Yan or
Higgs production, which was performed in the SCET approach in [26, 32], and indeed the
above notation matches that used in these papers. The relevant Feynman graphs are shown
in Figure 1. Since at this order only a single parton line is cut (corresponding to one-particle
states X), the jet veto is trivially implemented as n upper cut on the transverse momentum of
that parton. The results of our calculation agree with the above relations, which were derived
from the corresponding evolution equations. For the remainder functions in (33), we obtain

Rg←g(z) = " CA
#2

6
$(1 " z) , Rg←q(z) = 2CFz . (35)

The soft function S vanishes at one-loop order (like int he case of qT resummation), but it is
expected to be non-zero in higher orders, where the jet veto imposes non-trivial phase-space
constraints. The two-loop constant dveto

2 in (32) can not be determined from our one-loop
analysis. It accounts for genuine two-loop effects and it therefore expected to differ from the
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Anomaly exponent Fgg

• To achieve NNLL, we need one-loop Ig←i and two-loop Fgg

• Fgg  is fixed by RG equation, except for constant d2veto.

• d2veto  depends on jet radius R but is the same for all kT-
style algorithms.

• Analogous coefficient d2Higgs for Higgs qT spectrum is 
known. TB, Neubert ’11

3 Resummation at NNLL order
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T but in general will depend on the jet algorithm. At one-loop order, the solution to the

second evolution equation in (31) can be written as

Ig←i(z, p
veto
T , µ) = δ(1 − z) δgi

[

1 + as

(

ΓA
0

L2
⊥

4
− γg

0 L⊥

)]

+ as

[

−P(1)
g←i(z)

L⊥

2
+ Rg←i(z)

]

,

(33)
where γg

0 = −β0,

P(1)
g←g(z) = 8CA

[

z

(1 − z)+

+
1 − z

z
+ z(1 − z)

]

+ 2β0 δ(1 − z) ,

P(1)
g←q(z) = 4CF

1 + (1 − z)2

z

(34)

are the one-loop splitting functions.
The calculation of the kernel functions at one-loop order proceeds in close analogy to the

calculation of the corresponding functions entering in the qT resummation for Drell-Yan or
Higgs production, which was performed in the SCET approach in [26, 32], and indeed the
above notation matches that used in these papers. The relevant Feynman graphs are shown
in Figure 1. Since at this order only a single parton line is cut (corresponding to one-particle
states X), the jet veto is trivially implemented as n upper cut on the transverse momentum of
that parton. The results of our calculation agree with the above relations, which were derived
from the corresponding evolution equations. For the remainder functions in (33), we obtain

Rg←g(z) = −CA
π2

6
δ(1 − z) , Rg←q(z) = 2CFz . (35)

The soft function S vanishes at one-loop order (like int he case of qT resummation), but it is
expected to be non-zero in higher orders, where the jet veto imposes non-trivial phase-space
constraints. The two-loop constant dveto

2 in (32) can not be determined from our one-loop
analysis. It accounts for genuine two-loop effects and it therefore expected to differ from the
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Figure 8. Comparison of the numerical and small-R analytical determinations of the CA and CF

pieces of Fcorrel.

numerical integration of Eq. (A.15), which also allows for a check of the range of validity

of the power series in R. The result that we obtain is

Fcorrel = R′

B

αs(pt,veto)

π

[(
−131 + 12π2 + 132 ln 2

)
CA

72
ln

1.74

R
+

(23 − 24 ln 2)nf

72
ln

0.84

R

+

(
1429 + 3600π2 + 12480 ln 2

)
CA + (3071 − 1680 ln 2)nf

172800
R2

+

(
−9383279 − 117600π2 + 1972320 ln 2

)
CA + 2(178080 ln 2− 168401)nf

406425600
R4

+
(74801417 − 33384960 ln 2)CA + (7001023 − 5322240 ln 2)nf

97542144000
R6 +O

(
R8
) ]

. (A.16)

This result is compared to the full numerical determination in Fig. 8.

A.2 Independent emission

In the case of the jet observables that we have been discussing, the starting point for the

independent-emission correction is

F indep = exp

(
−

∫ v

εv

[dk]M2
g,rc(k)

)
×

×
∑

n=0

1

n!

(
n∏

i=1

∫

εv

[dki]M
2
g,rc(ki)Θ(v − V (ki))

)
1

2!

∫
[dka][dkb]M

2
g,rc(ka)M

2
g,rc(kb)×

× [Θ(v − V (ka, kb))−Θ(v − V (ka))Θ(v − V (kb))] . (A.17)

The second term in square brackets on the last line corresponds to the approximation made

in obtaining F = 1 at NLL; the first term corresponds to the actual value of the observable.

The evaluation of this formula largely follows the working given above in the correlated

emission case, with the main difference that now the only region that contributes is that
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