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Transverse Momentum Dependent Parton
Densities

1) Needed to calculate transversely differential cross
sections in pQCD

2) More detail about hadron structure than standard parton
densities



Example: Drell-Yan

Collinear Factorization View

Scale Dependence: DGLAP



TMD Example: Drell-Yan

Differential In Transverse Momentum
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Scale Dependence: TMD Evolution




Example: SIDIS
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Transverse Momentum Dependent Evolution
* Collinear / DGLAP, Evolution with Scale:

d
dlnufj/P(fL’;M) = Q/ij’(xl) ®fj’/P($/$/3M)




Transverse Momentum Dependent Evolution

 Collinear / DGLAP, Evolution with Scale:

d iufj/P(l’? 1) =2 / P2 ® fyrlaizn)
« TMD Case:
6’lnﬁ(:9(iﬁrl»lz;’é“><) = K (br; )
dfi(lﬁm =~k (9(1))

dln F(x, br; i, )

o p = v(g(p); ¢/1”)
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Transverse Momentum Dependent Evolution

volution with Scale:

p) = Q/ij’(x') ® firp(x/2's 1)

(0| WL |0)
* TIVID CdSse: \
Oln F(z,br; w, )
Oln+/C
dK (brip)
Ty~ (o)

dln F(x, br; i, )

o p = v(g(p); ¢/1”)
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One TMD PDF: Solution to Evolution
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One TMD PDF: Solution to Evolution

Finite coefficient

- 2
Ff/P<5UabT§ Q,Q ) — Collinear PDFs

S = /o o)

dx -~ A
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One TMD PDF: Solution to Evolution

Cutoff by

V14 07./b2,0x
py = C1/ by (br)]

Ff/P<xabT;Q7Q2): b.(br) =

da:~

2,

(/2,045 iy, 15 9(126)) £/ P (2, 1) X

. Q 7,/
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L
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0

14



One TMD PDF: Solution to Evolution

Ff/P<xabT; Q7Q2) —
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Nonperturbative parts, large by 15




Organization of Factors in a Cross

Section .
e Example: CSS1 o~ | H® Fyp(r,kir) ® Fyp(ae, qr — ki)
o = CaQ)
97, = Cl/bT
do d2 bT Lidr-br B
2 2 = 2 Z / * p, = C1/by
dQ dy qu QQ 7,JA,7B
b dea ~Css1, DY (L4
X f fJA/A(fA 20 ) Cj/jA fA b*nub s b, 7027a5(/'l)b )
'T»'A

ng ~CSS1, DY B

X o £ fJB/B(gBHU’b ) Cj/jB (g

{ a dp”

X exp —/ 5
9 /
py, M

bx

b*a:ub ,/Lb*,CQ,CLS(/Lb ))

B

112

Acssi(as(p'); Ch) In (M_’%

> + Bcssi, py(as(p'); Cp, C2)

CSS1 CSS1

X eXp[ gJ/A (an bT; bmax) gj/B (xBa bT; bmax) CSSl(bTa maX) ln(Q2/QO)]

+ suppressed corrections.

No explicit hard part CSS1 = Collins-Soper-Sterman (~1985)
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Organization of Factors in a Cross

Section .
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CSS1 CSS1
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+ suppressed corrections.

No explicit hard part CSS1 = Collins-Soper-Sterman (~1985)



Organization of Factors with Explicit

Factorization
e Example: CSS2

do _ An?a? d2by o

DY bt aY r . M2
dQQddeQ o 9Q2$ ZHJJ_ (QHMQ,CLS(MQ))/ (2ﬂ->2 € fj/A(xA7bT7Q 7IU’Q) fj/B(xB7bT7Q 7“@)
T J
+ Suppressed COI'I'eCtiOIlS,
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Organization of Factors with Explicit

Factorization
e Example: CSS2
do A7 d2b . - _
d@2dyd¢2 9Q§ ZHDY(Q MQ,CLS(MQ))/# e'dr bt fj/A(33A,bT§Q2,/1/Q) f]—/B(:UB,bT;Q2,MQ)

+ Suppressed corrections,

do B A2
dQ2dydg¢?  9Q3%s

DY d*br iqp-br
> HPY(Q,pgsas(pq)) | 7oge’T

j:jA)jB <27T>

v i (b L dgy
X e 9j/a(®A,bTibmax) g fJA/A(fA Mo, ) Cf/?j(gj b*hub 7lub*’a’5('ub )>

a?A S
X _gj/B(mBbeSbmax ng CPDF B b
€ 5 ij/B(fB 2 ) 7/iB 5 *a:ub y Wb, ,CLS(Mb )
TRB B
QZ o Qz Hae d:u/ / Q2 /
x expq —9x (b1; bmax) 1n_2+K(b*§Mb )ln——|—/ WE Q’Yj(QS(M )) —1In ; Q'VK(CLS(M )
Q% T (')

+ suppressed corrections.

Collins, TCR (2017) 20



Organization of Factors with Explicit

Factorization
e Example: CSS2
do A7 d2b . - _
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DY d*br iqp-br
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jvjA)jB (27T>

v i (b L dgy
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+ suppressed corrections.

Collins, TCR (2017) 21



Organization of Factors with Explicit

Factorization
e Example: CSS2
do A7 d2b . - _
d@2dyd¢2 9QS ZHDY(Q MQ?G’S(MQ))/# e'dr bt fj/A(33A,bT§Q2,/1/Q) f]—/B(:UB,bT;Q2,MQ)

+ Suppressed corrections,

do B A2
dQ2dydg¢?  9Q3%s

DY d*br iqp-br
> HPY(Q,pgsas(pq)) | 7oge’T

jvjA)jB (27T>

v i (b L dgy
ot [ g i) GRS .

QEA g
X _gj/B(mBbeQbmax ng CPDF B b
€ 5 ij/B(fB 2 ) 7/iB f *a:ub y Wb, ,CLS(Mb )
TRB B
QZ > Q2 Hae d:u/ / Q2 /
x expq —gr (br; bmax) In =5 + K (bs; po, ) In —5- +/ — [2v(as(p)) — In —= v (as(p))
Q} == up  Ju, M (W)? ———=

+ suppressed corrections.

Collins, TCR (2017) 22



Organization of Factors with Explicit

Factorization
e Example: CSS2
do A7 d2b . - _
d@2dyd¢2 9QS ZHDY(Q MQ,CLS(MQ))/# e'dr bt fj/A(33A,bT§Q2,/1/Q) f]—/B(:UB,bT;Q2,MQ)

+ Suppressed corrections,

do B A2
dQ2dydg¢?  9Q3%s

DY d*br iqp-br
> HPY(Q,pgsas(pq)) | 7oge’T

jvjA)jB (27T>

v i (b L dgy
ottt [ A7 i) OB (S0 s,

QEA S
X _gj/B(mBbeQbmax ng CPDF B b
€ 5 ij/B(fB 2 ) 7/iB 5 *a:ub y Wb, ,CLS(Mb )
TRB B
QZ o Qz Hae d:u/ / Q2 /
x expq —9x (b1; bmax) 1n_2+K(b*§Mb )ln——|—/ WE 2’7j(a8(:“ )) —1In ; Q'VK(CLS(M )
QF = up, S, K (W)? ———=

+ suppressed corrections.

Collins, TCR (2017) 23



Translation

Example

~CSS1, DY [ ¢ .
Cj/k} (Z,bﬂq:u%*’,ub*7027a8(:ub*)) |:

~PDF [ L 2
; —.b.: a ( ) = ex
j/k ( y Ox5 Uy 5 Hb, 5 As\ Wb, ) p

K (b; ) n Co |

CSS2 (Collins, 2011)

* Translation also available for
— Nonperturbative (g) functions
— AB
— Other resummation formulations

Collins, TCR (2017) 24



TMD Factorization: Translation of

Results
Translate different versions of TMD results: Collins, TCR (2017)

a2 Wilson Coefficients from Collinear
Factorization: (Catani et al, (2012)),
and SCET (Echevarria, Scimemi, Vladimirov (2016))

Sudakov Form Factor: (Moch,Vermaseren (2005),
Vogt, Gehrmann et al (2014))

do A2 d?by
— HD_Y s / YL iqp-br
dQQ dydq% 9Q2S Z 37 (Qvﬂ@?a (MQ)) (27‘(’)26

j)jA)jB

i (ma b b déa A
x e 9i/A(®,b1ibmax) €4 —— fiasa(a;po.) CJP/IJ)E(gA b*"ub » Hi ’as(’ub*))
xA

B b b d¢p B
X e Y, 5(25,b7:bmax) 5 ij/B(gB Mo, ) CJF;];;‘(gB b*a:ub » Ub,, 7a8(/’tb ))
B

Q° Q@ [rdd , Q* ,
€ _gK(bT; bmax) K(b*a Hb,, ) In —- 27 (GS(M )) —In IVK(G'S (:u ))
Qo — ,Ub* Lo, W . (1)? ———
suppresse€d corrections.
. Li, Zhu (2017) From
e St AT e Vladimirov (2017) Sudakov Form Factor: (Moch,Vermaseren (2005),

ResBos extractions (and others) Vogt, Gehrmann et al (2014)) 25



TMD Factorization: Translation of

Results
Translate different versions of TMD results: Collins, TCR (2017)

do A2

dQ? dy d¢4 - 9Q?s

DY d2bT iq -bT
> HPY(Q, pgsas(pq)) | 7oge’

j’jAajB (27T>

s (A b b déa A
X e gj/a(zAa,b1;bmax) fJA/A(fA b, ) Cf/]?f(fA b*a:ub y b, ,CLS(/Lb ))

" A
o (b b dép B
x e 95/B(5:bT;bmax) 5 —— fin/B (B3 1o..) CJP;]g(fB bes 15, 1., s (11, )>
B

2

: Q| [ dy [ , Q
K(by; In = s —1
> +K( “b*)“u%f/m, L 2 ) ~n s

2

x expk

_gK(bT; bmax) In

i) }

+ suppressed corrections.

Lattice Calculations, e.g.

Ji, Sun, Xiong, Yuan, PR91 (2015)
Ebert, Stewart and Zhao., JHEP09(2019)037



Open Problems
e How low can scales be?

* Description of large transverse momentum

27



What is the relevant description?

T\
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m
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m
Q Y
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Momentun+— Current Region

Soft/Centra
Region

Catalogue of Regions: Boglione et al
(To appear in JHEP)



Large and Small Transverse Momentum

 TMD pdfs in physical processes
— Small g/Q expansion

* Need to separate small and large g+/Q

dx dz dUQ dqr = H(Q)f(x, kir) @ d(z,z kyr) +Y(x,2,q7) + P.S.C.

\ v J \ v J
small q7/Q qr ~ Q
approximation correction
(TMD factorization)  (collinear factorization)

* Works best if there is a region of overlap
between large and small g;/Q methods:

Y(x,z, qr) = Large qr/Q Approx. — Small and Large q;/Q Approx.



Example: SIDIS




Example: SIDIS
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Large and Small Transverse Momentum

N

<
qr ~ Aqcp qr ~ Q
< ~
AQCD L gr < Q
do
2
dq7
g = ~ Ppr
= z

q >

T

Q'2r m? m? Q% m?

Q2 Q2 7 Q Z



Why Large Transverse Momentum?

* Example: Shapes of TMD distributions:
— Sea versus valence?

— Different flavors?

NP Different tails can produce
TMD 1 very different (k%)
PDF 5!

010+

0.05+




Why Large Transverse Momentum?

* |nterpretation of integrals

2

k
| @erfeokn) =700, [ @y fiuGoken) = £,

* |n generalized parton model:

d
dx dz dO-Q qu = H(Q)f(x, le) ® d(Z,Z kZT) + Y(X/érr) +P/{C

= H(Q) _[ d*Kyr f d?Kyr f (%, kir)d (2, ko) 6P (Kor — Kir — qr)

Assume all contributions to transverse momentum dependence are intrinsic



Why Large Transverse Momentum?

* |ntegrated cross section in generalized parton
model

jdqu (dx ddeGQ qu) = H(Q) (j d*Kqr f (x, k1T)> (f d*Kar d(Z»ZkZT))

= H(Q)f (x)d(2)

* Full integral

d
[@ar (5 i) - | @ar (H@F k) ® Az, 7 kor) + Y (3, 7,01)

Cutoff dependence cancels between terms



Large Transverse Momentum

* gr = Q outside the region where TMD factorization is
applicable

e Still needed for TMD pdf identification

»Cint — —AﬁN wq ¢ + HC

 Exact O(A?) cross section is easy to calculate

36



Example

 Collinear Factorization

F(,Q)= i
s ;/ ¢

Fy L p(x/€m/Qsax(p))

<{s0-9d+arw-g | ULl (

A(£)2 A(£)2 ‘ ,
-~ ©) ©) Partonic
Fr/p(&m)
structure
Parton / funCtion

Distribution

Effect from integrating k+ — o cancels -



Example

e TMD Factorization

FYV (z,2,kt,Q) = Flw /d2k1Td2k2T5(2)(k1T + k1 — kor) f(x, k11; p)d(z, zkar; 1)

. 1
o=
! 2

5 2
ki p) = ax(p) (1 — ) [K7 + (mg + zmyp)?]
f(x, ki 1) T [k‘% +am?2 + (1 —x) mg + z(x — 1)m129}2

d(z, zkor; ) = 6(1 — 2)5(2)(Zk2T>
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Example

* Accura Cy Collinear Factorization
""" Integrated TMD factorization
30
i rFactorized |
251 Error = |1 — — E
f pExact |
20+
S
o 15F
ES I
-\ TTTeee 2l [Py
S U b E T — r [F1(x, T)]TMD fact.
5- ’
°0 2 4 6 8 10

Q (GeV)
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Simplest Processes with Transverse
Momentum

* Semi-inclusive DIS (JLab, EIC,...)

 Drell-Yan

* Dihadron production in e*e  annihilation
(Belle)



SIDIS
https://jeffersonlab.github.io/
* NLO study near the valence region. BaTMD/ build/html/index.ht

B. Wang, J. O. Gonzalez-Hernandez, TR, N. Sato m!
Phys. Rev. D 99, 094029
o = 0.04 Q? = 1.2 (GeV?) zp; = 0.06 Q? = 1.5 (GeV?) ap; = 0.10 Q? = 1.8 (GeV?)
T b <2>=0.1
101§ bo<z2>=0.2
100:‘-. b <2z2>=03
8 b <z2>=05
5% 4 b <2>=009
=
~— 102
B9 Solid = NLO
| _ Dotted = LO
-] %; 101 _ \
5 10" qr > @
107! Bands =
102 variation of RG
scale



https://jeffersonlab.github.io/BigTMD/_build/html/index.html

0, nb/GeV>)

dc/dydmdp$ (y

Drell-Yan: Old Results

pT(GeV)

- Halzen & Scott, Phys.
Rev. Lett. 40, 1117 (1978)



Drell-Yan: Old Results

0, nb/GeV>)

dc/dydmdp$ (y

pT(GeV)

- Halzen & Scott, Phys.
Rev. Lett. 40, 1117 (1978)

Corrected data
+ modern pdf set

Data from A. S. Ito et al,,
Phys. Rev. D23, 604 (1981)



Drell-Yan: New Results

e Similar trend

E866, Vs =38.8 GeV, Q=4.2-5.2 GeV

0.15<xF <0.35

10 .
o
Zlo
|2|5'
© ¢ ¢
= .0 [ ] $ +
© [ ]
Oo' , ,
1 2 4

E866, Vs =38.8 GeV, Q=4.2-5.2 GeV

2
10 \\\\
W, 0.15<xF <0.35
‘9\\
T 10 e, NL
(0] \‘\\\\\ L « T o
~ ~
2 10% .t - Lo
e; \’\~ \\\\\
~ S
o b SaSsa *
107 TSN t f
mb \\'\\\\;\:': tttt *
5 10-2 R
W 10 R N
~\.\.:~\~~:~§,*“‘
10 T
@]
Zlo
I 2| 3
©
2 ettt by +
© e —————————— e e ]
0 :.::::__:::I::I::Z::Z::::::::::::::::: ___________
1 2 3 4 5
gr (GeV)

Bacchetta et al., Phys.Rev. D100 (2019) no.1, 014018



Dihadron Production in e*e- Annihilation

E. Moffat, et al: arXiv:1909.02951 1
- Prop. Denominators ~ ————
a7 + Q2
_— — - - _ Z~
If g, /Q is small, TMD fragmentation functions are 24 = PA DB
needed. q-PB
Za = 24/Ca
If g, /Q is large, there is recoil against a high oA D
momentum parton, and collinear factorization is ="

needed:
Zp = 2B/(B

doap /1 /1 déi;(2a, 2B)
FAFE — d d FAFE d : d :
! BdgpAdng Zz]: za 4 2B o\ Pabs d3pad3pp i /i(GA) s /5(CB)

45



Dihadron Production in e*e- Annihilation

Validate with event generator

_
S
s

—
(=
|

—
(=}

[
o

p—
(=]
=

10716

1072

s

a X do/dzdzpdgry (GeV‘3)

0.6 D.Sq.r/q_;'_

Q = 12,0 {(GaV) Qe 200(GaV)| | Q = 30.0 (GaV)
'. Tl " - R
- -+
o
i . :_
L i [ 8
—  S—
i , s . _
o WLW g -
- —
= oy,
06 08 0.6 08 0.2 04 06 0.8
Q = 40.0 (GeV) Q=500 (GeV) zap=[01,02a=1
zyp=[02,03 a=10"?
- - zap=[03,04 a=10"
Gy, i zap=[04,05a=10"
L_~ | S—
L 2apn = [ﬂ..')_. ().(i] a=10"
— zap=[06,07a=10""
o
= =
dashed : FO
= band : Pythia8 (default)
0.6 0.8 fax 46
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[o—
3
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e

=
-
=

do /dz sdzpdgr (GeV™?)

=
e

ok
-

Electron-Positron Annihilation

M ~
qr & = Q

\ Zga = zgp = 0.3 == = ASY * Blue band:
BN FO — from survey of
B TMD ffs non-perturbative fits

* Pink band:

— Large TM calculation,
width from varying RG

scale
* Green:
— Smallgr/Q — 0
asymptote
* No overlap in the transition

0:1 0.2 0:3 0.4 q,r/q}l\}ax region for smaller Q



Summary

* Translation prescription between different
versions of TMD factorization is established

* Can large transverse momentum be explained
with standard collinear perturbation theory?

* Focus more on collinear factorization and
understand the transition from small to large Q



