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Towards precise collider predictions: the parton branching method
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The collinear factorization theorem, combined with finite-order calculations in perturbative QCD, provides a powerful framework to obtain
predictions for many collider observables. However, for observables which involve multiple energy scales, transverse degrees of freedom
cannot be neglected, and finite-order perturbative calculations have to be combined with resummed calculations to all orders in the QCD
running coupling in order to obtain reliable theoretical predictions, capable of describing experimental measurements. This is traditionally
done either by analytic resummation methods or by parton shower (PS) Monte Carlo (MC) methods. In this talk we present the Parton
Branching (PB) MC method to obtain QCD collider predictions based on Transverse Momentum Dependent (TMD) factorization. The PB
provides evolution equations for TMD Parton Distribution Functions (PDFs) which, upon fitting TMD PDFs to experimental data, can be
used in TMD MC event generators. We present the basic concepts of the method and illustrate its applications to collider measurements
focusing on Drell-Yan (DY) lepton-pair production in different kinematic ranges, from fixed-target to LHC energies. We discuss the latest
developments of the method concentrating especially on the matching of next-to-leading-order (NLO) TMD evolution with MC-at-NLO
calculations of NLO matrix elements.
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1. Introduction DY+jets is an important background in many measurements.
It is also used in studies on multiparton interactions.

The collinear factorization theorem [1] is a baseline in obtain-  The theoretical description of D¥, spectra over wide

ing QCD predictions for production processes at high energkinematic regions in energy, mass gnd requires a proper

colliders. Despite its indisputable success, for some obsenmatching between the fixed-order perturbative QCD calcu-

ables involving more scales the transverse degrees of freedolattions in the highp, region f.e. p, 2 Q, whereQ is the

of the proton have to be taken into account to obtain precis@éwvariant mass of the DY lepton pair) and soft gluon resum-

predictions [2]. The formalism to follow in such scenarios mation in the lowp, region fp, << Q).

is the Transverse Momentum Deependent (TMD) factoriza- Recent studies [21] showed that the perturbative fixed-

tion theorem which can take the form of analytical Collins- order calculations in collinear factorization are not able to

Soper-Sterman (CSS) approach [3] or high enefgy) fac-  describe the DY, spectra fop, ~ Q at fixed target exper-

torization [4, 5]. In practical applications, the soft gluons re-iments. In Sec. 3 we investigate this issue from the standpoint

summation is performed by Parton Shower (PS) algorithmef the PB approach.

within Monte Carlo (MC) generators. The possible impact of TMDs on multi-jet production has
In recent years a MC method is being developed whichust started to be explored. In Sec. 4 this topic is addressed,

makes use of TMD parton distribution functions (PDFs),and the new PB result for merged DY +jets calculation includ-

commonly named as TMDs. The so called Parton Branchingng higher jets multiplicities is discussed [19].

(PB) approach [6-8] turned out to be very flexible and en-

abled to perform studies in multiple directions [9-20]. Inthiso  The Parton Branching method

work we concentrate on the successful description of Drell-

Yan (DY) and DY+jets data in a wide kinematic range. In the PB method the TMDs are obtained from the PB
The precision measurements at high energy colliders relffMD evolution equation [6, 7]. The equation is based on

up to a large extend on our understanding of the DY proshowering [22] version of the DGLAP equation [23-26]

cesses. As a clean production channel, DY is used in preciwhere the unitarity picture is used: parton evolution is ex-

sion electro-weak measurements. DY data are used to extraatessed in terms of real, resolvable branching probabilities,

parton distribution functions (PDFs) and at low masses angrovided by the real emission DGLAP splitting functions

low energies give access to study partons’ intrinsic transversand no-branching probabilities, included via Sudakov form

momentum. DY is crucial for our understanding of QCD evo-factors. The equation describes the change of the TMD

lution and soft gluons resummation. DY+jets is of particular A, (z, k1, n) = x Ay (x, k1, 1) for all flavorsa with the evo-

interest since the production channels important for precitution scaleu calculating the longitudinal fractiom of the

sion measurements and beyond the standard model (BSNpyotons’ momentum and the transverse momenkuncar-

searches involve final states with large multiplicities of jets.ried by the parton after each branching. The starting dis-
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tribution at initial evolution scale includes the longitudinal PB TMD via LHAPDF. In order to avoid possible double
momentum part and the intrinsic transverse momentyg  counting when combining NLO ME with PS, the MCatNLO
Using a parameterization of the HERAPDF2.0 [27] form for method uses subtraction terms for soft and collinear contri-
the longitudinal momentum and a Gaussiarkin, the pa- butions [35]. In the procedure presented here PB TMDs
rameters of the longitudinal part are fitted [8] to the HERA are used instead of PS, their role is however very similar.
DIS data usingcFitter  [28]. The transverse momentum Because of that the subtraction method has to be used to
is accumulated at each branching: it is a sum of the intrincombine PB TMDs with MCatNLO calculations. The ex-
sic transverse momentum and all the transverse momenta act form of the subtraction terms depends on the PS algo-
emitted in the evolution chain. The branchings in the PBrithm. The AO used in PB TMDs is similar to Herwig6 [36]
method are angular ordered (AO) [7,12] which allows to perso MCatNLO with Herwig6 subtraction is used to combine
form soft gluons resummation. The AO enters the PB methodB TMDs with MCatNLO. In the next step the subtracted
similarly to [22],i.e. via 3 elements: 1. relating the DGLAP collinear ME is supplemented with transverse momentum
evolution scalg: to branching variables (which is the ratio by an algorithm in CASCADE, and, is added to the event
of thex variables of the partons propagating towards the hardecord according to the TMD distribution. The TMD used
scattering before and after the branching) and 2. inthe in CASCADE corresponds to the iTMD from which the ME
scale of running coupling(g, ) and 3. in the definition of was initially generated. The longitudinal momentum frac-
the soft gluons resolution scalg,, which is the maximum tions of the incoming partons have to be adjusted to conserve
value allowed forz variable for a parton to be considered re- energy-momentum and keep the mass of the DY system un-
solvable. changed. For inclusive observables, like Y spectrum,
Delivered PB TMDs can be accessed via TMDIib [29] the whole kinematics is included by using PB TMDs.

and used in TMD MC generators (like.g. CASCADE . .
o . The described procedure using PB-NLO-HERAI+II-
[30, 31]). Additionally, the PB TMDs can be integrated over 2018-set2 TMD PDF [8] was applied to obtain predictions

. to obtain collinear PDFs f(z, 1) (or so called integrated for DY p, data from different experiments at very different

TMDs, iTMDs) which can be then used via LHAPDF [32] in . )
collinear physics applications and tools. The PB parton dispenter of mass energigss and DY masses [14): NuSea [37],

o . . ! ) . R209 [38], PHENIX [39], ATLAS [42] and CMS [41]. The
tell'lnbdu:ons are applicable in a wide kinematic rangerof: . results for spectra coming from NuSea, PHENIX and CMS

are presented in Fig. 1 showing a good description in all these
o ) kinematic regimes in small and midde range. To obtain a
3. DY predictions with the PB method proper prediction in the high, range, higher jet multiplici-
ties have to be taken into account. This will be discussed in

The technique to obtain collider predictions with PB TMDs the next section.

was proposed in [8]. In [13] the method was further de-

veloped to next-to-leading (NLO) where PB TMDs were  In Fig. 2 the MCatNLO+PB TMD prediction (blue) is

combined with NLO matrix element (ME) within the compared to MCatNLO subtracted ME calculation (red) for

MADGRAPH5_ AMC@NLO (referred later as MCatNLO) center of mass energies corresponding to measurements pre-

[33]. sented in Fig. 1. At low DY mass and low energy, the con-
The first step of the generation is performed bytribution of soft gluon emissions contained in PB TMDs is

MCatNLO. The so called subtracted collinear NLO ME crucial to describe the data even in the regiorpof ~ Q.

is generated in the LHE format [34] using the integratedThe situation is different at LHC energies and larger masses,

NuSen: Drell-Yan 5 = 38.8 GV, ~005 < x; <0.15 PHEN IX: Direll-Yan F = 200 GeV, 12 < |y] < 22 ZoptpT VE= 13TV, |y —mg| < 15GeV, |y,
e s B i e B R i ik il i
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FIGURE 1. Predictions for DYp, spectra obtained with MCatNLO+PB TMD compared with data coming from NuSea a), PHENIX b) and
CMS c) experiments [14].
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FIGURE 2. Subtracted NLO ME from MCatNLO calculation (red) and full MCatNLO+PB TMD calculation (blue) at center of mass energies

corresponding to Fig. 1 [14].
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FIGURE 3. Thek, dependence of the ratio defined in E®) €al-
culated for gluon at = 0.01 at different evolution scales [19].

FIGURE 4. The fully TMD-merged calculation, as well as sep-
arate contributions from the different jet samples compared to

8 TeVATLAS data for DY p, spectrum [19].

where the contribution from soft gluons in the region of
p1 ~ @ is small and the spectrum is governed by hard real

emission. This confirms the observation from the literature

J Ak Ay (2, K pi?)

that perturbative fixed-order calculations in collinear factor-

ization are not able to describe Y. spectra at fixed target
experiments in the region of, ~ Q.

4. TMD effects at highp

ki

J k2 A, (. Ky i2)
which is shown in Fig. 3 for three different evolution scales
for gluon atz = 0.01. From this figure one can estimatey.
that aty = 100 GeV the probability of a gluon to have a
transverse momentum higher th2th GeV is 30%. In other

words, at LHC the contribution from thee, -broadening of
the TMD to e.g. the emission of an extra jet in a process

Ro(x, k1, 1) 1)

It is commonly known that TMD effects play a role at scalescharacterized by a hard scaldeing the transverse momen-
of order of few GeV. The question remains if they can be alsdum of a jet is comparable to emissions from hard matrix el-
important at higher scales. In the PB approach the TMD aement [19].

the initial evolution scalg: ~ O(1 GeV) is a Gaussian with
width o, Agep < 0 < O(1 GeV). During the evolution the

It was shown in Ref. [13] that the proper description of
the highp, part of the DY spectrum requires the contribution

transverse momentuk, is accumulated in each step which from higher jet multiplicities. In Ref. [19] the standard MLM
leads to TMD broadening. In the PB method, the PDFs camnerging procedure [43, 44] was extended to the TMD case
be obtained from a TMD by integration over the transverseat leading order (LO). The TMD merging was applied to Z

momentumy, (z, %) = [ dk2 A, (z, ki, u2). In order to es-
timate what is the probability of a partanwith momentum

boson production in association with jets. Predictions com-
ing from contributions from different jet samples and fully

fraction z to acquire the transverse momentum higher tharmerged calculation is compared&dleV ATLAS data [42]

k. at a given evolution scale one can define a ratio [19]

in Fig. 4. The merged calculation gives a good description of
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Z — {1, dressed level

racy of theoretical predictions of DY and DY +jets data is very

£ E L e important.
e F Ojet sample (exc) =i+ 3 In this work the predictions obtained from the PB method
T w0tk Lithaegte = i for the DY p, measurements over a wide range in energy,
T ot S—Jjet-samile (inc) ++i++ ] DY mass andp, are shown. At low mass and low energy
3 TMD merging —+— 3 both fixed-order QCD and all-order soft gluon emissions are
B E important to describe the DY, , and the reliability of the
0 - theoretical predictions depends on matching between those
1B E iy E two elements. In the presented method in low and migddle
| | | | § | | : | | range the NLO ME was combined with PB TMDs with the
i = | I I 11 1 L= matching performed according to MCatNLO method. This
g 12 : l = allowed one to confirm the observation from the literature
S o) === } =5 +__ —t— that perturbative fixed-order calculations in collinear factor-
2 gErT I - ization are not able to describe DY, spectra at fixed tar-
O6F | [T TEeeeemi | | | | | = get experiments in the region pfi ~ Q. Moreover it was
L L L ii,eh noticed that the contribution from soft gluons included in

. PB TMDs is essential to describe these data. The situation
FIGURE 5. The fully TMD-merged calculation, as well as sep-

arate contributions from the different jet samples compared tochanges with the center of mass energy: at LHC the region of

) S : . ~ QI Il described by the collinear NLO calculation.
13 TeVATLAS data for jet multiplicity in Z+jets production [19]. P+ Qs we .
¢ : pcty Jetsp [19] It was shown that because of the TMD broadening, the

TMD effects cannot be neglected at high. The highp, re-
the data in the wholg | range of the DY spectrum. One can gion of the DY spectrum requires taking into account contri-
see that at low, Z+0 jet sample is the main contribution to butions from higher orders. The new TMD merging method
the spectrum and the importance of the higher multiplicitiesvas recently developed at LO to merge different jet multiplic-
increases withp | . In Fig. 5 the predictions for jet multiplic-  ities. With this method a very good description of the LHC
ity in Z+jets production, obtained with merged calculation asDY p. spectrum in the wholg, region was obtained. The
well separate contributions from each jet multiplicity sample,study opens the possibility to further investigate TMD effects
are compared with3 TeV ATLAS data [45]. The agreement at the level of exclusive jet observables and in the region of
with data is excelent, also for the jet multiplicities higher thanthe highesp, , wheree.g. signals of BSM physics could be
the maximum number of jets generated at the ME level. largest.
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