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We present predictions for Higgs production via gluon fusion with a pr veto on jets and with the
resummation of jet-veto logarithms at NNLL’ + NNLO order. These results incorporate explicit O(a?)
calculations of soft and beam functions, which include the dominant dependence on the jet radius R. In
particular the NNLL' order accounts for the correct boundary conditions for the N3LL resummation, for
which the only unknown ingredients are higher-order anomalous dimensions. We use scale variations in a
factorization theorem in both rapidity and virtuality space to estimate the perturbative uncertainties,
accounting for both higher fixed-order corrections as well as higher-order towers of jet-p logarithms. This
formalism also predicts the correlations in the theory uncertainty between the exclusive O-jet and inclusive
1-jet bins. At the values of R used experimentally, there are important corrections due to jet algorithm
clustering that include logarithms of R. Although we do not sum logarithms of R, we do include an explicit
contribution in our uncertainty estimate to account for higher-order jet clustering logarithms. Precision
predictions for this H + 0-jet cross section and its theoretical uncertainty are an integral part of Higgs

analyses that employ jet binning.
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I. INTRODUCTION

After the discovery of a Higgs boson [1,2], a central
objective of the LHC physics program is to measure the
properties of the new particle by exploiting all accessible
production and decay channels. The gg — H - WW
channel is very sensitive to the Higgs coupling to W gauge
bosons. The gg - H — 77 channel provides direct sensi-
tivity to the Higgs couplings to fermions and is the only
measurable channel that gives direct access to the Higgs
couplings in the leptonic sector of the Standard Model. In
both these channels the experimental analyses separate the
data into jet bins to take advantage of the fact that the
signal-over-background ratio, as well as the dominant
background contributions, strongly depend on the number
of jets in the final state. Of particular importance is the 0-jet
bin, where any hard jets are vetoed, as it contains the largest
signal cross section.

Extracting the Higgs couplings from the measured
exclusive O-jet cross section requires precise theoretical
predictions. Any type of jet veto introduces a veto scale,
k. For a tight jet veto, k™ < mpy, large Sudakov
logarithms of the veto scale, afln™(k"/my), appear in
the perturbative series and must be resummed to all orders
to obtain a meaningful perturbative prediction. For
k" ~ my, fixed-order perturbation theory can safely be
applied, and the cross section with arbitrary cuts has been
calculated at fixed next-to-next-to-leading order (NNLO)
[3-6]. In the transition region between these two limits,
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both the veto logarithms and nonlogarithmic fixed-order
corrections are numerically important, and a complete
description including both types of perturbative corrections
must be used to obtain the best possible theoretical
precision. For earlier theoretical work on analytic resum-
mation for Higgs jet vetoes see for example [7-14].

In principle, there are several different ways to imple-
ment a veto on additional emissions due to initial-state and
final-state radiation in a given process. A “global jet veto”
corresponds to a restriction applied to the sum of all
radiation, for example through a global event shape such
as beam thrust [15] [or equivalently (N = 0)-jettiness [16]]
or Er =Y |pr|, and allows for precise resummed pre-
dictions [7,15-18].

The current experimental analyses use a jet clustering
algorithm (the anti-ky algorithm [19] with a jet radius R =
0.4 for ATLAS and R = 0.5 for CMS) to identify jets. The
jet veto is then implemented by requiring pJTet < p for
any jets with || < 5t (while jets at larger pseudorapid-
ities are unrestricted). The typical experimental ranges are
Pt ~25 —30 GeV for " ~ 4.5 — 5 (with the high value
of #*" having a small effect on the cross section). In
contrast to a global jet veto, this procedure corresponds to a
“local jet veto,” since the restriction on final state radiation
is applied separately to each individual local cluster of
emissions. ]

For a cut on either E; < p$* or pl' < pSt, the jet-veto
scale is set by py and Sudakov double logarithms of the
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ratio p§'/my, arise. The leading correction to the O-jet cross
section for Higgs production via gluon fusion has the form

C cut
agCy lsz +

) (1)
my

where oo denotes the lowest-order cross section. The
hierarchy between p$" and my implies that resummation of
logarithms of p$*/my should be performed. For the Tet <
p veto, the resummation of p§™* logarithms up to NNLL
has been presented in Refs. [9,10,12].

In this paper, we calculate the resummed H + 0-jet cross
section from gluon fusion using the framework of soft-
collinear effective theory (SCET) [20-24], where the cross
section is factorized into calculable pieces and the resum-
mation is performed by renormalization group evolution
(RGE) in both virtuality and rapidity space. We determine
the cross section at NNLL’ + NNLO order, where we use
the subscript py to exphcltly denote the fact that the
resummation order only counts logarithms of p$™/my
(and not R?). The primed order counting is described for
example in Ref. [7]. It includes the NNLL resummation and
in addition the full O(a?) dependence of the functions
appearing in the factorization theorem (including in our
case the O(a?) effects from jet clustering). These correc-
tions incorporate the dominant NNLO corrections at small
p§*" into the resummed result. They are formally part of the
N3LL resummation for which they provide the correct RGE
boundary conditions. The missing ingredients for a com-
plete N’LL resummation are the unknown three-loop
noncusp and four-loop cusp anomalous dimensions. We
also include the “nonsingular” O(a?) corrections that
vanish as p§" — 0, which are not part of the resummation.
Thus our results incorporate the complete NNLO cross
section for all values of p$*, including the total NNLO
cross section in the limit of large p$™. This allows us to also
obtain resummed predictions for the exclusive O-jet event
fraction (or efficiency) and the inclusive 1-jet cross section
with a cut pJet > p$" on the leading jet.

In our analysis, we place a particular emphasis on a
careful estimate of the remaining perturbative uncertainties
in our predictions. The different contributions to the
uncertainty are estimated by appropriate variations of the
different scales in virtuality and rapidity space appearing in
the factorization theorem. This allows us to distinguish
between and account for both resummation and fixed-order
uncertainties. This formalism then automatically deter-
mines the correlations in the perturbative uncertainties
between the total inclusive, exclusive O-jet, and inclusive

1-jet cross sections.

The O-jet cross section defined by py < p§" has a
complex dependence on the jet algorithm, whose effect is to
introduce a nontrivial dependence on the jet radius R,

UO(PCTm) =0L0 (1 -

jet
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For small R? the numerically most relevant terms contain
logarithms of R? and at O(a?) are of the form [11]
C,(R) ~In"'R* + In"R>+--- +1In R> + O(R?). (3)
They also contain subleading power corrections of O(R?).
The jet clustering effects start at O(a?) (n = 2) relative to
010- They were first calculated in Ref. [9] and at present are
the only clustering corrections that are known. They turn
out to have a sizeable effect on the cross section for jet radii
R = 0.4 and 0.5. The large clustering effects for such small
values of R imply that the logarithms of R? should be
formally treated as being of similar size as the logarithms of

p§*"/my and hence should also be resummed. In particular,
as Eq. (2) shows, counting In R* ~ In(p$*t/my) implies
that there are NLL terms from clustering at each order in «.
However, the clustering coefficients C,.,(R) are unknown,
and in principle a separate fixed-order calculation is
required to obtain each one. This renders the resummation
of the clustering logarithms intractable at present. In our
analysis, we incorporate the known O(a?) clustering
effects, calculate the O(a?) clustering effects that involve
In R?> without a In(my / p), and include an explicit
contribution in our uncertainty estimate for unknown
higher-order clustering terms.

The paper is organized as follows: in Sec. II, we
overview how the cross section is computed using SCET
and give a summary of the results for each part of the cross
section. In Sec. III, we discuss how the perturbative
uncertainties are estimated through scale variation and
how its various components are combined to estimate
the total perturbative uncertainty in the O-jet cross section,
the O-jet fraction, and the inclusive 1-jet cross section. In
Sec. IV, we present the results of our numerical analysis and
our predictions for the LHC for these cross sections. We
conclude in Sec. V.

II. FACTORIZATION WITH A JET ALGORITHM
AT SMALL R

The factorization of the pp — H + O-jet cross section
with a jet algorithm has been discussed in Refs. [10,11]. For
the case of the p; veto on jets in Higgs production via
gluon fusion, the factorized cross section is given by

UU(PCTM) :GBHgg(mt’mHuu)/dYB (mH’pT 7R Xas Hs l/)

X By (myg, 3. R. Xy 1,0) Sy (P, R 1, )
+ GRsub(p%ut’ R) + (chut’R”uns)’ (4)

where
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The first term in Eq. (4) provides the leading contribution to
the cross section at small p$, and contains all the singular
logarithmic terms o’ In/(p$™/my). Tt is factorized into
hard, beam, and soft functions, which are discussed below.
For instance, the leading double logarithm in Eq. (1) is split
up as

cut

HDPT
2 b

(6)

where the three terms on the right-hand side are contained
in the hard, beam, and soft functions, respectively. In
Egs. (4) and (6) u is the usual renormalization/factorization
scale in virtuality, while v denotes the corresponding scale
in rapidity [25,26]. Hence, we can already see that both
invariant mass and rapidity running will be needed to resum
the In(p$"/my) terms with renormalization group
methods.

The resummation at NNLL' requires determining the
functions H,,, B,, and S, to O(a3), as well as identifying
their anomalous d1mens10ns to O(a?), and their cusp
anomalous dimensions to O(a}). We present our new
two-loop results for the soft and beam functions in
Secs. II B and II C below, leaving the details of the
calculations to a separate publication.

The second term in Eq. (4), o&"®(p$™ R), contains
O(R?) contributions whose all-orders soft-collinear fac-
torization is challenging and not known at present. In the
R? < 1 regime, these corrections can formally be treated as
subleading power corrections. Numerically, they are indeed
very small for the values R =0.4 —0.5 which are of
interest. (As explained in Ref. [11], counting R ~ 1, they
would significantly complicate the soft-collinear factoriza-
tion already at leading order in the power counting.) As
shown in Ref. [12], their contribution to the NNLL series is
obtained by multiplying them with the same evolution
factor as the singular terms, and we will follow this same
approach here. Their contribution to the resummed cross
section is discussed in Sec. II D.

The last term in Eq. (4), of*(p$™. R, uys), contains
O(p$"/my) nonsingular corrections, which vanish for
p$ — 0 but become important at large p$'". These terms
are added to the NNLL' result and are required to reproduce
the complete NNLO cross section and achieve the full
NNLL' + NNLO accuracy. Our extraction and analysis of
these terms is discussed in Sec. II E.

cut cut cut
1n2p_T:1n2@+21np_T1 L_anLln
my H H my H v

A. Hard function

The hard function, H,,, in Eq. (4) is determined by
matching QCD onto the gluon fusion operator O,y in
SCET. As discussed in detail in Ref. [7], this matching can
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be performed as a two-step matching [27-30] or a one-step
matching. Since parametrically my/m, = 1, we employ the
one-step matching, which also makes it easy to include the
m, dependence of the ggH form factor in the matching
coefficient C gy (m,, my. p).

The hard matching coefficient satisfies the RG equation

d
dinu In[C g (my, my, p)] = y§,(mp, ). 7)

where the anomalous dimension has the structure
2 .
—my — 10

vi(my. p) = Thusplag ()] In 5

+rilos ()] (8)
U

The solution of Eq. (7) yields the RGE of the matching
coefficient from an initial scale uy to some final scale pu,

ngH (mtv my, ﬂH)

wdu
xexp{/ M—'Lfy‘;’,(mH,//)]. 9)
Hu

ngH (mt’ my, M) =

The hard function is then given by the absolute value
squared of the RG evolved coefficient,

H y(my my.,p) = |Cor(my, my, )| (10)
For the resummation at NNLL', we require the NNLO
result for C,.p, the two-loop result for the noncusp hard
anomalous dimension y',"{, and the three-loop result for the
gluon cusp anomalous dimension Fé’usp [31]. These results
as well as the explicit NNLL expression for the evolution
factor can be found in Appendix B of Ref. [7].

To all orders in perturbation theory the matching
coefficient ~ contains  logarithms of the ratio
(—m?% —i0)/u2. Choosing a real value for the starting
scale py ~my leaves large Sudakov double logarithms
In?>(—1 —i0) = —z?, leading to a poorly convergent per-
turbative expansion of the hard function at this scale. Since
these terms are associated with the logarithms in the
matching coefficient, they can be summed through its
RGE by using an imaginary starting scale uy = —imy
[32-34]. In this way, the double logarithms are fully
minimized, leading to a much better perturbative conver-

gence [35,29]. To illustrate this numerically, for my =
125 GeV we find

( =14+0815+0356+---,
Hyq (ﬂH = my

H g9 (ﬂH —imy

0
H E;q> (up = —imy

)
)
>)_1+0.274+0.042+---, (11)

where Hég) is the lowest-order result in each case, and the
second and third numbers on the right-hand side give the
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NLO and NNLO corrections, respectively. The substantial
improvement in convergence also implies reduced pertur-
bative uncertainties. We therefore use the imaginary hard
scale as the default choice in our numerical results.

B. Soft function

The soft function describes the soft radiation across the
entire event. It is defined as a forward scattering matrix
element of soft Wilson lines along the two incoming beam
directions, with the jet-veto measurement on the final state,

Sgq(PF" R.p.v) = (O[Y,,, Y5, M (p§. R)Y,, ¥',,[0).
(12)

Here, the measurement function M®( P, R) acts on the
soft final state by clustering it into jets of radius R and
requiring that all these jets have pr < p$". This local veto
on individual jets can be divided into a global veto and a
local correction from the jet algorithm clustering, conse-
quently dividing the soft function into a global term and a
jet algorithm correction’,

Spy (PSR v) = SG(p$, . v) + ASly (PSR, . ).
(13)

This isolates the jet algorithm effects into AS’;, which
makes them easier to compute and analyze their resum-
mation properties. Note that these jet algorithm corrections
are defined relative to the chosen global veto, while the full
soft function on the left-hand side is uniquely defined by
specifying the jet-veto measurement, M (p$t, R). At
O(a?), where the clustering corrections are first nonzero,
the two-particle phase space constraints of the anti-ky
algorithm are identical to other kp-type jet algorithms,
which include k; and Cambridge-Aachen [36-39]. This is
also true for the jet algorithm effects in the beam function,
and thus our calculation does not distinguish between these
jet algorithms at the order to which we work.

The soft and beam functions separately contain rapidity
divergences. When they are combined in the cross section,
the rapidity divergences cancel, leaving large ‘“rapidity
logarithms™ In(p$™/my) at fixed order. We employ the
rapidity renormalization group [25,26], which allows one
to apply standard effective theory and RG methods to
regulate and renormalize the rapidity divergences and
perform the resummation of the associated rapidity

'Technically, this division into global and clustering contri-
butions is affected by the fact that non-Abelian exponentiation
occurs for the soft function, and only specifies how the genuinely
new terms at each perturbative order are divided. Since the first
nontrivial clustering correction only arises at O(a?), Eq. (13)
holds for the soft function through NNLO. The exponentiation of
lower-order results will mix global and clustering contributions at
higher orders in the soft function.
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logarithms. It introduces an arbitrary rapidity renormaliza-
tion scale v, whose role in the rapidity RGE is the same as
that of the usual renormalization scale x4 in the standard
virtuality RGE.

In our case, the soft function is multiplicatively renor-
malized in both y and v,

d
dinpu In Sy, (pF", R, p,v) = r5(u,v),

d
Ty M SelPF Ropv) = (P R.pu).  (14)

The anomalous dimensions have the general structure [11]

73(n.v) = 4lplar ()] In & 478, 4],

v (P§ R, ) = =4t (p§*. ) + rilag(p§™). Rl (15)
where

rdy' H
Wmm:/—ﬂmmmmzm@m—+m
Ho /’t ﬂO

(16)

sums an all-orders set of terms in the anomalous dimension
that are determined by the RG consistency. (They are
required to ensure the exact path independence of the
evolution in the two-dimensional y-v space [26].) The RGE
of the soft function is obtained by solving Eq. (14).
Evolving first in rapidity and then in virtuality, we have

Sgg(p%m, R, H, l/) = Sgg(p%ut, R,ﬂs, Us)

v
X exp |:1n g}’g(chut, R’ ,blg):|

wdy!
xexp[/ /fyg(u’,y)} (17)
us M

We have calculated the complete soft function to O(a?),
which to our knowledge is the first two-loop calculation
employing the rapidity renormalization. Our result for the
perturbative soft function through O(a?) is
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Sgg(pCTut7 R, ug, VS)

2
o (i N
=1+ iﬂS) [2F§L’§(U§ —2Ly) -~ CA}
a3 (us) [ 1 7 ]
+ (4][;2 {E [2F8LI§(LI§ - 2L1§) - ? CA}

1 7
+ ZﬁOLg [ZFgL’g (5 Lg — Lg) -3 CA}

+ 2L (L — 2L) + 15, L's + 731 (R)L + 52(R) }
(18)
where we abbreviated

Hs

cut ’
Pr

Li=1In (19)

Hence, the natural soft scales for which the large logarithms
in the soft function are minimized are ug~ p§™
and vg ~ p§™.

In Eq. (18) and in the following, the f function and
anomalous dimensions are expanded as

°° a; n+1
:B(as) = _2as ;ﬂn (%) P

o a; n+l1
y(ay) = ;rn (E) , (20)

where the coefficients needed in Eq. (18) are

11 4
Po ?CA —5Tpny,
34 20
ﬂ] = ?C‘i — <?CA +4CF> Tpl’lf,
Fg - 4CA7
67 ° 20

and Cy =3, Cp=4/3, Tp=1/2, and n; =5 is the
number of light quark flavors. The coefficients f, and
Iy are also used in the NNLL resummation.

At one loop, the noncusp soft and rapidity anomalous
dimensions vanish,

so=0.  70(R)=0. (22)

The dependence on the jet algorithm starts to enter at two
loops through the two-loop v anomalous dimension,
771 (R), which determines the coefficient of the single
logarithm of In(v/p$™), as well as the nonlogarithmic
two-loop soft constant, s, (R). For the two-loop coefficients
of the noncusp anomalous dimensions we find

PHYSICAL REVIEW D 89, 054001 (2014)

2

2 77> 20

= 16C2(—3.83),

A8 = =16, | (g~ (1 + )2+ 6 )y

4 7> 5

= 16C3(4.16) + C»(R). (23)

Here, C,(R) is the clustering correction due to the jet
algorithm, and was computed earlier in Ref. [11]. It is
given by

C,(R) = 2C, Kl —83i2) C,+ <§ ~8 In 2>ﬂ0} In R

+ 15.62C% — 9.17C4fy + C5*°(R)
= 16C%(—2.49 In R? — 0.49) + O(R?), (24)

where CEU®(R) ~ O(R?) contains all subleading power
corrections in R”. Note that we define the clustering effects
in C,(R) relative to the global E; veto. A different choice,
such as the py of the Higgs used in Ref. [9], would give a
different R-independent constant in C,(R). Nevertheless,
the full result for y’; (R) is independent of this choice and
our final NNLL cross section agrees with that of Ref. [9].

For the two-loop soft function constant s,(R), which is
not determined from RGE constraints, we find

SQ(R) = CA |:<13—9— 10 1n 2 ‘|‘ 8§3> CA

163 58
+ (—74—? In 2+ 81n22>ﬁ0} In R?

— 18.68C% —3.25C, B, + s5¥(R)
= 16C%(0.43 In R? — 1.69) + O(R?), (25)

where s8U°(R) ~ R2. This result for s5,(R) is new and also
constitutes the first calculation of the p$" independent
clustering terms in the soft function.

The terms not proportional to In R? in C,(R) and s,(R)
involve complicated phase-space integrals, which are
computed numerically. The contributions of yY,(R) and
s5(R) to the fixed NNLO cross section including their full
R dependence are shown in Fig. 1.

As mentioned above, the jet algorithm corrections in the
soft function start at O(a?). They have the all-order
structure
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FIG. 1 (color online). Jet-algorithm dependent O(a2) contri-
butions to the fixed NNLO cross section from different sources,
for upog = my and p§™ = 25 GeV. The v anomalous dimension
coefficient 7/, is given in Eq. (23), the O(a?) soft function
constant terms in Eq. (25), the beam function constant terms in
Eq. (39) and the following paragraph, and the clustering effects
on uncorrelated emissions in Eq. (40).

ASjel pcut7R”u U — a};l(/’ts) |:Cn R ln US
.(I.(l< T N S) %; (4”)n ( ) P%Ut

+ Asn(R)} , (26)

where C,(R) and As,(R) contain up to n — 1 powers of
In R?. The C,(R) in the soft function are the same as in
Eq. (2) for the cross section. The beam functions contain an
equivalent set of terms ~a?C,(R) In(my/vg). In the fixed-
order cross section (i.e. for vz = vy = v) they combine with
the soft function terms to give the total clustering correction
~a'C,(R) In(my/p$t) in Eq. (2). For R? ~ p$*/my, the
leading In"~! R? terms in C,(R) formally count as NLL in
the exponent of the cross section. Similarly, the leading
In"~! R? terms in As,,(R), as well as the In"~2 R? terms in
C,(R), formally count as NNLL. The anomalous dimen-
sion y7(R) includes the C,(R), so its perturbative series
explicitly contains the In R? terms, which means that the
NLL and higher logarithmic series from In R? clustering
corrections are not resummed here. A formalism for this
resummation is not currently known. Since these clustering
corrections are numerically large at O(a?), we perform an
estimate of the potential size of the higher-order clustering
effects as part of our uncertainty analysis.

C. Beam function

The beam function is defined as the forward proton
matrix element of collinear gluon fields. It provides a
combined description of collinear initial-state radiation
from the incoming gluons together with their extraction
from the colliding protons via the nonperturbative parton
distribution functions (PDFs)[15].

PHYSICAL REVIEW D 89, 054001 (2014)

Like the soft function, the beam function is multiplica-
tively renormalized in both ¢ and v,

d
i In B, (my, p?. R, x, p,v) = y§(my, p,v),

Lt By (g, p5 R, w) = — (5 Rop). (2)
dinp 79 2

The anomalous dimensions can be determined from those
of the hard and soft functions using the consistency of the
factorization theorem. The v anomalous dimension, y7, is
the same as in Eq. (15). The ¢ anomalous dimension is
given by

a 1%
ya(my, pu,v) = 2 [y (1)] In —+ ralag ()],
H

1
ra(a) = —rh(as) —575(a). (28)

with the resulting one-loop and two-loop coefficients

7%0 :ZﬁO’
5
7%1 = 2,51 + SCA |:<_Z+2(1 +7[2) In 2 —6§3>CA
5 22 10

The RGE of the beam function follows from solving
Eq. (27), and is analogous to that of the soft function,

By(mH9 p‘]:“uth7 X, M’IJ) = Bg(mH9 p%uth’ x’MB’ UB)

1 Up
_1 lg/ Cva’
Xexp[z n —r(pf ug)]

wdy!
XeXp[/ _/V%(mHu“/”/)]-
HB H
(30)

Note that in contrast to the PDF evolution, the evolution of
the beam function does not change its value of x. This is a
general feature of beam functions and is due to the fact that
their evolution describes the initial-state radiation from an
incoming parton that is not confined to the proton anymore,
while the PDF evolution is frozen out at the beam scale
up [15,40].

At the beam scale, the gluon beam function can be
computed as a convolution between perturbative matching
kernels, Z,;(my, p, z, ug,vg), and the standard quark

gi
and gluon PDFs, f(x, up),
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Bg<mH7pCTut’R’xuuB7l/B)
ldz X
=> / ;Igj(mﬂ,p%m,le,z,uB,uB)fj(Z,ug). (31)
P

We expand the matching kernels Z,; to O(a?) as (sup-

pressing the arguments for brevity)

a
Igj = 6{]]5(1 - Z) +

(32)
The O(ay) coefficients are common to several observables,

and we agree with the calculation of 7 éq) using the rapidity
regulator in Ref. [26]. We find,

The O(a?) kernel for the gg contribution is given by

T35 (my, PSR, 2, ug,vp) = 32C3 (L)LY [L58(1

PHYSICAL REVIEW D 89, 054001 (2014)

1
Z<gg) (mH, Pch, Z,UB> VB) = 4CALI;;

X [2LE6(1 = 2) = Pyy(2)],

TU (myg, p§™, 2, pp,vg) = 2Cp[-2L5 P, (2) + 154 (2)],

15%)(z) = z. (33)
where we abbreviated

v
Bs = ZE (34)

L’;; =In
T mpy

The natural scales for the beam function are thus uz ~ p§™"

and vg ~ my. Our results for Z . D agree with Ref. [10], after
taking into account the different rapidity regularization.

+B(LA)2[CE(Pyy ® Pyy)(2) + 2CkTrns(Pyy ® Pyy)(2)]
— 8LA[PY) (2) + 2CpTrn (1) & Puy)(2)]

+ | Lp(2NILY + 7)) —

The O(a?) kernel for the gg contribution is given by

qq (’”1—1717“1t szv/"BvVB)

Z) qq( )] + 4CAﬂ0(L”) [ZL%5(1 - Z) - ng(Z)]
SRS 501 —2) 4 15)(2.R). (35)

= 16C, CrLALY[~2L4P 1y(2) + 154 (2)] + 8CLBoLly [~ Ll Py (2) + 1y (2)]

+ 8CF(L")2[CA (ng ® qu)(z) + CF(qu ® qu)(z)]
— 8LLIPY (2) + Ch(Ihy) ® Pyy)(2)] + 147 (2. R). (36)

The convolutions (¢ ® h)(z) are defined as

won@=["Fo(Duo. o

The various splitting functions P;;(z) and convolutions
between them are given in Appendix B2 of Ref. [7]. The
additional convolutions we need are

(Iéé) Q Py)(z) =1+2—-222+2zInz,

(I,E;;) ® Py,)(z) =1 +§—z Inz+2zIn(1—2z). (38)

The terms involving logarithms of x4 and v in the 7 ;
kernels are fully determined by renormahzatlon group (RG)
constraints. The nonlogarithmic terms I .’ (z, R) require the
full two-loop calculation of the beam functions. Note that

the full two-loop gg contribution to the beam function for
the transverse momentum of the vector boson has been
computed recently in Ref. [41]. At two loops, the p’r' beam
function needed here is different and requires a separate
calculation. Like the soft function, it receives both global
and jet clustering contributions. In particular, we can
calculate directly the leading clustering corrections propor-
tional to In R%, and determine the contribution from the
remaining terms numerically, giving

8 23
C;A [(1 —%)CA + <?—8 In 2>ﬁ0}

2,.c 2,Rsub
X Pyy(2)In R2+I£/g )( )+It<zq )( .R),
@ n
ng (Z’R) = ZC% (3 —?— 3 ln 2>qu<z) ln R2

2
12(z,R) =

+ 15 () + 15 (2, R). (39)
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Here, IE,%,’C)( ) denotes the constant R independent terms,

while I%Rgub)(z,R) are the O(R?) suppressed contribu-

tions. Their explicit form is not known at present. We
extract their total contribution after convolution with the
PDFs numerically from the fixed-order cross section as
explained in Sec. II E below. This is sufficient for practical
purposes, since their effect is found to be numerically small
compared to the In R? terms for R ~ 0.4 — 0.5. The total
contribution (from both beam functions) of the full

Igf,)(z,R) and I_E,%)(z,R) to the fixed NNLO cross section
is shown by the blue dashed line in Fig. 1 that is labeled
as 2b2

D. O(R?) corrections from uncorrelated emissions

Starting at O(a?), the clustering effects from the jet
algorithm includes contributions that scale as powers of R?
in the small R limit. Clustering effects from correlated
emissions in the soft or collinear sectors are included in the
subleading O(R?) corrections in the soft and beam func-
tions. On the other hand, the clustering of uncorrelated
emissions from the soft and collinear beam sectors inhibits
the factorization of the jet-veto measurement into indepen-
dent soft and collinear measurements at O(R?). The all-
order factorization of the cross section at this level is
therefore not known at present.2

The full contribution from clustering of uncorrelated
emissions to the fixed NNLO cross section is [9]

The statement in Ref. [10] that soft-collinear mixing is absent
at leading power for R~ 1 relies on a power counting for
collinear rapidities (y.) and soft rapidities (y,) where y, > y, ~
O(1) such that y. —y, > R~ 1. For typical values of p; =
25 GeV and Q = 125 GeV there is a legitimate power expansion
in 1=pr/0=02<1. But this gives y.=1n(1/1) = 1.6,
which does not clearly satisfy y. > y, ~ 1. Indeed, physically,
emissions at fixed py tend to be uniform in rapidity rather than
having a rapidity gap between soft and collinear regions.
(The analogous statement using light-cone variables is
e R evve=\/(k; /k{)(p/pe) ~O(1) x . For R =1,
this corresponds to counting 0.37 > O(1) x A = O(1) x0.2.)
As discussed in detail in Ref. [11], the contribution from
clustering a soft and a collinear emission is ~R?, so the only
way to expand it to zero is R> < 1. The fact that soft and collinear
modes in SCET-II are only distinguished by their rapidity does
not automatically imply that their rapidities are parametrically
widely separated as y, < y,, since in practice amplitudes from
each of these modes are integrated over all rapidities and we must
worry about contributions from overlapping regions. If there is a
double counting for infrared singularities from the overlap region
then this is removed by 0-bin subtractions [42], but in general
these subtractions do not suffice to remove finite contributions
from the overlap region. Thus a proof of factorization at O(R?),
including also soft-collinear mixing contributions, will require
additional arguments to all orders in «@,, and remains an
interesting open question.

PHYSICAL REVIEW D 89, 054001 (2014)

( ) cut asCA 2 mpyg > R4
D 1 ——R .
(Pi*) GLO( 7 ) n P ( 3 T 4

(40)

It is shown by the green dotted line in Fig. 1 for
p‘}‘“ = 25 GeV. As one can see, at the R values of interest
it is numerically very small compared to the corresponding
In R? enhanced clustering corrections contained in y?, (R),
and can thus safely be treated as a power correction.

As argued in Refs. [9,12], the above O(a?) coefficient
determines the complete NNLL series coming from this
contribution [i.e. no new coefficients appear at O(a;L?) or
higher]. Therefore, we can include this correction in the
resummed cross section at NNLL by multiplying it with the
total evolution factor as follows,

ag(\/ﬂBﬂS) my R
= C3 In Cm( 3R2—|—4>

T
x [FOU (up, s, piss Vg, Us).- 41)

GORsub (p%ut’ R)

Here, F(*) denotes the leading fixed-order contributions
from the hard, beam, and soft functions, and U, is their
combined NNLL evolution factor [given explicitly in
Eq. (57) below]. Since these corrections come from soft
or collinear emissions we choose to evaluate the argument
of the a2 in the prefactor at the geometric mean of the beam
and soft scales.

In Ref. [10] this coefficient is absorbed into the two-loop
rapidity anomalous dimension, which amounts to writing
this contribution as A exp(a?), instead of A(1 + a2) as in
Ref. [12]. Since this contribution first appears at O(a?),
either form gives the same NNLL contribution and the
difference is higher order, meaning the results of
Refs. [9,12] do not determine which is the correct all-
order structure beyond NNLL.

E. Nonsingular contributions
In fixed-order perturbation theory, the cross section at
Wy = H, = ppo has the all-order structure

cut

00 (P§* kro) = o (P o) + 0° (P§. iro)-

cut
Z Zcmn ﬂFO)as ,uFO)lnn

m n<2m

oo (P, pro) (42)

Here, the singular cross section, o}, contains all terms that
are nonzero for p — 0 and which are contained in the
resummed cross section. The nonsingular cross section, oy°,
scales as O(p§™"/my) and vanishes for p$*" — 0. To
reproduce the full fixed-order cross section we have to
include the nonsingular terms, in particular when going
to large p$" where they become important.

An important feature of the NNLL' (NLL') resummed
result is that by construction its fixed-order expansion to
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FIG. 2 (color online).
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The nonsingular cross section at u,, = my at NLO (blue, dashed) and NNLO (orange, solid) for R = 0.4. We

compare the pure fixed-order nonsingular terms (on the left) with the nonsingular terms that include z> summation (on the right). The
latter shows a substantially improved perturbative convergence from NLO to NNLO.

NNLO (NLO) in terms of a,(upg) can be obtained by
simply setting all scales equal to upg. And this also
precisely reproduces the fixed-order singular contributions.
Hence, we can determine the nonsingular corrections by
subtracting the latter from the full fixed-order cross section,

(p(T:‘UtﬁR’ /’tFO) - 00 (p%Ut’R’ﬂFO)

At NLO, this procedure is straightforward since the one-
loop hard, beam, and soft functions required at NLL' are
completely known, while o} O(p§™, ugo) is easily obtained
numerically e.g. from MCFM.

At NNLO, we obtain the full fixed-order cross section by
subtracting the NLO ¢gg - H + j cross section for a
leading jet with plT > p$*', obtained using MCFM
[43,5], from the total NNLO cross section [44-46]. For
PI TALthe resummed NNLL' cross section we include all
available contributions through O(e?) summarized in the
previous subsections, including the 6&*° terms in Eq. (41).
The only missing pieces at two loops are the unknown

~)(z) and I(2 Rswb)(2 R) terms in the beam function,

Wthh when 1ntegrated against the PDFs give a p§"

independent contribution determined by a constant

b{“*)(R). Hence, we have

ns, NNLO( cut (MFO) 2b (c+Rsub) ( R)

) Pr ’R’/"FO)+O-LO(/4FO) (4n)2
= [630M° (uro) — o510 (P§™. R. piro)]
oM (P R, i = v; = mro). (44)

Here, the right-hand side is obtained numerically and then
fit with a set of functions suitable to describe the p§"
dependence of of°(p§™, R, piro). Since the latter vanishes

for p** — 0, this fit also allows us to determine the

numerical value of 2b +RSUb)( R) from the intercept at

p#t = 0. Note that since there are large numerical can-
cellations between the full and singular results on the right-
hand side, the remaining nonsingular data has large
statistical fluctuations for p§" — 0. Ensuring a stable fit
result therefore required the use of very high statistics from
MCFM as well as a careful validation of the fitting
procedure.

Note also that the scale pp at which the b(
contribution is evaluated in the beam function is relevant
at NNLL' (i.e. it contributes to the subset of NLL effects
that are supposed to be included at NNLL'). In the
numerical determination above the PDFs are evaluated at
a fixed pp = upo. To account for this we rescale it by the
PDF dependence of the LO cross section, as indicated in
Eq. (44). Since we perform the nonsingular fit at different
values of ppg, we are able to check that this captures the
PDF scale dependence to very good approximation.

At large p§", the distinction between singular and
nonsingular contributions becomes meaningless since both
are of similar size and there are nontrivial cancellations
between them (as can be seen in Fig. 4 below). When using
the imaginary scale setting in the hard function, it modifies
the cross section at all values of pC“‘. Therefore, it is
important to implement an analogous improvement for the
nonsingular contributions, since otherwise these cancella-
tions would be spoiled. The final expression for the
nonsingular cross section entering in Eq. (4) is given by

c+Rsub)

B Rt = {5 0 Ron) | 1= |

+ o) e )(p%ut’ R’ ﬂns) } UH<_i,uns7 Mns)‘

(45)
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Here, ogs(l)(ch“t,R,,uns) are the O(a}) nonsingular terms
obtained numerically for given values of R and u,,, and
Uy (—ipps, ptys) 18 the evolution factor of the hard function.
The latter is used to apply the analogous resummation of 72
terms to the nonsingular cross section as was induced by
the hard function in the singular terms.

The NLO and NNLO nonsingular contributions for R =
0.4 and u,, = my are shown in Fig. 2 for both real (left
panel) and imaginary (right panel) scale setting. We
observe that the latter substantially improves the perturba-
tive convergence also in the nonsingular terms at all values
of p$™. This is not unexpected from the point of view of the
power expansion in SCET. For p§" <« my and at sublead-
ing order in the SCET power counting, the nonsingular
terms would arise from a combination of leading and
subleading hard, beam, and soft functions, and many of the
hard functions in these contributions can be expected to
require an imaginary hard scale.

III. RESUMMATION AND PERTURBATIVE
UNCERTAINTIES

A critical aspect of precision cross section predictions is
the theoretical control of perturbative uncertainties.
Ultimately, the formal perturbative accuracy in the pre-
dictions is only meaningful together with a robust under-
standing and estimate of theoretical uncertainties.

The categorization of the data into jet bins is used in the
experimental analyses to optimize the control of back-
grounds and experimental systematic effects. In the end, the
information from all measured categories flows together,
thereby maximizing the use of the available data. In this
context, vetoing jets in the O-jet cross section amounts to
dividing the total inclusive cross section, oy, = 0, into an
exclusive O-jet bin equivalent to 6, (p$™) and the remaining
inclusive 1-jet bin,

030 = 0o(PF") + 051 (PF"). (46)

Therefore, a complete theoretical description of this bin-
ning procedure is needed. This requires a framework,
which, in addition to the resummation of oy(p$") at small
p$, provides a valid description of the cross section at all
values of p§™ as well as the correlations between the
perturbative uncertainties in the jet bins and the total cross
section.

As we discuss in detail in this section, the framework we
use for resummation and fixed-order matching, based on
SCET and profile functions, is well-suited for this task. It
provides us with direct theoretical handles to reliably assess
the perturbative uncertainties and allows us to predict the
required correlations by utilizing common underlying
theory parameters in the scales py, pp, pg, vg, and vg.
These are varied to obtain the uncertainty estimates.

In Sec. Il A we give an overview of perturbative
uncertainties for jet bins, and establish the necessary

PHYSICAL REVIEW D 89, 054001 (2014)

notation. As the jet-veto cut is increased our resummed
results smoothly reproduce the fixed-order cross section
and its standard uncertainties by using profile functions,
which are discussed in Sec. III B. In Sec. III C we explain
how variations of the hard, soft, and beam scales in the
effective theory determine the fixed-order and jet-binning
uncertainties. Finally, in Sec. III D we discuss our estimate
for the additional uncertainty from clustering effects at
higher orders in perturbation theory. Note that we will not
discuss additional parametric uncertainties from input
parameters such as PDFs or a,(m,). These have to be
estimated separately and included with the usual uncer-
tainty propagation.

A. Perturbative uncertainties in jet binning

A convenient way to describe the uncertainties involved
in the jet binning is in terms of fully correlated and fully
anticorrelated components [8,47], which amounts to para-
metrizing the covariance matrix for {c(, 05} as

(A(y))2 A(y)Ail )
c({oo. = 2
({GO O-Zl}) (AgAél (Aél)z

Agut _A(z:ut
* < _Agut A%ut ) (47)

The first correlated component, denoted with a superscript
“y”, can be interpreted as an overall yield uncertainty
shared among all bins. The second anticorrelated compo-
nent can be interpreted as a migration uncertainty between
the two bins, which is introduced by the binning cut and
drops out in their sum. The total uncertainty for each bin is

given by

Asg = Ay + AL = AL,
A2 = (Aﬁ>2 + Aguv
A = (AL)? + Al (48)

Equation (47) is a completely generic parametrization of
a 2 x 2 symmetric matrix. This choice of parameters is
convenient because of the above physical interpretation. An
additional advantage is that the uncertainties are described
in terms of two independent components, which are fully
correlated or anticorrelated between the different observ-
ables, so that the experimental implementation is straight-
forward (e.g. in a profile likelihood fit, the yield and
migration uncertainties can each be implemented by an
independent nuisance parameter).

To estimate each uncertainty component in our resum-
mation framework we make the following identifications:

A

A? i Acut = Aresum- (49)
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Here, A,; corresponds to the uncertainties in the cross
section that reproduce the fixed-order uncertainty in the
total cross section and probe the nonlogarithmic contribu-
tions at finite p$"'. This makes it natural to identify these
with the yield uncertainties. The resummation uncertainty,
Aesum» corresponds to the intrinsic uncertainty in the
resummed logarithmic series. The logarithms In(p$"/my)
are directly caused by the binning cut and at small p§™ are
the dominant veto-dependent effect, which cancels between
o0y and o5,. Hence, higher-order logarithms are the primary
source of uncertainty in the division of the cross section
into bins and we can therefore identify A, with the
migration uncertainty. Furthermore, A, Vvanishes at
large p$" where the resummation of logarithms becomes
unimportant. This is consistent with the fact that in this
limit migration effects become irrelevant since o5
becomes numerically much smaller than o((p$"). Our
procedure to estimate A,; and A, through scale varia-
tions in the resummed cross section is discussed in the
following sections.

With these identifications, the full covariance matrix for
{650,060, 051} is given by

C({GZO’ 00, 621}) - CM + Cresums (50)
where
At20t AtotAyo AtotAyzl
Cﬂ - AtotAyO A,%O AyOAﬂzl s

AtOIAﬂZI AﬂOAﬂZI Aizl
0 0 0

Cresum = 0 Ar2esum _A%esum s (51)
0 _Arzesum Arzesum

and we can easily read off the uncertainties in the different
cross sections
Atot = AuZO = Aﬂ() + Ayzl ’
A(z) (p%ut) = Arzesum + Aio»
Azzl (p%ut) = Arzesum + (Atot - AMO)Z‘ (52)

The uncertainties in other observables follow by standard

uncertainty propagation. For example, for the O-jet effi-

ciency, €y(p§™) = oo(p™)/050, We have

Ago (p(%ut) — A(Z)(p%m) At20t _ AtOtAﬂO (53)
() a(PF) oo ox000(pF)

Through the last term the correlation between A and Ao
reduces the relative uncertainty in the O-jet efficiency,

PHYSICAL REVIEW D 89, 054001 (2014)

which will be noticeable in our numerical analysis. In
particular, in the limit of large p$" where ¢, — 1 the
uncertainty A, will go to zero as it should.

1. Fixed order

In a pure fixed-order prediction, there is no way to fully
disentangle the two uncertainty components. Using a
common fixed-order scale variation for all observables
amounts to setting A, =0 and setting A} = AFO.
However, as demonstrated in detail in Refs. [8,47], at
small values of p$", as soon as the logarithmic corrections
become sizable, migration effects are important and cannot
be neglected. Doing so can lead to a significant under-
estimate of uncertainties. A more reliable fixed-order
estimate is obtained by explicitly taking into account
A,y by using instead

Aﬁ = Al;(g = A, A = Al;?’ (54)
where AL? are the fixed-order uncertainties in the inclusive
cross sections. (As explained in Ref. [8], this choice is
motivated by the fact that the perturbative series in o
starts as a,In?(p$™/my) and its fixed-order scale variation
therefore directly estimates the size of the p$" logarithms.
An alternative prescription proposed in Ref. [9] yields very
similar results for Ay(p§™).)

With the choice in Eq. (54) the uncertainties in the pure
fixed-order prediction are described by

A% ARy 0
CST({UZo,Uo,O'g}) = Atzot Atzot + (Ag?)z —(Ag?)z
0 —(afp)  (alf)

(55)

These are the default fixed-order Higgs jet-binning uncer-
tainties used by the experiments, and also what we will use
when comparing our results to fixed order in Sec. IV.

B. Resummation and matching to fixed order with
profile scales

In the effective field theory framework, the resummation
is performed by RGE running. First, we evaluate each of
the hard, beam, and soft functions appearing in the
factorized cross section at their natural virtuality scales
u; and rapidity scales v;. Next, we evolve them all to
arbitrary, common scales: y for invariant mass and v for
rapidity. This resums the logarithms of the invariant mass
ratios y;/u; and rapidity ratios v;/v;. As we saw in Sec. I,
the beam and soft functions evolve in both virtuality and
rapidity space, while the hard function only evolves in
virtuality. The evolution together with the natural scales is
illustrated in Fig. 3. Finally, the evolved functions are
combined together in the cross section at the common

054001-11



STEWART, TACKMANN, WALSH, AND ZUBERI

A o
99
\pu|~mu
A
. 1 RGE
~ pcut S Y B

Hs pr{ut 4 gg< ................... » .g
KB~ Pr v RGE

T

vs ~ pg
FIG. 3 (color online). Combined renormalization group evo-
lution in virtuality and rapidity. The hard, beam, and soft
functions are evolved in the virtuality scale p, where the
characteristic scales are py ~ my and pg ~ ug ~ p?*. Addition-
ally, rapidity logarithms are summed by evolving the beam and
soft functions in the rapidity scale v, with characteristic scales
vg ~my and vg ~ p§t.

scales (v, ), which is a point in the plane shown in this
figure.

The resummed cross section is explicitly independent of
the arbitrary scales p and v at each order in resummed
perturbation theory, which means we are free to pick any
convenient values. Taking y = pp and v = vg, and com-
bining all the ingredients detailed in Sec. II, the cross
section in Eq. (4) takes the form

Jo(Pch) = GBHgg(mt’ mHu“H)
X/dYBg(mva%ut7R’xa’/’tB’VB)
X Bg(mH’p%'ut’R’xb?ﬂB?UB)Sgg(p%ut7R’ﬂS7US)
x Uo(pF", R; iy, g, piss Vs Us)
+ Jgsub(chut’ R) + Ggs(chut, R,,Uns), (56)
1OTTTTTTTTTTTTTTTTTTTTT‘TTTTTTT‘TTTTTTTE
. gg — H (8 TeV) 3
> mpyg =125 GeV 1
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FIG. 4 (color online).
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where the combined renormalization group evolution factor

U, is given by

UO(p%'ut7R;ﬂHHuBHuSvVB’yS)

s dy’
exp [/ —,72(’7111,/4/)]
M

H

Hp d'u/
X exp [/ —,7%(//, l/s)}
us M

S

2

< exp [ln ”—Byz<p;“aR,ﬂB>]. 57)

Ug

Next, we discuss how to choose numerical values for the
scales uy, ug, Us, Vg, and vg as a function of p§™, which are
referred to as profile scales [48,49]. For this purpose we can
distinguish three different regimes according to the relative
importance of the singular and nonsingular cross section
contributions. In Fig. 4, the singular and nonsingular terms
are plotted against the total fixed-order cross section
at O(a?).

In the resummation region at low values of p$*', the
singular contributions dominate and must be resummed,
while the nonsingular contributions are perturbative power
corrections. To resum the logarithms, the scales should
parametrically follow their canonical values dictated by the
RGE,

cut

HB ~ Hs ~ P1 s
vg ~ p§t. (58)

Hy ~ —1my,

vp~mg,

At large p Z my /2, the singular and nonsingular con-
tributions are equally important, and fixed-order perturba-
tion theory should be used. In this fixed-order region it is
essential that the resummation is turned off to ensure that

20 TTrTT1rT17TT TTTTTTT TTTTTTT TTTTTTT TTTTTTT

L [ I I i

L 99 — H (8 TeV) full NNLO .

- mp=125GeV i

__ 157 =04, pro=mx) singular p
) T ]
2 [ -- -3
£, 101 .
S8 L i
= B ]
b L . i
5L nonsingular _

O-I ll-f'l"l-r—l-l—.l—l'-l—.l 1 I ) | I ) T T T I L1111 I-

0 20 40 60 80 100
P [GeV]

Singular and nonsingular contributions to the fixed NNLO cross section (using R = 0.4 and ppo = my). Left:

The magnitude of the contributions differential in pJTet Right: The corresponding contributions to the integrated cross section as a
function of p$". The resummation, transition, and fixed-order regions are clearly visible as the relative importance of the singular and

nonsingular terms changes with pjﬁt and p§™.
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the correct fixed-order cross section is obtained. The reason
is that there are important cancellations between singular
and nonsingular terms, which are spoiled if the resumma-
tion is kept on too long. In this region, all virtuality scales
must approach a common fixed-order scale and the rapidity
scales must be equal,

lum| = 1p = fs = tns = Hro- Vg = Us. (59)

Finally, in the transition between the resummation and
fixed-order regions typically both the logarithmic resum-
mation as well as the fixed-order corrections are important.
To obtain a proper description of this transition region,
which in our case also includes the experimental range of
interest, we have to use profiles that incorporate the
constraints imposed by the resummation toward small
p$" and the fixed-order matching toward large p$",
together with a smooth interpolation between these two
regimes. There is a growing body of literature on the
construction of appropriate profiles in a variety of contexts
[7,13,14,48-56].

For the central profiles we take

Hp = —ilro, Hns = HFO>
Vp = HFO>
Hp = Hs = Vs = Hpofrun(PT"/Mp). (60)

That is, we take fixed values for py, p,s, and vg, while upg,
Us, and vy are constructed in terms of the common profile
function

xo[l 4 (x/x0)%/4]  x < 2x,
X 2x0 S X S .xl,
—xy—x3) (x—x;)?
frun(x) = x+% X1 S_xs_xz’ (61)
(2—x;—x5) (x—x: )2
— 2(x37x12>(x37;2) Xo S X S X3,
! X3 < X.

The first regime, x < 2x, is the nonperturbative region and
the scales up ¢ and vg asymptote as x — O to a fixed scale
XoMro 2 Aqcp. This ensures that factors of a;(y;) that enter
from solving perturbatively defined anomalous dimension
equations, never become nonperturbative. The second
regime has the canonical scaling for resummation. The
third and fourth have quadratic scaling (of positive and
negative second derivative, respectively) and simply pro-
vide a smooth transition to the final (constant) region where
all scales are equal and resummation is turned off. This
profile function and its first derivative are both continuous.

For the overall scale parameter we have ppg ~ my and
for our central result we will use ppg = my in Eq. (60). In
Eq. (61) the parameters x; mark the boundary between the
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different regimes, and their values are chosen by consid-
ering the importance of the singular versus nonsingular
contributions plotted in Fig. 4. The singular and non-
singular contributions become comparable near p§* =
40 GeV so the profile must transition towards the fixed-
order result beyond this value. For our central profiles we
choose

Xo = 2.5 GCV/MFo, {XI,XZ,)C3} = {015,04,065}

(62)

For pupo = my = 125 GeV the {x, x,,x3} values corre-
spond to {19,50,81} GeV. The resulting central profile
scales are shown in Fig. 5, so we see that the transition
occurs roughly between 30 — 65 GeV. In the next sub-
section, we discuss in detail the profile scale variations that
we use to evaluate perturbative uncertainties.

Note that in the transition from small to large p§™, we are
essentially forced to keep the hard scale at its imaginary
value py = —imy. In principle, one could contemplate
rotating it to the real axis as a function of p$* to turn off the
resulting resummation of large 7> terms in the hard virtual
corrections. However, this would inevitably lead to an
unphysical result of a decreasing cross section with
increasing p$'. What this means is that the significantly
improved perturbative stability observed in the small py
region also directly translates into an improved conver-
gence in the fixed-order cross section at large p$™, simply
because a large part of the total cross section comes from
the small p region. Furthermore, as we have seen in Fig. 2,
the imaginary scale also translates into an improved
convergence of the nonsingular contributions themselves.
The total cross section for uy = —imy increases by about
7% compared to the NNLO cross section evaluated at
Uro = my /2. This increase is quite consistent with the
expected increase in the total cross section at NLO from
the recent estimate in Ref. [57].

L I O
125F—————————————————— = .
E |F‘H|7VBa Hns
. 100F
> E
0 E
O 75F
< E
§ 50} Hss Vs, B
25 .
r (for myg =125 GeV) 7
OB bvvnn b b b i
0 40 60 80 100
P [GeV]

FIG. 5 (color online). The central profile scale for the low scales
Up, Mg, Vg as a function of p$", together with the central value for
the high scales |uy|, vg.
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FIG. 6 (color online).

PHYSICAL REVIEW D 89, 054001 (2014)

TTTTTTT I TTTTTTT I TTTTTTT I TTTTTTT I TTTTTTT
250 .. (for mpy =125 GeV)
— 200 vp variation ' =
> C ,
v C ]
O 150 -
© S TE ST TN 3
g 100F =
0 C ]
50 E IS, Vs, pp variations
0 : ) T T I ) T T I ) T I L1111l I:

0 20 40 60 80 100

p7" [GeV]

The variations of the central profiles as described in the text. On the left, the variations are shown that contribute

to the yield uncertainty, where all scales are collectively multiplied by a factor 2 or 1/2, for all four profile shapes. The central profile
shape is shown with thick lines, while the other profile shapes are shown with dotted lines, and we shade between the shapes. On
the right, the variations of up, ug, and vg (solid lines, yellow shading) and v (dotted lines, green shading) are shown which contribute to
the resummation uncertainty. Combinations of variations of these scales make up the set of variations that we perform to asses the

uncertainties in our prediction.

C. Yield and resummation uncertainties via profile
scale variations

To evaluate the perturbative uncertainties in our pre-
dictions we vary the profile scales about the central profiles
defined in the previous section. We consider several types
of variation in turn, and discuss how they are used to
determine the yield and resummation uncertainties that
appear in the matrices C, and Ceg in Eq. (51).

The first type of variation is a collective variation of all of
the scales up or down by a factor of 2. This is accomplished
by taking ppo = 2my or ppo = my/2 in Eq. (60). At large
p$", where all scales become equal to upp, this variation
becomes equivalent to the usual scale variation in the fixed-
order cross section. Indeed, in the limit of very large p$™ it
reproduces the fixed-order scale variation of the total cross
section.” When varying prq, all scale ratios are kept fixed,
so this does not change any of the arguments inside the
logarithms In(uy /up 5) and In(vp/vg) that sum up the large
In(my/p$™") terms. Hence, this variation is clearly identi-
fied as contributing to the yield uncertainties.

A second type of variation is to the profile shape. The
values {xy, x,,x3} determine the boundaries between the
different scaling regions of the low-scale profiles as a
function of p§". We account for the ambiguity in this
shape by using four different choices for {x;,x,,x3} to
provide a variation away from the central scale choice
{x1,x2,x3} = {0.15,0.4,0.65}:

*For P > xzmy and real py = pro we exactly reproduce the
fixed-order cross section scale variation for equal factorization
and renormalization scales. If these two scales are varied
independently they give essentially the same final result since
the renormalization scale variation dominates by far.

{x1.%2.%3}:{0.1,0.3,0.5},{0.2,0.5,0.8},

{0.04,0.4,0.8},{0.2,0.35,0.5}. (63)

These changes to the profile have an impact on the
uncertainty from varying ppo since they determine the
transition between the region where the resummation is
active and where the fixed-order prediction is used and
hence the extent of the fixed-order region. They also vary
the logarithms In(uy/up ), and hence have some impact
on uncertainties that would be associated to resummation.
In practice, with upg = my the effect of varying the x; in
the central profile is smaller than the other resummation
uncertainties (discussed below), whereas when varying gq
up and down there is a noticeable impact on the yield
uncertainties. Therefore we will group this variation with
the yield uncertainty, and use each of the five profiles
specified by {x;,x,,x3} together with each of the three
values of ppqg. This set of profile variations is plotted in the
left panel of Fig. 6. We still note that the range of cross
section values obtained from changing upo with a fixed
profile is significantly larger than the range from changing
the profile via x;,; for a fixed upp, and hence the upg
variation is the more important variation by far.

The total yield uncertainty for the O-jet cross section is
thus defined as the maximum absolute deviation from the
central scale over all 14 variations,

(64)

B0(p5#) = maxlof] () = a5 (pst) |
v;€V,

where V, is the set of variations. To determine the total
uncertainty in the fixed-order cross section we make use of
the fact that limp%m_)oo ALo(PF") = Ay, and in practice we
extract Ay, for p§* = 600 GeV. Together this determines

054001-14



JET pr RESUMMATION IN HIGGS PRODUCTION AT...

the two parameters occurring in the yield covariance
matrix C,,.

Resummation uncertainties are estimated through
variations of the beam and soft scales, while keeping
Hpo = my at its central value. The variations of the beam
and soft scales are performed with a multiplicative variation
factor fy(p3"). For a generic beam or soft scale
u; or v;, the up and down variations are performed via
the variations

M;}P(chut> central(pTut) % fva.ry( cut/mH)
HEON(PE) = wE M (pF)  Fyary (PF /M)

v (pF) = 5 (pF) X frary (PF/ M)
YOV (pF) = M (PR Frary (PR /i) (65)

The variation factor is defined by

2(1 — x*/x3) 0<x<x3/2,
1+2(1—x/x3)% x3/2<x<x; (66)
1 x3 < x.

fvary (x) -

It is designed to smoothly turn off these variations, since
they must turn off when the resummation is turned off at
high p§™" values. These variations for ug, ug, vg, and vg are
plotted in the right panel of Fig. 6.

The resummation uncertainty is a combination of a set of
up, down, and central values for the up, pg, vp, and vy
scales. The dependence on each of these scales cancels
between RG evolution and the fixed-order contributions at
the order we are working, while the remaining residual
dependence probes the higher-order contributions in
resummed perturbation theory.

The purpose of an individual scale variation is to vary the
argument of the logarithms it appears in by a factor in order
to probe the potential size of higher-order logarithms of that
scale. For our profiles the variation factor above is 1/2 or 2
for p§" — 0 and goes towards 1 for p"* — x3my where the
resummation is turned off. Certain combinations of scale
variations are undesirable as they double the variations of
the logarithms, for example {v, 3"} gives a factor of 4
variation for the logarithm of vg/vg. To avoid varying the
scales in logarithms outside of the desired factor of 2 range,
we consider all the ratios of beam and soft scales that
appear in the factorization,

Hs Hs e Mn 67)
Hp Usg ’ Ug P‘%m '

All of these scalings are respected by the central profiles.
We then constrain the variations about the central profiles to
not violate any of these scaling relations by more than a
factor of 2 (as would happen for instance by varying ug up
and pug down). We make one additional constraint on the
variations by considering the evolution factor U, in
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Eq. (57). The summation of rapidity logarithms contains
the factor

exp []n( >yy(pCT“‘,R,,uB)]. (68)

This is a unique combination as it features a large logarithm
of vp/vg multiplying a rapidity anomalous dimension that
depends on pp. A simultaneous variation of ug down with
either vg down or vp up gives sensitivity to small scales
as(ug), and the effect is effectively doubled by the
In(vg/vg) variation, leading us to eliminate these two
combinations from the set of scale variations we consider.

With these restrictions, there are 35 remaining (of an
original possible 80) profile scale variations of ug, ug, vg,
and vg away from their central profile which probe the
resummation uncertainty. We note that without separately
varying up and pg, and without explicit variations of the vy
and vg scales there would be only a single up/down
variation and a significant reduction in the resummation
uncertainty. Exploring a much larger space for the scale
variations is crucial to reliably estimate the uncertainty
from the summation of logarithms. Note that at small R the
large In R? effects appear through the rapidity RGE, so it is
important to vary the rapidity scales to probe the effect of
these terms on the p$" resummation. For the final resum-
mation uncertainty we use

central ( s

Aresum(p%m) = max |o- (p%m) (69)

le resum
where V .om 1S the above set of 35 resummation scale
variations. This uncertainty determines the covariance
martrix Cre.sum, and together with C, gives the full covari-
ance matrix.

D. Uncertainties from clustering effects

The purpose of the profile scale variations is to estimate
the effect of uncalculated higher-order terms in the cross
section. This includes the higher-order corrections in the
perturbative series of the various anomalous dimensions,
which would be needed for the resummation at N°LL.
While this is effective for the logarithms of p$™"/my, which
are being resummed, the clustering effects generate an all-
orders series of logarithms of p$'/my and logarithms of
R?. In particular, as explained at the end of Sec. II B, the
In R? terms appear as an unresummed series of large
logarithms in the rapidity anomalous dimension. The effect
of these terms on the resummed cross section is not
necessarily well estimated from scale variation of the
lowest order term alone.

The new clustering effects (those not determined from
soft function exponentiation) arising at O(a”) depend on a
coefficient C,(R), whose small R limit has the form in
Eq. (3). The term with the most factors of In R? at O(a’)
gives a contribution to the cross section of the form
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TABLE L
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Perturbative ingredients entering at each order in resummed perturbation theory.

order matching (Hy, B,, S,,) nonsingular  y} vy Tdusp B PDF  a,(my)
NLL,, LO - one-loop one-loop  two-loop two-loop LO  0.13939
NLL), + NLO NLO NLO one-loop one-loop  two-loop  two-loop NLO 0.12018
NNLL), + NNLO NNLO NNLO two-loop  two-loop three-loop three-loop NNLO 0.11707

n cul cul n—l1
ot (") a(PF)Ca |, Rz}
/4

oL0

In ] Cn,n—l

(70)

cut
T Pr

) [ax(p%m)cA " mH}
where only the lowest O(a?) clustering coefficient C, | =
—2.49 is known [see Eq. (24)]. Note that In R? dependent
terms with more powers of In(my/p$™") are determined by
exponentiation through the rapidity RGE [i.e. the terms in
Eq. (70) arise as higher-order corrections in y7(R)].

Until a calculation of any of the higher-order clustering
coefficients exists, the best we can do is to estimate their
effect on the cross section. To derive an uncertainty
estimate from higher-order clustering effects, we use the
ansatz C3, = +C,; and add the corresponding O(a3) term
to the rapidity anomalous dimension. We have chosen the
above way of factoring out color factors and defining the
higher-order clustering coefficients, such that C,; is
roughly an O(1) number and the higher-order corrections
scale with a power of

N (p%ut) CA
T

In R2. (71)

In this way, taking C;, = £C,; leads to a reasonable
estimate of the potential size of the higher-order clustering
corrections. For example, for R = 0.4, p" = 25 GeV, this
factor is —0.25, so taking C3, = +C, | the O(a?) cluster-
ing term would give a 25% correction to the O(a?)
clustering term. This leads to a clustering uncertainty
which is not negligible but fortunately does not dominate
the uncertainty. Numerical results for different parameters
of phenomenological interest are given in the next section.

IV. PREDICTIONS FOR THE LHC

In this section we present our predictions for the
exclusive O-jet cross section o, the inclusive 1-jet cross
section o1, and the exclusive O-jet fraction g;. In analyzing
our results we will consider varying: the perturbative order
(NLL, , NLL) +NLO, and NNLL) + NNLO), the
choice of jet radius R, and the choice of p§". The Higgs
mass dependence may also be examined, but we will fix
my = 125 GeV. The order of the hard, beam, and soft
functions, nonsingular corrections, and anomalous dimen-
sions entering at each order in the resummed cross section
are given in Table I. We use the MSTW 2008 PDFs

[58] with their o (m,) at the relevant order as shown in
Table 1.}

We start with a summary of our main results. In Table II
we give our predictions for each of ¢ , 6y, 051, and ¢
using p$* € {25,30} GeV and R € {0.4,0.5,0.7}. The
uncertainties are determined by the covariance matrix in
Eq. (51). The basic parameters in the matrix are the
resummation uncertainty A, and the fixed-order uncer-
tainties Ay, Ayg, and Aysy = A — Ay, The values of
these uncertainties for two examples are

pHt =25GeV pH =30 GeV

R=04 R=05
A 1.49pb 1.49pb )
Aresum 0.86pb 0.52pb
Ay 0.87pb 0.70pb
Asi 0.62pb 0.79pb

which can be compared to total uncertainties quoted in
Table II. In Eq. (72) the reduction in resummation uncer-
tainties at larger R and p$™ is to be expected, and is mainly
driven by the increase in p$™. This is also the main reason
for the reduced uncertainties with increasing p$™ in o, and
€p at NNLL), + NNLO, seen in Table II.

We will discuss additional aspects of Table II and
associated figures for oy, o1, and €, in the following
subsections. In Figs. 7, 8, and 9 we will show predictions at
different orders and compare our most accurate prediction
to the NNLO result. In Eq. (73) we will estimate the
uncertainty from higher-order clustering terms. Then in
Fig. 10 we will plot various correlation coefficients as a
function of p$*", and in Table III give correlation coef-
ficients for two different values of R. In the Appendix, we
will discuss in more detail the impact of the z°> summation
on our analysis.

A. The 0-jet cross section

The fundamental quantity measured by experiments that
needs to be calculated theoretically is oy(p$, R), the
fiducial cross section in the O-jet bin. For this reason the

*At NLL, the a, running order required by the LO PDFs and
the resummation differ. In this case, we use the pragmatic
solution of including the required two-loop beta function co-
efficients in the RGE evolution kernels, but use the one-loop
running required by the LO PDFs to obtain the numerical value of
a, at a given scale. This mismatch does not happen at the higher
orders.
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TABLE IL

PHYSICAL REVIEW D 89, 054001 (2014)

Predictions for various cross sections with complex scale setting py; = —iupo and ppo = my as the central scale choice,

and with the total combined perturbative uncertainties. For convenience we also show the equivalent percent uncertainty in brackets after

each result.

o> [pbl]

oo(p7") [pb]

o>1(p7") [pb]

cut)

eo(pf

NLL,, + NLO
Pt =25 GeV
Pt =30 GeV

NNLL), +NNLO (R =

P =25 GeV
P =30 GeV

NNLL/, +NNLO (R =

Pt =25 GeV
P =30 GeV

NNLL), + NNLO (R =

P =25 GeV
P =30 GeV

0.4)

0.5)

0.7)

20.46 £3.37 (16.5%) 11.19 £ 1.98 (17.7%) 9.27 £2.76 (29.7%)
20.46 £3.37 (16.5%) 12.70 £ 2.07 (16.3%) 7.76 £2.67 (34.5%)

21.68 + 1.49 (6.9%)
21.68 + 1.49 (6.9%)

21.68 £ 1.49 (6.9%)
21.68 = 1.49 (6.9%)

21.68 + 1.49 (6.9%)
21.68 + 1.49 (6.9%)

12.67 + 1.22 (9.6%)
14.09 + 0.96 (6.8%)

12.40 + 1.12 (9.0%)
13.85 + 0.87 (6.3%)

11.97 + 1.05 (8.8%)
13.48 £ 0.83 (6.2%)

9.01 4 1.06 (11.8%)
7.60 +0.93 (12.3%)

9.28 4+ 1.03 (11.1%)
7.83 +0.94 (12.0%)

9.71 +0.97 (10.0%)
8.20+0.92 (11.2%)

0.547 £ 0.086 (15.8%)
0.621 £0.090 (14.5%)

0.584 + 0.040 (6.8%)
0.650 = 0.028 (4.4%)

0.572 + 0.036 (6.2%)
0.639 4 0.026 (4.1%)

0.552 + 0.032 (5.7%)
0.622 £ 0.024 (3.8%)

section. For NNLO we use the central scale upo = mpy
throughout. In addition, to verify the validity of our
uncertainty analysis it is important to study the convergence
of the resummation by studying different orders in the
resummed perturbation theory. We make these comparisons

predictions discussed here for the O-jet cross section at
NNLL/, + NNLO are our main results. The purpose of the
resummation is to improve the precision and accuracy of
the fixed-order cross section when p§' < my, so it is
natural to compare the resummed result to the NNLO cross

25 _|||||||||||||||||||Il|||||||||||||||||II|||||||||||||||||||||||||||||||||||||||_ 25
T gg — H (8TeV) ] gg — H (8TeV)
20— myg=125GeV. N 20— myg=125GeV
_. [ R=o04 . R=0.4
o) N N e ]
CRTITY e 4 5 15 - E
ER 1 i ]
S 10f 4 & 10 -
o = - = -
© C B NNLL, +NNLO ] © ]
5- B NLL, +NLO 5 B NNLL/, +NNLO—
N 4 NLL,, ] ~ - NNLO ]
0 -I IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII- 0
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Pt [GeV] Pt [GeV]
30 30
gg — H (8 Tev) NNLL, +NNLO gg — H (8 TeV)
20 B A @A, 20 mp=125GeV
_ I Acesum — R =0.4
X 10 X 10
ES 0 ES 0
5 S
€ <
L 10 L 10
NLL/ +NLO )
—20 Mg =125GeV  EEE Acaun®A, —20 B NNLL, +NNLO
R=0.4 Aresum S8 NNLO
—30 -30
— 0 30 40 50 60 70 80 0 30 40 50 60 70 80

p3t [GeV] pt [GeV]

FIG. 7 (color online).  The O-jet cross section for R = 0.4 and my = 125 GeV. On the left we show the NLL,, , NLL:,,T + NLO, and
NNLL),, + 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), 4+ 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 A ., only, while the darker outer
bands show the total uncertainty from adding Aeqm, and A, in quadrature.
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FIG. 8 (color online).

PHYSICAL REVIEW D 89, 054001 (2014)

gg — H (8TeV) ]
myg=125GeV
R=04

B NNLL, +NNLO
~ = NLO,; (H +jet)

a>1(p§*) [pb]

0 10 20 30 40 50 60 70 80
PP [GeV]

The inclusive 1-jet cross section for R = 0.4 and my = 125 GeV. On the left we show the different orders of

our resummed predictions, and on the right we compare our best prediction to that derived from the fixed NNLO cross section. As in the
0-jet cross section, we observe a good convergence and reduction in uncertainties at successively higher orders of accuracy.

in Fig. 7 using R = 0.4. From the top left panel one sees that
there is indeed a substantial reduction of uncertainties when
increasing the accuracy of the resummation/matching,
with higher orders falling inside the uncertainty bands of
the lower order results, as desired. From the top right panel
one sees that the NNLL},T + NNLO prediction has notice-
ably smaller uncertainties than the NNLO prediction. This
is expected for smaller p$", but even remains true for larger
Pt due to the #*> summation that is present in the
NNLL;,T + NNLO result, but not in the NNLO result.
(The corresponding comparisons for R = (0.5 are quite
similar, yielding the same conclusions.)

The bottom left panel shows percent uncertainties for the
two highest order resummation results, and also breaks
them down into the contributions from the resummation
uncertainty A ., and the total uncertainty from combining
yield and resummation uncertainties in quadrature. For
large p$*" the yield uncertainties dominate at both NLL/, +

gg — H (8 TeV)
myg =125 GeV

€9 (P%Ut)

R=0.4
B NNLL, +NNLO
E=E NLL/, +NLO

Py [GeV]

FIG. 9 (color online).

0 10 20 30 40 50 60 70 80

NLO and NNLL’pT + NNLO, since the resummation is not
important in this region. For both of these orders the
resummation uncertainty starts to have a relevant impact
for p§" <40 GeV.

In the bottom right panel of Fig. 7 we show the percent
uncertainties relative to the central curve for the NNLL), +
NNLO and NNLO cross sections. In this figure the size of
the improvement is clear. For instance, for R = 0.4 and
p =25 GeV the uncertainty decreases from 20% at
NNLO to 9.6% at NNLL), + NNLO. Similar improve-
ments by roughly a factor of 2 are observed for p§* =
30 GeV and for R = 0.5. Jet binning is a key aspect of the
experimental H — WW and H — 77 analyses, which will
therefore directly benefit from this substantial improvement
in the theoretical uncertainties.

The clustering effects provide an additional uncertainty.
Using the procedure discussed in Sec. III D, the relative
uncertainty from clustering, AJ"(p$s)/oo(ps™t), is

i@? gg — H (8 TeV)
S my =125 GeV
R=04
= NNLL;T—I—NNL O
== -NNLO
00 10 20 30 40 50 60 70 80
pr" [GeV]

The 0-jet efficiency for R = 0.4 and my = 125 GeV. On the left we show the different orders in our resummed

predictions, and on the right we compare our best prediction to that derived from the fixed NNLO cross section. Because the efficiency is
the ratio of the O-jet and total cross sections, the correlated fixed-order scale uncertainty in each quantity reduces the uncertainty in the
0-jet efficiency, making it relatively more accurate than the cross section itself.
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FIG. 10 (color online).
between different observables at NLL;,T
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Predicted correlation coefficients for the total perturbative uncertainties within the resummed predictions
+ NLO (left) and NNLL;,T + NNLO (right, with R = 0.4). Since the correlations result from

the interplay between the relative sizes of the C, and Ciy,, components, the changes between orders is not unexpected.

(A /0) (p5) pSt=25GeV pS =30 GeV
R=04: 3.6% 2.9%
R=0.5: 2.1% 1.7% 7
R=0.7: 0.5% 0.4%

Since our method of estimating these uncertainties is likely
to be improved in the future by calculations or a better
understanding of clustering effects, we have not included
them in the plots or in our numbers in Table II. These
clustering uncertainties are small compared to the pertur-
bative uncertainties discussed above and shown in Table II,
but are non-negligible, so we will quote them as an
additional uncertainty on each 0O-jet cross section. One
should interpret these with care since they come from a
rough estimate of the higher-order clustering coefficient
which could easily be twice as large or one-half as large.
As representative final results we quote the following
values for oo (p$™, R) with both theoretical uncertainties:

TABLE III. Correlations in the perturbative uncertainties
between different observables at p$" = 30 GeV for R = 0.4
and R =0.5.

P7" =30 GeV oz oo(p7) ox(pt) eolpi")
R=04
050 1 0.80 0.78 —0.34
oo (P 1 0.25 0.30
o1 (5 I 085
eo(P7") I
R=05
050 1 0.81 0.84 —0.44
oo (P 1 0.35 0.18
os1(p$) 1 —0.86
€o(P7") !

00(25 GeV,0.4) = 12.67 £ 1.2, £ 0.46,4, pb,

00(30 GeV,0.5) = 13.85 + 0.87 ¢ += 024y pb.  (74)

It is interesting to compare our results and uncertainties
for oy to the NNLL+NNLO results presented earlier in
Ref. [12]. Our results build on their results in a few ways. In
particular, our RG approach includes z* 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 uncertainties, which also
makes predictions for the correlations between the different
jet bins.

Comparing o at p" = 25 GeV and R = 0.4 our central
values agree with those in Ref. [12], and are well within
each other’s uncertainties. Our perturbative uncertainty of
9.6% 1is a bit smaller than the 13.3% uncertainty for o, of
Ref. [12] which seems reasonable given the above men-
tioned additions. One important ingredient in this com-
parison is the inclusion of the z? resummation which
improves the convergence of our results and decreases our
uncertainty. On the other hand, in Ref. [12] the central scale
is chosen to be upg = my /2 which also works in the same
direction, decreasing the uncertainty relative to the choice
Upo = my. For the total cross section Ref. [12] has a 7.4%
uncertainty, whereas we have 6.9% uncertainty using
Uro = my and including 7> resummation (see Table II).
From Table IV in the Appendix we see that our perturbative
uncertainty for 6y(25 GeV, 0.4) would increase to 12.8% if
the 7? resummation were turned off (while still taking the
central ppg = my), and that at this level the uncertainty
would become comparable to that of Ref. [12]. For
pH =30 GeV and R =0.5 our central values remain
perfectly compatible with Ref. [12], and the uncertainties
follow a pattern similar to the case above.
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B. The inclusive 1-jet cross section

The inclusive 1-jet cross section contains the same jet-
veto logarithms as the exclusive O-jet cross section,

o51(PF") = 050 — 0o (PF"). (75)

Here, p$" in o5 (p§™") is now the lower limit on the pr

of the leading jet in this inclusive cross section. Since
our resummation framework consistently includes both
oo(p$") and 659, we can determine a resummed predic-
tion for o,;(p$") from their difference. A nontrivial
ingredient in this prediction is determining its perturbative
uncertainty via the theory covariance matrix determined
in Sec. IIL

In Fig. 8, we show the convergence of the resummed and
matched predictions at different orders, as well as the
comparison to the fixed-order cross section. The total cross
section used to obtain o.;(p§") is evaluated with an
accuracy equal to the fixed-order matching results con-
tained in oo(p§™). This is required to enforce
051 (p§" — o) — 0. For this reason in the left panel of
Fig. 8 the NLL, distribution (whose matching does
not even include the full tree-level matrix element for
the H 41 jet rate) is lower than the higher-order
distributions. The NNLL/, + NNLO distribution is well
contained within the NLL;T + NLO uncertainty band, with
the expected improvement in accuracy. Note that when
including the resummation, o (p$™") approaches the total
Cross section as p‘}“t — 0, whereas it would diverge at
fixed order.

In the right panel of Fig. 8 we compare the fixed-order
result for o (p$") with the result obtained from Eq. (75)
using our NNLL/, + NNLO 0-jet distribution. (We label
the NNLL), + NNLO prediction as such to be consistent
with our predictions for other observables, although in
terms of the fixed-order contributions it is not beyond the
NLO result for H+ > 1 jet denoted as NLO; in the figure.)
The resummed prediction for o5 (p$") is larger than the
NLO, result due to the summation of z* terms in 65 and
oo(p$Y) in Eq. (75). Without this #°> summation, the
resummed o5 (p$") would give a slightly lower rate than
at fixed order. For R = 0.4 and p§" = 25 GeV the fixed-
order uncertainty is 20%. It is reduced to 11.8% at
NNLL),  + NNLO (see Table II). This reduction is similar
to what was observed for oy, as is the mild dependence on
R. On the other hand, increasing p$™ to 30 GeV does not
really change the relative uncertainty for o, unlike for oy.
Note the importance of the theory correlations here, since
we can see from Eq. (72) that the yield uncertainty A5,
alone behaves in the opposite fashion.

Our resummed results for the inclusive 1-jet cross section
051 (p§™, R) provide improved predictions compared to the
accuracy of its NLO result, but should be used together
with the appropriate theory uncertainty correlations deter-
mined here. As representative final results for o5 (p$™", R),
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where we also include the uncertainty from clustering
estimated as in Eq. (74), we quote

051(25 GeV,0.4) = 9.01 + 1.06,¢ % 046, pb,
051(30 GeV,0.5) = 7.83 + 0.94 ¢, 4+ 0.24, pb.  (76)

Note that the clustering uncertainties have a larger relative
size here (5.1% and 3.0%) since o is numerically smaller
than o.

Recently, the gg — Hg contribution to the H+ > 1-jet
cross section has been calculated at NNLO [59]. This
calculation includes all O(a}) corrections which include
logarithms of p$"/my, x* terms, and nonsingular contri-
butions. Our resummed calculation captures all of the
logarithms of p$*/my except for the single logarithms
(which would require N*LL resummation) as well as the 77
terms at O(a}), but does not include any nonsingular
contributions. In contrast, the fixed-order calculation does
not include the resummation of the p$™ logarithms or z?
terms beyond O(a?). The different theoretical ingredients
in these two calculations makes a comparison between
them interesting. In fact, for phenomenologically relevant
parameters the gg — Hg NNLO calculation finds a K-
factor relative to NLO that is quantitatively similar to the
increase over the NLO cross section that we observe
between the two central curves in the right panel of
Fig. 8. As mentioned above, in our case the resummation
of the p$" logarithms lowers the I-jet inclusive cross
section relative to fixed NLO, but including also the 7
summation raises it above. Although the purely virtual z°
terms from the hard function cancel out in Eq. (75), there
are real-virtual cross terms involving z? factors in 6 that
are not canceled. This suggests that these 7> terms may play
an important role in determining the magnitude of the
NNLO K-factor. (In contrast, the z> terms that can be
determined from imaginary scale setting in the exclusive
H + 1-jet cross section are known to not play a dominant
role at NLO [53].)

C. The 0-jet efficiency

Another observable that can be predicted using our
results is the O-jet efficiency,

u 0, pcut
eo(pF") = —Oi_ g ) )
>

Once again it is important to account for the correlations in
theoretical uncertainties when computing the uncertainty in
this observable according to Eq. (53). In Fig. 9, we plot
€o(p§*") and its uncertainty as a function of p§* for R = 0.4
and we give explicit numbers in Table II. At NLL), + NLO
the relative uncertainties for o, and ¢, are similar, but this
is no longer the case at NNLL) + NNLO. With the
decreased uncertainties that occur at this order, a more
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significant amount of the uncertainties in the numerator and
denominator of Eq. (77) become positively correlated and
cancel. As a result, our O-jet efficiency at NNLL), +
NNLO has smaller relative uncertainties than our O-jet
cross section. This is reflected in both the numbers in
Table II and in the results shown in Fig. 9.

In the left panel of Fig. 9 we show results for the
efficiency at different orders. The results at NNLL), +
NNLO are within the uncertainty band of the lower order
NLL/, + NLO results, and again display an improved level
of precision. In the right panel of Fig. 9 we see that the
comparison of €)(pf") between NNLL), + NNLO and
pure NNLO follows a similar pattern of improvement to
what we have already observed for the 0-jet and inclusive
1-jet cross sections.

Since the O-jet efficiency is the more fundamental
quantity in the framework of Ref. [12], it makes sense
to extend the comparison made in Sec. IV A to this
observable, again taking R = 0.4 and p§" = 25 GeV. At
NNLL+NNLO Ref. [12] has a 11.5% perturbative uncer-
tainty for ¢y, which in their framework is assumed to be
independent from the uncertainty in the total cross section.
Thus, their uncertainty for o is always larger than that for
€o- This 11.5% uncertainty for their ¢ is close to the 9.6%
uncertainty for our o, but larger than the 6.8% uncertainty
for our ¢,. For the analysis of Ref. [12] there is no
corresponding cancellation of uncertainties between the
numerator and denominator of Eq. (77), and hence the same
cancellation that we observe does not occur.

D. Correlations

When evaluating the perturbative uncertainties via the
profile scale variations as discussed in Sec. IIl C, the
correlations in the total perturbative uncertainties between
the different observables are automatically predicted by the
resulting total covariance matrix C,, + Creqyy- In previous
subsections we have highlighted a few cases where these
correlations are important for determining uncertainties,
and in this section we discuss them in more detail.

As an example, in Table IIl we give the correlation
coefficien ts obtained at p$"* = 30 GeV for both R = 0.4
and R = 0.5. One observes that they have a fairly mild
dependence on R. On the other hand, since the correlations
arise from the interplay between the relative size of the
anticorrelated component C, and correlated component
Cresum» they can have a much stronger dependence on p$*.
Similarly, the correlation matrix can also change by a large
amount between perturbative orders because uncertainties
are decreased by going to higher order, and therefore the
relative importance of C, and Ciq,m can change. These two
features are illustrated in Fig. 10. The p$" dependence is
strongest in the correlations between the inclusive cross
section, o, and the exclusive O-jet observables o, (solid
orange lines) and ¢, (blue dashed lines). The reason for this
is that the O-jet observables receive contributions from
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Ciesum» Whose importance relative to C,, depends on p$",
while 6 has no contribution from C.g,,,. We also see that
at NNLL), + NNLO the correlation between ¢, and 65,
decreases toward smaller p$" and turns negative below
<30 GeV, because the anticorrelated migration uncertain-
ties from C,, start dominating over their common
correlated yield uncertainty in C,. This anticorrelation is
not so evident in the resummed result at NLL), + NLO
since C, plays a bigger role at this order. Finally, we
observe that in the large p$" regime, where the resumma-
tion turns off and the C, contributions dominate, the
correlations between the O-jet efficiency and the total cross
section in our formalism approaches —1, as it must. For
large p$" the correlations between any two cross sections
tends to 1, also as they must.

From this discussion it should also be apparent that we
do not expect the correlations obtained after resummation
to be the same as in the pure fixed-order calculation.
Indeed, including the resummation the perturbative uncer-
tainties in the logarithmic series induced by the jet binning
are significantly reduced compared to in the fixed-order
case. This means the correlation between the uncertainties
in 0 and o should be more negative at fixed order. This is
indeed what happens when using the method of Ref. [8], for
which at pure NNLO we find p (o, 05 ) rises from —0.7 to
—0.2 over the p§" range shown in Fig. 10. The added
advantage of the resummation framework used here is that
it automatically provides theory based handles to estimate
both the correlated contributions C, and anticorrelated
contributions in Cpeq, Without having to make an
assumption about the correlation between any two quan-
tities. As a final cautionary note, we remark that one should
recall that the magnitude of the correlation coefficients does
not indicate the relative importance of their entries in
determining the final uncertainties since the size of the
corresponding diagonal uncertainties is also required.

V. CONCLUSIONS

In this paper we have presented results for Higgs
production via gluon fusion with a jet veto. Jets are
identified with a kpr-type clustering algorithm (which
includes the experimentally used anti-kt algorithm) with
jetradius R, and are vetoed via the requirement pjft < p$t.
The logarithms of p§"'/my are resummed to NNLL' and
the resummation is matched to the full fixed NNLO cross
section. Our analysis is based around the small R limit,
where the cross section can be factorized into hard, beam,
and soft functions. To achieve NNLL' order we computed
the relevant soft function to O(a?) and computed the full
a2 In R*> term for the beam function, determining the
remaining p$* independent O(a?) terms in the beam
function numerically. Our resummation results also include
7% summation in the hard corrections through imaginary
scale setting. To consistently incorporate the full NNLO
result we made use of profile functions that properly handle
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both the small and large p$" regions, and in particular the
experimentally relevant transition region in between. We
also included a precise numerical determination of the
O(a?) nonsingular terms. Our results include predictions
for the exclusive 0-jet cross section, the O-jet efficiency, and
the inclusive 1-jet cross section.

A key aspect of our numerical analysis is the robust
estimation of perturbative uncertainties. The uncertainty
comes from two independent components: overall yield
uncertainties (which are correlated between jet bins) and
resummation uncertainties (related to predicting the migra-
tion between jet bins as we vary p$"). Each of these can be
estimated through the variation of various invariant mass
and rapidity scales in the factorization theorem. The
uncertainty framework discussed in Sec. III allows us to
construct the complete covariance matrix for the total,
exclusive O-jet, and inclusive 1-jet cross sections.

In Sec. IV, we presented results for the O-jet cross
section, the inclusive 1-jet cross section, and the O-jet
efficiency. Our numerical results for several phenomeno-
logical points of interest (p§* = 25,30 GeV and R = 0.4,
0.5, 0.7) are given in Table II. The precision of the
predictions increases significantly as the resummation
and matching is improved, from NLL, to NLL) +
NLO to NNLL/, + NNLO. For the most precise predic-
tions, the uncertainties are significantly smaller than the
fixed-order NNLO uncertainties, which are currently the
nominal benchmark uncertainties for the experimental
H — WW and H — 77 analyses. Our results add a few
additional ingredients on top of the NNLL results in
Ref. [12], in particular: by including z> summation [35],
by including the complete NNLO singular terms in the
fixed-order matching for soft and beam functions at O(a?),
and because our factorization based framework also makes
predictions for both correlated and anticorrelated contri-
butions to the theory uncertainty correlation matrix
between different jet bins. We observe a corresponding
modest improvement in the size of the uncertainties, where
details can be found in Sec. IV A and Sec. IV C.

Our results are part of an ongoing effort to more
completely understand jet vetoes for Higgs production
and their associated uncertainties. The H -+ O-jet cross
section is an excellent testing ground for the new methods
being developed to improve the theoretical predictions.
Currently, the fixed-order perturbative uncertainties due to
the jet binning in the H — WW analysis are the dominant
systematic uncertainties. Our results can be directly applied
to provide improved theory predictions with substantially
reduced perturbative uncertainties.
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Note added—While finalizing this paper, Ref. [60]
appeared, which also makes predictions for the
H + 0-jet cross section including contributions beyond
the NNLL results of Ref. [12]. In this note added, we
compare their theoretical ingredients with ours.

Regarding the O(R?) terms from uncorrelated emissions
discussed in Sec. II D, at NNLL order we included these
terms in the same manner as Ref. [12], which is also
equivalent to absorbing them into the factorized beam
functions as is done in Ref. [60]. The discussion of whether
or not these terms can be fully included in an all-orders
factorization theorem as in Ref. [60] first appears at N3LL.
The issues related to rapidity scaling for these terms are
discussed in our footnote 2.

A common goal of both our work and Ref. [60] is the
inclusion of fixed-order corrections from the low-energy
matrix elements (corresponding to beam and/or soft func-
tions) that are needed as ingredients in a calculation at
N3LL order. In our analysis we have fully calculated the
O(a?) soft function, including the R-dependent anomalous
dimension and finite corrections that depend on In R%. In
addition, we have calculated the finite corrections in the
beam function that depend on In RZ. Thus, the dominant R
dependence has been fully determined analytically, and the
only numerical ingredient is the remaining contribution in
the beam function. In contrast, in Ref. [60] an analytic
calculation is done for the anomalous dimension terms, but
a numerical extraction is done for the combined finite soft
+ beam contributions including their R dependence. We
make use of the rapidity renormalization group in our
analysis, including rapidity scale variations in our uncer-
tainties to estimate the size of higher-order rapidity loga-
rithms, while Ref. [60] accounts for these contributions
using the “collinear anomaly” formalism without variations
of the rapidity scales. A resummation of 7> contributions
through imaginary scale setting is used in both our work
and their work.

Reference [60] refers to the accuracy of their resumma-
tion as “N3LLP,” where “p” stands for partial, which can be
contrasted with our NNLL'. As far as perturbative ingre-
dients that have been either calculated analytically or
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The O-jet cross section for my = 125 GeV and R = 0.4 using the real scale setting yy = ppo, which excludes

the 7% resummation. The poor convergence of the hard function results in larger uncertainties and a poorer convergence of the cross

section at all values of p§.

extracted numerically, both our results include the same
theoretical ingredients. Reference [60] makes an additional
ansatz about the anomalous dimensions required for N*LL
resummation, since none of the required coefficients are
currently known. Their method of estimating and varying
the size of these coefficients in some range is another
method for estimating uncertainties from unknown higher-
order perturbative corrections. It does not, however,
improve the perturbative accuracy of the resummation
beyond NNLL' order.

In our analysis we have used profile scales to properly
describe the transition between the resummation and fixed-
order regimes, which ensures that we have canonical scales
in the small p$" region and also reproduce the fixed-order
cross section in the large p$*" limit. In contrast, Ref. [60]
limit themselves to using canonical scales, which can only
be used to properly describe the cross section in the small
p$ region below the transition region. As we have seen in
our analysis, for phenomenologically relevant values of
p$", the cross section and its uncertainties are influenced
by the transition region. The connection to the fixed-order

cross section also provides an important constraint when
predicting correlations (which are not considered in
Ref. [60]). Overall, our method of calculating perturbative
uncertainties by varying all scales appearing in the RGE is
therefore quite different from Ref. [60]. Numerically, the
resummed perturbation theory as organized in Ref. [60]
shows a slower convergence (as shown, e.g., in their Figs. 8
and 11) compared to our results shown in Fig. 7.

APPENDIX: RESULTS FOR REAL puy

For completeness and to demonstrate the benefit of the
imaginary scale setting for uy, in this appendix we give
predictions for the real scale setting uy = prg, which
excludes the large 72 terms from the resummation in the
hard function.

In Fig. 11, we plot the analog of Fig. 7 for o4(p$*") but
using real . Comparing these two figures, it is clear that
including the z? terms in the resummation significantly
improves the convergence and precision of the O-jet
predictions at small p$". This improvement also translates

TABLE IV. Predictions for various cross sections with real scale setting yy = ppo and upg = mpy as central scale.

050 [pb]

oo(pf") [pb]

ox1(pF") [pbl

eo(PF)

NLL,, +NLO
Pt =25 GeV
P =30 GeV

NNLL,, + NNLO (R = 0.4)

Pt =25 GeV
Pt =30 GeV

NNLL),  +NNLO (R = 0.5)

pSit =25 GeV
Pt =30 GeV

NNLL), +NNLO (R = 0.7)

P =25 GeV
Pt =30 GeV

14.57 £2.91 (20.0%)
14.57 +2.91 (20.0%)

18.38 £ 1.91 (10.4%)
18.38 4 1.91 (10.4%)

18.38 £ 1.91 (10.4%)
18.38 £ 1.91 (10.4%)

18.38 + 1.91 (10.4%)
18.38 + 1.91 (10.4%)

8.96 = 2.44 (27.2%)
10.08 +2.62 (26.0%)

12.44 + 1.59 (12.8%)
13.54 + 1.71 (12.6%)

12.14 £+ 1.50 (12.4%)
13.29 + 1.63 (12.2%)

11.69 + 1.41 (12.1%)
12.91 4+ 1.54 (11.9%)

5.61 4244 (43.5%)
449 £232 (51.7%)

5.94 4132 (22.2%)
484 £ 1.13 (23.4%)

6.24 £ 1.29 (20.7%)
5.09 4 1.12 (21.9%)

6.68 & 1.33 (19.9%)
547+ 1.18 (21.6%)

0.615 £ 0.136 (22.1%)
0.692 + 0.138 (19.9%)

0.677 4 0.059 (8.8%)
0.737 £ 0.055 (7.4%)

0.661 % 0.056 (8.4%)
0.723 £ 0.052 (7.2%)

0.636 = 0.055 (8.6%)
0.703 £ 0.052 (7.5%)
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into an improved convergence and reduced uncertainties at larger values of p§™. In Table IV, we give the analogous values
without 72 summation to those in Table II. For pHt =25 GeV, R = 0.4 and p§" = 30 GeV, R = 0.5, the corresponding
components of the uncertainty are

P =25 GeV  pSt = 30 GeV

R=04 R=05

A 1.91 1.91

A 1.08 0.95 (AD
A 1.16 1.32

A 0.75 0.59.

Both the resummed and fixed-order uncertainties for the O-jet cross section are larger when the z? terms are excluded from
the resummation, indicating that these large 7> terms have an effect on the shape as well as the normalization of the cross

section. This is also reflected in Fig. 11.
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