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The role of soft gluons

Hannes Jung (Emeritus, Il Institut f. Theoretische Physik, DESY, Hamburg)

* Recap of PB method

@ |ssues of consitency

® Drell-Yan production

* Importance of soft gluons
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Parton Branching approach - recap
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DGLAP evolution — solution with parton branching method
f(a:,,uQ):f(a: /ﬁo /ZM dz/ . p(R)( ) f (%’M&)

® solve integral equation via iteration:

folw,p?) = flz,ug)A(p’)

® with Sudakov form factor

,LL2 dq/2
AS(II’LQ) — ©Xp <_Z/2 q,2
b Y Ho

N
<
1
N
N
sl
S
o
@
K
"

H. Jung, The role of soft gluons, CMS-GEN, April 8, 2024 4



DGLA

P evolution — solution with parton branching method

fz, 1)

= fda) + [ S / | P<R>< HENS

® solve integral equation via iteration:

f()(il?, MQ)
fl(xv :u2)
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Validation of method with QCDnum at NLO

down

— u2=10GeV?
u2 = 1000 GeV?
— u2=100000 GeV?
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® \ery good agreement with NLO - QCDnum over all z and u?2

* the same approach works also at NNLO !
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Validation of method with QCDnurpZa; NA\O
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Validation of method at NLO: zps - dependence

xf(X)

u2 = 100000 GeV?
- QCDnum

— z=1 10
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* No dependence on zjs if zar is large enough
® \Very good agreement with NLO - QCDnum
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PDFEFs from

Parton

Branching method: fit to H

RA data

@ Convolution of kernel with starting distribution

= /d:v /daz”AOb ( )2 —
/ L b

* Fit performed using xFitter frame (with collinear Coefficient functions at NLO)

:cfa(a:,uz)

)

* using full HERA I+l inclusive DIS (neutral current, charged current) data

* |n total 1145 data points
s 3.5 < Q% < 50000 GeV?
° 4-107° <z < 0.65
@ using starting distribution as in HERAPDF2.0
® v2/ndf=1.2

= Can be easily extended to include any other measurement for fit |
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Collinear parton distributions after fit
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Transverse Momentum

Dependence

@ Parton Branching evolution generates every

single branching:

: : +
® kinematics can be calculated at every step ZaP" s Ko

® Give physics interpretation of evolution scale: 2= Lo /T

® angular ordering:
p=qr/(1-2)
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D distributions from fit to

RA data
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® model dependence larger than experimental uncertainties
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Application of PB TM

S
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Drell-Yan production: gr - spectrum

® DY production —
e 90 — 2o

* yse NLO calculations: MC@NLO TMD
k>0
® add k; for each parton as function of x T
and p according to TMD fk>0
* keep final state mass fixed
TMD

® preserve rapidity

® pbut 1 and z2 (light-cone fraction)
are different after adding k: —

H. Jung, The role of soft gluons, CMS-GEN, April 8, 2024
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/ - production at 13 TeV (CMS)

CMS, 13 TeV, Z/v* — £T07,76 < my < 106 GeV
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103
pr(£f) [GeV]

Bubanja, I. et al, arXiv: 2312.08655

@ very good description of low
pr region with PB-set 2 (with
as(Q(l—Z)) )

* at larger pr contribution
from higher order matrix
elements important

® Uncertainties in PB method
mainly from scale of
MC@NLO matrix element
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Intrinsic k7 In DY - production at 13 TeV (CMS)

Bubanja, I. et al, arXiv: 2312.08655

CMS, 13 TeV, Z/y* = £T0~,76 < myy < 106 GeV

%! I D;ta [ | [ [ | | I I I | 1 | | | | | | |
<, |7t MCatNLO+CAS3 Set2 ® in TMD, intrinsic kr distribution:
10° = — .
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Fit of Intrinsic k7 in DY — production vers s

Bubanja, I. et al, arXiv: 2312.08655
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Fit to determine ¢s of intrinsic kr distribution from DY production as a function of s
@ obtain ¢s rather independent on s
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Reminder: DIS Jet Cross Sections in O(x)

® From differential x-section

do(vg — qq 2a5 Q2 22 T 5
_ K =

quarks a

1 (a t Q% 502
X{Z<f T '4(§+Q2)2>}

J. Collins JHEP 0005:004,2000

2 obtain:

do(vg — qq) s (Q?) .
dr dz dcosf B Z €q ng(;7Q2) X

quarks a

X{P(z)— 1 | : _—%+3z(1—z)},

'1—cosf) 14 cosf
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Reminder:; NLO and subtraction

@ and obtain singular piece separately: hard BGE subtracted BGH
- —Q*(1+ cosb)z —ﬁ —
B 2 Jpmniogy SR
. p3q Pli : l__;__l
] S aunnl

2 problem: kinematics ... avoid to subtract too much

dO’SUbtra’Ct(’Yg N qq 2043 QQ ) 1 1
dx dy dz dcos 0 Kqugl;sa . ( Q)P )[1—COSH+1—I—COS(9]
do_hard 2 aS(Q2) X 2
. K =
with dx dy dz dcos 0 qugl{:s aea Amr? 2 (z Q7) X
P(z)(1-C(~t))  P)(A-C(-v) 1

| = 1 —

X{ 1 —cost 1 + cos0 2+3Z( ?)

C(a) = O0(Q* - a)
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Reminder: NLO and subtraction

full BGF contribution
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Reminder: NLO x-section

| M. Mendizabal arXiv: 2309.11802
@ DIS x-section at NLO:

Lde x o) x
F2(£E’Q2) i 62 _Q(S,Q2) |:5 (1 - _) + _SCM_S (_> + .. :|
; q/a: § § 27 ¢

@ with
. - /log(1 — 2) 3/ 1
S - - _ —
C*(z) = Cp 2( o )+ 2(1—z>+ (14 z)log(1l — z)
—1+Z210 24+ 342z — 7T—2—|—2 6(1 — 2)
1—z ° 32

* Integral d & has to extend up to 1 for consistency !
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Reminder of NLO calculations

® Calculations at NLO (and higher order) require (integrated) parton densities
with zapr— 1 (if used in MSbar factorization scheme)

* if zm<<1 , Inconsistencies appear.

® [ssue of zmr— 1 was already discussed in Z. Nagy, D.Soper Phys. Rev. D102
(2020) 1

® |ssue discussed in detail in M. Mendizabal, F. Guzman, H. Jung, S. Taheri
Monfared arXiv 2309.11802

* S, Frixione, B Webber (arXiv 2309.15587 ) propose calculating NLO ME’s
with zy <<1 , huge enterprise, as all ME’s need recalculation
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Reminder of NLO calculations

Integration zar— 1 Is essential for consistency

* Split Sudakov form factor into perturbative and non-perturbative part:

A (1)

,u d /2
exp ( Z/ q / dz z Pb(a ) (ozs,z))
pa
u d /2
- exp( Z/ q / dzsz(a)(ozS,z)>
B

,u dq/2 ZM
X exp (— Z //ﬂ " / dz z Pb(f) (v, z))
0 Zdyn

b
= AP (12 d,@3) - AT (42 ud, ¢d)

* with  zgyn =1 — q/q’

H. Jung, The role of soft gluons, CMS-GEN, April 8, 2024
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Importance of non-perturbative gluons

Bubanja, I. et al, arXiv: 2312.08655

o Apply zayn =1 —qo/q" with go=1 GeV on inclusive distributions

down, p =100 GeV gluon, p =100 GeV
— 102 E I 1 1 L I 1 1 1 | L L I 1 1 I | LI IE — 102 E 1 | I | LU | I | | | | I I I LI E
S8 = PB-NLO-2018-set2 = < — PB-NLO-2018-set2 -
&2“ ~ PB-NLO-set2, gs = 0.5 GeV, zgyn With go =1 GeV B 8 PB-NLO-set2, gs = 0.5 GeV, zqyn with go =1 GeV 7
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— E L E E
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1072 £ + 107 & i
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— (N — - C\]
B g N 3
+ +
1073 S 107 i
S c = 8
— ) — )
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1 5 | I I | LU I I I I L I I 1 I LI 1 5 [ I I I LI I 1 1 I LU I 1 I | II_
0°5 [ | 1 11 lllll 1 1 L1 llllI 1 1 1 1 lll_ 05 . | 1 | | lllll 1 1 | | lllll 1 1 1 1 lll_
10—2 10~2 10~1! 10~3 102 1071
X X
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Parton Shower MC event generators

@ Parton shower follows backward evolution:

B hdp'? [T dz s f(@)z, )
S _/ / ERNICY

* Emitted partons should have resolvable energy (or pr) with:  pr > gg ~ 1GeV
Zdyn =1 — q—(:

U
® With zayn < 1 soft gluons with pr < 1GeV are neglected.

* \What is the role of these soft gluons ?
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Role of soft gluons In TMD distributions

Bubanja, I. et al, arXiv: 2312.08655

| . . . . qo
® Perform evolution with PB method with and without cut  2qyn = 1 — =
down, & = 0.01, = 100 GeV H
— 102 E | IIIIIII 1 1 IIIIIII I I IIIIIII I | IIIIIII | I IIIIIE
3 — PB-NLO-2018-set2 =
&3 — e PB-NLO-set2, ¢, = 0 GeV -
- B PB-NLO-set2, g = 0 GeV, zqyn with go = 1 GeV 7
S 10 E
< = -
8 — _
LE =
107! —=
107* E =
= —] a
- 4
B N 5
10 e ER
= J 8
u =
= -1 &
10—4 L1 llllll 1 1 1 llllll 1 11 1 llllI 1 11 llllll 1 L1 1 1111
10~1 1 10 102 103

ki(GeV]
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Soft gluons in

Parton Shower

@ With PB-TMD parton shower study effect of Zdyn = 1 —

All partons 0 < pr(Z) GeV

40 M. Mendizabal arXiv: 2309.1180z

!

Final hadrons 0 < pr(Z) GeV

do/dq;

107
10°
10°
104

103

102

Illllllll IIIIIIIII IlIIIIIIl IIIIIIIII [IIIIIIIl IIIIIIII| I

1 lllllll' L LI L LI

E | I[ll[ll| | IIIIIII| | lllllll| | IIIHII| I IIIIIII| | Illl[lll | IIIIIIII IR Rl

- Illllll[ | IIIIIIII T TTT | IIIHIII | I|l|lll| ! IIIIIHI | IIII||I| T

—t+— g0 = 0.0001 GeV=
—t— g0 = 0.01GeV 7
—t+— g0 = 0.1 GeV
—+— g0 = 0.5 GeV

—t+— go = 0.0001 GeV-
—i— qdo = 0.01 GeV
—+— go = 0.1 GeV
—+— g9 = 0.5 GeV

-F

LI

do/dp;
o

104 103 102 101 1

—— g =1Gev - 103 & Hadrons —— go=1GeV  —

- 10% - =

_ 10" = =

- 1 =

NERRTTT i PRI B A RTTTT MR AR 107 = vl oo v vl e ol 111 )TTE
1 2

10 10 103 10% 104 103 102 107! 1 10 10> 103 104
gt (GeV) pt (GeV)

* in Lund string fragmentation these soft partons do not change hadron spectra

® no issue for hadrons or jets from parton shower !

* no effect on hadron spectra |
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Effect of soft gluons in inclusive DY pt spectra



—ffect of removing soft gluons from TMD

qdo Bubania, I. et al, arXiv: 2404.04088
 Perform evolution with PB method with cut Zdyn =1 — = R e A

M’
® to mimic parton shower approach in MC event generators

® Determine width of intrinsic kt distribution

)

o * q—0GeV
- A q—1GeV :
o | q 2 GeV e

10° 10° 10*
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CSS formalism

* Collins Soper Sterman (CSS) formalism for pt spectrum of DY productlon

do Y . / PO g b
d@Q? dy dg¢> QQQS 2*1'1')2

F:JAdB

L dés
X 56 fjﬂfﬂ(gﬂ Hb., ) Cﬁiil DY(&j b*:.\u'b s Kb, Cﬂ:ﬂ’ﬂ(iub ))

de

A fJBfB(gﬂ Hb. ) _ﬁfSl DY( Z b*nub '.r.u’b*'.rcﬂwas( b, ))
T Qg E 53

o dy'*
X exp —f ’L:
np, H

2
Acssi(as(p'); C1) In (ﬁg) + Bessi, DY(GS(E);ChCz)]}

x exp| g5 (2.4, br; bmax) — 9555 (25, b1 bmax) — GRS (b i) In(Q2/Q3) |

-+ suppres corrections.

intrinsic k7 distribution non-perturbative Sudakov form factor
intrinsic kr and non-pert Sudakov must be determined by measurements
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Correspondence of PB — TMDs with CSS

® Check correspondence of PB Sudakov form factor with CSS

1+22 3 2

@ use only Py(z2) inlarge z limit: Pyy(2) ~ F—=0(1 —2) — | >

1 —z 2 1 — 2

* apply angular ordering constraint for zys Zayn = 1 — qo/q

ﬂ/ /2 Zdyn
AP (p) = exp (—% / o / dzP(z +§>
27 u2

a, | [ du” u> o3
= exp| — 5 2log — + -
o J e 14 2

2
0]

® perturbativeSudakov from PB is Sudakov from CSS
* PB give also prediction on non-pert Sudakov:
(R )
/ dz z P, " (as, z))
Zdyn

sy = (8

H. Jung, QCD at the Extremes, Lecture 4, 21. March 2024




Conclusion

® Parton Branching method to solve DGLAP equation at LO, NLO and NNLO
®* method directly applicable to determine kr distribution

* Application to inclusive DY processes in pp at different energies and masses:
® intrinsic kr distribution determined over large range of mpy and s
® no or very mild ¥s dependence observed, in contrast to MCEG

* |mportance of soft gluons established:
® essential for consistency of NLO matrix elements and pdfs !

® otherwise new factorization scheme to be defined and all NLO ME’s must
be recalculated.

@ essential for inclusive parton densities (DGLAP requires zy— 1)
@ essential for inclusive TMD distributions, e.g. DY qr spectra

* Soft gluons are not important for final state jets or hadrons from parton shower
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Appendix

H. Jung, The role of soft gluons in parton distributions, Epiphany Conference Cracow, Jan 8 - 12, 2024
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Validation of method with QCDnum at NLO

down

— u2=10GeV?
u2 = 1000 GeV?
— u2=100000 GeV?

[ IIIIIH'I [ |III||I| I IIIIIII| | IIIIIII| I |I|III|| ’I [TT

- - i e e |
10 10 10 10 10 1 10°° 10

gluon

— u2=10 GeV?
u2 = 1000 GeV?
— u2=100000 GeV?

A P P — o P —— A —
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® \ery good agreement with NLO - QCDnum over all z and u?2

* the same approach works also at NNLO !
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FIts 1o

DIS x-section at NLO: F5

and F5
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Role of soft gluons in inclusive distributions

® Perform evolution with PB method with and without cut  zgyn = 1 —
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up, u = 100 GeV, kt from 0.1 up to 1000 GeV
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TMDplotter 2.2.4
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,U’

gluon, p =100 GeV, k from 0.1 up to 1000 GeV
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Including TM

S for

DY production with MC@NLO

* MC@NLO subtracts soft & collinear parts

DY production: Bermudez Martinez, A. et al, arXiv 1906.00919, 2001.06488
CASCADES3 S. Baranov et al, arXiv 2101.10221

from NLO (added back by TMD and/or parton shower)
* MC@NLO without shower and/or TMD unphysical ( here herwig6 subtraction)
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Drell-Yan production at /s = 13 TeV
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Fit of Intrinsic k7 in DY — production vers mpy

2.0 Bubanja, I. et al, arXiv: 2312.08655
— ¢ = 1.04£0.08 GeV -+ DO (2000) 1.8 TeV > :
g & COMS(2022)13TeV  +#+ CDF (2012) 1.96 TeV G'IaUSS with zero mean,
' -+ LHCb (2022) 13 TeV ¢+  PHENIX (2019) 200.0 GeV width qs
4 ATLAS (2015) 8 TeV H+ E605 (1991) 38.8 GeV 9 2

161 §+ CDF (2000) 1.8 TeV ~ exp (—|kT|/qS)
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Fit to determine gs of intrinsic kr distribution from DY production as a function of mpy

@ obtain ¢s rather independent on mpy
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Including TMDs for Z production with MC@NLO

* Are other features of DY production preserved ?

Drell-Yan production at /s = 13 TeV
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* Rapidity of DY pair not changed ... (but z; and x2 )
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DY production: Bermudez Martinez, A. et al,
arXiv 1906.00919, 2001.06488
CASCADES3 S. Baranov et al, arXiv 2101.10221
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