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Resummation of High Order Corrections in Z Boson Plus Jet Production at the LHC

Peng Sun,l’ Bin Yan,2’|f| C.-p. Yuan,z’lﬂ and Feng Yuan?’ﬁ

! Department of Physics and Institute of Theoretical Physics,
Nanging Normal University, Nanjing, Jiangsu, 210023, China
2 Department of Physics and Astronomy, Michigan State University, East Lansing, MI 48824, USA
3 Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA

We study the multiple soft gluon radiation effects in Z boson plus jet production at the LHC.
By applying the transverse momentum dependent factorization formalism, the large logarithms
introduced by the small total transverse momentum of the Z boson plus leading jet final state
system, are resummed to all orders in the expansion of the strong interaction coupling at the
accuracy of Next-to-Leading Logarithm(NLL). We also compare the prediction of our resummation
calculation to the CMS data by employing a reweighting procedure to estimate the effect from
imposing kinematic cuts on the leptons from Z boson decay, and find good agreement for both the
imbalance transverse momentum and the azimuthal angle correlation of the final state Z boson and
leading jet system, for pp — Z + jet production at the LHC.

Introduction. The Z boson and jets associated produc-
tion at Large Hadron Collider (LHC) plays an important
role in our knowledge of the Standard Model (SM) and
beyond. The clean and readily identifiable signature and
large production rate of this process provide an oppor-
tunity to precisely measure the electroweak parameters,
constrain the parton distribution functions (PDFs) and
also probe the strong coupling constant as. In particular,
it is a prominent background in searches for SM processes
and physics beyond the SM at the TeV scale [I]. There-
fore, a precise study of both the inclusive and differential
measurements of Z boson plus jets production is vital to
test the SM and search for new physics (NP).
Currently, both the ATLAS and CMS collaborations
have reported the measurements of Z boson production
associated with zero, one and two jets [2H5]. Although
the experimental measurements on pr and y of jet show
very good agreement with theoretical predictions [6], a
better theoretical calculation for some other observables
(e.g., the total transverse momentum of Z boson and
leading jet system) in regions of the phase space domi-
nated by soft/collinear radiation are still needed to re-
duce the theoretical uncertainties. Both the fixed-order
and resummation techniques could be used to improve
the theoretical predictions. Perturbative QCD correc-
tions to the Z boson plus multijets production at the
next-to-leading order (NLO) are widely discussed in lit-
eratures [{HI4]. The NLO effects from electroweak cor-
rection to Z boson plus multijets are also discussed
in Refs. [I5HIR]. Beyond the NLO QCD calculation,
the leading threshold logarithms have been included in
Ref. [I9]. The accuracy to the Z boson plus one jet pro-
duction has reached to the next-to-next-to-leading or-
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der (NNLO) in QCD interactions [20H22]. Recently,
the transverse momentum effects from the initial state
partons are also discussed in the Z boson plus one jet
production [23].

In this work, we focus on improving the prediction on
the kinematical distributions of the production of the Z
boson plus one jet,

p+p—>Z(PZ)+Jet(PJ)+X, (1)

where P; and Pj are the momenta of Z boson and lead-
ing jet, respectively. The transverse momentum resum-
mation (¢, resummation) formalism is applied to sum
over large logarithm In(Q?/q? ), with Q > ¢, to all or-
ders in the expansion of the strong interaction coupling
at the NLO and next-leading logarithm (NLL) accuracy,
where Q and ¢, are the invariant mass and total trans-
verse momentum of Z boson plus leading jet final state
system, respectively. The ¢, resummation technique is
based on the transverse momentum dependent (TMD)
factorization formalism [24] 25], which has been widely
discussed in the literature in the color singlet processes,
such as Drell-Yan production [26]. Extending the ¢, re-
summation formalism to processes with more complex
color structure have been discussed recently; e.g. heavy
quark pair production [27H29]; processes involving mul-
tijets in the final state [30H36]. Here we will use the
TMD resummation formalism presented in Refs. [30] B32]
to discuss the kinematical distributions of Z boson plus
one jet. To properly describe the jet in the final state, we
should modify ¢, resummation formalism to include the
soft gluon radiation from the final state; see a detailed
discussion in Refs. [30H36]. In short, we should resum
the large logarithm In(Q?/¢?) when there is soft gluon
radiation outside the observed final-state jet cone.

TMD Resummation. Our TMD resummation formula
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can be written as [31]:

LA
dyzdy;dP?%, d>q, =

b, .. 7
[/ (27T)l2 e LW g (1, 20, b1 ) + YazHZJ] )
(2)

where yz and y; denote the rapidity of the Z boson and
the leading jet; Py, (Pz.) and ¢, = Py, + P;| are the
leading jet (Z boson) transverse momentum and the im-
balance transverse momentum of the Z boson and the jet
system. The first term (W, zs) contains all order re-
summation effect and the second term (Y5, z7) accounts
for the difference between the fixed order result and the
so-called asymptotic result which is given by expanding
the resummation result to the same order in o, as the
fixed order term. x; and x5 are the momentum fractions
of the incoming hadrons carried by the two incoming par-
tons,

.Y my + P3, et% + \/P7, et 3
1,2 — \/§ ’ ( )

where mz and S are the Z boson mass and squared col-
lider energy, respectively. The all order resummation re-
sult Wy, zs can be further written as,

Wap—z (x1,22,b)
= 21 fa(x1, pr = bo /b1 )x2 fo(x2, i = bo/b1)

X Hab%ZJ(‘S? Ires, MR>6_SSud(saﬂrembi_)e_]:NP’ (4)

where s = x1x2S5, by = 2¢7 7% with g being the Eu-
ler constant, s is the resummation scale to apply the
TMD factorization in the resummation calculation. piyes
is also the scale to define the TMDs in the Collins 2011
scheme [37]. pg is the renormalization scale. f, (2, tr)
are the PDF's for the incoming partons a and b, ug is fac-
torization scale of the PDFs and by = b/4/1+ b2/b2,,
with bax = 1.5 GeV ™!, which is introduced to factor out
the non-perturbative contribution e”~7 | arising from the

large b region (with b>> b, ) [38H41],

b
Faup(@b) =g 4 gl (5)
Qo b1

where g1 = 0.21, go = 0.84 and Q3 = 2.4 GeV? [I].

The Sudakov form factor can be expressed as,
2

Fres 12 1
Ssud :/ & [m (5‘2) A+ By +By+Dln— | ,

bg /b2 M K R
(6)
where R denotes the jet cone size of the final state jet.
The coefficients A, By 2 and D can be expanded pertur-

batively in g, which is g2/(4r).
o~ ()" (n) /R 1 1y(n)

A/Bra/D =3 () A /B DY (1)

n—
For ¢4 — Zg channel, we have

1 3
AV =cp, A® = 5COrK, BV = 5Cr
1
BV =, DW= 2Ca.
(8)
For gq — Zq channel, we have
A0 = Lo o), A® _ LCr+Ca
2 2 2
M _ _3 wm_ 1. .. u
By = (=Cafo 4CF), By’ = 2(C’p CA)ln<t),
1
D(l) = §CF3 (9)
4 2
where Crp = 3’ Chp =3 and K = (13—; — %CA — ng;

Bo = (11 — 2/3Ny)/12 with Ny = 5 being the num-
ber of effective light quarks. Here t = (P, — Pz)? and
u = (P, — Py)? with the incoming parton momentum P,.
They are the usual Mandelstam variables for the partonic
2 — 2 process. The coefficients A and By come from the
energy evolution effect in the TMD PDFs [42], so that
they only depend on the flavor of the incoming partons
and are independent of the scattering processes. The co-
efficient By describes the soft gluon interaction between
initial and final states. The factor D quantifies the effect
of soft gluon radiation which goes outside the jet cone,
hence it depends on the jet cone size R. Furthermore, the
narrow jet approximation [43] [44] is applied to simplify
the calculation, and we only keep the term proportional
to In(1/R?). In our numerical calculation, the A terms
will also be included in our analysis since it is associated
with the incoming parton distribution and universal for
all processes [45].

By applying the TMD factorization with Collins 2011
scheme, we obtain the hard factor Hyz—, 74 in Eq. 7 at
the one-loop order, as



2 p2 2 p2 2 2
1) _ g0 O R°Py 1. 5 (R°P; . z : m
A5y =y { 2o (57 ) g () v (57 + 1 (7%
2 2 1 2 1 1 t t
—1In (Nr;g) In (sz> — 2 ln? <Mrgs) + = In? (52) — Zn? (Z) +1In (2) In ( u2 )
my tu 2 my 2 my 2 my my my
1 m% —t 1 m% —u 1 1 212 67 23N 12
= In? Z —1n? Z S PO (e I LRI A0t A e 630 In =&
o\ Tz )+2n m% 2\ R2 5 79 " e | CatOhln 5
2 2 2
S Hres 2 [ Hres Hres 2 S 2 (1)
2In | — )1 —1 —3ln| = | -1 — -8|C 0H
=[G )m(B) e () -om (5g) - () - 5] o+ o
(10)
[
The leading order matrix element for qg — Zg is, boson and quarks are,
gw q : 2 gw q
=— (14 —2 0 = —
IV = Y os Ow (73 @qsinbiy),  ga 2 cos Oy 73
o 87 u t o 2m%(m% —u—t) (12)
q@—2Zg — ?OésCF (9\2/ + 9,24) 7 + " + Z fu where gy and 6y are the weak gauge coupling and weak

(11)

The vector and axial-vector gauge couplings between Z

J

mixing angle, respectively. Tq3 is the third component of
the quark weak isospin and @ is the electric charge of
quark. § H() represents terms which are not proportional
to H® and can be found in Ref. [7]. Similarly, for the
subprocess g + ¢ — Z + ¢, we have

3 R2P? 1 R2P? U 12
aY , =g 22 L) g on? (T ) 42l | — ) In (P
wozn = R |72 gy ) T2 i) T g ) M g
2 2 2 2
2 [ My Hy 2 u 1 2 1 27 3 Hr
() o () v () o () -5 g et
2 2 2‘ 2 1 2‘
el () e Gt) e () () 2 ()
s my —t my st 2 my

;ln2<si>+ln<82)ln(t2>ln<2)ln( 2t );12(82>

mz my my z my — s A
1 2 m%*t 1 2 u 7T2 (1)

+ 5111 < m2Z )+211’1 72Z +7 OA +5Hqg—>Zq7

where the leading order matrix element is,

2

t  2m%(m% —s—t)

S
-+
S

0
nggLZq = —na,Cp (9\2/ +g.»24) n

ts
(14)
We should note that the non-global logarithms (NGLs)
could also contribute to this process. The NGLs arise
from some special kinematics of two soft gluon radia-
tions, in which the first one is radiated outside of the
jet which subsequently radiates a second gluon into the
jet [46H49]. Recently, the NGLs effects were studied in
Ref. [51] in the framework of soft-collinear effective the-
ory and it shows that their contributions are negligible
when Pj;; > 30 GeV. Therefore we will not consider the
NGLs in the following numerical calculations. The addi-

(13)

(

tional resummation effect of In R is beyond the scope of
this paper and has also been discussed in Ref. [51].

Z Boson Plus Jet Production at the LHC. We ap-
ply the resummation formula of Eq. to calculate the
differential and total cross sections of the Z boson pro-
duction associated with a high energy jet. The anti-k;
jet algorithm with jet cone size R = 0.4 will be used to
define the observed jet as discussed in Refs. [32] 44].

Before we present our numeric results, we would like to
comment on the cross-check of our resummation method.
We perform the fixed order expansion of the integral of
Eq. to obtain the total cross section, and compare it
with the fixed order prediction. The Y-term is vanishing
when ¢, goes to zero in the resummation framework, thus
the cross section in the small ¢, region (from ¢; = 0



to a small value ¢ o, about 1 GeV) can be obtained
by integrating the distribution of the asymptotic part
and the one-loop virtual diagram contribution. The cross
section in the large ¢ region (g1 > ¢ o) is infrared safe
and can be numerically calculated directly. Thus, the
total cross section can be written as [52],

2 )
q virtual+real e real
R donro da? doyto
ONLO = q1 42 + q1 d2
0 a3y a2 q1

1,0

Numerically, we find that the above procedure reproduces
the NLO cross sections from MCFM [53] with slight dif-
ference, ranging from 2% for R = 0.4 to 0.2% for R = 0.2.
Clearly, this discrepancy arises from the narrow jet ap-
proximation made in our derivations. Following the pro-
cedure of Ref. [33], we parameterize this difference as

function of R: H(O)g—S(O.MR — 6.44R?) for the range of
T

0.2 < R < 0.6, which will be considered as part of our
NLO contribution H("),

Recently, CMS collaboration has reported the mea-
surement of the ¢, spectrum of Z boson plus jet pro-
duction at the 13 TeV LHC [5]. Since the experimental
measurement was done with certain kinematic cuts im-
posed on the final state leptons, its result cannot be di-
rectly compared to the current theory prediction which is
for an on-shell Z boson production associated with one or
more high-Pj, jets. In order to compare to this data, we
need to estimate the effect of those kinematic cuts to our
theory prediction. This estimation can be done by em-
ploying a reweighting procedure based on the PYTHIAS
simulations. For example, the differential cross section
of the imbalance transverse momentum of the Z boson
and leading jet system (g, ), after imposing the kinematic
cuts on the decay leptons of the Z boson, can be written
as

Ao
dq.

_do

e
= dar X H(mzunyﬁzwl’% ¢ ), (15)
decay qL

stable,Z

where n(m[u—,pe;f,ygﬁ_) is the reweighting factor
which depends on lepton pair invariant mass (mg+,-),
transverse momentum (prJrf) and rapidity (yp+e-)-
do/dq . |stable,z is the differential cross section with sta-
ble Z boson production. Figure [1| shows the normal-
ized mygtp—, p@Tw— and y,+,- distributions at the v/S =
13 TeV, with |ys| < 2.4 and Py, > 30 GeV, as predicted
by the Monte Carlo event generator PYTHIAS [54]. The
blue solid lines show the distributions after we impose
the following kinematic cuts on the leptons (labelled as
‘with cut’) [5],

71 GeV < my+y- < 111 GeV,
péi > 20 GeV,and || < 2.4. (16)

The red dashed lines show the prediction of pp —
v*/Z(— £707) + jet without the above kinematic cuts
imposed on the Z-decay leptons (labelled as ‘no cut’),
while the black dotted lines show the prediction with

4

stable Z boson production (labelled as ‘stable Z7). It
is clear that the normalized distributions of my+,- and
pgﬂ_ are not sensitive to the imposed lepton kinematic
cuts. On the contrary, the kinematic cuts on the decay
leptons significantly modified the shape of the rapidity
distribution of the lepton pairs, cf. Fig. c). Therefore,
to a very good approximation, we can assume that the
reweighting factor x only depends on the value of y,+,-,
ie.

.
k(Mg o— D5 yere-) = K(Yer o) (17)

The kinematic cuts imposed on the leptons, as in
Eq. , will constrain the allowed rapidity range of the
lepton pair, and approximately |y,+,-| < 1.5. Figure
[1{d) shows the ratio of normalized rapidity distribution
between with cut and stable Z boson prediction in Fig.
c). It is clear that k(y,+,-) does not strongly depend
on yg+¢- for lyz| < 1.5. we could approximate a constant
reweighting factor to describe the effect of the kinematic
cuts on the Z-decay leptons; i.e.

F(Yere-) = k. (18)

Although « is estimated based on LO prediction given by
the PYTHIAS event generaotr, the theoretical uncertain-
ties from higher order corrections are not significant [6].
Therefore, under this approximation, we have

" ( do
~K —
decay qu—
with the kinematic cuts imposed in the CMS measure-
ment [5]. For the normalized distribution, the x depen-
dence would be cancel out and yield the following rela-
tions:
do
quJ_

do.
dq.

), for ‘yg+27| < 1.5, (19)
stable,Z

d
~ ( g ), for |ye+e-| < 1.5. (20)
decay O'qu

This approximation is expected to hold well better than
the theoretical uncertainty of the normalized ¢, differen-
tial cross section which is at the order of 10%, cf. Fig.
Hence, the small correction arising from taking into ac-
count the full rapidity dependence of the re-weighting
factor can be ignored in this study.

We calculate the normalized ¢, distribution of Z bo-
son plus one jet production at the v/S = 13 TeV LHC
with CT14NNLO PDF [55], after imposing the kinematic
cuts with |ys| < 2.4 and Py, > 30 GeV, and the results
are shown in Fig. a). We fix the resummation scale
tres = Py1, while the renormalization scale ug is taken
to be Hr = \/m% + P%,. The factorization scale pp of
the Y-term is also taken to be Hy. We estimate the scale
uncertainties in our calculation by simultaneously vary-
ing the scales pg and pp by a factor of two around the
central value Hp with a correlated way. The blue and
red bands represent the experimental uncertainty and
scale uncertainty, respectively. In Fig. b), we compare
the predictions from our resummation calculation to the

stable,Z
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FIG. 1. Comparison of normalized differential distributions of the (a) invariant mass; (b) transverse momentum; and (c)
rapidity; of the lepton pairs predicted by PYTHIAS for the Z-boson plus jet production at the v/S = 13 TeV LHC with
lys| < 2.4 and Py > 30 GeV. The blue sold lines show the distributions with the kinematic cuts imposed on the leptons,

as done in the CMS measurement [5], which are 71 GeV < my+,- < 111 GeV,

pé«i > 20 GeV,and |n,+| < 2.4. The red

dashed lines show the predictions without imposing the kinematic cuts on the decay leptons. The black dotted lines show

the predictions for a stable Z boson production, hence, p?r

= pZ and yy+,- = yz. (d) the ratio of normalized rapidity

distribution between with cut (blue solid line in (c)) and stable Z boson (black dashed line in (c)).
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FIG. 2. (a) The normalized g, distribution of the Z boson
plus one jet system, produced at the /S = 13 TeV LHC
with |ys| < 2.4 and Pyi > 30 GeV. The blue and red bands
represent the CMS experimental uncertainty [5] and the re-
summation calculation (Res) scale uncertainty, respectively.
(b) The ratio of resummation prediction to CMS data as a
function of ¢ .

CMS data by taking the ratio of their ¢, differential dis-
tributions. It is clear that our resummation calculation
agree well with the experimental data. We also show the
comparision between resummation calculation and NLO
prediction in Fig. a). It is clear that there is a large
deviation between NLO and resummation calculation in
the small ¢, region.

The azimuthal angle (¢) between the final state jet
and Z boson measured in the laboratory frame is related
to the ¢, distribution, and is thus sensitive to the soft
gluon radiation. The advantage of studying the ¢ distri-
bution is that it only depends on the moving directions
of the final state jet and Z boson. This observable was
measured by the CMS Collaboration at the 7 and 8 TeV
LHC [3, 56]). In Figs. 4| and |5} we compare the normal-
ized ¢ angle distribution at the 7 TeV and 8 TeV LHC,
respectively. Similar to the ¢, spectrum, the predictions
of our resummation calculation agree well with the CMS

5r T 40 T T T
F@) —Res (b) —Res
4; ””” —NLO 1 —NLO {7
= J5 -1 Tev g 30F Js=8 Tev E
£ 3 pp-Z+et =
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o [ )
1k - 1o
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q.[GeV] ¢ [rad]

FIG. 3. The ¢1 (a) and ¢ (b) distributions from resummation
calculation (blue band) and NLO prediction (red band) at the
VS = 13 TeV and v/S = 8 TeV LHC, with |y;| < 2.4 and
Pjy1 > 30 GeV, respectively.

data. The comparision between NLO and resummation
calculation is shown in Fig. [3|(b).

Summary. In summary, we have applied the TMD re-
summation formalism to study the production of the Z
boson associated with a high energy jet at the LHC,
where large logarithms of In(Q?/q? ) were resumed to all
orders at the NLL accuracy. We also calculate the NLO
total cross section based on the resummation framework
and the result is slightly different from the MCFM pre-
diction due to the usage of narrow jet approximation in
our resummation calculation. To ensure the correct NLO
total cross section, we have added an additional term pro-
portional to H(® to account for the above difference in
our resummation calculation. To compare the prediction
of our resummation calculation (for an on-shell Z bo-
son) to the CMS experimental data (with kinematic cuts
imposed on Z-decay leptons), we approximate the effect
of imposing kinematic cuts on the Z-decay leptons by
employing a reweighting procedure based on the result
of PYTHIAS prediction. It shows that we could use a
constant reweighting factor to describe the effects of the
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FIG. 4. The normalized distribution of ¢, the azimuthal angle
between the final state jet and Z boson measured in the labo-
ratory frame, for pp — Z+ jet production at the v/'S = 7 TeV
LHC with |ys| < 2.5, |lyz| < 1.5 and Py1 > 50 GeV. The
blue and red bands represent the CMS experimental uncer-
tainty [56] and the resummation calculation (Res) scale un-
certainty, respectively.
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FIG. 5. Same as Fig. [ but for the 8 TeV LHC [3].

kinematic cuts imposed on the Z-decay leptons. A de-
tailed comparison between our resummation calculation
and the CMS data is also discussed. We find that our re-
summation calculation can describe well the CMS data,
both in the distributions of the imbalance transverse mo-
mentum (g ) and the azimuthal angle (¢) correlation of
the Z boson and jet system, for pp — Z + jet production
at the LHC
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