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UNINTEGRATED, OR TRANSVERSE MOMENTUM DEPENDENT (TMD),
PARTON DISTRIBUTION FUNCTIONS

« Parton correlation functions at non-lightlike distances:
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TMDs from low-gT QCD resummation and
from low-x (high-energy) QCD resummation

low g7 : g7 € Q high /s: Vs> M
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ay In™ Q/qr (asIn+/s/M)"
CSS evolution equation BFKL evolution equation
(or variants — SCET, ...) (or CCFM, BK, JIMWLK, ...)

R. Angeles-Martinez et al., “Transverse momentum dependent (TMD) parton
distribution functions: status and prospects”, Acta Phys. Polon. B46 (2015) 2501
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.TMDs at high energies

Ex.: heavy flavor electroproduction for s > M? > A2QCD

1
dz .
4M? o(xz, M?) = ]dgkl — Gg(z/2, K] /M2, 05(M?)) Ay /n(z, k1)

z <

where TMD gluon distribution is given by
Balitsky-Fadin-Kuraev-Lipatov (BFKL) evolution:
A— 40425 In2
1 —Alnz 2 \yy—1 "
Ag/n(z, kL) ~ o€ (k)"
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LY

s at high energies

= 4M?0(z, M?) ~ 2z~ (M?)2 h(1/2),
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n \/ y *» needed to estimate realistic
effects at LHeC, FCC-eh
NB: - incorporate sub-asymptotic, finite-x terms — CCFM evolution
- dense-medium modifications in nucleons and nuclei — nonlinear evolution
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I. TMDs for low gl

Ex.: Drell-Yan production qT spectra for Q >> qT

do ¥ b iqrb _ Agep
d2qrdQ2dy = Z . H(as)/ (27)? TP A, (z1,b, p, ) Aj(z2, b, u, {)+{ar—finite}4+O ( o2
1,7

dln A
where 31—( = K(b,p) Collins-Soper-Sterman (CSS) evolution
Il
dln A dK _
and Tin = vr(as(p), ¢/u?) | g = —vg (as(w)) RG evolution
cusp anomalous dimension
} " xlfa e ° _'.__rl--:.' 15{ - €, {”]{ |r""'J-':.I"-", i%j_r ) = -\EI III"':r.I' l:rj:'JH 3 .HI' +".q
At e Soft Collinear Effective Theory (SCET) provides

alternative approach leading to same results
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TMDs for low gl
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“Parton-like” formulation by decomposing the
TMD pdfs in terms of ordinary pdfs (“OPE"):

Ai(b,p) ~ Z Si @ Cir ® fk
S X

f Sudfakov evolution pdfs
ormitactor . efficients

e can be studied in semi-inclusive DIS at future eh colliders
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. Toward TMD Monte Carlo Event Generators:
Parton Branching (PB) including TMDs

BT ol | BT
a
a
M”
g + pr— <+ b 7
P
b
c
Po Ho + Ho +

— how to describe TMD evolution in a PB formalism?
— construct the analogue of a parton shower for TMDs?

- connection with DGLAP collinear evolution?
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TMDs from Parton Branching (PB)

Jung, Lelek, Radescu, Zlebcik & H, “Collinear and TMD quark and gluon
densities from parton branching”, JHEP 1801 (2018) 070

X x X
X, X, X,
2 2=X Xy Byl 2D
Z =KX, —— P{zm)
7 = /% .. L 3
;1+1 ii+l xi u'*' PI{.’.”]}
X .l Aok Rp

PB evolution equation motivated by

— applicability over large kinematic range from low to high
transverse momenta

— applicability to exclusive final states and Monte Carlo
event generators
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PB method:

A new evolution equation for TMDs
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" NB: angular ordering

* solvable z.p* ke | @
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oyp*, key b
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Integrated PB-TMD with angular ordering:

ra - p r2
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{ 0 j ﬁu[:#.r,g1“ﬁ}
, (a)
.:Remlvable reqmriw
. . . [ INen-resolvable region
e coincide with CMW result for —

coherent branching

[Catani-Marchesini-Webber,
Nucl. Phys. B349 (1991) 635;

Marchesini-Webber,
Nucl. Phys. B310 (1988) 461.]

F Hautmann: LHeC2019 Workshop, October 2019

i

Figure 2: The angular ordering condition zy(y') =

(b)

[ INon-resolvable region
z=l-qnh.-'

:‘:Remlvabm region \»

1 - gy/i’ with the resolvable and non-resolvable

emission regions in the (4, z) plane: a) the case 1 > & > 1 — go/po; b) the case 1 — gy /pg >z > 0.
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Validation at NLO for zM -- > 1
against DGLAP result from QCDNUM
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Very good agreement at NLO over all x and mu.
NB: the same approach is designed to work at NNLO.
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3D Imaging and Monte Carlo

* Parton Branching evolution
® start from hadron side and evolve from small

PB evolution Parton Shower
to large scale 2 A "
M f‘
Qg d,u X.p
‘ﬁs = €Xp (_’f dz [‘2 271. ”12 (Z)) z"'=x/x’q’ P(z'")
0
* Parton Shower z'=x'Ix, q’ P(z) ¥
® backward evolution from hard scale u? to

hadron scale u?y (for efficiency reasons)

(l’qd = %A %5 { -:f-"'r
s = €xXp f dz[ 5 ’Lf,z (2) .A( kl ,)
p Tl £z (il':, 1M )

< in backward evolution, parton density (TMD) imposed further constraint !
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APPLICATIONS to DIS and DY
PB method Iin xFitter

TMD distributions from fits to precision inclusive-DIS data from HERA
using the open source QCD platform
xFitter [S. Alekhin et al., E. Phys. J. C 75 (2014) 304]
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A. Bermudez et al., Phys. Rev. D99 (2019) 074008

* NLO determination of TMDs including uncertainties
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TMD distribution functions
from preC|S|on DIS data fits

B som x-001 0N o smeeooua o
T m' 1 = m' ~ H E—‘“x q!

 NLO determination : J ] ot :
of TMDs including } . I E
uncertainties i |- ¥ OE \§

2 k- —

Figure 2: TMD parton distributions for up, strange and gluon (PB-NLO-2018-Setl and PB-NLO-
2018-Set 2) as a function of k; at 4 = 100 GeVand = = 0.01.

A. Bermudez et al., Phys. Rev. D99 (2019) 074008

b up, x = 0.01, u = 100 GeV gluon, x = 0.01, u = 100 GeV
F T =ripmmmmy ] F T = zizmumms
e can improve sensitivity at R i}
low KT by 2
precise semi-inclusive DIS : ] | | :
measurements at future o — 1
eh colliders : e ‘ e

Figure 3: TMD parton distributions for up-quark and gluon (PB-NLO-2018-Set1 and PB-NLO-2018-
Set 2) as a function of k; at up = 100 GeVand z = 0.01 with a variation of the mean of the intrinsic k;,
distribution.
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/-boson DY production at the LHC:
TMDs fitted to inclusive DIS + NLO DY calculation

A Bermudez et al, arXiv:1906.00919

* Use MadGraph5 aMC-at-NLO
* Apply PB-TMD
« Set matching scale mu_m (kKT < mu_m)
ATLAS 8 TeV data [E. Phys. J. C76 (2016) 291]
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» Theoretical uncertainties dominated by scale dependences; TMD uncertainties moderate
» Low-pT spectrum sensitive to angular ordering (PB-TMD Set 2)

* Missing higher orders at high pT: see DY + 1 jet contribution
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/-boson DY production at the LHC:
TMDs fitted to inclusive DIS + NLO DY calculation

A Bermudez et al, arXiv:1906.00919
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ATLAS 8 TeV data [E. Phys. J. C76 (2016) 291]
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Conclusions

* TMD effects control QCD resummations for high energies and for
high masses -- > needed for high-precision predictions

» 3D hadron structure impacts LHC and future hadron-hadron
experiments

* Can be explored in semi-inclusive DIS processes at
LHeC, FCC-eh

* PB formalism to take into account simultaneously

soft-gluon emission at z -> 1 and transverse momentum qT
recoils in the parton branchings along the QCD cascade

- - > step toward Monte Carlo generators including TMDs

F Hautmann: LHeC2019 Workshop, October 2019
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EXTRA SLIDES
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Stability with respect to resolution
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MDs and soft-gluon resolution effects

ghon, r = 0,01, p = 100 GeV gluon, x = 0.01, x = 100 Gel
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Well-defined TMDs require appropriate ordering condition
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Comparison with
CSS (Collins-Soper-Sterman) resummation

¢ The resummed DY differential cross section is given by

o _y~o® b g al
qudQZdy = g (HS) f ( q b./—lq ($1, b, Q)Aq—(fﬂg, b, Q) + O (6) where

Q* 2
Ai(mabsQ) = exp{;f CEL A, (ﬂs(ﬂm))lﬂ (f ) + B; (D!S(H’z))]} \TP)(ﬂ?ab)
Cusz

[ e (20 (22)

and the coefficients H, A, B, C have power series expansions in as.

¢ The parton branching TMD is expressed in terms of real-emission P);

T a=R 1oy F"l,’;-.”_,|
L AT Pz, )
r r.__|=x.l_.-'.~:..u._'| p.:z:l:J
> via momentum sum rules, use unitarity to relate P™ to virtual emission

> identify the coefficients in the two formulations, order by order in as, at LL, NLL, ...
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Comparison with
CSS (Collins-Soper-Sterman) resummation

More precisely:
> The parton branching TMD contains Sudakov form factor in terms of

1
Péf)(as, z) = Kap(as) 1% + Rap(as,2) where

Kap(0s) = daka(0s), ka(as) =3 (52) KO, Ras(as,2) =D (52) RGV(2)

n=1 mn=1

> Via momentum sum rules, use unitarity to re-express this in terms of

PY) = p_ pB)  where

Pop(as, 2) = Dgp(as)d(1 — 2) + Kap(as) + Rap(as, 2)

(I—2)+
is full splitting function (at LO, NLO, etc.)
. °© Qs \"™
with Dap(as) = dapda(ss) , da(es) =Y (ﬁ) d=1

n=1
> Identify d,(as) and k,(ag) with resummation formula coefficients (LL, NLL, . .)

F Hautmann: LHeC2019 Workshop, October 2019 24



Comparison with
CSS (Collins-Soper-Sterman) resummation

e d,(as) and k,(as) perturbative coefficients

one — loop :

dgf’}:%cF , k9 =2Cp

two — loop :

3 2 17  117? 1 272
1) 2 (2 _ _ _ P

67 w2 10
1

e The k and d coefficients of the PB formalism match, order by order, the
A and B coefficients of the CSS formalism:
LL : kY =2Cp=2AY
3

. 1) _ 2) . 0) _ 1
NLL : kY =2Cr T =4 AP ; dg)_ioF_—Bg)

NNLL : analysis in progress
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Where to find

MDs"

@ TMDIib proposed in 2014 as part of
the “Resummation, Evolution,
Factorization” Workshop

@ A library of parameterizations and
fits of TMDs (LHAPDF-style)

http://tmdlib.hepforge.org
http://tmdplotter.desy.de

@ Also contains collinear (integrated)
pdfs

F Hautmann: LHeC2019 Workshop, October 2019

MDlib and

Eur. Phys. J. C (2014) 74:3220
DO 1001 14 0epeds 1 0052-014-3220-9
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TMDIib and TMDplotter: library and plotting tools for
transverse-momentum-dependent parton distributions
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http://tmdplotter.desy.de/

Comparison with KMRW unintegrated distributions
(Kimber-Martin-Ryskin-Watt)

KMRW : - transverse momentum generated by last emission
- radiation populates different phase space region
- no rescaling of transverse momenta in Sudakov form factor
- differs in treatment of non-resolvable processes

gluon, x =0.01, p = 10 GeV gluon, x = 0.001, u = 10 GeV

PR
PE lasi slop
MAW-CT10nka

A x, Ivr.I AL)

TMDplotter 2.2.0
TMDplotter 2.2.0

10" 1 10

) 1
K [GeV] K [GeV]

* low-kT kink from single-emission picture; arxiv:1908.08524
 high-KT tail from radiative effects + Sudakov
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From color-neutral to color-charged final states

Color neutral: Color charged:

b 1 (Y-
s 7
S

 New long-time correlations in color-charged case:

d X
(Tﬂ-) — Z ]dzb E“lT'b fdzl /dzz S(Q,b) fczl X [TT(H&)CICE}ijﬂlﬂz ®f‘12
d*q/ iz

ija]as

 Generate azimuthal correlations N

soft gluons coupling
initial and final states

* Observable for Ap, high compared to Aqcp?
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Heavy quark hadroproduction:
b-jets at the LHC from PB TMDs + NLO

» Use MadGraph5 aMC-at-NLO
* Apply PB-TMD A Bermudez et al, in progress

« Set matching scale mu_m (kKT < mu_m)

Dijet A¢ for m;; > 110 GeV, anti-ky, R = 0.4
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ATLAS 7 TeV data [E. Phys. J. C71 (2011) 1846]
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Eg i —e— Data
i = bare POWHEG-2]
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107! =
1~ = —
107 ;‘_I:—::;
. —e—
_—.—
1073 =
10~ 4 ;
0706, ) b e by e b b g Ly
1.6 1.8 2 2.2 2.4 2.6 2.8

The role of TMD densities and TMD showers:
INnclusive |ets

Dijet azimuthal correlation ak4, 300 < plﬁading < 400 GeV

A Bermudez et al, in progress

F Hautmann: LHeC2019 Workshop, October 2019

3
A¢n 2 [rad]

}73—5;1,2 [rad 1]

Dijet azimuthal correlation ak4, 300 < pl;admg < 400 GeV

—e— Data
bare POWHEG-2] + TMD
—— POWHEG-2] + TMD + PS

.l]l.l].].‘

3
Ag > [rad]
@ Events by NLO POWHEG 2 jets
@ PB TMD (with angular ordering)
@ TMD parton shower
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The role of TMD densities and TMD showers:
b-jets

A Bermudez et al, in progress

bb A¢ for m;; > 110 GeV, anti-kr, R = 0.4

!_"_' :| T | I I | [ | T 1 T 1 | T T 1 | [ -
| - ]
E - —+— Data
= | —+— MCatNLO PB-NLO #,(g(1 — z)) |
2 —+— MCatNLO TMD noPS
"E 1= —
= - -
o
b B |
"h..,_‘.
— - |
10 £ _ -
:| | | | | | | | | | | | | | | | | | | | | | | | | | :
2 E| | | | | | | | | | | | | | | | | | | | | | | | | | E
g 15 = =
o -
) -
0 :| L1 | ] | | L L1 1 L1 1 I L | L1 1 | L1 E
1.6 1.8 2 2.2 2.4 2.6 2.8 3

Ag[rad)
ATLAS 7 TeV data [E. Phys. J. C71 (2011) 1846]
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TMD distributions (unpolarized and polarized)

TABLE I

(Colour on-line} Cuark TMD pdfs: columns represent quark polarization, rows
represent hadron polarization. Distributions encireled by a dashed line are the
ones which survive integration over transverse momentum. The shades of the
bowxes (light gray (blue] versus medium gray (pink)} indicate structures that are
T-even or T-odd, respectively. T-even and T-odd structures involve, respectively,
an even or odd number of spin-Bips.

QUARKS |, nofarized clriral fransverse
u f, h
L z. | &
15 fi B i

TABLE II

(Colour on-line) Gluon TMD pdfs: columns represent gluon polarization, rows
represent hadron polarization. Distributions encireled by a dashed line are the
ones which survive integration over transverse momentum. The shades of the
boxes (light gray (blue) versus medium gray (pink)) indicate structures that are
T-even or T-odd, respectively. T-even and T-odd structures involve, respectively,
an even or odd number of spin-flips. Linearly polarized gluons represent a double
spin-fip structure,

GLUONS |, nolarized | circular finear
LI .' _I’I e 3 J’r- 3
L gl':. Irl'l,'
T sly - ™
.-Full' £y h:':r 1 "J!.'

R. Angeles-Martinez et al., “Transverse momentum dependent (TMD) parton
distribution functions: status and prospects”, Acta Phys. Polon. B46 (2015) 2501
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Non-resolvable emissions and unitarity method

e Introduce resolution scale zps, where 1 — zpr ~ O(Aqep/p)-

e Classify singular behavior of splitting kernels P,;(z, a;)
in non-resolvable region 1 > 2z > z);:

N
(1—2)4

bl !
where /0 2. ©(z) dz —fﬁ T (w(z) —p(1)] dz

and R,(as, z) contains logarithmic and analytic contributions for z—1

P.y(as,2) = Dap(as)d(1 — 2) + Kap(as) + Rap(as, 2)

e Expand plus-distributions in non-resolvable region
1
and use sum rule ), [, z Peo(as,2) dz=0 (for any a)
to eliminate D-terms in favor of K- and R-terms

=> real-emission probabilities exponentiate into Sudakov form factors

e angular ordering: q_ t=(1-2)q'

ki1 =— Zl}u_.f
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Integrated PB-TMD with 2a — 1 and a, = a,(s")
---> collinear PDFs

QCD evolution and soft-gluon resolution scale

[Jung, Lelek, Radescu, Zlebcik & H, PLB772 (2017) 446 + in progress]

N 2 2 ZM -
T ) = 2,0 Tl [ R B) [ e B, (),) Fle )

dﬂf [ dz 2 Pba (QS(HQ) Z))

@
where A, (2, p? po)—exp( Z[
e

X X X
XU XU XU
Zig=x iy Wy PE,)
Zig =X Jir:""i’l"‘i+l P(z'i_,_]}
£|+ 1 X1+1h(1' M [ P(‘51+1)
Xi, W Xpl | X, 1,

> soft-gluon resolution parameter zp; separates resolvable and nonresolvable branchings

> no-branching probability A; real-emission probability P

e Equivalent to DGLAP evolution equation for zM — 1

F Hautmann: LHeC2019 Workshop, October 2019 34



Validation at LO
against semi-analytic result from QCDNUM

= -2
0% " .
- - =10 GeV? 10 - u?=10 GeV*
104 & u? = 1000 GeV? ' u? = 1000 GeV*
= ~ u? =100000 GeV* 104_, - u? = 100000 GeV?
arv-D Lassa b e b b e laaa et asblossabos oo daoaslas iy an-5 | | I
-] = - = o'TaF
™ o
“1.05- | F1.08} r
0.95- 0.95
09—_5 .u-‘ - .t_a i - sy i : 0,9 - o ,;....14 i g anl - TS| . PR : A camas
10 10 10 10 10° 1 10 10 10 10 10 1
X X

Agreement to better than 1 % over several orders of magnitude in x and mu

See also S. Jadach et al, 2004 — 2010
H. Tanaka et al, 2001 - 2005
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How to extend PB to small-x evolution?
\

§ e |t d e A A (5
PR

=

* Promote splitting functions to TMD splitting functions:

K = % H (tl “-") - =
4 (2,5 ) 130 "
# *
L ¥ "
:J G1)" e L oL pti-)
i ¢ @r)° rliss) I
-V—Z{TZ 0]1 I}- 1- Ax(-8 | 30 !)_;:{;
AT CER D) 1+ € A
e controls summation
D gty ftin B (25) of small-x logarithms
T N Ty g in gluon-to-quark

., ~ processes
F Hautmann: LHeC2019 Workshop, October 2019
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How to extend PB to small-x evolution?

* The TMD gluon-to-quark splitting function has the schematic structure

Pyra(2:01, k1) = PO(2) (1 ‘¥ bn(z)(ki/qi)")
n=1

* Work is underway to extend this to splitting processes in all partonic channels:

(a) (b)

S g

TMD gluon and
valence quark

F Hautmann: LHeC2019 Workshop, October 2019

(c) (d)

.

Quark emission
contribution to TMD sea
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der [ dpt* [pb GeV™ ']

Set2 (expimod)/MC

L TH]
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1.2

o.8
o.h
0.4

Z— WTu, 5 =13GeV, [my — miy| < 15GeV, |yl < 24

Predictions

== MCatNLO PB-NLO-2018-Set2 (scale)
— intr. kt (up)
— intr. kt ([down)

=== MCatNLO PB-NLO-2018-Set2 (exp+mod)

—

Figure

the

L8

10
P [Gev)

4

for 13 TeV

der fdl|y"™ | [pb)

Set2 (exp+mod)/MC

Z o u p, f5=13GeV, |my —my| < 15GeV, |yl < 24

dm== MCatNLO PB-NLO-2018-Setz (exp+mod)
== MCatNLO PB-NLO-2018-Set2 (scale)
— intr. kt (up)
— intr. kt (down)

LLLE L 1

Jll.ll

7: Transverse momentum py (left) and rapidity y spectra of Z-bosons at /s = 13 TeV from
prediction after including TMDs. The pdf (not visible) and the scale uncertainties are shown. In

addition shown are predictions when the mean of the intrinsic gauss distribution is varied by a factor
of 2 up and down.
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Fine binning at low pT?

Vs =8TeV, Z — ee, 66GeV < my; < 116 GeV, |yyy| < 2.4 V5 =13TeV, Z — ee, 66 GeV < my; < 116 GeV, |yge| < 2.4
ZE L -!II|IIII|IIII_ 3.-‘._| 50 :!III|IIII|IIII|IIII
s W ElR -
5 30F | S — MCatNLOPBNLO-2018-5et2 | § - —— MCatNLO PB-NLO-2018-Setz -
E — MCatNLO-H++ (det.) ] - — MCatNLO-H++ (def.) 3
25 —— MCatNLO-P8 (CUETM1) - —— MCatNLO-P8 (CUETM3)
- MCatNLO-H6 (def.) E MCatNLO-H6 (def.)
20 | -
15 —
10 E
5 | i
F : J
2 S SF S
3 £ g L
2 og = %09 Epv o
0.8 0.8 [“”’“r'd
0.7 E 0.7 E-
o6 EL 0.6 E coaa e b b
5 10 15 20 a5 30
pr [GeV]

» dedicated measurements in the region of Z-boson pT <5 -10 GeV?
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Sensitivity to branching-scale dependent
soft-gluon resolution scales

Z — ee, dressed level, 66 GeV < myy < 116 GeV, |yi| < 2.4

. L].Lﬁ r - v T ¥ 1 T | . T T =
-_-.a,_'h 0.07 E —e— Data 1
3 F —— PB fixed z M .
h 00b F ——— PB dynamic 2. M :
. I g 1
- e .,
0.05 | :
0.04 — - —
0.03 .

. :

0.02 — |

MC /Trata

ob |

arXiv:1908.08524 g o 0 30 40 " IL:e‘u'T
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Toward new approaches to matching/merging,
locally in KT

Matching to hard process: off-shell ME with KaTie

van Hameren, A. CPC, 224, 371, 2018, arXiv 1611.00680

£ = e¢, dressed level, 66 GeV < myy < 116 GeV, |viy| < 2.4 Z = ¢, dressed level, 66 GeV < myy < 116 GeV, |y < 24
— H 1 L | |||| I L |||| rrr '_'—' H Li IIIII L IIIII L L
z 10° E L‘—""' —— 2toZ offshell Z 10* E L‘——'__ —— 2ToZ onshell
L C — 2tod+jet onshe L A e, S T 2ToZ +jet
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E 3
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= E 3
ey F ey =
1073 "y 1073 E - 3
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[A. Van Hameren, talks at DESY MCEG Workshop, February 2019
and DIS2019 Workshop, April 2019]
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