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TMDs = Transverse Momentum Dependent f ( T k2 )
Parton Distributions / Fragmentation SN T

Detailed information on 3-dim momentum structure of nucleons
Various TMD effects

(quark) Sivers effect Linear gluon polarization

SIDIS & DY Proton collisions at LHC
Transverse Single-Spin asymmetry T-even TMD for linearly polarized gluons
iImaginary part needed — azimuthal modulations of
— T-odd TMDs (Sivers function) \ unpolarized cross section j

“Sign change” J




TMD factorization: SIDIS eN' — enX

B

7 SIDIS Spin Structure Functions:

) d O.SIDIS [Bacchetta, Diehl, Goeke, Metz, Mulders, MS, JHEP (2007)]
}X doSIDIS )
r in(¢n — ¢s) F7 + 16 S.F.
d2 PhJ_ dQPhL X [ vu, T + ST SIH(QSh ¢ ) T + :|
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TMD factorization: SIDIS eN' — enX

B

SIDIS Spin Structure Functions:

§ dO‘SIDIS (Bacchetta, Diehl, Goeke, Metz, Mulders, MS, JHEP (2007)]
>X dO.SIDIS g
I i — ¢s) Fr 4+ 16 S.F.
d2 PhJ_ YA Fuur + Srsin(¢n — ¢s) Frpp +16 S.F.|

e

Pnt small = sensitive to partonic transverse momentum kr f ( T ]{72 )
— Transverse Momentum Dependent (TMD) distributions VI

F o |H|? / d? oy / d*pr 8P (kr — pr — Pui/2) f(z,k7) D(2,p7) = [H|* [f © D]



TMD factorization: SIDIS eN' — enX

B

A
\

>X

e

dO.SIDIS

SIDIS Spin Structure Functions:
[Bacchetta, Diehl, Goeke, Metz, Mulders, MS, JHEP (2007)]

dO.SIDIS

dzphL

x [Fyur + Srsin(on — ¢5) Fi)Y + 16 S.F.]

Pnt small = sensitive to partonic transverse momentum kr f ( T ]{72 )
y "V

= Transverse Momentum Dependent (TMD) distributions

g A

F o |H|? / d? oy / d*pr 8P (kr — pr — Pui/2) f(z,k7) D(2,p7) = [H|* [f © D]

Sivers effect (HERMES, COMPASS, JLab & EIC)
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(Naive) definition of the Sivers function

(2m)°
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(Naive) definition of the Sivers function
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Gauge link, Wilson line



(Naive) definition of the Sivers function

d\ d? S
fi(z, k1) o etk (Pl (0) W g(An + 21) |P) Unpolarized TMD
(2)
d\ d? N
(k% S7) fig?(x, k7) o / (%;T AT =T (P S| g(0) pWV g(An + z7) | P, St) Sivers TMD
e
Gauge link, Wilson line
Physics of the Wilson line
(z,0,z7) YT
: b it ittt ity it € omoeeees T
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(Naive) definition of the Sivers function

d\ d? Ny
i) ox [ S @ (Plg0) g a(n + =) |P) Unpolarized TMD
(ke x Sp) fi7 @ k) oc [ LLEL ciroribron(p g jg0) W a(hn + 1) |P.ST) | g
e N G E R 2T f\q n eI " Sivers TMD
\w Gauge link, Wilson line
Physics of the Wilson line
(z,0,z7) YT
. b F====== Poco=os bty (it €-ccoos=- ¥
A —ig [’ ds-A(s) i '\i A
W[azy b] — 776 y L < (; > Y
Initial State Interactions: Drell-Yan Final State Interactions: SIDIS
e S NS .
—==F ’ ( —
P77 - Transformation on the quark correlator — = ES
— sign switch of Sivers function “time-reversal (T)-odd” flT’DIS = _.flT'DY‘




(Naive) definition of the Sivers function

Fila i)

(kT X ST)

2
dAd=zr INEik

(2m)°

€

d\ d? 27

2 (2, k) o /

(2m)°

“H(PJq(0) gV g(An + 27) | P)

eretikrozr(p G 7(0) WV q(An + z7) | P, St)

Unpolarized TMD

Sivers TMD

;e o
Gauge link, Wilson line

Physics of the Wilson line

Wia; b] = Pe™* Jo ds-A(s) ‘

Initial State Interactions: Drell-Yan

Final State Interactions: SIDIS
N~ N i (

PT - Transformation on the quark correlator

Y V

8
& FS|

—fi|

—

— sign switch of Sivers function “time-reversal (T)-odd” flT’ DY'

DIS

— important theoretical prediction to test TMD factorization,
experimental leads (DY) that point in this direction RHIC, COMPASS & SpinQuest



Linearly Polarized Gluons




Gluon TMDs = Transverse Momentum Dependent Parton Distributions
of gluons in nucleon



Gluon TMDs = Transverse Momentum Dependent Parton Distributions
of gluons in nucleon % k;

TMD gluonic matrix element P}’u‘\
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eB; W W ](ZL’, 'ZCT) _ / <T ptTATIkT 2T <P, S| Fna(o) WFnB()\TL i ZT) W' |P, S>J

(27)°



Gluon TMDs = Transverse Momentum Dependent Parton Distributions
of gluons in nucleon %, k;

TMD gluonic matrix element "/&

: / d\d? . .
eB; W W ](ZE, kT) _ / (2 )Z;T ptTATIkT 2T <P, S| Fna(o) WFnB()\n i ZT) W' |P, S>J
s

past-pointing WL — . ; future-pointing WLs —
Initial State Interactions: I‘O‘B»[_7_] Final State Interactions: I‘Oéﬁ;H—,H

pp — color singlet + X (DY-type) ep — jets + X (SIDIS-type)




Gluon TMDs = Transverse Momentum Dependent Parton Distributions
of gluons in nucleon %, k;

TMD gluonic matrix element "/&

: / d\d? . .
eB; W W ](ZL', kT) _ / <T ptTATIkT 2T <P, S| Fna(o) WFnB()\n i ZT) W' |P, S>J

(2m)?
past-pointing WL — . ; future-pointing WLs —
Initial State Interactions: I‘O‘B»[_7_] Final State Interactions: I‘Oéﬁ;H—,H
pp — color singlet + X (DY-type) ep — jets + X (SIDIS-type)

Parameterization (unpolarized nucleon)

unpolarized & linearly polarized gluons :
helicity flip TMDs = azimuthal modulations

o o kg kg —gkies” | 1
0 (2, k) = 3| = 687 f{ (@, k}) + T2 b (2, k)



Gluon TMDs from pp - collisions
[Lansberg, Pisano, M.S., NPB 2017]

General TMD expression for gluon fusion:

dO' / /
diq (g7 < Q) < CIT* (24, kar) TP (21, k)] (Mag (Marg)*)

Fr
{1y

Clwfg] = /koaT/d2ka 0 (kar + kvt — qr) w(kar, kor) f(Zas kar) 9(20, kor)




Gluon TMDs from pp - collisions
[Lansberg, Pisano, M.S., NPB 2017]

General TMD expression for gluon fusion:

do
diq...

(QT < Q) X C[Faa/ (xaa kaT) FBB/ (ija ka)] (Mozﬂ (Ma’B’)*)

—

Clwfg] = /koaT/d2/€bT 0 (kar + kvt — qr) w(kar, kor) f(Zas kar) 9(20, kor)

2-particle (pair) final states in pp - collisions

Evaluate cross section in
c.m. frame of the produced pair

st L Collins - Soper angles 6 , ¢

lepton plane (cm)

Gluon TMDs do not appear in Drell-Yan



Double Jhy(Y)- production

[Lansberg, Pisano, Scarpa, M.S., PLB (2018)]

TMD - formalism: J/y pair back-to-back; Color singlet

Here: Sample diagram (of about O(40))
Full analytical LO amplitude

g+g—Jb+J/

(J/v in color singlet configuration)

Presented in Appendix of
[Qiao, Sun, Sun; 0903.0954]

Helicity formalism: contract with polarization vectors
— perturbative factors Fi1, F2, F3, F4




Double Jhy(Y)- production

[Lansberg, Pisano, Scarpa, M.S., PLB (2018)]

TMD - formalism: J/y pair back-to-back; Color singlet

Here: Sample diagram (of about O(40))
Full analytical LO amplitude

g+g—>Jv+J/

Fi(Q, cos’

0) o

> k(@) (cos® 6)F

(1 — (1 —?)cos? )4 ?

(J/v in color singlet configuration)

Presented in Appendix of
[Qiao, Sun, Sun; 0903.0954]

Helicity formalism: contract with polarization vectors
— perturbative factors Fi1, F2, F3, F4

Q: invariant mass of Quarkonium pair

ok |

a=70

_ 2My/y
T
threshold limit
high-energy limit



Double Jhy(Y)- production

[Lansberg, Pisano, Scarpa, M.S., PLB (2018)]

TMD - formalism: J/y pair back-to-back; Color singlet

Here: Sample diagram (of about O(40))
Full analytical LO amplitude

g+g—Jb+J/

(J/v in color singlet configuration)

Presented in Appendix of
[Qiao, Sun, Sun; 0903.0954]

Helicity formalism: contract with polarization vectors

J — perturbative factors Fi, F2, F3, F4
Q: invariant mass of Quarkonium pair
2M
2 N\ k = 20/
F(Q C082 (9) Zk ()C ( )(COS 6) . - Q
A (1 — (1 — QQ) COS2 (9) a=1  threshold limit

iy high-energy limit

Numerically:  Fy(Q, cos? ) < F1(Q, cos? 6) Fy(0=7%5,Q>2My/y) — F1 Large!



Azimuthal modulation: no data available — predictions

Suggested observables: weighted cross section ratios

Jdoco(20) [%2) | clunhi? )+ clungonn) | | Jd000s) 2] clughionts)
OQ/2 dqr {%Lins Q/2 dar C[f{ f{] Q/2 dqr {dCIT]b ins Q/2 dgr C[f{ f{]




Azimuthal modulation: no data available — predictions

Suggested observables: weighted cross section ratios

Faoeos20) [652],,..  clusht? i)+ Clus sgnd) | | J9000849) ] Cluahiont
X
ot dar |8 Q/2dq Clf ] o Pdar |82 Q2 dar CLFY £9)

Input for unpolarized & linearly pol. gluon TMD: Gaussian models

Model 1 Model 2: Saturation of positivity bound

hi¥(z, k%) = <]Z?F> 75<(,f%)> eXp (1 B 2?2:2>)J hfg (z, k%) — 2M2 f1 (z, kTy




Azimuthal modulation: no data available — predictions

Suggested observables: weighted cross section ratios

do do do dé
Faocos(z0) [%8] | Cluatid gl Clungtnds) | | Jd0cos9) [GE) ey ndoade
2
ot dar |8 Q/ dar C[f{ f7] /2 gy [qu]b /2 dgr CLFY FY)

Input for unpolarized & linearly pol. gluon TMD: Gaussian models

Model 1 Model 2: Saturation of positivity bound
M?* g(x) 3k2 0\ 1 2 2M2
hi¥(z, k%) = exp (1— ) h g(:l? k )— f (, k2 )
2 2 2 1 y v 1 T
(k3) m(k7) k)
0 g
>0 | - A N TRILIL 1] 1] 1] Il
—_— O\O ) T g _
% 40 | |cos 6gg| < 0.25 > 4 M. —12 GeV M, = 21 GeV
=) i = B I vy
- M, = 21 GeV . 8L
~ i 5 M, = 8 GeV
& L-10 ¢+
$ S 12
8 = 12 GeV 314t
~ N 46 |
=8 GeV 8L |cos 6pgl < 0.25
8 10 0 2 4 6 8 10
() Pyy; [GeV] (a)

Large effects for cos(4¢) for Q larger than threshold: 10% - 20%, cos(2¢) few percent



Azimuthal modulations including TMD evolution
[Scarpa, Boer, Echevarria, Lansberg, Pisano, M.S., in preparation]

Evolved unpolarized and linearly polarized TMDs

(@, br; p; §) o [/ dz C{(2) f’g(z)] e(SpertFSnon—pert) B (1 s s €) o [/ dz (Jlfq’g(Z) f’g(Z)] e(SperttSnon—pert) J
\ i e
v v

LO: fi(z) + O(ay) LO: | / g Ca (2) 177 +o<a3>J ois suppression!




Azimuthal modulations including TMD evolution
[Scarpa, Boer, Echevarria, Lansberg, Pisano, M.S., in preparation]

Evolved unpolarized and linearly polarized TMDs

£, br; 5 €) o [ [ azcto) f%)] el SverttSonver) | 9 (3, b i €) o [ / =017 (2 f’g<z>] e<spert+snon—pm>J

. ; \ *
LO: fi(z) + O(ay) LO: |2 / as Car (52 f’q(€)+0(a§)Jocs suppression!

TMD evolution effects azimuthal asymmetries

TM distribution cos(4¢) modulation
Gaussian <k#> = 3.3 * 0.8 GeV? — Myy = 12 GeV briim = 2 GeV® —-
- 21 GeV 4 Gevl —
Evolved f2, byjim € [2:8] Gev! 30 GeV 8 GeVy-l ---
0.5 LHCb data with DPS subtracted —H 8 /

|cos Bcg] < 0.25 ¢

[in %]

0.4 -

0.1

2 {cos(49cs))
NS

<Myy> = 8 GeV

] ] ] ] ] ] ] ] o —att | | |
0 0.5 1 1.5 2 2.5 3 3.5 4 0 2 4 &) 8 10 12 14 16
Pwr [GeV] P

0

do/dPyy, | [V 2 dojdPyy, dPyy, [GeV'l]

TMD evolution diminished effects for cos(4¢) for Q larger than threshold: 4% - 8%
May still be feasible at LHC — high-luminosity upgrade at LHC



Summary

Sivers effect in SIDIS and DY: sign change about to be verified / falsified
Evolved Sivers function through Quark-Gluon correlations

Gluon TMDs => new aspects on the 3D gluonic structure
of the nucleon = linear gluon polarization

Promising final state in pp: J/ v pairs at the LHC, particularly large: cos(4¢)
azimuthal modulation

Data is coming: first extraction of unpolarized gluon TMD

Evolution shrinks azimuthal modulation by a factor of about 2.

Important for EIC: An idea what to expect for gluon TMDs



Back-up slides




Proper TMD detfinition & Soft function

[Collins; Ji, Yuan; Aybat, Rogers; Echevarria, Idilbi, Scimemi; recent works by Bacchetta et al, Scimemi, Vladimirov et al]

Inclusion of Soft Function —

1

S(br) = 57 Tre (1 WE(=br/2) Wa(=br/2) Wi(br /2) Wi br/2) [0) f(x,br) —

f(ZIZ’, bT)
VS (br)

Madification needed in order to have:
1) Renormalizable Matrix Element
2) Finite matching coefficients at small bt




Proper TMD definition & Soft function

[Collins; Ji, Yuan; Aybat, Rogers; Echevarria, Idilbi, Scimemi; recent works by Bacchetta et al, Scimemi, Vladimirov et al]

Inclusion of Soft Function —

f(zvbT)
V' S(br)

s<bT>=NicTrc<0|wT< b /2) Wa(—br /2 WE (b /2) Wa(br/2) 1) (@, br) =

Madification needed in order to have:
1) Renormalizable Matrix Element
2) Finite matching coefficients at small bt

Evolved unpolarized quark TMD

fl & bT’lu S Zg eSpert(b*) egq<w’bT)+%9K(bT)ln§%
, poxl/b, y’i &
TMD at large kf, /

Reiching co=H NI perturbative Sudakov factor, NSLO  non-perturbative input

poxl/b,




Proper TMD definition & Soft function

[Collins; Ji, Yuan; Aybat, Rogers; Echevarria, Idilbi, Scimemi; recent works by Bacchetta et al, Scimemi, Vladimirov et al]

Inclusion of Soft Function —

f(l‘, bT)
VS (br)

f(xabT) ?

S(r) = 3 TrolO| Wi(=br/2) Wa(=br/2) Wi (br/2) Wa(br/2) 0)

Madification needed in order to have:
1) Renormalizable Matrix Element
2) Finite matching coefficients at small bt

Evolved unpolarized quark TMD

i} ) b L £
@ Bimsg) = 3 (Cog @gla)) | eS| glntntgaxlning,
- pocl /b 7} pocl /b, &
TMD at large kf . s
: ’ erturbative Sudakov factor, NSLO non-perturbative input
matching coeff NNLO P P E
S xfihn) uncerainy . Recent DY fit (Bertone, Scimemi, Viadimirov, JHEP 2019)
x=10‘23/,{} ~ 15%
. M Several other fits available:
XA A T Pavia group (Bacchetta et al, 2013, 2017)
TP P I8 Wy =74 Torino group (Anselmino et al, 2014)
SIS T Cagliari group (D’Alesio et al, 2015)
006 i) LT T T Echevarria et al (EIKV), 2014

—— e = = — =
4 ' 4

N

oG LS L LA e Sun et al (SIYY), 2014




Evolved Sivers function
[Aybat, Collins, Qiu, Rogers (2011); Scimemi, Tarasov, Vladimirov(2019)]

(@b 6) o [/dzdzl Cir(2,2") Fip(2,2') e(SpertJFSnonpert)J

uark-gluon- uar‘orrelation function!
matching coeff NLO, 5 g q i

at LO: 1w Fer(x,x) = .- N(x)



Evolved Sivers function
[Aybat, Collins, Qiu, Rogers (2011); Scimemi, Tarasov, Vladimirov(2019)]

(@b 8) o [/ dzdz' Cip(z,2') Fip(z,2') e(SpertJFSnonpert)J

uark-gluon- uar‘orrelation function!
matching coeff NLO, 5 g q

at LO: 1t Frr(x,x) = f, - (x)

(x-x)HP

xP

WM iePm S F (2 / / i X’ gin(e=a) (P G| 7(0) hig ™ (un) q(An) | P, Sy)
/

— Quark-Gluon-Quark correlation functions
drive x-dependence of TMDs like Sivers function etc.

— ‘integrated’ Fr1(X,X’): average transverse color Lorentz force on struck quark
[Burkardt, PRD88, 114502], [Aslan, Burkardt, M.S., 1904.03494]

F'P = [E+ﬁxé]pm/dx/dx’FFT(x,x’)oc/d:c:cng(a?) J

— see poster by W. Albaltan (next session)



gr - spectrum: Data on J/v - pairs available from LHC
LHCb data (2017) at 13 TeV slightly above threshold, Q = 8 GeV




gr - spectrum: Data on J/v - pairs available from LHC
LHCb data (2017) at 13 TeV slightly above threshold, Q = 8 GeV

Fit observable

" Gaussian 19, <k®> fit —
over [0 ;<MW>/2] [ do ] g o
. 1 dqr bins C[fl fl ]
~ LHCb data without DPS +—+— Q)2 X 0/2
dgr | 4= ] o dar CLfL f)
<M,,,> = 8 GeV - 0 9T | bins ")

Simple Gaussian ansatz

N Ié>=33+08GeVZ]D> :
&_} —| First glimpse on unpol. gluon TMD:

'__I_I_: T '_I_|—I—|_E
4 6 8 10 12 fi(z, k3;Q = 8GeV) = g(]j;) exp (—k?r/%%ﬂ
Py, [GeV] (a) ~ mikr)




gr - spectrum: Data on J/v - pairs available from LHC
LHCb data (2017) at 13 TeV slightly above threshold, Q = 8 GeV

Fit observable

" Gaussian 19, <k®> fit —
over [0 ;<MW>/2] [ do ] o g
. 1 dqr bins C[fl fl ]
~ LHCb data without DPS ++ Q/2 X~/
dgr |22 dar C[f{ f7]
<M,,>=8GeV - 0 dqr |4, 0 L
yy= = \ ins .

Simple Gaussian ansatz

| \ | Ié>=33+08GeVZ]D> |
&_} — | First glimpse on unpol. gluon TMD:

-
1 t '=-E'_I_I+I_E g 2 . o . g(x) 1.2 2
4 6 8 10 12 fi(z, k5;Q = 8GeV) = (2 exp (—k7/(k7))
P‘V‘VT [GeV] (a) N\ T

One-parameter fit for <kT2> , ¥2 = 1.08: effective, but not intrinsic width

LHCDb data corrected for double-parton scattering

Expectation: Color Singlet Mode dominant
[Lansberg, Shao, PLB 2015; Ko, Yu, Lee, JHEP 2011; Li, Xu, Liu, Zhang, JHEP 1023]




