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Overview

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

« Parton correlation functions at non-lightlike distances:
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Evolution equations for TMD parton
distribution functions
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CSS evolution equation CCFM evolution equation

(or variants — SCET, ...) (or BFKL, 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 from Parton Branching (PB)

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

F Hautmann: Higgs Centre for Theoretical Physics, University of Edinburgh, September 2019



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.
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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,
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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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Outline of this talk

> TMDs at high /s and atlow qT

*  The parton branching (PB) method

*  Application to DIS and Drell-Yan
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. INTRODUGCTION

TMDs at high energies
Ex.: heavy flavor electroproduction for s > M? > AQQ@D

| é‘”ﬁ Y+h = Q+Q+X
b
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dz .
4M? o(xz, M?) = ]dgkl ~ 6g(z/2, K5 /M2, 05(M?)) Ayn(z, k)

where TMD gluon distribution is given by
Balitsky-Fadin-Kuraev-Lipatov (BFKL) evolution:
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TMDs at high energies

= 4M?0(z, M?) ~ 2z~ (M?)2 h(1/2),

0o 1.2 2 \ 3 pl
where h(l/?):% /D ox (i‘;) /D i Gq(x, K3 /M2, 0)
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i 7 M ’ realistic effects at EIC, LHeC, VHEeP?
NB: - incorporate sub-asymptotic, finite-x terms — CCFM evolution

- dense-medium modifications in nucleons and nuclei — nonlinear evolution
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TMDs for low gl

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

Aacn
Q2

S

do (D) dzb 1 '
d2qrdQ2dy = Z a H(as)f (2r)? thT-bAi(ml,b,HsC}Aj(:cz,b,p,C)+{qrp—ﬁmte}—]—@ (
1,7

where 31—( = K(b,p) Collins-Soper-Sterman (CSS) evolution
n
dIn A dK _
and Tin = vr(as(p), ¢/u?) | g = —vg (as(w)) RG evolution
cusp anomalous dimension
N _"_r.” T L 2 : [ 44 (g0, L )= ¥, (4 i__hﬁj.ﬂ 1. b 3
A ‘s 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) ~ ¥ 8 ® Car ® fi
P AN

Sudakov  gyolution pdfs
form factor  oefficients
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From color-neutral to color-charged final states

Color neutral: Color charged:

 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 ®fﬂz
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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I. The Parton Branching (PB) approach

H KT K
a
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b
¢
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— 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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PB method:

A new evolution equation for TMDs

Aq (b, p?) = A, (2, ) Aq (K, id) +Z[ FB (" — 1) © (0 ~ ui)

ﬁ 0
/ dz © (2 (ks ﬁ ((:;2 ig)) Pb[z ay(b (ZJE Q})Ab( k+alz)p, p )
2v(p') =1-qo/1 b(z)=1-—2z a(z)=1-=z2

" NB: angular ordering

* solvable z.pt,k a
by iterative
MC technique =g,/5 | ¢ Gre = 4
oyp*, key b
p=lq|/(1—2)
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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'
ki = —ZQJ_J
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Integrated PB-TMD with angular ordering:

o~ ) ,u d“u
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* coincide with CMW result for PR I i |

coherent branching /

[Catani-Marchesini-Webber, 2 2
Nucl. Phys. B349 (1991) 635;

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

! _ "

Figure 2: The angular ordering condition zy(4') = 1 — go/p’ 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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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 )

3 dﬂfz /2
where A, (zy, p, p3) = exp Z[ [ dz z Pba (as(,u ), 2)
e

X X X
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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
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Validation at LO
against semi-analytic result from QCDNUM

—
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- - u? = 100000 GeV* 104__ - u? = 100000 GeV*
g..q—!’al_ ...;;....I...u.l.. |l|..;J....lu..n.l.u.nj...‘ g‘r“i_ﬁ._l T |
o ]
~1.05} | =1.08} r
1%%%@ 1&' e me__ﬁbw&
0.95 095
09__5 ..-‘ i .1_3 ._.1_2 Ay i : 0‘9 - o ,“...i_4 oncnsaasuld - TR | . NET— : -
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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Validation at NLO
against semi-analytic result from QCDNUM

3
107
10k
1
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Very good agreement at NLO over all x and mu.
NB: the same approach is designed to work at NNLO.
See also S. Jadach et al, 2004 — 2010

H. Tanaka et al, 2001 - 2005
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Stability with respect to resolution scale z_M
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MDs and soft-gluon resolution effects

ghon, r = 0,01, p = 100 GeV gluon, x = 0.01, x = 100 Gel
5 s F
: Fwof

e AL mALL madl e

o " kjeeV] i i " jeev]”
gluon, r = 0.01, x = 1000 GeV gluon, z =001, 4 = 1000 GeV
1 10 10 1o k. |t.'.—'L'-' r ; 10 ¥ i RJGeV I| i
angular ordering transverse momentum ordering

Well-defined TMDs require appropriate ordering condition

F Hautmann: Higgs Centre for Theoretical Physics, University of Edinburgh, September 2019
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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 = Z_ (HS) f ( q b./—lq ($1, b, Q)Aq—(fﬂg, b, Q) + O (6) where

q9.q

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);

> 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(0) = bavka(es), ka(as) =3 (52) kD, Raples,2) =3 (52) RGV(2)

n=1 mn=1

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

PY) = p_ Pp®E  gwhere

Pup(as, 2) = Dgp(as)d(1 — 2) + Kgp(as) + Rap(as, 2)

(I—2)+
is full splitting function (at LO, NLO, etc.)

. > Qs \"™
with Dgp(as) = dapda(as) , de(as) = Z (ﬁ) d(n=1)

n=1
> Identify d,(as) and k,(ag) with resummation formula coefficients (LL, NLL, . .)
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Comparison with
CSS (Collins-Soper-Sterman) resummation

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

one — loop :

40 =20k , KP=20Cp

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,>_§oF__Bg>

NNLL : analysis in progress
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How to extend PB to small-x evolution?

\ g4t

4 ¢ w5 k,
N A el

X

* Promote splitting functions to TMD splitting functions:
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= 2_ H (t,“-"): { \
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 controls summation
My bl Lot KL (%5, of small-x logarithms
o e R in gluon-to-quark

v R e processes
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How to extend PB to small-x evolution?

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

q—rq(z qi k1) =P (U} (1"' Z by, Z)(kz /Q )n)

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

SIS

(a) (b) (c) (d)
TMD gluon and Quark emission
valence quark contribution to TMD sea

F Hautmann: Higgs Centre for Theoretical Physics, University of Edinburgh, September 2019
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IIl. APPLICATIONS
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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Flgure 9: Moayymeriant of the Fesivced canon testion pbintnec i HIEGA compuned (o pradicions Figure 4: Total uncertainties (experimental and model uncertainties) for the two different sets at
using Set 1 and Set 2. Upper row: inclusive DIS cross section [11], lower row: inclusive charm pro-

. : 2
duction [38]. The dashed lines include the systematic shifts in the theory prediction. different values of the evolution scale 1.

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

up, x =0.01, p =100 GeV

strange, x = .01, p =100 GeV

gluon, x = 0,01, p = 100 GeV
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Figure 2: TMD parton distributions for up, strange and gluon (PB-NLO-2018-Set1 and PB-NLO-
2018-Set 2) as a function of k, at u = 100 GeVand z = 0.01.
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Figure 3: TMD parton distributions for up-quark and gluon (PB-NLO-2018-Setl and PB-NLO-2018-
Set 2) as a function of k; at u = 100 GeVand z = 0.01 with a variation of the mean of the intrinsic k;
distribution.
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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: Higgs Centre for Theoretical Physics, University of Edinburgh, September 2019

MDlib and
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http://tmdplotter.desy.de/

Comparison with KMRW unintegrated distributions

KMRW :

(Kimber-Martin-Ryskin-Watt)

- 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
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 high-KT tail from radiative effects + Sudakov
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3D Imaging and Monte Carlo

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

| g PB evolution Parton Shower
to large scale u A .
2
A Iz 12 %X
Qg dp p
A, = exp (—/ dz /2 % “;g P(z)) 2"'=x/x"q’ P(z'")
Ho
® Parton Shower 2’=x"Ix, q' P(z’) v
® backward evolution from hard scale u? to

hadron scale u2 (for efficiency reasons)

0 d,u ZA(L, K ,u)
s = €X dz[ P(z)=—>=2
P ( / ul or 2 (2) cA(z, ki, u1)

< in backward evolution, parton density (TMD) imposed further constraint !
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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]

Z — ee, dressed level, 66 GeV < my; < 116GV, |y < 24 £ —+ ee, dressed level, 66 Ge¥ < my; < 116 GeVY, [y, < 24
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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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Predictions

Loy w5 =13GeV, |my — my| < 15GeV, |yl < 24

for 13 TeV

Z o u p, f5=13GeV, |my —my| < 15GeV, |yl < 24
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Figure 7: Transverse momentum p; (left) and rapidity y spectra of Z-bosons at /s = 13 TeV from
the 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
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» 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 < my < 116 GeV, |yi| < 2.4
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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

v e, dressed level, 66 GeV < myy < 116 GeY, |yu| < 24

£ v £, dressed level, 66 GeV < myy < 116GV, |y < 24
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[A. Van Hameren, talks at DESY MCEG Workshop, February 2019
and DIS2019 Workshop, April 2019]
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Conclusions

* PB method to take into account simultaneously

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

* potentially relevant for calculations both in
collinear factorization and in TMD factorization

-> cf. parton shower calculations and analytic resummation

* terms in powers of In (1 — zM) can be related to large-x
resummation? -> relevantto near-threshold, rare processes to be

investigated at high luminosity

* systematic studies of ordering effects and color coherence

—-> helpful to analyze long-time color correlations?
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