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Phenomenology of hadron spin structure with (polarized) TMDs

Marco Radl.m T
INFN - Pavia st esina




Useful references

¢ |Lecture notes

e V. Barone - Cabeo School https://www.fe.infn.it/cabeo_school/2010/cabeo school 2010.pdf
e A. Bacchetta - Trento School https://www2.pv.infn.it/~bacchett/teaching/Bacchetta_Trento2012.pdf
* R. Jaffe - Erice School https://arxiv.org/pdf/hep-ph/9602236.pdf

e P Mulders - GGI School http://www.nat.vu.nl/~mulders/tmdreview-vs3.pdf
* Books

* V. Barone, P. Ratcliffe - Transverse Spin Physics
* |. Collins - Foundations of perturbative QCD

* R. Devenish,A. Cooper-Sarkar - Deep Inelastic Scattering

e T. Muta - Foundations of Quantum Chromodynamics

* Papers

* EPJ-A topical issue: The 3D structure of the nucleon
https://link.springer.com/journal/10050/topicalCollection/AC 628286€999d9a60c¢9a780398df15193d

e M. Diehl - Introduction to GPDs and TMDs https://inspirehep.net/literature/1408303

* A. Metz,A.Vossen - Parton fragmentation functions https:/inspirehep.net/literature/1475000
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Outline

* Why Transverse-Momentum Dependent (TMD) partonic functions ?

¢ The “TMD zo00”

* Where to find TMDs: observables in lepton-hadron, hadron-hadron,

lepton-lepton collisions




Outline

e Why TMDs ?

First, a short recap of collinear factorization




Internal hadron structure is best explored with a powerful “microscopic lense”
need a process with a hard scale; example: inclusive lepton-proton scattering

£+ N(P) = € +X

Kinematic invariants scattering angle
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Internal hadron structure is best explored with a powerful “microscopic lense”
need a process with a hard scale; example: inclusive lepton-proton scattering

£+ N(P) = € +X

Kinematic invariants scattering angle

p? = M _ initially
: —¢* ~ 2EE'(1 — cosf,) = 4EE’sin?, /2 e’ 0 '," P = (M’O’O,O) at rest
v o= % TRF o g transferred energy P i X
_ P-qTRF E-FE" fractionof "7 0sy<l A M N .- > > q = v,0,0,1q])
Y Pt E
o[ OB R E @*  inelastic 0<x=| elastic /
g 2P - q 2Mv transferred ,
W? = (P+q)?=M*+Q*1/z—1)>M? invariant mass R P = (\/M2 + PZZ,O,O,PZ’)
P =|q|
Q2 — 00 l
Deep-Inelastic regime: 0?
S — finite P ,0,0,
5= 5 (1q1.0,0,1q])
» " 3 AL
Light-Cone coordinates: o - l
der——(a iapidra— (i avsa \/ A ~
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Internal hadron structure is best explored with a powerful “microscopic lense”
need a process with a hard scale; example: inclusive lepton-proton scattering

¢+ NEP) = ¢ + X

Kinematic invariants scattering angle

p? = M _ initially
: —¢* ~ 2EE'(1 — cosf,) = 4EE’sin?, /2 e’ 9 '." P = (M’O’O’O) at rest
_ P-qTRF , i
v = =& = E-F transferred energy P : X
_ P-qTRF E-E' fraction of ”” Osy<stl Y e e a=. > 2 q = (v,0,0, | q | )
Y7 Pl E
. _ Q@ TRF @ inelastic 0<xsl elastic 0
SRR 2Mv transferred ,
W? = (P+q)*=M?+Q*1/x—1)> M? invariant mass ementim P = (\/M2 + PZZ,O,O,PZ’)
P, =1q]
Q2 — 00 l
Deep-Inelastic regime: 0?
In this regime, only Tni e ol P~ (1q],0,0,1q])

one single dominant

» " 3 AL
component of proton  Light-Cone coordinates: n-\/m l
momentum, P+ a* = (ag, a,ay,a3) = (a,,a_,a;) » o PPl =1/ 0iq S PEA )

agx as 053
a.=—— a, =(a,a) (ST
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inclusive Deep-Inelastic Scattering (DIS): 1 dominant direction of momenta

sartons > all partons collinear to proton
electron [ Q2 Lorentz ..... >
----- 3
boost """ >

proton




collinear framework

inclusive Deep-Inelastic Scattering (DIS): 1 dominant direction of momenta

partons — all partons collinear to proton
electron [ Q2 Lorentz .....
boost """ \

proton parton

fractional
momentum

ki+=XiE+/ tong

virtual
photon

P+

proton
G momentum

collision




collinear framework

inclusive Deep-Inelastic Scattering (DIS): 1 dominant direction of momenta
— all partons collinear to proton

partons
electron [ Q2 Lorentz .....
boost ----- \
proton parton

fractional
momentum

Basics of Feynman parton model:
- DIS regime and relativistic corrections:

the virtual photon probes a frozen ki+:Xir7 tony|

ensemble of partons
- factorisation between hard collision

and proton structure

virtual
photon

parametrised by collinear Parton P+ b
Distribution Functions ‘ proton ’O/c?
momentum e

hard

collision




inclusive DIS

More rigorously:
one photon-exchange approximation

X 2




inclusive DIS

More rigorously:

one photon-exchange approximation

2 {
optical theorem

P,S

cut-diagram notation:
cross section = product of two amplitudes
particles entering cut are on-shell




inclusive DIS

More rigorously:

one photon-exchange approximation

) N2 l
: \ A
optical theorem D m— :
> ;
P,S _ PS
i azy cut-diagram notation:
= LW(L”, 7', 2,) W (q, P, S) cross section = product of two amplitudes
dxgdydgps 204 particles entering cut are on-shell
leptonic hadronic
tensor tensor

linear combination of all tensor structures with g, P, S, subject to

calculable in QED 4J k; Hermiticity, gauge-, parity- and time reversal- invariance
— parametrised with four structure functions




inclusive DIS

inclusive DIS

More rigorously:

one photon-exchange approximation

) N2 l
, \ A
optical theorem I S w—
P,S _ PS
do azy cut-diagram notation:
= LW(L”, 7', 2,) W (q, P, S) cross section = product of two amplitudes
dxgdydpg  20* I . R particles entering cut are on-shell
eptonic adronic
tensor tensor

linear combination of all tensor structures with g, P, S, subject to

calculable in QED 4) k; Hermiticity, gauge-, parity- and time reversal- invariance
— parametrised with four structure functions

do 20 each F. (x,Q?)

{A(y)FUU’T + BOYE 1+ AS,COF,, + A, | Sy| D(y)cos ¢SFLT} i

T dydb s iy 02
pdyd s BY /T\*
(A0 - 0




inclusive DIS

More rigorously:

one photon-exchange approximation

) N2 l
, \ A
optical theorem I S w—
> ;
P,S _ PS
do azy cut-diagram notation:
= LW(L”, 7', 2,) W (q, P, S) cross section = product of two amplitudes
dxgdydps  20* I . R particles entering cut are on-shell
eptonic adronic
tensor tensor

linear combination of all tensor structures with g, P, S, subject to

calculable in QED 4) k; Hermiticity, gauge-, parity- and time reversal- invariance
— parametrised with four structure functions

do 2a? each F. (x,Q2
= 5 {A()’)F vur Y BOWFyy + A4S, CONFp + 2,1 Sr| D(y)cos ¢gF. LT} FXY,(Z )
dxgdydps  xpyQ / T \
connection to  Fuur=2xgF,  Fyyp=F,—2xgF,  Fp =2xgg Frr=0@)(g + &) Gp e
standard notation +0())F, +0(r))g; _ 2xM target mass

)/_

0 correction




disconnected dominant higher order in M/P+
(irrelevant)




disconnected dominant higher order in M/P+

(irrelevV

proof of factorisation (assumed in parton model)
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disconnected dominant higher order in M/P+

(irreIeVV

proof of factorisation (assumed in parton model)

1 k
2MWH(q, P, S) ~ gengr[d)(xB,S)y”ery’“] xBNx:P_:
de Al
non-local D,(x,S) = J_— ek < (P, SIFO)VYE) | P, S)s —s o E ok,
correlator & BRI el e e 7
quark field with E-
quantum numbers i

on light-cone path




~ parton-parton correlation

non-local correlator

correl
S KPS 1O 1P, S)e o

, o

dh bk dkp 30k, = 3P,) | S M (P S| O W@ P.)

@, (x, 5)

LY




non-local correlator

e
®,(5.5) = | 5= 4 P SIBO YO P.S): s o
. k| K
= | dk,dk_dky 6(k, — xP,) [ (2‘f)4 P SIFO WP =L@ —

Ok, P, S)

®(k, P, S) = linear combination of all tensor structures with k, P, S, subject to Hermiticity and
parity-invariance (see later about time reversal)

OPE on ®(k, P, S) — expansion in powers of M/P- Caveat

canonical OPE on local operators O
expansion in twist = dim(@) - spin(@)

Here, ® is non-local, but can be expanded in
local operators of same twist

“working” def. twist = 2 + powers of M/P+




OPE — PDFs

OPE on ®(k, P, S) — expansion in powers of M/P+ — keeping only leading twist
D(x,S) = [dk Ldk_dk; o(k, —xP,) D(k, P, S)
Ay +
=—| fix
7 |71 Y-
81(X) Spysy_ +
o =Ly Mo, 7sS% |
1
filx) = ETF [(D }/+] = @l

1
SL 81()6) = ETI’ [(I) ]/+}/5] = (I)[7+7’5]

1 . .
(ST)i hl(x) == ETF [CI) 10, ; }/5] = (j[)[w+i /s




OPE — PDFs

OPE on ®(k, P, S) — expansion in powers of M/P+ — keeping only leading twist

D(x, S) = [dlqdk_dkT 5(k, — xP,) ®(k, P, S)

1
= E[fl(x) y_ + unpolarized Parton Distribution Function (PDF)
g1(x) Sy ysy_ + longitudinally polarized PDF (requires hadron long. pol. $;)
o = = [r*.7’] hy(x)io_, st transversely polarized PDF (requires hadron transv. pol. St
2 Y P q P
1

S0 = ETF @y, | = ol (fractional) momentum distribution

1
S, g(x) = ETr Dy, 75| = ol helicity distribution

1 .
(S7); hy(x) = ETr [CID io,; }/5] = Plioi7s! transversity distribution




The PDF table

C'_ X PDFs (x; Q?) at leading twist
P for a spin-1/2 hadron (Nucleon)
o quark e ¢ $
. 1:6
O\fb"{\ Quark polarization
\
Longitudinally Polarized Transversely Polarized

nucleon 1 m

@
@ : g1=m o m
*
J




C'_ X PDFs (x; Q?) at leading twist
P for a spin-1/2 hadron (Nucleon)

oY quark e ~> $
O epe e
e L probabilistic
O uark polarization . :
QO\ — Interpretation
Longitudinally Polarized Transversely Polarized
nucleon m

p probability density of finding
fi= () an unpol. quark in an unpol. nucleon

long. pol. quark in a long. pol. nucleon

hy = d) B d) probability density of finding a
T transv. pol. quark in a transv. pol. nucleon

¢
> ] gl = e om | probability density of finding a
*
¢




“observable” PDFs

connection of PDFs with
measurable structure functions

at leading order 0(a) and leading twist
& (a;) & hard cross section dé6 =1 + cja, + ...

produce Fr,Fir #0

FyyrGp Q%) =35 ) ¢ f{05. 0 Fuunls @)~ 0 /
Fuuip 09 = x5 " €2 8155, 0 Fy1( Q%) ~ 0 G
q —{ @ —




“observable” PDFs

connection of PDFs with
measurable structure functions

ding order 6(a?) and leadin i
at leading order O(a;) a eading twist hard cross section dé =1+ cja, + ...

produce Fr,Fir #0

FyyrGp Q%) =35 ) ¢ f{05. 0 Fuunls @)~ 0 /
Fuuip 09 = x5 " €2 8155, 0 Fy1( Q%) ~ 0 G
q —{ @ —

Transversity PDF does not appear in inclusive DIS cross section!
It happens because transverse polarization mixes quark helicities:
(R Rl Sl G B )
chirality = helicity for a spin-1/2 object; hence, h1(x) is a chiral-odd PDF and can appear in the
cross section only paired to another chiral-odd structure.
Transversity is not suppressed (as expected in perturbative QCD as mq4/Q),
it can be extracted in processes with at least two hadrons




The gauge link

dg

)

Ok, P, S) = J e's (P, S|50) wi(&) | P, S)

this non-local operator is not color-gauge invariant under  w(x) = e @" y(x) = U(x) y(x)




The gauge link

dg

)

Ok, P, S) = J e's (P, S|50) wi(&) | P, S)

this non-local operator is not color-gauge invariant under  w(x) = e @" y(x) = U(x) y(x)

v
s .. _
O(k, P,S) = J'mek‘f(P,Shlfj(O) Uo.eyw($) | P, S)

gauge-link operator Uipp) = g’exp[ - ig[ dn, A”(ﬂ)]

it transforms as U ) — U(0) U ¢ U'(¢) so that ®(k, P, S) is invariant




The gauge link

dg

)

Ok, P, S) = J e's (P, S|50) wi(&) | P, S)

this non-local operator is not color-gauge invariant under  w(x) = e @" y(x) = U(x) y(x)

v
s .. _
O(k, P,S) = Jw€k§<P,S|V/j(O) Uo.ey (&) | P, S)

gauge-link operator Uipp) = g’exp[ - ig[ dn, A”(ﬂ)]

it transforms as U ) — U(0) U ¢ U'(¢) so that ®(k, P, S) is invariant

®(x, S) involves only the LC “-* direction: de_ |5+,5T=0

trick: ®(x,S) o« (P, S|0) Uy s (Wil P, S) = (P,S|5(0) Ujg oo 1 Ueo ¢ (Wi P, S)y = (LSO} (Y€} P, S)

AT AT
LT e
R COD
E- & {w&)} = Uy i)




The gauge link

dg

)

Ok, P, S) = J e's (P, S|50) wi(&) | P, S)

this non-local operator is not color-gauge invariant under  w(x) = e @" y(x) = U(x) y(x)

v
s .. _
O(k, P,S) = Jw€k§<P,S|V/j(O) Uo.ey (&) | P, S)

gauge-link operator Uipp) = g’exp[ - ig[ dn, A”(ﬂ)]

it transforms as U ) — U(0) U ¢ U'(¢) so that ®(k, P, S) is invariant

®(x, S) involves only the LC “-* direction: de_ |5+,5T=0

trick: ®(x,S) o« (P, S|0) Uy s (Wil P, S) = (P,S|5(0) Ujg oo 1 Ueo ¢ (Wi P, S)y = (LSO} (Y€} P, S)

AT AT
factorisation
it is preserved
———— . = — ¢ 7
E- E- {l//(x—)} = U[oo_,x_] l//i(x—)




hadron structure better explored in processes with a hard scale (much bigger
than involved masses, 0? > M?) ; on the Light-Cone, it implies one dominant
direction — collinear framework natural choice

Example: inclusive DIS, cross section do ~ L, W* can be parametrised in terms
of 4 structure functions (including polarization)

OPE on WH — factorisation of hadron structure in parton-parton non-local

correlator @. It can be made color-gauge invariant by inserting proper gauge
link

Expansion of @ in powers of M/Q (effective twist) contains operator-definition
of collinear PDFs, that can be extracted by suitable projections

Leading-twist PDFs have nice probabilistic interpretations, and can be
connected to structure functions (except the chiral-odd transversity PDF)




Evidences to go beyond collinear

Evidences of going beyond the collinear framework
Example #1: the “Spin Crisis”

Ashmann et al. (EMC),
PL. B206 (88) 364

® In 1988, the EMC Collaboration at CERN measures the F.. structure function in the
polarized inclusive DIS process 7w+ p — u'+ X . Surprisingly, the sum of quark
helicities Aq contributes at most 25% of spin 1/2 of the proton (depending on Q?2).

® There has been an intense activity to measure the gluon helicity Ag, which is
currently known with a large error. But it's very unlikely that it amounts to the
missing 75%...

® Missing contribution must come from the orbital angular momentum of partons L9, L8
— need to be sensitive also to transverse components of parton momentum

JAY

1 1
= Z <§Aq(Q2) + LQ(Q2)> + Ag(Q?) + L4(Q?) La Lg
q

A& (~40% ?)




- Evidences to go beyond collinear

Evidences of going beyond the collinear framework
Example #2: elastic p-p scattering

doT — dot
An =
doT + do?
p'p = pp versus p'p — pp

correlation between
spin of the proton and
kTt of partons

for a review, see
Krisch, E.P.J. A31 (07) 417

I

An |

O

- 24 GeV CERN

=28 GeV AGS
®24 GeV AGS

; ﬁﬁ Hfrﬂ

|

PQCD = A= 0 at:
High P.*and high e nergy

—

2

4

P (Gevic)’

6

8

of scattered
proton



Evidences of going beyond the collinear framework
Example #3: semi-inclusive p-p collisions

1 40
p'p—mTX Wl e +|—-—|
do! — do'! wl °F 1
Av = doT 4 do! 10 H—'&_'_P
N - H—o—
single-spin asymmetry I e
< 10 F -
correlation between 0 L
spin of the proton and oL /5 = 20 GeV, 4
kT and flavor of partons i ;10 ' E|70‘|‘ 0.7<Pr<2GeV ;ﬂ

0 01 02 03 04 05 06 07 08 09 I
XF
Persisting also at higher energies up to 1/s = 200 GeV

Adams et al. (STAR), PRL 92 (04) 171801
also in the p + N —» A" + X channel




Outline

¢ The “TMD zo0o”

- factorisation th. and general properties

(generalising same steps to get to PDFs)

- specific properties




inclusive DIS: - hard scale Q% = — g% > M? to “see” partons
- factorisation — isolate PDFs
- no further scale to probe proton interior




inclusive DIS: - hard scale Q% = — g% > M? to “see” partons
- factorisation — isolate PDFs
- no further scale to probe proton interior

semi-inclusive DIS (SIDIS):

- hard scale 0% = — ¢° > M” to “see” partons
- soft scale: detect hadron h with P, ~ M* < Q°

- factorisation — isolate TMDs

with these two scales, the process is factorizable into a hard
photon-quark vertex and a quark—hadron fragmentation

. Pr=zk, +P, + @(ki/Qz) z = fractional energy of h

(analogous of x)
hadron Pht arises from struck quark k. and transverse

momentum P generated during fragmentation

proton

measure Pnt — get to ko




e+e- annihilation

Drell-Yan

Factorization theorems well understood for qr« Q PR R o

universality of TMD PDFs and s (but see later) s

For Hi+H; = h+X no factor. th. but also no counterexample disproving it

Factorization broken for 2 =2 processes  rogers & mulders, Pr. Da1 (10)
Buffing, Kang, Lee, Liu, arXiv:1812.07549
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k ™impulse
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k+=x P+
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momentum

parametrised by
Transverse-Momentum

Dependent PDFs

TMD PDF(x, ki; Q2) |
‘ P+ proton - /.
| momentum (9/7@
hard




The TMD framework

A new paradigm:
3D imaging of
hadron structure
(in momentum space)

parton
transverse
impulse

(4
-
-
(4
-
-
- 4
-

By o
/ . * |°paktons
parton e o ©
: “longitudinal” kt=x P+ o
parametrised by i by R
Transverse-Momentum
Dependent PDFs ° e
TMD PDF(x, k1; Q?) X
s momentum
ar

collision




same invariants as inclusive DIS plus
P-P, ‘“energy fraction” of
h = P-q fragmenting parton
carried by final hadron

= L (£ 2) WG PSPy
dedyd¢Sthd¢th}%T = 2ZhQ4 MG q, 159,
]

new dependence
(for unpolarized hadron, $,=0)




SIDIS

2
optical theorem
>
same invariants as inclusive DIS plus
P-P, ‘“energy fraction” of
h = P-q fragmenting parton
carried by final hadron
do a’y
= L (2, ¢, 2)W(q,P,S,P,)
9 4 THV e h
dxgdydpsdzdgdPyr 27,0 . ;
leptonic hadronic
I
tensor tensor
new dependence ( parametrised with

8 structure functions at leading twist
(18 including subleading twist)

(for unpolarized hadron, $,=0)




SIDIS cross section

SIDIS

do

dxgdydsdz,dd,dP?,

2

cos2¢
xgyQ? [A(y ) Fyy,r + B(y) cos 2y, Fp, ="

+S, sin2¢y, i 2%
+2,85,C(y) Fy 1.

+S7[AW) sin(g, = ds) Fp ™ + B() sin(dh, + ¢s) Fyp "™ +B(y) sin(3¢h, — bs) Fyyp P

+2 Sy C(y) cos(ehy, — ¢bs) Fy 4?9 ] o (%)

each Fxyz

F...(xB’Zh’Pl%T’Qz) /T\
Y




SIDIS cross section

SIDIS

do

dxgdydsdz,dd,dP?,

2

cos2¢
xgyQ? [A(y ) Fyy,r + B(y) cos 2y, Fp, ="

+8, sin2¢, 3 2%
+4,8, C(y) Fy 1.

+87[AW) sin(g, = ds) Fp ™ + B(y) sin(dh, + ¢s) Fyp " +B(y) sin(3¢h, — bs) Fyyp P

+2, 87 C(y) cos(ehy, — ¢s) Fy 4?9 ] o (%)

each Fxyz

F...(xB’Zh’Pl%T’Qz) /T\
Y




SIDIS : factorisation

OPE not possible, use diagrammatic approach (select dominant diagram by
counting powers of divergences)

N R PO + higher twists (suppressed)

2MW,u1/(q, P,S, Ph) — zzh%[Tr[cI)(xB, kJ_,S) }/” A(Zh, PJ_) }’V] ] %l ]_Idp dk 5@k, + P, — P )l ]
| = 19Ky o e

non-local correlator:

AT
f li o.(x.8) = | = o (p. S| 5O U P.S /'.E
rom collinear ;6 8) = s (P, S|w0) U 5 Wi (&) | P, S)e —¢,-0 It §
dé_dsz ik-& 2
to D,(x,ky,8) = o (P, S0) Up g wi&) | P, S)e o !

prx=— £ ok,




SIDIS : factorisation

non-local correlators

21)3

" (2r)
p p
‘h./:‘"i .'N,’,

q

—_—

VAVAL

IAVAWY
hard cross section /: I I
dé =1+ cjo+ ... |

P

P

dé_d*ep i
D;(x.ky,S) = J(zTPT ™t (P, S|y0) Upo 5 Wil &) | P, S)e g




SIDIS : factorisation

non-local correlators

Eder o _
Az, l>=2[ (;ﬂ)fe”‘f<0|w,-<(§>|X,Ph><X,Ph|wj(0>|0>5_=o
X

q

—_—

VAVAL

JAVAWY,
hard cross section /: | + K
dé =1+ cjo+ ... |

— ® —_

P

dé_d*ep i
D;(x.ky,S) = J(zTPT ™t (P, S|y0) Upo 5 Wil &) | P, S)e g

T flipping LC-dominant
direction




~ parton-parton correlator

linear combination of all tensor structures with k, P, S, subject to ) w + k
Hermiticity and parity-invariance (see later about time reversal) o |

expansion of ® in powers of M/P.. At leading twist:

| (k. xXSp)- P ,
1T M —
k, -S;
+811.8.VsV-+ 81— V57—
M
717 i n o,V g v e kjj—

1
Ok, $) == |fir -

k,-S kY kY
R S LS 1
i i I o == ]

. t = f unpolarized parton
Notations:

t = g longitudinally polarized parton
t = h transversely polarized parton




linear combination of all tensor structures with k, P, S, subject to ) w + k

Hermiticity and parity-invariance (see later about time reversal) o |

expansion of ® in powers of M/P.. At leading twist:

k P 1
D(x,k,,S) = % fir- —f e XET) y_ STr[®y,] = @) — 2 TMDPDFs for unpol. parton
ky -Sr
F8L LYY~ + 8ir T VsY-
7 ‘ LN v kj/-
G ] +hypic_, ysSh+ hizic_,ys S, —
k,-S kY kY
Stpdl ST L _l]
IT ™ a7 10_y7s 1%y
G A l)z/k-)\ waited by k. t = f unpolarized parton
Notations: 2 t = g longitudinally polarized parton
/ \ t = h transversely polarized parton

leading twist X = L longitudinally polarized hadron
X =T transversely polarized hadron




linear combination of all tensor structures with k, P, S, subject to ) w + k

Hermiticity and parity-invariance (see later about time reversal) o |

expansion of ® in powers of M/P.. At leading twist:

1 k, xS,)-P 1
Pk, ) = —|Ar- - fL e MT) y_ STr[®y,] = @) — 2 TMDPDFs for unpol. parton
kJ_ ¢ ST 1
+811.5. V57— + 8171 D YsV_ ETF |@7,75] = @ — 2 TMDPDFs for long. pol. parton
. kl/
S =% 7] +hypio_, v S;+ h 1L10_, 758 — i %Tr[cb ic,, 75] = lio,7s]
k, -S kY e — 4 TMDPDFs for transv. pol. parton along i
+h1lT#i0—y75_l—hl0 —l] Hg &
M M
. ( l)‘/k-\ waited by k. t = f unpolarized parton
Notations: t (¥, ) t = g longitudinally polarized parton
/ \ t = h transversely polarized parton

leading twist X = L longitudinally polarized hadron
X =T transversely polarized hadron




linear combination of all tensor structures with k, P, S, subject to ) w + k

Hermiticity and parity-invariance (see later about time reversal) o |

expansion of ® in powers of M/P.. At leading twist:

k, xS, P 1
D(x,k,,S) = % - fL e MT) y_ STr[®y,] = @) — 2 TMDPDFs for unpol. parton
kJ— . ST 1 = plr7s]
@SL vsy_ + &1 — et ETr[(D v.7s| = @1 — 2 TMDPDFs for long. pol. parton
HU __ i U AU v ky 1 .
o —5[}’ ,7] lG VYSS +hLZG l/ySSL Y, ETr[(I)iGHyS] = plioyirs]
k,-S;. kY kY — 4 TMDPDFs for transv. pol. parton along i
+h1J'TTIO'_D)/5M—hJ'G —]
N . : t( l)zx/k-)\ waited by k. t = f unpolarized parton
OFafONS: t = g longitudinally polarized parton
/ \ t = h transversely polarized parton

leading twist X = L longitudinally polarized hadron : :
X =T transversely polarized hadron [SU"V'VG upon [dki — collinear PDF ]




k. TMD PDFs (x, k1; Q2?) at leading twist
< ' Q’X D for a spin-1/2 hadron (Nucleon)

*

CD
20 quark e ° o
\
O\fb‘S Quark polarization
Q Unpolarized Longitudinally Polarized Transversely Polarized
nucleon )

¢
(>
6 Pl fr= - ofer= e -

Each entry has a nice probabilistic interpretation

N.B. Using appropriate projections dll]

but no probabilistic interpretation

one can extract also subleading-twist TMD PDFs,




k. TMD PDFs (x, k1; Q2?) at leading twist
< ' Q’X D for a spin-1/2 hadron (Nucleon)

*

CD
O quark e ° o
o)
\
O\fb‘S Quark polarization
Q Unpolarized Longitudinally Polarized Transversely Polarized nomenCIatu re
nucleon ) w

u fi= (< hi= (1) - (i) no-name  Boer-Mulders

¢

P~ L g1 = m - e | hip =2 e

A hi=(1 - 1| transversity
o b

helicity Kotzinian-Mulders

Pl A= - far= - S

pretzelocity

Sivers worm gear

Each entry has a nice probabilistic interpretation

N.B. Using appropriate projections ®!'! one can extract also subleading-twist TMD PDFs,
but no probabilistic interpretation




The TMD FF table

:P.
. sz:' TMD FFs (z, P1; Q2) at leading twist (and Sh < 1/2)

° !
OO quark o *
o
Quark polarization
Unpolarized Longitudinally Polarized Transversely Polarized nomenclature
(v) (L) (T)
@ U D, (- H: (s -(s no-name Collins
L N
> L G, (on-(on | HE (%= (o»
- -~
* 1 - G <O < Hl -€
T © =l o o) - fo
@ 7 Q| G i d .8
polarising FF

Each entry has a nice probabilistic interpretation

N.B. Using appropriate projections ol

but no probabilistic interpretation

one can extract also subleading-twist TMD FFs,




Quark polarization

Unpolarized Longitudinally Polarized Transversely Polarized

nucleon () )

Q*?Q

all TMD PDFs belonging to right column involve transverse polarization of quarks, hence
they are “chiral-odd” and are suppressed in perturbative QCD as m¢/Q.

Similarly to transversity h1, they can appear in the cross section at leading twist if paired to
another chiral-odd structure.




. o !

Quark polarization

Unpolarized Longitudinally Polarized Transversely Polarized

nucleon () 0

Q*?@

i, k%) probability density of finding a quark g with “longitudinal” (along “+” LC direction)

fraction x of nucleon momentum, and transverse momentum k




Quark polarization

Unpolarized Longitudinally Polarized Transversely Polarized

nucleon () 0

Q*?@




The Sivers TMD PDF

CD
QO
ol
\
O\(b"ﬁ Quark polarization
Q Unpolarized Longitudinally Polarized Transversely Polarized
nucleon )

¢

Q" L 91:\6.._ - hf_L:[@*—@

B
b -

. .4k '
k, xS;)-P e .
%Tf[dm] =) i fr( ) PP St -ki xP P

M

Sivers effect: how the momentum distribution of quarks is distorted
by the transverse polarization of parent nucleon
(“spin-orbit” correlation)

Sivers function fllT — access to quark orbital angular momentum 2y




Quark polarization

Unpolarized Longitudinally Polarized Transversely Polarized

nucleon () () M




nucleon

Q*?@

combinations

Quark polarization

Longitudinally Polarized Transversely Polarized

(L)

Why?




Quark polarization

Unpolarized Longitudinally Polarized Transversely Polarized

nucleon ()

Why?
prohibited by
parity invariance

¢
>
4
¢

St ki xP S 'kixP=0

not enough

d
vectors for i

* similarly for “swapped” combination




T-odd TMD PDFs

Sivers and Boer-Mulders TMD PDFs vanish without gauge link U

d&_d*y

e e*<(P,S| wi(0) Upg 5 wi(E) | P, S>§+=o

(I)ij(-xa kJ_a S) — [
b
Ulap) = ,@expl - ig[ dn, A”(’?)]

They are generated by interference of different channels.

(for example, f. can be reproduced by interference of model LC wave « wg%:% %g:“ B
functions with different orbital angular momentum) =
Gauge link U represents the residual color interactions that ?_[ o ]__P}

generate the necessary phase difference for the interference.
As such, time reversal puts no constraints on these structures.

Sivers and Boer-Mulders TMD PDFs are conventionally named “T-odd” TMD PDFs




The gauge link

dé_d*ép
27)3

TMD factorisation for SIDIS process suggests a trick similar to collinear framework case:

D (x,k;,S) = J et (P, S|y0) Upg g Wil &) | P, S) g g

. A
T
P, S|y (0)U P,S) =P, S|v0) U 1Uco 00.1Uicon.0t1 Ureo P,S .
( | w(0) [o,g]l//(fﬂ ) ( | (0) [0,00_] Y[o0_,007] Y[007,008] Y] f_,g]‘l/(fﬂ > o ® Y U

= (P.SH{FO)} {w(©)} P, S) L <t e




The gauge link

dé_d*6r 4. _
TMD factorisation for SIDIS process suggests a trick similar to collinear framework case:
T U[ooT,ooéi]i?
A
P,S|w(0)U P,SY=(P,S|5(0) Up U oot Uio wot1 Ui P,S £ U
( |w(0) [0,5]1/1(5” ) =( |w(0) [0,00_] ¥ [oo_,007] ~[o0r,00¢] ] 5_,5]'//(5” ) S i ..4_"[ o Uteo_.co07]
= (P,SHw O} {y ()} P,S) 4 oo
& Upwy
A
SRl A T
In Drell-Yan process, TMD factorisation l & 4 :
; ; . I
gives the following path for gauge link: it »®
------ —— : > .




The gauge link

dé_d*ép
27)3

®,(x,k,, S) = J

™ (P, S| (0) U g i) | P S)e g

TMD factorisation for SIDIS process suggests a trick similar to collinear framework case:

= (P,SHw O} {y ()} P,S)

In Drell-Yan process, TMD factorisation
gives the following path for gauge link:

Notations: gauge link U+ for SIDIS; U for Drell-Yan

Important result: T-even TMD PDF+; = TMD PDF;
T-odd TMD PDF+; = - TMD PDF4

< breaking universality!
(but in a calculable way)

o \
U[ooT,ooé] . 1
TA v |
& Uis l
S 0 —<Y Uy
o o c e
E- Ulp.c0_]
B
S
L--* ET »
...... — : -
E-




Process dependence

Sivers liT[H — _ 1iT[—]
Boer-Mulders pH = — Lo
SIDIS Drell-Yan

Prediction of QCD based on interplay between time-reversal and (color) gauge symmetry
Intense experimental work to test this prediction (see next lecture)

Intuition: in SIDIS, gauge link U[+] describes color final-state interactions
in Drell-Yan, gauge link U[] describes color initial-state interactions

e
o h
. initial
N final e
P state

P% it

P O

p
Drell-Yan




inclusive DIS: QCD corrections generate soft and collinear divergences

sum of real and virtual diagrams cancel soft divergences
collinear divergences reabsorbed in collinear PDFs
factorisation scale pu determines what is perturbative

(calculable) from what is non perturbative (inside PDFs)
— scale dependence given by DGLAP evolution eq.'s




inclusive DIS: QCD corrections generate soft and collinear divergences

sum of real and virtual diagrams cancel soft divergences

collinear divergences reabsorbed in collinear PDFs

factorisation scale pu determines what is perturbative
(calculable) from what is non perturbative (inside PDFs)
— scale dependence given by DGLAP evolution eq.'s

SIDIS: soft divergences do not cancel anymore
new class of light-cone (rapidity) divergences

need to introduce a soft factor convoluted with TMD PDFs and FFs




- More on factorisation — evolution

inclusive DIS: QCD corrections generate soft and collinear divergences

sum of real and virtual diagrams cancel soft divergences

collinear divergences reabsorbed in collinear PDFs

factorisation scale pu determines what is perturbative
(calculable) from what is non perturbative (inside PDFs)
— scale dependence given by DGLAP evolution eq.'s

SIDIS: soft divergences do not cancel anymore
new class of light-cone (rapidity) divergences

need to introduce a soft factor convoluted with TMD PDFs and FFs

need to introduce a new that regulates the
rapidity divergences and splits soft factor content between

TMD PDFs and FFs — new scale dependence

. dlog TMD d log TMD
DGLAP eq’s % = 7p(# &) CSS eq’s = = K(u)

a’log\/Z




fiGe by p &) =

TMD evolution from initial (lo,0o) scales is better studied in position space bt (<> k1)

For b, <« 1/A,y¢p perturbation theory is valid

Evo| (4. €) « (up» &)

14F
12F
1.0
0.8
0.6

0.4

0.2

Fi(x, bF; g &)

perturbative




fle, b p,§) =

- More on factorisation — evolution

TMD evolution from initial (lo,0o) scales is better studied in position space bt (<> k1)

For b, <« 1/A,y¢p perturbation theory is valid

Evo [(M, &) < (Hos Co)]

DGLAP+CSS egs. |

|
exp|
U

fi(x, b7 o, Co)

¢
Yo, &) + K(ug)log f

14F
12F
1.0
0.8
0.6
0.4

0.2

perturbative

br (GeV-)



TMD evolution from initial (lo,0o) scales is better studied in position space bt (<> k1)

For b, < 1/A erturbation theory is valid
! oco P Y small bt (large kt) from

flq(x, bz;,u, $) = Evo [(,u, &) « (U, Z:O)] flq(x, b2: Hos Co) pferturbative splitting
DGLAP+CSS egs. |, | oPE on PDFs -0 0<0< -
“odu 4 — (x. b2 i
eXp” ” vo(u, &) + K(pg)log i] Z |C e, b7 5 S0) ® (s 19) |
o H \/C_() !

14

12

1.0
0.8
perturbative
0.6

0.4

0.2

0.0 0.5 1.0 1.5 2.0

br (GeV-)




TMD evolution from initial (lo,0o) scales is better studied in position space bt (<> k1)

For b, < 1/A erturbation theory is valid
! oco P Y small bt (large kt) from

i, bf; p.§) = Evo [(ﬂ, ) < (Mo, Co)] flx, bZ; g, &o) perturbative splitting
DGLAP+CSS eqgs. l lOPE on PDFs ‘/VV - ’/+ .m~< ‘—% t o
g du’ = . 2. i
eXp” ” vo(u, &) + K(pg)log ﬁ] Z |C g i, BT 0 $0) ® £, p1g) |
o l 0 X Fyp(br)
For large bt perturbation th. K — K+ gup(br)
breaks down
:: periit i pert::)l:‘ative

0.0 0.5 1.0 1.5 2.0

br (GeV-)




TMD evolution from initial (lo,0o) scales is better studied in position space bt (<> k1)

For b, < 1/A erturbation theory is valid
! oco P Y small bt (large kt) from

flq(x, b2; u,l) = Evo [(ﬂa $) « (Mo Z:O)] flq(x, bZ: Ho» $o) perturbative splitting
DGLAP+CSS egs. | { OPE on PDFs -0 0<0< -
“du — . 2. i
eXp [[ _M, 7D(//l, C) + K(,uo)log ﬁ] Z [Cq—n(-xa b > Ho» CO) ®f1(x7 ,u())]
Ho H l CO XFNP(bT)
For large bt perturbation th. K — K+ gup(by)
breaks down
Choice of matching scale “
= = 1'2:— = bmax
i \/g Q De Ve 1.02—
HoSsAC O M osf .
Doy = 2€77E guced s Q=2 GeV perturbative
i 2eie i Q=5 GeV
Omin = 0 “I Q=20 GeV




TMD evolution from initial (lo,0o) scales is better studied in position space bt (<> k1)

For b, <« 1/A,y¢p perturbation theory is valid

fiGe by p &) = Evo [(M, ¢)

DGLAP+CSS egs. |

/

|
exp|
U

— Yo, ¢)
Ho

For large bt perturbation th.
breaks down

/

0
Final formula fi(x,b7; Q%) = eXP”

Hp

Choice of matching scale

Joss \/Z =0 DT 1.02-
Ho = CO = Hp = b*(bT) 08
bmax = 2e 0'6-_

Do TE 04f
bmin VE 02f

Q

b* 1.4S—

12}

small bt (large kt) from
perturbative splitting

flq(xa bza ,Llo, C())
{ OPE on PDFs

= Y [y b 0, £0) ® F1(, )]
’ X Fyp(br)

= (o 0)|

V]
Vo

+ K(up)log ——
l 0

K — K+ gNP(bT)

d o
77 (@) + K(y)1og(Q/ ) + gnpblog(Q100)| ' [, ® £i](5, by ) Fibr, O0)

i

Collins, Soper, Sterman, N.P. B250 (85)
Collins, “Foundations of Perturbative QCD” (2011)
Rogers and Aybat, PR. D83 (11)

max

non
perturbative

Q=2 GeV

Q=5 GeV




others schemes possible:

Laenen, Sterman Vogelsang, PR.L. 84 (00) CSS evolution formula for TMD
Bozzietal.,, N.P. B737 (06)
Echevarria et al., E.PJ. C73 (13) ...

Q du’ _
flq(x, b}; 0%) = exp [J TI/f rp(Q) + K(up)log(Q/ ;) + ng(bT)IOg(Q/QO)] Z [Cq—>i ®f{] (X, br, ) Fyp(br, Qp)
Hp I
e e

Hp

" bulby)




others schemes possible:

Laenen, Sterman Vogelsang, PR.L. 84 (00) CSS evolution formula for TMD
Bozzietal.,, N.P. B737 (06)
Echevarria et al., E.PJ. C73 (13) ...

i

0 /
fix, b3 0% = exp ‘L—”‘ (@) + K(uoe Q1) +@ub1og(@/0p)| ¥ €, @ ] (e, brun)Enibr O

Ze_yE

" bulby)

arbitrariness of nonperturbative components &
- choice of b«(br) functional form

- choice of gne(bT) functional form

= choice of Fne(bT,Qo) functional form

each one affects evolution: how k-distribution changes with scale
— source of theoretical bias/uncertainty
need to be constrained by experimental data with large lever arm in Q2
EIC is the suitable machine for that




TMD matching ? collinear
factorisation factorisation

>
dr

Aoep S 9r < Q Aoep < qr < 0 Aoep < 0 S qr




TMD matching ? collinear
factorisation factorisation
>
dr
Aoep S 9r < Q Aoep < qr < 0 Aoep < 0 S qr
% \0.2<z <03 03<z< 04
relevant also for phenomenological analysis 1 Y
& 0 T, | e,
3 102p | .:"s; r ""x
. £ : '
Example: ga0gl™ vl
COMPASS unpolarized SIDIS multiplicity 5 I § 3 RS BN
bin (0?) =9.78 GeV2?, (x) = 0.149 | 04<z< 06 06<z< 08
Pir 0 e, F\\'\".:-
. . . at ®e3. o :-"
TMD factorisation valid for g2 = = 03 Ll I i,
10°F , i3 i
Pl 4‘ ]
. . . o L 288,888 5 B & 4 L abasa33d ? .
highlight in picture the —— = 0.25 0° [ ———— L, ==
Z2 0 1 2 30 1 2 3
P, (GeVic)

COMPASS, arXiv:1709.07374




Outline

* Where to find TMDs
- structure functions for various processes
- prominent examples of phenomenological

extractions of TMDs

- perspectives with the EIC




[MDs : factorisation theorems

e+e- annihilation

Drell-Yan

In order to extract information on TMD PDFs and | MDD s, it is desirable to perform global fits,
but this is not yet a standard
(also because, for example, very few data on polarized Drell-Yan are currently available)




Example: SIDIS

pion, Kaon

‘
&
4
—_

proton, deuteron, ...




Quark polarization

Unpolarized Longitudinally Polarized Transversely Polarized

(V) (L)

pion, Kaon

proton, deuteron, ...




Quark polarization

Unpolarized Longitudinally Polarized Transversely Polarized p 1on ’ Kao n
(V) (L) (T) ** e,
| ~
1 & o ]
IAVAWY
Quark polarization ‘
Unpolarized Longitudinally Polarized Transversely Polarized

(V) (L)
proton, deuteron, ...

L g1 = (om = (o | hip = (7= (- each structure function ~
| b= ) @ F ~ d&(Q*) € |TMDPDF(x, k7) , TMDFF(z, P7)|

pL _® i @ %[...]=[dPldklé(z)(zkl+Pl—PhT)[...]




Example: SIDIS

Quark polarization

do
Unpolarized Longitudinally Polarized Transversely Polarized ta rget

() (L) (T) polariz.  drdydzdeéy dPy;

) AW Fu  +  B(y) cos2¢, Fg

+ C(y)Fr + B(y) sin2¢y, F3™2%

: sin(¢rn —ds)
Quark polarization s A<y> Sln(th _ ng) FT
Unpolarized Longitudinally Polarized ~ Transversely Polarized + B(y) sin(¢p + ¢s) F;ln(¢h+¢s)
o sin —
+ B(y) sin(3¢5 — bs) Fy (Bpn—ds)
+ Cly) cos(n — bs) Fin# =)

each structure function ~
F ~ d6(Q*) € |TMDPDF(x,k?) , TMDFF(z, P?7)|

%[..] = [dPldkL 5Ok, + P, — P,p) []




Example: SIDIS

Quark polarization

do
Unpolarized Longitudinally Polarized Transversely Polarized ta rget

() (L) (T) polariz.  drdydzdeéy dPy;

A(y)Fy  + B(y) cos2¢y, F52"

(> +C(y)Frr + B(y) sin2g, Fp™2

e sin(¢n—¢s)
Quark polarization s A<y> Sln(th _ ng) FT
Unpolarized Lyngitudinally Polarized Transversely Polarized I B(:U) Siﬂ(gbh + Qbs) F;ln(¢h+¢s)
(V) (T) ) sin(3¢n—ads)
+ B(y) sin(3¢n — ¢s) Fr
+ C(y) cos(@n — ¢s) Fip ™%

each structure function ~
F ~ d6(Q*) € |TMDPDF(x,k?) , TMDFF(z, P?7)|

%[..] = [dPldkL 5Ok, + P, — P,p) []




Example: SIDIS

Quark polarization

do
Unpolarized Longitudinally Polarized Transversely Polarized ta rget

() (L) (T) polariz.  drdydzdeéy dPy;

A(y)Fy  + B(y) cos2¢y, F52"

+ C(y)Fr + B(y) sin2¢y, F3™2%

y) sin(¢n — dg) F;in(¢h—¢8)
sin(¢pn, + dg) F;in(¢h+¢8)
sin(3¢, — ¢s) F;in(3¢h—¢s)
y COS(¢h W ¢S) Fz(,}s(ébh—ﬁbs)

Quark polarization i
Unpolarized Longitudinally Polarized Transversely Polarized +
(V) (L)
S
e

each structure function ~

F ~ d6(Q% €|TMDPDF(x, k? ), TMDFF(z, P?)]

%[..] = [dPldkl 5Ok, +P, — P,) []




: link to structure functionsff

Example: e+ e- to

unpolarized hadrons \
{

P Pl

~ - .\ _
Quark polarization
Unpolarized Longitudinally Polarized Transversely Polarized Y
(u) (1) (M) Vava¥
A d
o’.r
* L

do
dz;dz,dqrd€2

~ (1 +{cos26) & [Dl(zl, k1), D, (2, k, l)] +(5in20 cos22¢ % [we(kl LK) Hi G Ky ) B G l)]




Collins-Soper frame

L0/ .
A (transv. momenta in xz plane)
P
Example: Drell-Yan ‘ ’}‘
.
-‘f/ Q
Quark polarization P- h p}

Unpolarized Longitudinally Polarized Transversely Polarized ) '
(V) (L) '

L :
| i -
JV\< >-J VAV

L g1 =l - (o= r

| L 3 |
A . ' ) 1 : X

1 - A A ‘ :

T f 1T - (\‘.,/’ - (‘\1;/,/' g 1T (\v,/ ¢E

P ! P
do

dx,dx,dqrdQ gl [fl(xl’ K11, fixn, kzl)] + sin® 0 cos” 2 € lwl(ku’ Ky, ) hitCxp, Ky ) s hy(x, kzi)]
1dxdqr

unpolarized




/7 Collins-Soper frame
L. (transv. momenta in xz plane)
Example: Drell-Yan

/" lepton plane I

Quark polarization P ; P,

Unpolarized Longitudinally Polarized Transversely Polarized D
(V) (L) :
=

S

o~ t - <
| 3 ) |
1 [y .
! v =0 -

‘ ) ) - (v )
| fir=0 - (| 0T= = - = . &>
R L — ; —
hir =0 - () P ' ' P
do

~ (1 +c0s20) B [fl(xl, k), f,(, ku)] + sin20 cos?2¢ B [wl(ku, ky ) hitGep, Ky ) ) Tt e, ku)]

+{S,7] [(1 + cos” @)sin(¢p — ¢s,) € [W1(kua ky ) fi(xp, Ky p) s f fT(xza ku)]
hadron “2” , : 2
transversely —sin® 0 sin(¢ + ) € (waky  Ko ) B, Ky ) h_l (5. Ky )]
polarized —sin? 0sin(3¢ — ¢bs.) G w3k, 1, ko ) BECer, Ky 1) s By, ko)), ] Tk

dxld.X2qudQ




~ Single Spin Asymmetries (SSA)

How to extract a specific structure function ?

Example: SIDIS
do a?

dedyd¢Sthd¢th}%T - xByQ2

[A(y) Fyyr+ B(y) cos2g, F(C]‘; 20,

+SL sin 2¢h Flsflz 2¢,, _|_/le SL C(y) FLL

+S7[A(y) sin(g, — bs) Fyp ™% + B(y) sin(gy, + ¢bg) Fyyp "9

+B(y) sin(3¢, — ¢s) Fls;;(3¢h_¢8) y

+1, 57 C(y) cos(@y, — @) FLC;S(m—rﬁs) ] L0 <E>




nrifSingIe Spin Asymmetries (SSA) -

How to extract a specific structure function ?

Example: SIDIS
do o’

dxpdyddsdzydg,dP2.  x5y0?

A Fyp + BG) cos 2y, Fip

+S, sin2¢, o 2% +2,8, C(y) Fp,

+S;| A(y) sin(¢, — %S FSN0=09 4 B(y) sin(g, + bs) Fomh09

+B(y) sin(3¢, — ¢s) Fls;;(3¢h_¢s) y
+1, 57 C(y) cos(@y, — @) Fz;s(¢h_¢s) ] L0 <E>

if we want to isolate the “Sivers” effect, we build the spin asymmetry

A

1 sin(¢gp —ao _h-kJ_ s ToilE
Asin(dn—9s) _ o [ dondos sin(édn — ¢s) [dot — doV] & FUTSTh s) B @ { = i Dl}
B J dondes [dot + dot] Four C /1 Ds]

Single-Spin Asymmetry
(SSA)




How to extract a specific structure function ?

Example: SIDIS
do o’

dxpdyddsdzydg,dP2.  x5y0?

A Fyp + BG) cos 2y, Fip

+S, sin2¢, o 2% +2,8, C(y) Fp,

+ST[A(y) Sin(gbh — ? ;F(S;;(gfh bs) + B(y) sin(gbh + ¢S) Flsji;(¢h+¢5)
+B(y) sin(3¢, — ¢s) FSIH(3¢h bs)
4 cos(¢h #5) M
+4, S C(y) cos(g, — ) FE ] i < Q>

if we want to isolate the “Sivers” effect, we build the spin asymmetry

A

sin(¢gp —ao _h'kl Pl
Asin(dn—ds) _ fd¢hd¢s sin(¢p, — ¢s) |d dot — dUﬂ A FUTSTh 2 it C { M fir Dl}
UT [ dondps [doT + dot] Fyu,r C[f1 D]

Single-Spin Asymmetry
(SSA)

any polarized measurement requires
knowledge of unpolarized cross section
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Overview of current TMD phenomenology

FUU"’fl ®D1

N.B. analysis with N"LO and N™LL accuracy means @(«!") corrections in hard vertex and
resummation up to a! log®"~"(Q*/u?) contributions in the perturbative part of the TMD Evo operator




Overview of current TMD phenomenology
Fyy ~hH @ Dy

N.B. analysis with N"LO and N™LL accuracy means @(«!") corrections in hard vertex and
resummation up to a! log®"~"(Q*/u?) contributions in the perturbative part of the TMD Evo operator

do
dxdydzdP;

dopys
dxdy

Caveat: unpol.SIDIS data come as multiplicities

normalisation problems because do doi

due to matching problem zh: JZdZdP”T dxdydzdP; 5 dxdy




Questions

z%;‘!kl
X P

What do we know about (k?) ?

|. does it depend on x ?

2. does it depend on flavor of quarks ?

3. does it change with Q2!




Recent analyses

Framework HERMES | COMPASS DY Z production| N of points

arXiv1309.3507 paeé(;inrii%el v X X X 1538

Torino 2014 extended v v X X 576 (H)
arXiv:1312.6261 parton model | (separately) | (separately) 6284 (C)
DS aot | NwosneLL | x x v v 223
ar)E(ilﬁ/ 4%?.154(;78 LO+NLL 1 (x,Q2) bin 1 (x,Q2) bin 4 4 500 (?)
ML L et X v v v 200 (?)
arXFi)\?:\1/i7ao§21()Z57 LO+NLL v 4 v v 8059
arwa;Y%?oz 473 | NPLOHNALLY oS X 4 v (LHC) 309
arx?/i\goZz?;&m NPLO+NALLY & X 4 v (LHC) 457
e cioai ] X x v v (LHO) 319
arXix?:YQ%g%(éssz NZLO (+NSLO) v v 4 v 1039



http://arxiv.org/abs/arXiv:1309.3507
http://arxiv.org/abs/arXiv:1407.3311
http://arxiv.org/abs/arXiv:1401.5078
http://arxiv.org/abs/arXiv:1406.3073
http://arxiv.org/abs/arXiv:1703.10157

Recent analyses

Framework HERMES | COMPASS DY Z production| N of points

R Daeé(;inri%%d 7 5 X X 1538
- First to introduce flavor dependence| | e
| NLosNeLL X X v v 023
et | LosNLL | 1x@)bin | 1(xQ2bin v v 500 (7)
ML L et X v v v 200 (7)
arxl?\?:\:isogggw LO+NLL v v v v 8059
arXix?:Y?%gjoz 473 | NPLO+NALL X X v v (LHC) 309
arX?/:S1\$gO22(?389474 NZLO+N2LL! X X v v (LHC) 457
e ol x X v v (LHO) 319

22020 N2LO (+NSLO) v v v v 1039

arXiv:1912.06532



http://arxiv.org/abs/arXiv:1309.3507
http://arxiv.org/abs/arXiv:1407.3311
http://arxiv.org/abs/arXiv:1401.5078
http://arxiv.org/abs/arXiv:1406.3073
http://arxiv.org/abs/arXiv:1703.10157

Recent analyses

Framework HERMES | COMPASS DY Z production| N of points
arisﬁfgqgfm paeé(;inri%%e| v X X X 1538
Torino 2014 extended v v X X 576 (H)
arXiv:1312.6261 parton model | (separately) | (separately) 6284 (C)
| NLO#NeLL X X v v 203
et | LosNLL | 1x@)bin | 1(xQ2bin v v 500 (7)
ML L et X v v v 200 (?)
aeri)\i\qijogTo%? LO+NLL v 4 v v 8059
o | NHFirst global fit (>8K data points) 309
arX?/:S1\$gO22(?389474 NPLO+NLL X X 4 v (LHC) 457
L o] x x v v (LHO 319
22020 N2LO (+NSLO) v v v v 1039

arXiv:1912.06532



http://arxiv.org/abs/arXiv:1309.3507
http://arxiv.org/abs/arXiv:1407.3311
http://arxiv.org/abs/arXiv:1401.5078
http://arxiv.org/abs/arXiv:1406.3073
http://arxiv.org/abs/arXiv:1703.10157

Recent analyses

Framework HERMES | COMPASS DY Z production| N of points
Pavia 2013 extended v X X X 1538
Torino 2014 extended v v X X 576 (H)
arXiv:1312.6261 parton model | (separately) | (separately) 6284 (C)
DEMS 2014
arXiv:1407.3311 NLO+N=LL X X v v 223
EIKV 2014 | ,
arXiv-1401.5078 LO+NLL 1 (x,Q2) bin 1 (x,Q2) bin v v 500 (?)
SIYY 2014 ’ ?
arXiv:1406.3073 NLO+NLL X v 4 4 200 ()
Pavia 2017
arXiv:1703.10157 LO+NLL v 4 v 4 8059
SV 2017 ’
arxivi1706.01473 | NVEO+NALL X X 4 v (LHC) 309
BSV 2019 ’
arxivi902.08a74 | NPLO+NZLL & X v v (LHC) 457
Pavia 2019 1
Jae2ot9 | | Global fit with current top accuracy| s

SV 2020
arXiv:1912.06532

N2LO (+NSLO) ‘ v ‘ v ‘ v ‘ 4 ‘ 1039



http://arxiv.org/abs/arXiv:1309.3507
http://arxiv.org/abs/arXiv:1407.3311
http://arxiv.org/abs/arXiv:1401.5078
http://arxiv.org/abs/arXiv:1406.3073
http://arxiv.org/abs/arXiv:1703.10157

—_ ——-

Z production at rapidity y=0 in ATLAS kin.
benchmarking TMDs (resummed at N3LL) with perturbative calculations

%\ 5:I T T T T T T T T T | T T | T T | T T :
Q) Z —— SCETLIib il
S 4 —— Regglve - NangaParbat
e | =P —— NangaParbat 4= - pavia 2019 fit
i —._ DYRES 1 :

O'l_ 3¢ —Jp . Artemide <= Artemide
D 1 = SV 2020 fit
5 I 1
T 2h .

1 .

O__I 111 | I | I | I | L 111 | I | I | I -|:

X .9 12: | I T | T T | T T | T T | T T | T T | T T | T T | agreement
. 4(_6 09;: X " S R i S S 5 ] h ithin +(1-2)°
SCETLIb m 0:96- ? i I 111 | I I I ] | L1l | I | | L1l | I | | Wlthln _<1 2> /0

for 5< gqr <80 GeV

|
0 5 10 15 20 25 30 35 40

q, (GeV)

G. Bozzi, I. Scimemi (eds.) et al.,
Yellow Report of CERN EW Working Group, in preparation




output of
PV19 fit

Effect of nonperturbative intrinsic kr
(not included in other benchmark codes)

G. Bozzi, I. Scimemi (eds.) et al.,
Yellow Report of CERN EW Working Group, in preparation

Ratio to da

TMD impact at LHC

e
o

=
o
o

o
©
%))

LHCb at 13 TeV, 60 GeV < Q <120 GeV,2 <y < 4.5

2 4 6 8
grlGeV]

10



TMD impact at LHC

LHCb at 13 TeV, 60 GeV <Q <120GeV,2 <y <45

output of 12
PV19 fit

10 ;

1 do -1
ad—qT[GeV ]

Effect of nonperturbative intrinsic kr
(not included in other benchmark codes)

o da
=
ul (o)}

G. Bozzi, I. Scimemi (eds.) et al.,
Yellow Report of CERN EW Working Group, in preparation

Ratio t
=
o
o

o
©
%))

grlGeV]

Current extractions of Mw based on gr-distribution of decay products
do not include flavor sensitivity

Exercise:

e generate pseudo-data for gr-spectrum of W+ with sets of flavor-dep. parameters that give the
same gr-spectrum of Z9, from pr-lepton data and uncertainties of ATLAS and CDF

e make a template fit of these pseudo-data by varying Mw on a set of flavor-independent parameters

— shifts comparable to world-average uncertainty -6 < AMw= < +9 MeV

Bacchetta, Bozzi, Radici, Ritzmann, Signori, == AMW— < +4 MeV
PL. B788 (19) 542, arXiv:1807.02101 25 R




(Q“=1CeV~)

_ 0.0
S
. 0.10 X
\r'\

~

"\ -
~_0.15
e

I~
~

output of
PV17

8|oba| fit 0 —ﬁ_—',

plGe

V)

14

12

10

8
8

Answer to question #1:
yes, (k%) does depend on x




(Q“=1CeV~)

__0.05
Sl
™ 0.10 X A2
g >

~.
- 0,15
.

| = T | Answer to question #1:
a yes, (k%) does depend on x

output of )
PV17 et
global fit - ST s 10 ; no flavor dep
05, X
-1.0 kq)?r—:\/) <kJ_>q
<k%_>u 1.8 b :
1.6 1
£ 1.4 -.".',
Answer to question #2: Sed = U i pad
need more and more precise data to assess ~ "77""" a3
flavor dependence sea < U os o
1 ]
(currently, fits w/ and w/o flavor dep. are "oz 0400 08 10 12 14 18
equivalent) output of d<u jd>u

PV13 fit




Answer to question #3:
(k7) changes with Q2 but large
uncertainties in TMD evolution

output of PV17
global fit

SIDIS

Drell-Yan

(0% ~2—10 GeV2 = (Pyp)pea ~ 0.5 GeV/e

(0% ~ 20— 150 GeV* — (Pp)peax ~ 1 GeVle

Q2 ~ 8200 GeV? = (Pyp)pear ~ 4 GeVle




Hadron tomography

“% A SIDIS (0% ~2—10 GeV? > (Pyp)yeqr ~ 0.5 GeVl/e
Answer to question #3: Al
(k7) changes with Q2 but large
uncertainties in TMD evolution /f TR . Drell-van (0%) ~ 20 — 150 GeV? = (Pp)peq ~ 1 GeVie
| T L

02 ~ 8200 GeV? = (Pyp)peq ~ 4 GeV/e

output of PV17
global fit

0.26 P, =zk, + P, problem with anti-correlation,
£ 0.24} partly mitigated by including DY+Z data
% 0.22} — include e+e- data in the analysis
e .
2L § o020f .
8 '-'E- ,-Lr—?- St -:- Bacchetta, Delcarro, Pisano, Radici, Signori, in preparation (Q = 1 GeV)
EJ i,’ -:- Signori, Bacchetta, Radici, Schnell arXiv:1309.3507
% (\E\; 0.16} . Schweitzer, Teckentrup, Metz, arXiv:1003.2190
= o 0.14} . Anselmino et al. arXiv:1312.6261 [HERMES]
e Bl  Ansclmino et al. arXiv:1312.6261 [HERMES, high z]
PV 2013 . Anselmino et al. arXiv:1312.6261 [COMPASS, norm.]
only SIDIS RO 0iane0 4 .5 0,67, 0 B Anselmino et al. arXiv:1312.6261 [COMPASS, high z, norm.]
(K3)(x=0.1)[GeV?] [0  Echevarria, 1dilbi, Kang, Vitev arXiv:1401.5078 (Q = 1.5 GeV)

Transverse momentum
in PDFs



http://arxiv.org/abs/arXiv:1309.3507
http://arxiv.org/abs/arXiv:1003.2190
http://arxiv.org/abs/arXiv:1312.6261
http://arxiv.org/abs/arXiv:1312.6261
http://arxiv.org/abs/arXiv:1312.6261
http://arxiv.org/abs/arXiv:1312.6261
http://arxiv.org/abs/arXiv:1401.5078

Hadron tomography

‘ problem with e+e- data ‘

TMD factorisation theorem exists for production of two back-to-back hadrons

e+e- = hi+hy+X

do ~ B[FF(hy) , FF(hy)]




Hadron tomography

‘ problem with e+e- data ‘

TMD factorisation theorem exists for production of two back-to-back hadrons

non unique way to
distinguish back-to-back
from same emisphere
(and from Di-hadron FF,
DiFF(hi,h2) )

e+e- = hi+hy+X

do ~ B[FF(hy) , FF(hy)]

Belle, PRD 101 (20) 092004




‘ problem with e+e- data ‘

TMD factorisation theorem exists for production of two back-to-back hadrons

non unique way to
distinguish back-to-back
from same emisphere
(and from Di-hadron FF,
DiFF(hi,h2) )

e+e- = hi+hy+X

do ~ B[FF(hy) , FF(hy)]

Belle, PRD 101 (20) 092004

e+e- = h+X data available  Belle, PRD 99 (19) 112006
do depends on z, P, and thrust 7=

Y P.-ii

l

I
1P|

depending on where h is inside the jet — different factorisation th.’s

some not well established

Boglione, Simonelli, JHEP 02 (21) 076
k . Makris, Ringer, Waalewijn, JHEP 02 (21) 070
WOTIK 1IN Progress, S€€  ne shao, zhao, JHEP 12 (20) 127

Boglione, Simonelli, in preparation




0.02

0.02

0.04 &

unpolarized TMDPDF

0.04 ‘ _ file=10"ky) | i =10"ky) ‘ A =10" k) /4
0. 0.2 0.4 0.6 0.8 0. 0.2 0.4 0.6 0.8 0. 0.2 04 0.6 0.8 1
kT[GGV]

0.8F
0.6F

I e e
e e
: ——

0

unpolarized TMDFF

8D, (z = 0.05,kr) | 8Dy (2 =0.25,kr) | 6Dy (z = 0.45,kr) |

0. 0.2 0.4 0.6 0.8 0. 0.2 0.4 0.6 0.8 0. 0.2 0.4 0.6 0.8 1
:ZCT[GGV]

using SV19 parametrisation

Vladimirov, talk at Snowmass 2021 EFO6-EFO7 meeting, 28 Oct. 2020

see also EIC Yellow Report, arXiv:2103.05419




Overview of current TMD phenomenology

F;};(¢h_¢s) N flJ_T ® Dl
Fyy 1 ® D,

Alsji;(th—ﬁbs) X

Sivers effect




Overview of current TMD phenomenology

Alsji;@bh—ﬁbs) X

in(¢,—s)
F;};¢h Ps

FUU

Sivers effect

Long record of extractions of k-moment of Sivers

L (1) s
= jdk

from kr-weighted SSA Aut

2

kY
Lo fllT(x’ ki)

N fir ® D,
H & D,

Vogelsang & Yuan, P.R. D72 (05) 054028

Collins et al., PR. D73 (06) 014021

Bacchetta & Radici, PR.L. 107 (11) 212001
Anselmino, Boglione, Melis, PR. D86 (12) 014028
Aybat, Prokudin, Rogers, P.R.L. 108 (12) 242003
Sun & Yuan, PR. D88 (13) 034016

Boer, N.P. B874 (13) 217

Echevarria et al., PR. D89 (14)

Boglione et al., JHEP 07 (18) ...




W/Z

Framework SIDIS DY . e+e- N of points
production
JAM 20 extended
arXiv:2002.08384 | parton model v v v v 517
arxﬁigigoiﬂagm LO+NLL v in progress in progress X 118 (+32)
EKT 2020
arXiv:2009.10710 NLO-+N2LL v v v X 243
BPV 2020
arXiv:2012.05135 ? v v v X 76



http://arxiv.org/abs/arXiv:2002.08384
http://arxiv.org/abs/arXiv:2009.10710
http://arxiv.org/abs/arXiv:2012.05135

W/Z

Kk . - N of points
Framewor SIDIS DY oroduction e+e or p
JAM 20 extended
arXiv:2002.08384 | parton madel v v v v 517
Pavia 2020 First global fit (but simplified analysis
e LO+NL 8 ( P ysis) 118 (+32)
EKT 2020
arXiv:2009.10710 NLO-+N2LL v v v X 243
BPV 2020
arXiv:2012.05135 ? (V4 (74 (4 X 76



http://arxiv.org/abs/arXiv:2002.08384
http://arxiv.org/abs/arXiv:2009.10710
http://arxiv.org/abs/arXiv:2012.05135

W/Z

Framework SIDIS DY . e+e- N of points
production
JAM 20 extended
arxiv:2002.08384 | parton model v v 4 v 517
arxpii\ggoiqagm LO+NLL v in progress | in progress X 118 (+32)

First consistent extraction offllT and f; in TMD framework (use PV 17)

L e

BPV 2020
arXiv:2012.05135

v

v

v

) 4

/6



http://arxiv.org/abs/arXiv:2002.08384
http://arxiv.org/abs/arXiv:2009.10710
http://arxiv.org/abs/arXiv:2012.05135

Framework SIDIS DY W/Z. e+e- N of points
production
JAM 20 extended
arXiv:2002.08384 | parton model v v v v 517
arxﬁigigoiﬂagm LO+NLL v in progress in progress X 118 (+32)
EKT 2020
arXiv:2009.10710 NLO-+N2LL v v v X 243
BPV 2020
arXiv:2012.05135 ) ? v v v X 76
. . / | . . di R D
Perturbative matching coeffs. of f;7. onto collinear function at small br are known only at NLO. hir 1

Authors replace matching formula with fitting parametrisation, and use SV19 for i and Dy —0, f; ® D,
The claim is that in their ({-prescription) scheme they can mix different descriptions of numerator

and denominator of the asymmetry, hence overall perturbative accuracy is same as SV19, namely N2LO (+N3LO).
Also, resulting Sivers function violates positivity bounds at medium-large x

u-quark s-quark '
\ '
1 102 107! 1 102 107! 1
X X

u-quark

5
e
~
~ 06
1R ] 07! 1
X

k2
= [ D)’ % [ kD]
in coloured areas

d-quark
\
1072 107!
X



http://arxiv.org/abs/arXiv:2002.08384
http://arxiv.org/abs/arXiv:2009.10710
http://arxiv.org/abs/arXiv:2012.05135

2[GeV2] = {EIKV = 2.4, TC18 =1.2, PV = 1.0}

D) = J

kJ_
dk; EYYE) fip(x, k)

Sivers extractions

2

PV11

[0 PV11[1107.5755]

TC[1806.10645]
[E50 EIKV [1401.5078]
= pv19

Bacchetta & Radici, PR.L. 107 (11)

Echevarria et al., PR. D89 (14)

TC18

Boglione et al., JHEP 1807 (18)

10! 100

Echevarria ¢t al ‘14
Anselmino et al “ 17

Cammarota et al. (JAM20),
arXiv:2002.08384

EKT 20

Echevarria, Kang, Terry,

BPV 20

0.061
0.041
0.021
0.00
0 PV11[1107.5755] UP
TC[1806.10645]
=0.057 s ey 1401.5078) -0.02 1
. PV19
-0.06 -
1072 1071 100
X
—~—~~
=
S
—
—
A
=l
B \ S & JAM20
8 04 e’ 4 : 0.00
0.2 0.4 0.6 T
0.06
— d
0.04 v
5 g
% X
® “
—0.04
only SIDIS+DY
—0.06 01 02 03 05 —0.3 01 0.2

arXiv:2009.10710 L SR
10| EBPV20 " fiuep SV =01
w=2GeV
j 1
ey
—J.: 10
' 102
tensions with Tl Rt o et
W/Z data 0.0 0.5 10 1.5 20
]{JT (GGV)
0.3 0.5

Bacchetta, Delcarro, Pisano, Radici,
arXiv:2004.14278

sea quark
~ 10-1 x smaller

Bury, Prokudin, Vladimirov,
arXiv:2012.05135 and 2103.03270




0.75 1.0 ' 025 05 075 1.0

-1 [GeV] kr[GeV]

using BPV20 parametrisation

EIC Yellow Report, arXiv:2103.05419




Overview of current TMD phenomenology

FSIH(¢h+¢S) hl R HlJ_
Fyy 1 ® D,

transversity

ASNr+ ) o

Quark polarization

Unpolarized Longitudinally Polarized Transversely Polarized

(V) (L) (T)




Overview of current TMD phenomenology

SIN(@y,+¢Ps) 1
FUT hl & Hl requires knowledge of Hll

X
UT from ete- — hi1+h;+X data
Fyy h1 ® D,
Y el transversity
“keopa i based on Collins effect

Unpolarized

)

Quark polarization NonN recent extractions

Longitudinally Polarized Transversely Polarized

(L) (T) Anselmino et al., PR. D87 (13) 094019
Anselmino et al., PR. D92 (15) 114023

Martin, Bradamante,Barone, PR. D91 (15) 014034
Kang et al., PR. D93 (16) 014009

Linetal.,, PR.L 120 (18) 152502 ...




2 exp. frames:

2 kinds of data:

Collins extractions

problems with
TMD factoriz. th.
because of thrust

AVC = and similarly for A)»




problems with
TMD factoriz. th.
because of thrust

2 exp. frames:

2 kinds of data: | Aj"= A rT) e 2 A ) and similarly for A2
‘ O 7 Ay(ztnr) 0 7 Ay(alln)
: UL.UC Abe et al, PR.L. 96 (06) 232002; § UL,UC
Belle data: Ao @12 Sidiaal, PR D78 (08) 032011, D86 (12) 039905(E) oy \ahonl Shdl LB S LDNEA,

— . UL.UC UL,UC UL,.UC .
[» LEUGYNS BaBar data:  AVLUC(z;,2)), AVSYC(zy, 20, Prp) , AURUC(2y, 20, Py, Pop)  Lees tal, BR D90 (14) 052005
, Lees et al, PR. D92 (15) 111101

BES]]I BES data: A “Y“(z), 20, Py1) avitin etat, PRL 116 (16) 042001




problems with
TMD factoriz. th.
because of thrust

2 exp. frames:

2 kinds of data: | Aj"= Aot ") e 2 A1) and similarly for A2
: O 7 Ay(ztnr) 0 7 Ay(alln)
. UL.UC Abe et al, PR.L. 96 (06) 232002; S UL,UC
Belle data: A0,12 (21, 22) Seidl et al., PR. D78 (08) 032011, D86 (12) 039905 (E) Ay @120 Pir, Pyr) PR D100 (19) 092008

. UL,UC UL,UC UL,UC .
[» LEUGYNS BaBar data:  AVLUC(z;,2)), AVSYC(zy, 20, Prp) , AURUC(2y, 20, Py, Pop)  Lees tal, BR D90 (14) 052005
’ Lees et al., PR. D92 (15) 111101

B‘ES]]I BES data: A “Y“(z), 20, Py1) avitin etat, PRL 116 (16) 042001

0.2

T extended parton model

Torino 2013

Kang et al (2015)
========= Anselmino et al (2013)

2 main fits:

. Anselmino et al., KPSY 2015
Torino 2013 p /)57 13 094019
Anselmino et al., Rang et al.,

Torino 2015 pr p92 (15) 114023 PR. D93 (16) 014009

TMD framework




Quark polarization

oy = Guan et al. (BELLE),
Unpolarized Longitudinally Polarized Transversely Polarized (?P Bel Ie data_: wrXiv-1 808(05000 %
() (L) (T) — .

_ 1
ete- = AT + X thrust

and also
ete- = AT+m+X




Quark polarization

Guan et al. (BELLE),

P )
Belle data: .. 005 05000

Lo

oLl

Unpolarized Longitudinally Polarized Transversely Polarized
(L) (T)

)

- 1
ete- > AT +X thrust

and also
ete- = AT+m+X

D’Alesio, Murgia, Laccheddu, arXw:2003.01128

Callos, Rang, Terry, arXiw:2003.04828
T 0,000
0.015 [ @ 3 —— full data
J L\ U —— A-had (b)
0.010 o | o000 % 7T bound o005
2 f.t S both based on S Lo sea 0=1058Gev =~ =
I S. s \ :Q': Q=10.58 GeV
extended parton model o) \ 5
=X 000 R —0.010 —— full data
= ;o down A - had
Q —0.005 B Y A bound
z§ 0.010 . . . 0.5 = 0.6 0.7 0.5 0.6 0.7
—0. 0.000 —
T @
—0.001
020 0.25 030 035 040 045 050 055 0.60 R () N 0%
. . . ZA 3 a
Z~-0.002 P
TMD factorisation th. for single A + thrust | T §7" o=1058 Gev ;8 0=10.58 Gev
3 D zZ) = d AD T Z.PL N —— full dat / N -0.004 —— full dat
Gamberg et al., arXw:2102.05553 i (2) PL 2z2my, w/a(:P1) o003~ W12 strange { o A-mad
_____ bound '," ----- bound
“000407 o3 04 05 06 07 ~0-0064; 05 06
z

work in progress for a fit within TMD factorization




Overview of current TMD phenomenology

F[S};(¢h+¢S) N hl R HlJ_

FUU

Unpolarized

)

Quark polarization

Longitudinally Polarized Transversely Polarized

(L)

(T)

complicated convolution

Upon transverse momenta
hH ® D,

non recent extractions

Anselmino et al., PR. D87 (13) 094019
Anselmino et al., PR. D92 (15) 114023

Martin, Bradamante,Barone, PR. D91 (15) 014034
Kang et al., PR. D93 (16) 014009

Linetal., PR.L. 120 (18) 152502 ...




di-hadron mechanism
ST 'P2><P1 — ST 'PhXRT

Collins, Heppelman, Ladinsky, N.P. B420 (94)

collinear: Py, || k




But transversity is also a collinear PDF

sIn(Pp+o)
Agr 7 &

hy H'

Si Dy

only for R}« M;, <0’

define Di-hadron Fragmentation Functions (DiFF)

DiFF(z = z; + 25, M}, , ; 0°)

non recent extractions

requires knowledge of H’
from ete- — (hi1h2)+X data

di-hadron mechanism
ST 'P2><P1 — ST 'PhXRT

Collins, Heppelman, Ladinsky, N.P. B420 (94)

collinear: Py, || k

Jafte, Jin, Tang, P.R.L. 80 (98) 1166

Radici, Jakob, Bianconi, P.R. D65 (02) 074031
Bacchetta, Courtoy, Radici, PR.L. 107 (11) 012001
Bacchetta, Courtoy, Radici, JHEP 03 (13) 119
Radici et al., JHEP 05 (15) 123




DiFF extraction

thrust

= “thrust-axis” frame

¥ Belle data for Acos¢

Vossen et al., PR.L. 107 (11) 072004

R(Mh,2)
1.0_
osf Mph = 0.8 GeV )
1 fit - Pavia 2012 osl @i Mph =1 GeV
Courtoy et al., PR. D85 (12) 114023 0al \ e
refined in o2} T
[ B S n PP LT
Radiici et al., JHEP 05 (15) 123 oof TR T A’T\hh = 0.4 GeV
-0z o2 04 o0e6 08 10
z 7=71%+27)

based on predictions
Boer; Jakob, Radici, PR.D67 (03) 094003

see also

Matevosyan, Bacchetta, Boer, Courtoy, Rotzinian, Radict, Thomas, arXiw:1802.01578




P-P

Mechanism Framework SIDIS e+e- = N of points
collisions

Pavia 2018 : :
arXiv-1802.05212 collinear DiFF LO v 4 v 78

JAM 2020 TMD Collins extended
arXiv:2002.08384 offect oarton model v v v 517

MEX 2019
arXiv:1912.03289 collinear DiFF LO (4 v X 68

CA 2020 TMD Collins | extended
arXiv:2001.01573 S parton model v (4 X 76



http://arxiv.org/abs/arXiv:1802.05212
http://arxiv.org/abs/arXiv:1912.03289
http://arxiv.org/abs/arXiv:2001.01573

Recent analyses

Mechanism Framework SIDIS e+e- P N of points
collisions
_ava20ls | colinear DIFF LO v v v 78
JAM 2020 TMD Collins I
arXiv:2002.08384 effect FII"SF global fit v v 517
MEX 2019
arXivi1912.03289 collinear DiFF LO v v ) 4 68
CA 2020 TMD Collins | extended
arXiv:2001.01573 S parton model v v ) 4 76



http://arxiv.org/abs/arXiv:1802.05212
http://arxiv.org/abs/arXiv:1912.03289
http://arxiv.org/abs/arXiv:2001.01573

P-P

Mechanism Framework SIDIS e+e- collisions N of points
_caia2018 | collinear DiFF LO v v v 78
arxﬁﬁ%ggggsm TMSﬁCe)gt”inS | paer)t((zinriiccjjel v v V 517
arxw/?s;fz(.)ge?zsg collinear DIFF gIObaI fit (bUt SimP ified analysis) \X 68
arxsgozo?.zo% 573 il Sﬁgé)tllins paer)t(ct)inr(rjwi(cjjel v v X 76

- very few data
- need to improve accuracy of formalism



http://arxiv.org/abs/arXiv:1802.05212
http://arxiv.org/abs/arXiv:1912.03289
http://arxiv.org/abs/arXiv:2001.01573
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PV 2018

: 1
Soffer bound violated 11091 <1/ 09 + 4091 (Soffer bound < positivity)

PV 2018 fullfils Soffer bound by construction




- chiral-odd structure in spin-1/2 hadron ‘/\

no gluon transversity = hy is a non-singlet object T tT




- chiral-odd structure in spin-1/2 hadron ‘/\

no gluon transversity = hy is a non-singlet object T tT

- doorway to BSM physics:
- SM EFT of CP violation from neutron EDM d,, _d, @o +d +S

1
bounds from exp. tensor charge 54(Q%) =[ dx hi™(x, 0%

— 1st Mellin moment of h; *

- SM EFT with tensor operators — tensor coupling in nucleon B-decay

quark level : d—u e~ ve
(pl|uat” d|n) er eoull—i95)v

bounds from exp. —» C't <> @GT <«—— unknown

hadron level : n—p e~ ve

gr = du — od isovector tensor charge




~ Tensions on tensor charge

GLOBAL * JAM20 —t—: : Pitschmann et al (2015) Faddejsv eq.
€@ Goldstein et al (2014) | ¥ Hasanetal (2018) .
SIDIS + SIA # Radici, Bacchetta (2018) | : » Guptaetal (2018) Iatllce
SIDIS ¥ Gupta et al (2018) | %l Alexandrou et al (2019)
0.2 F ¥ Alexandrou et al (2019) luees | Anselmino et al (2013)
# Pitschmann et al (2015) Goldstein et al (2014)
PV'I 8 1 Radici et al (2015)
— . —.ﬂ . Kang et al (2015)
* 'S —.—+ —— : Radici, Bacchetta (2018) «—PV/ 18
—02F > P . w=—le=s + | Benelet al (2019)
I i '\ Iattlce —y— D’ Alesio et al (2020)
| ———r—  S|DIS
I GLOBAL
—0.6' | 1 1. l'

0.4 0.6 0.8 1.0 Su 0i5 1.0 1f5 2j0 gr

Cammarota et al. (JAM20),

' I ; : PR D102 (20) 054002, arXiv:2002.08384
sometimes discrepancy with lattice (20) ariv

role of Soffer bound?  DAlesio et al., PL. B802 (20) 135347, arXiv:2001.01573

1

data in the 0.006 < x < 0.3 range — need to constrain extrapolation &g = J dx...
0




1 JAM20
JAM20 + EIC(ep)
EE JAM20 + EIC(ep+eHe)
0.50 A
’g 0.25 - u
<
—0.25 : : : d
0.00 0.25 0.50 0.75 1.C
T
0.8 x hi(x)
i Pavial8 i
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X
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IT et
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using JAM20 parametrisation (Collins effect)

EIC Yellow Report, arXiv:2103.05419

—0.15F
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exandrou et al (2019)
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23 456 7 8

using PV18 parametrisation (DiFF mechanism)

1)
2)
3)
1)
5)
6)
7)
8)

ETMC ’19 Alexandrou et al., arXiw:1909.00485

Mainz 19
LHPC’19 Hasanetal, PR. D99 (19) 114505

Harnis et al., PR. D100 (19) 034513

JLQCD ’"18 lamanaka et al., PR. D98 (18) 054516
PNDME ’'18 Guptaetal, PR. D98 (18) 034503

’
ETMC ™17 fiexandvou et al, PR. D95 (17) 114514; (E) ER. D96 (17) 099906

RQCD 14 Baii et al., PR. D91 (15) 054501
LHPC ‘12  Green et al, PR. D86 (12) 114509
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0.750.850.951.05

—0.15F
Gupta et al (2018)
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B ot o expected precision close to
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EIC Yellow Report, arXiv:2103.05419
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Gluon TMDs are phenomenologically unknown.
Why ¢




gluon TMDs

Gluon TMDs are phenomenologically unknown.
Why ¢

- gluons carry no electric charge — in SIDIS they appear only at higher orders

- gluons carries “two color charges” — in general, difficult to neutralise them all

- in hadronic collisions, gluons appear at tree level, but :

- factorisation theorem available only for Drell-Yan processes

- for Hi+H> — h+X no factor. th. but also no counterexample disproving it




gluon TMDs

Gluon TMDs are phenomenologically unknown.

Why ¢

- gluons carry no electric charge — in SIDIS they appear only at higher orders

- gluons carries “two color charges” — in general, difficult to neutralise them all

- in hadronic collisions, gluons appear at tree level, but :

- factorisation theorem available only for Drell-Yan processes

- for Hi+H> — h+X no factor. th. but also no counterexample disproving it

- useful processes under study:

ep'= e+)/P+X ep'— et)/P+jet+X  €p > ejet jet X
e p'— e+hi+hy+X

S

A . Y

luon TMD

Boer etal., PR.L. 108 (12) 032002
den Dunnen et al., PR.L. 112 (14) 212001
Mukherjee & Rajesh, arXiv:1609.05596
Boer et al., arXiv:1605.07934

Godbole et al., arXiv:1703.01991
D’Alesio et al., arXiv:1705.04169
Rajesh et al., arXiv:1802.10359

Zheng et al., arXiv:1805.05290
Bacchetta et al., arXiv:1809.02056
D’Alesio et al., arXiv:1908.00446
D’Alesio et al., arXiv:1910.09640




do f S1L

=Fyy + 1S, F
dy,dprdqr v ¢"LTLL
fllT.((p 59 ng((/) ”
Pr. — Pry . _ sin(¢;— N cos(¢;—
dr = Pr. T Pr; < Pr = — 7 +S7 Sin(@y — Ps) 7 + ASr cos(gy — o) Frp ™

2

Fyy ~ H(Q) J(prR, Q) /1%, g7, Q)
hard jet “dressed” TMD

similarly for other F..

Kang et al., arXiv:2106.15624




“familiar” expression

da ‘flgl hll %(ig_b—q’)) glL 91
Drdprdq, vt eosy = dw Fyy ™ T A0S By
APrdqr i
ML
S, sin(gy — ) Fom O
Pr.— P i) 4 BT s
e —_— . . _ S1n = ol COS )i
47 = Pr. + P7; < Pr = % +87 sin(g; — ¢g) Fryp U+ 4,5 cos(@; — ¢s) F ’
1
hy %7 hi.

o psinld—gy) N, P
F,,) ~ HQ)TMDIFFG, p;R.0) i (gr )} 17 M@= @) ™ 0 Sy sin(20; = 4 = 69 Fyr

hard jet “dressed” TMD

similarly for other F..

Kang et al., arXiv:2106.15624




hybrid scheme:
- IMD framework for TMD fragmentation
- collinear framework for PDF

Factorization theorem for jr <« Q
universality for TMD fragmentation

Kang, Liu, Ringer, Xing, JHEP 1711 (17), arXiv:1705.08443
Kang, Prokudin, Ringer, Yuan, P.L. B774 (17), arXiv:1707.00913




q 1
®n angle of (o5 —on) e fleH?
T

(prypjet) plane and 7 7 .
(pbeam,pjet) plane fl X fl &) D]_

Adamczyk et al. (STAR), PR. D97 (18) 032004

;I _LET+p%jet+7ti+X|S=500GeV
gm 0.05 — et = \IPT,jet\/ -
c - | @ STAR 20117
n 2 B
< [O|STAR 20117
0
- Model Curves Positive: ©* :+:
_0.05 — Model Curves Negative: e
7| =--- DMP+2013 %< KPRY ==== KPRY-NLL
| | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
PDF & TMDFF from 0.1 0.2 0.3 0.4 0.5 0.6
SIDIS + ete- analysis Z
- === (no evolution) >4+ no evolution
D’Alesio et al., PL. B773 (17) 300 === TMD evolution

Kang etal., PL. B774 (17) 635




pact on hadron-in-jet Collins effect

10+ 275 GeV, 100 b, 0.1 < y < 0.85, jr < 1.5 GeV, qr/p}' < 0.3

- 005 < =< 010 | 015 < = < 020 | 030 < = < 080
— ,‘.‘.0 — 7l'+ — 7T+
T T T
< 101 <+ projected precision 1 4 projected precision + projected precision
? N4 =e——o - - —-— - o e - - . 4— p J . .
g I | uncertainties
EE
= ~10 ] ]
<pp > =11GeV < pp > =16 GeV < pyp > =25 GeV
< p* > =20 GeV < P > = 44 GeV < P > =92 GeV
201 < Q% > = 180 GeV? |< Q% > = 439 GeV? 1< Q* > = 1007 GeV?
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
Zh = Ip)et ’ phadronl /|pjct| Zh = |pjet ' phadronl /Ip)etl Zh = |pjet . phadron| /lpjetl

Arratia et al., PR. D102 (20) 074015, arXiv:2007.07281

based on Kangetal., PR. D93 (16) 014009




The EIC from the TMD point of view:
- enlarging phase-space coverage

d
10 -
F oCERN aDESY o¢JLab-6 D SLAC

Q? (GeV?)

- high polarization

- high statistics

~ TheEIC project and TMDs

10 |

Current polarized DIS ep data:

: Current polarized AHIC pp data:

ey PHENIX2® & STAR 1-jet ¥ W bosons

JLab-12
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Benefits:
- dee
- exp
- exp

pening knowledge of all (un)polarized TMDs
ore new channels involving jets in final state

ore unknown territory of gluon TMDs




