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The Parton Branching Method in a nutshell

Is it only a MC
generator for
small-x?

#254650137

dobe Stock

Does it provide
PDFs and TMDs

Is it a DGLAP and PB parton
extension? shower unfold

them?

[JHEP 09 060 (2022)]
[Phys. Rev. D 100 (2019) no.7, 074027

[Eur.Phys.J.C 82 (2022) 8,755
[Eur.Phys.J.C 82 (2022) 1, 36]
[Phys. Lett. B 822 136700 (2021)]

Does it properly
include all soft
gluon
contributions in
shower?

[Taken from S.Taheri Monfared at DIS2024]
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S
The Parton Branching Method

We obtain (angular ordered evolution of) collinear PDFs and parton densities in terms of the transverse momentum: k of the
propagating parton: Transverse Momentum Dependent (TMD) parton distributions A(x, k, u)):

- t 1 kQ_
Starting energy scale: p0 A, (z, kio, ug) = i@ Mg) T 5 €XPp <— J_2,0>

qs ds
2 d2C1/ A ,UZ 2 2 2 2
/ /
Aozl i?) = Ag(u2) Ay e,k 1d) +Z/m,2 N et —d e

M
x / © PP (ay,2) Ay (S k+ (1= 2)dq7)

d’k

2 2
These TMDs are linked to the collinear parton densities: also called "integrated TMDs® (iTMDs) by: falz, 17) = / Aa(z, k, 1) e

. . . . JHEP 09 060 (2022)]
Key element in both PDFs and TMDs is the soft gluon resolution scale zvbecause it separates Phys. Rev. D 100 (2019) 0.7, 074027]

[
- [
resolvable and non-resolvable emissions [Eur.Phys.J.C 82 (2022) 8, 755]
[
[

Eur.Phys.J.C 82 (2022) 1, 36]

For collinear PDFs : when zy — 1 we recover DGLAP results Phys. Lett. B 822 136700 (2021)]
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O
PDFs and TMDs : at a glance

How to perform the evolution? TMDs developments

Produce PB kernels e Soft gluon treatment

Extract initial

: ?cﬂm;’:?!%?%mo parametrization by * Consistency between
Parameterise densities for quarks fitting to PDFs and TMDs
collinear PDF at and gluons experimental data
o2 (xFitter package) * Photon and Z boson

(uPDFevolv2 . o PDFs & TMDs
package ) (collinear coefficient
functions at NLO)
2
Ao (e, kS g, 8d) = 2fol, 15) - ig exp (— k;f)
Collinear Js
distribution constrained
_ _ from low pT
obtained from fit to DY data

inclusive DIS data
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TMDs developments

» Soft gluon treatment down, x =0.01, u = 100 GeV

— 2 T T 1 T T LI e T T T TT
arXiv:2309.11802 [M. Mendizabal, F. Guzman, H. Jung, S. Taheri Monfared)] ;’.L_ 10 i S R 3
arXiv:2404.04088 [I. Bubanja, H. Jung, A. Lelek, N. Raicevic, S. Taheri Monfared] PBNLO-sot om0 3
< 10 =
Evolution with PB method with and without zy cut-off i =
2 @ : E
e da? zayn(9) 3
Af(p,z,p%, €) = exp _[ ig / ' dzﬁ — dg(0s) :
p'2 q 0 1 — 10_1
0 E
u? da? [*M k =
X exp —/ i?j dz a(@s) i 1 <
W C Juule 1% 10 ' b
=N
= A&P) (MZ, ;L%, qg) . A&NP) (”2, p;%, €, qg) , with € defined via zv=1 - € ] g
16 3 ;&
Red curve: PB-NLO-2018 Setl (including intrinsic-kr, zw — 1, qo = 0.5 GeV) 1E
Blue curve: prediction without including intrinsic-kr distributions (gs = 0) 10 TSR IV W VY S T TR ET]
Purple curve: prediction applying zw = zayn =1 — go/q With go = 1.0 GeV without including 107" 1 10 10° K [Ge\}]oa
t

intrinsic-kr distributions.
Transverse momentum distributions of down quarks at p
=100 GeV from the PB-approach

Difference between curves illustrates the importance of soft contributions (to have
proper cancellation of virtual and real emissions)
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Parton shower developments glion, =001, (4= 100 GeV

ES A PBNLOHERAII2018seti |
 Parton shower and parton densities consistency % 10 T-Pyfhiat- CUET
[arXiv:2504.10243[H. Jung, L. Lénnblad, M. Mendizabal, S. Taheri Monfared] % 1
107!
Issue: Using NLO collinear parton densities but LO splitting functions within the 10
parton shower leads to significant inconsistencies! 10°
107
parton p parton p <
=099 x,= 0.9 10°° S
10° g
B" boson "B" boson g_
pattonq /T parton q T T 107 g
. =
k 108k
1.5 =
] _
O-5_IIIII 1 II\III| 1 | IIIII\I I/IIIII 1 \II\W
10" 1 10 10? 10°

k; [GeV]

TMD for gluons at scale y = 100 GeV (PB-NLO-
2018 Setl) from PB-method and PYTHIAS8
(CUET tune)
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lllustration of the toy process: p + q — B: (left) bare process; (right) including initial-state
parton shower



O
Parton shower developments

LO scenairo N

v LO parton densities + LO
splitting functions

v Angular ordering Consistency
NLO scenairo v Kine_matic limits between PB-
v Choice of as scale approach and
»+ NLO parton densities + NLO splitting » Same kinematic frame for kr PS2TMD approach
functions
v Proper treatment of negative contributions
from splitting functions at large z J

Result: With the correct approach we can construct TMD parton densities from any parton
shower event:

15t PDF2ISR: We construct the initial-state radiation (ISR)
2" PS2TMD: We reconstruct TMD parton distributions from that parton shower
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O
Parton shower developments

LO TMD parton distributions

gluon, x=0.01, w=100 GeV

NLO TMD parton distributions

gluon, x=0.01, p=100GeV Red curve: PB-NLO-2018

=  10%grr T —~ 10%grr L) B ) e S A1 e e AR e .
3 rmelomsemernn 3 P —— rwmomtmmeaions predictions at NLO (with NLO
5: 10E Y/ y - x 10 TMD-P¥1hiaB-PBNLO-T0¥5312-asﬁxed:U7SD-NLODSDI' as(mZ ) = O 118)
% : K] ' '
1:— 1
F F Blue curve: PYTHIA8 PDF2ISR
=1 —-1L . . . .
- - with NLO splitting functions
102 102
WE N3 Purple curve: shows the simulation
- s N when o is calculated from
10 % 10 - PYTHIAS8
g £ g Z
10 8 10°E 8
105: E 105:.”.I Ll Lol Ll o E . . .
157\!\\! T mTTTTeT T T II\IIll T T IIIIIII T mTTTTT 15_\!\\!' T T IITIHI T T IIHIII T lllllll T T lllll TMD dIStrIbUtlonS from the PB_
- b approach in a forward evolution are
re— ‘\\ N == ‘\\ o identical to those from the
0.5truul_ | il el e L Y E——— il s ol backward evolution parton shower
o ‘ = v 0 ‘ " B with PYTHIA8 PDF2ISR

TMD for gluons at p = 100 GeV from PB-Toy Set2 and
PYTHIA8 PDF2ISR at LO
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TMD for gluons at y = 100 GeV from PB-NLO-2018
Set2 and PYTHIA8 PDF2ISR at NLO




Photon and Z boson PDFs & TMDs developments

 Photon and Z boson PDFs & TMDs

. o
[paper in progress: H. Jung, K. Moral Figueroa, S. Taheri] we Ca,n validate this!

v ”
e P e
»*
,‘
_ Future W 7
Improve data analysis — new accelerators ’
questions! — x.ex.: /
What if the Z boson and Technical
photons were considered development
to be in the evolution?
PDF

Transverse momentum Better Photon &
dependent parton S > measurement Z boson “PDF”
distribution functions redictions
for Z boson & photons ggsglg/pment P DIS diagrams and its role in QCD PDFs (left) and EWK PDFs (right)
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O
Photon and Z boson PDFs & TMDs developments

PB solution to DGLAP: General PDF photon u = 10000 GeV
10 — T

E g - PB TMDNlLDQED ;e12 H‘EHAI+II frnm|01 up to 100%3
dq& A, (,UJQ) (R) a3 E CT14qed_proton § P ]
=A —_— d P b~

fy(z,1%) = Dg (W) fulz, 1) + Zfﬂu ZaD ). ab (2 0s) — fb( ) = a ;

Photon PDF - ]

107" E

> The QED evolution is performed assuming the photon is generated dynamically only from F ]

photon radiation off the quarks — intrinsic photon contribution is neglected = no elastic A T
component 107 ERS
> We constrain the QCD partons by a fit to HERA data o =
~ We perform the evolution A 13
107 EE
oxf. (z, u’ o dz T x T - /T - 18
2 fv(gﬁ‘) = Gm f (+a-22)>d R (C2)+ 2R (C7)] F 12

6# ﬂ- T Z d Z Z Z Z 0—4 111) 1l 11 11
t 10°® 10 10° 102 107"
Z boson PDF X

> We can obtain the Z boson PDF by incrementing the energy scale Q? and carrying on producing them dynamically
»  Similarly to how quark splitting functions are extracted from DIS, we can obtain splitting functions for the photon and Z boson within the standard

model: W-approximation
- Effective couplings are extracted from DIS cross-sections and the Z boson mass is treated as an additional factor related to the energy range Q?

Nzw _ .2aem i /iZ(1+(1_z))Z(V +A2) [j ,(mjﬂ)+§ﬁk(§,p)2)}

u.d

8;112 & sin” Oy cos” Ow
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O
Photon and Z boson PDFs & TMDs developments

The photon and Z densities can be directly validated using measured DIS neutral current cross-sections
v Z° parton density best fits the DIS data from Neutral Current (NC) with e-
v At low energies the photon contribution is dominant, while at higher energies it is the Z° one

Yol 0?
3 1 d 2 d 2
3 0 ] . Ph ) ONC 4 Mem ‘rf'}/(xaQ )
1 = NCDISep—¢€e X oton: 5 = 5 5
— CT14qged~y dQ g) dQ )
107" TMDEW-y ] doye A" Qg Q2 (V.2+A.2) drfz(z, Q%)
1072 — TMDEW-Z, Z boson: dQ2 — (Q@zi— MZZ)Z sz
107°
107
10_5 / PDFs (remainder)
ey = [ (1 1) S 2 () 26 (20
2
,u.2 amfgi?u ) - 8 sin? :‘jvmcos Ow /: % (1 (1 7'2)2)
DIS neutral current cross-section from HERA compared to the photon and Z boson calculation \ x Z (V +A2) [‘T (m 2) +IF, (z 2)}
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O
Conclusions

Soft gluon treatment
~ We have confirmed the need to properly treat soft gluon radiation in order to preserve consistency
Parton shower and parton densities consistency
> We have developed a method (PDF2ISR) which obtains an initial-state parton shower fully consistent
with LO and NLO collinear parton densities and it is easily extended at NNLO
> This has been successfully validated through the comparison of TMDs from the PDF2ISR method applied
on Pythia8 against the PB-TMDs
Photon and Z boson PDFs & TMDs
~ We obtained for the first time the photon and Z boson PDFs and TMDs.
» This is the first time Z boson PDFs are both available and obtained from a full evolution calculation
~ We successfully validated the photon and Z boson densities with neutral current DIS cross-sections from
HERA, currently extending it to W boson.

Outlook

> We have a full and consistent description of the standard model. This allows us to obtain collinear and
TMD parton densities.
~ This offers a wide range of applications like VBF at the LHC, future muon colliders etc
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Backup
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In pQCD the proton is described in T Sy
terms of

parton density functions f(x).

+
Dependence on: é

factorisation scale, p?(Q? for DIS

I :

Parton momentum distributions,
xf (x):

Parton Distribution Functions
(PDFs)

The H1 detector. Image credit: DESY
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O
HERA dataset -~ —

S
oL 3 m HERA NC e'p 0.5 fb™!
z A X, = 0.00005, i=21 Vs =318 GeV
Deep inelastic scatterlng (DIS) of electrons on protons at " 0 .-, ‘“xj‘l%“[‘.’gé‘[}“;;zfo-"ww O Fixed Target
-~ - e T it m=m HERAPDF2.0 ¢ p NLO
ggnter;angf mass energies of up to Vs = 320 GeV at HERA Wil T T PDELg A NLO
veri i E e r'l_.___,.--* xp; = 0.0008, =15
s ':._.—r""'"r"‘-‘ . 20.,2033,01:014;:13
107 --—r.l..__'...-rr-""" le o ’ -
- Neutral Current (NC) for 0.045 < Q? < 50000 GeV?2 and 6 - T I M e
. . . 103 .- xp; = 0.008, i=10
1077 < Xgj < 0.65 at inelasticity y between 0.005 and 0.95 % 3 = 0013, 19
L - X =0.02,=8
1022— ‘ri""—"hﬁ =t x,=0.032,i=7
* Charged Current (CC) for 200 < Q? < 50000 GeV? and 1.3 [ weeo e T e maut, s
10 sl Temmmm— !
- 1072 < Xg =< 0.40 at y between 0.037 and 0.76 T e _""’J in
1 ; AT rheewrtee >B . =0.25,i=2
H1 and ZEUS employed different experimental techniques, JF e ~ 040,11
(detectors, kinematic reconstruction...) 0 - \% i f
10 '2;— 1—1:;[ xg; = 065, i=0
I 10'3:& e
1 10 10
Reduced systematic uncertainty. Q | GeV?

Combined HERA data for the inclusive NC e+ p and e- p reduced cross sections (fixed-target data and predictions of HERAPDF2.0 NLO)
arXiv:1506.06042v3
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S
The Parton Branching Method

Parton Branching (PB) a method to obtain collinear PDFs and (transverse momentum dependent parton density functions) TMDs.

2 7 2
2 d°q A, (p”) 2 2 12 2
Aol i®) = D) Agle,k, i) +Z/ 5 Ao O — ) 0la” i)
Tq” Ay(d
Mdz (R r2
< [T PP A (L - 2)da?)
T
Splitting functions Sudakov form factors
PaoR): probability for parton b— '
(Pab®): probability for parton a A, (a2 ) _oxp( Z/ d;,u, / dzsz(d)(nz Z))
Pqq & ngfir_ehdiverger!:.for ?—> f1 Ho
gﬁjcoanusszn?issli%ng robability of soft Probability of an evolution without resolvable branching between two scales
How? : What is zy? zu 21-107

Introducing a soft-gluon resolution scale z,, into the QCD evolution ; For collinear PDFs - when zv ~ 1 we recover DGLAP results

equations to separate resolvable and non-resolvable emissions: ! For TMD PDEs : With this zy one is not sensitive to zy value in
: angular ordering (qL2=(1-z)?p?)

(it's not the case for p_Lordering (q-L2=p?) and virtuality ordering
i (9L*=(1-2)p%)
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O
PDFs: Photon distribution

PB solution to DGLAP: General PDF " photon, i = 10000 GeV
;2 > >:<}, § I g?_1'|;MDdN|LOC1!ED set2- H‘EF{AIHI I-gfrcm‘ O.1upto 10053
,U. dq # ) M R T €T 9 — - qed_proton ]
ool 1) = Do) f ol +Z/ ) [ i PP a2 (5.07)| B —
Mo q ) x z z 12_ =
Photon PDF - .
107" E
~ The QED evolution is performed assuming the photon is generated dynamically only = 3
from photon radiation off the quarks — intrinsic photon contribution is neglected B ]
= no elastic component s 1+22 3, 102 _
= — o(1 — E 3
w=C [y, Y tl=2) z 12
P =Ne(2 + (1-2)) i 1%
ay q ’ 107 = 5
14 (1—2)° = i a
2
Py =¢g — = 8 B . ,%
N 2 10—4 1 1 IIIIIII 1 1 IIIIIII Il 1 IIIIII‘ Il 1 IIIIII‘ Il | - L 11]
P =—— eso(l—=z 10°° 10 107° 1072 107
Y 3 Z q ( )’ X

q
~ We constrain the QCD partons by a fit to HERA data in the ranges 3.5 < Q% < 50000 GeV?and 4 - 107° < x < 0.65 at NLO in QCD, for as (Mz) = 0.118,
with LO QED evolution.

* We perform the evolution with Set 2 (a (p 2=p2(1-2)2))

oz f.(x, 1 Ld _
Therefore the photon PDF is : 1 fo(@ 1) = aemf e (1 + (1 - z)z) E e [EF?; (fnuz) +§ : (g,,u?)]
T u,d :
’ arXiv:2102.01494

aﬂg 27
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PDFs: Heavy boson distributions

We can obtain both the Z boson and W boson PDFs by incrementing the energy scale Q? and carrying on producing them
dynamically (strictly as radiation off the quarks according to the possible splittings).

This leads to the heavy boson mass being neglected (referred to as scheme 0 in following slides).

Therefore, the heavy boson PDFs in this approach are by construction:

w Ofs@n) Yem /1 dz (1 +(1- z)2)

o’ 87 sin Oy cos” by z
T (5 #) R (22) 2R ()] 2o
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Effective couplings

Similarly to how quark splitting functions are extracted from DIS, we can obtain splitting functions for the photon and heavy bosons
within the standard model: valid at highest energies, when the masses of the particles can be neglected — These splittings are
obtained by replacing the coupling and colour factors in the standard QCD DGLAP splitting functions: W-approximation

The key difference is the effective coupling.

These effective couplings are extracted from the cross-section of the following processes:

i * ™ 1
o(qq — ") = %@ [4maemmpy] =37 [mctem]
1
@i —+2)= 35 |SEmy(VE+43)| = cm [V2Grmi(VF+A3)]

& The cross sections can be obtained by replacing
the coupling in dem in 0(qq~— y*) by an effective
coupling Qs

QCD partons Photon Heavy bosons
Oleff = Ols Olefr = Olg Z boson
Aem 2 2
Qs = Vi+ A
i 4 sin” Ow cos’ Ow Vi f)
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Effective couplings and mass schemes

Until now we have neglected the heavy boson masses, how can we include them?

Scheme 0 Scheme 1 Scheme 2
In the zero-mass-variable-flavor scheme, The heavy boson mass is treated as an The heavy boson mass is treated only as a

the heavy boson mass is included as a additional factor related to the energy dynamical energy fraction included via a
mass threshold range Q2 limit in the z integrals (angular ordering)

(QCD at the extremes lecture series) arXiv:1803.06347 arXiv:2309.11802

arXiv:1703.08562

2
2 M
2 2 Q P
Q"+ My,

Limitation:
For heavy bosons: No evolution
at energy scale Q?< M\?

Key questions: Which scheme best describes the experimental data? What's the correct way of
covering the whole energy range?
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O
The Parton Branching Method: PDFs

Parton Branching (PB) method is a procedure to obtain collinear parton densities (PDFs) and (transverse momentum dependent)
parton density functions TMDs from the DGLAP equation.

zamfgfﬂ) Z/ dzPab ost (1 )) fb( )

Pas : regularized DGLAP splitting functions for transition of parton b — a.

It can be decomposed in a sum of virtual and real emission branching probabilities. Therefore by applying the sum rules, we
keep the real emissions: 1

P(R (z a ) ab(a )1 _ + Rab(z as)

And the solution to the evolution equation for the momentum-weighted parton density xf.(x, y?) at scale p is given by:

= dz P ) — —
2ol 1) = D)2 () +§:f% e [z P e T (5.0)

Mo is the starting scale
Aa(M?) := Aa(p?, u%) is the Sudakov form factor (probability of an evolution W|thout resolvable branching between two scales)

T /2
A, (zpr, 12, 12) —exp( Z]’ O;i / dzzpbu a7 )
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Z bOSO n P D F At high momentum both schemes 0 and 1

approach each other since Q? > M?

Z collinear densities

Z0,p =10 GeV, kt from 0.01 up to 100 GeV Z0,u =100 GeV, k from 0.01 up to 100 GeV Z0,p = 10000 GeV, k from 0.01 up to 100 GeV
—_— T T T T T 11717 T T T T T TT17T T T T TTE -/~ 1 T T T T T TTTT T T T T T1TT1TT T T 17 -_ 1 T T T T T T1TTT T T T T T TTTT IR
=3 ! _ Schemeo = = Scheme 0 3 — Scheme0
X 107! Scheme 1 i é 10! Scheme 1 q~>-_<~ 107! —— Scheme |
= Scheme 2 ERES Scheme 2 = — Scheme 2

TMDplotter 2.2.4
TMDplotter 2.2.4

—10 1 I\\\\H‘ Il II\\\H‘ Il I I
10 107 1072 107"

10—10 \\I\I\‘ 1 \\III\‘ 1 I L
107 1072 107!

Z° collinear densities at p = 10 GeV, p = 100 GeV and p = 10* GeV as a function of x
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O
Validation

The photon and Z densities can be directly validated using measured DIS neutral current cross-sections.

Contribution of Z exchange Photon:
is negligible at low Q?, i.e. Q2 « M?%z 2

p dUNQC _ 27ra;m da: (1+ (1-y) )
Oine=F2—5FL =F dQ Q *

Y. « (ei [:EU(CE, QQ) 4 CE(_](:E, QQ)] + e?l [3\5‘1)(:1’;1 QZ) + :I'JD(.T, Qz)])

. d? O*'xsi ~ Y .
O-;,NC deo-(ll\Ié . 2]1'(12];+ = F2 + Y—+XF3 - y—+ L Z bOSOI’]Z ) )
donc _ 2magy, Q /dw (1+(1_ ))
dQ? Q' Q%+ M z
x> (V2 + 4D) [2Fi(2, Q%) + 2F(2, Q"))
w4 gin? Oy cos? Oy
Therefore, the cross-sections can be re-written as:
/ PDFs (remainder)
2 2
* Photon: dJNC _ AT Otery dme(I’ Q ) 22hEr) = Qﬂ/lﬁ(”(lfz)z)zef Er () + 2R (E0)]
— a 2 m z < wd 4 z z V4
dQ’ Q* dQ’ “
2 drfylz,p®) Qom Lz
s Z boson: donc B AT Ao QF (V2 +Ac?) dz fy(z, Q2) d «Zauzu T Srsin’ By cos? eWL 5 (a7
dQ>  (Q*+Mp) aQ® 2 VA ) e in )
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O
Z boson TMD

Z TMDs

* Finally, the same behaviour is shown in the PDFs

* The TMDs for different schemes get close to each other at high transverse momentum kr
* Only Scheme 1 covers the whole transverse momentum range

* Scheme 2 shows a behaviour several orders of magnitude lower than the others

Z0,x=0.001,u =10 GeV Z0,x=0.001,n =100 GeV Z0, x=0.001,n = 10000 GeV
- = T T T TTTT T T TTTT = - 4 = T T T T 11717 T T T T 117171 T T 11T =3 _ = T T 11T T T T TT1T1T T T TITrT T T T 1T1TIIT =
= 10 E Schemed ) = 3 107 S]"] I E = 107 | I I 3
> C Scheme 1 -~ m cheme 0 = o E Scheme 0 3
3 r Sch 2 ) - Scheme 1 B < - Scheme 1 B
= 57 cheme N Z B Scheme 2 7 &-— r Scheme 2 7
X 107 =% 107 = x 10°% =
10°= ERR = = 10°: =
A = 107 3 107 = =
= - = J1 o 1
C z - 7 o 3
[ -4 [ -
3 ER =5 10

i - = -3 g
L - C 1 a C 7
C - C 12 C ]

_ ~ L Cod Coud L il — Ll Ll Ll Ll
107" 1 10 107 107
k,[GeV] 107 1 10 10% 107" 1 10 10? 10°

k, [GeV] k, [GeV]

Z° TMD densities at gy = 10 GeV, p = 100 GeV and py = 10* GeV as a function of kr
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