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Outline

* TMDs from high to low energies
 TMD factorization, PDFs and FFs
* Important TMD measurements at the EIC

* Input for these measurements:
* Fragmentation functions
* SIDIS/pp asymmetries

* Expected impact of EIC measurements
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Q: What have the Higgs P-
spectrum and the Sivers function
in common?

A: Both contain Transverse momentum dependent
(TMD) functions
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Higgs P cross section: p+p—=2>H+X

wos * Higher transverse momentum
'§0.3— '§0.37 ] . .
5 5 | described by higher-order pQCD
| - * However, low transverse
R e e e w e w e W momentum also depends on
Echevarriaetal. JHEP 07  §' [ =iz ]  Intrinsic transverse momentum
(2015) 158 B of interacting partons = gluon
jj:{. i j TMD PDFs
o "Hi | * Relatively large uncertainties
[

ooy due to TMD evolution to Higgs

Py [GeV]

Lipatov et. al. PRD 107 (2023)1  Scales

doW

_ L 2 ibr-qr £PY ~p’c’
dQdydlqr 2 (Q’fu)fd br ¢ fojp(Xa, BT, 1 Calfg, (X6, T 41, Co) 4 ﬁ
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https://arxiv.org/abs/1502.05354
https://arxiv.org/abs/2211.03727

Violation of Lam-Tung

LE= T
0.8
0.6 -
0.4+
0.2

0 Lo

—0.2+

—0.4

CMS |n| <10

= ! ! ! ! ! ! ! | ! ! ! ! ! ! E
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300
qr [GeV]

T
oA

E615

! 1 ! 1 ! 1 ! 1 ! 1 ! 1 ! 1
0 02 04 06 08 1 1.2 14 16 1.8 2 22 24 26 28 3
qr [GeV]

PRD 93 (2016)114013

1/29-31/2024, EIC-ASIA  ~

Ralf Seidl: TMDs

Relation in DY (p+p—=2I*1+X)

* DY azimuthal angular cross section:

AN

5| [1+)\ 20 + psin 26 + ZginZg 0}
_— = _— cOSs {5111 20 COSs ) — 511 COS 2
10 Ar A+3 / ROy 08 26

e At LO: Lam-Tung relation fulfilled:
1-A-2v=0

At NLO modest violations,
consistent with high-scale data

* At low scales suggestion of a
violation and potential explanation
by Boer-Mulders function and
higher twist effect (Kahn-like)
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https://arxiv.org/abs/1605.02625

doidgr [pb/GeV]

data / theory
S = =

* Cross sections depend not only on the
aeen” " PDFs, but also on their transverse
e momenta

do/dqr [pb/GeV]
= =Y ) 5}
5] = (=2} o0

e Total transverse momentum of virtual
- photon to be matched with intrinsic
NN RS, momenta 5

qr [GeV]

Moos et al. 2305.07473 .

data / theory

TA, 2B, dT; Q)
qq qfd2k Afd kegga(z4,Q° kia)gp(xp, Q% kip)o 52 )(ktA+ktB +qr)

=D g q(M TA, Q% kia)Rq% (25, Q% kiB) p
6 O
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https://arxiv.org/abs/2305.07473

Q [GeV]

TMD factorization in SIDIS (e+p—=2e’h+X) )
! 3
\ \ * Cross section depends on
| TR RN intrinsic transverse momenta of
:{ NN PDFs and fragmentation
o T T P P functions
NN N * Convolution over participating
. " e transverse momenta
M“’ | % %‘* Fyy(z, 2,91, Q)
q l“ L“ B M M x  Y.z€2 [dke [ dPpe/22q(2, Q% ki) DY (2,Q%,p)6) (ke + Pt/z + qr)
= 3,2 €2a(e. Q% k)O D} (2, Q2 p)
MAP: JHEPAQ (2022) 127 7 ﬁ
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https://arxiv.org/abs/2206.07598

Transverse spin and TMDs

Not only unpolarized TMD PDFs/FFs but also polarized TMDs can contribute,
accessible via (transverse) spin and azimuthal asymmetries

1/29-31/2024, EIC-ASIA Ralf Seidl: TMDs 8
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Transverse Single spin asymmetries (TSSAs)

L R
e Left-Right asymmetries : Ay = 1 NL _ NR
PN+ N

 Relative to the polarized proton
spin direction more particles get
produced to the left than to the
right wrt. spin direction

* The cross section is spin (and
azimuthal angle) dependent

* |nitially expected to be zero in
perturbative QCD (helicity-flip of
nearly massless quarks) - G. L.
Kane, J. Pumplin, and W. Repko
PRL41, 1689 (1978):

maqaog
Ay oc == % 0.001 p
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Transverse single spin asymmetries (TSSA)

y 1 NT - N+
* Large left-right asymmetries A seen in P NT 4+ N+
polarl-zed p+p collisions frqm low \ O e T P
energies up to RHIC energies at forward N ¢  STAR200GeV,27 <7 <40, This Paper 0
iditi 02" 4 STAR200GeV,(n)=37 Y Ay
rapl Ities - ¢  STAR200GeV,(n)=3.3 L
A\ . 0.15— ¢ RHICI510 GeV,n>6 |
Both initial state and final state effects -0 PHENXe24GeVat<n<as b 1]
can contribute in forward pion ME b Frtsacey I [} T o4
0 - Ir o L
asymmetries post- e gt % B
/ \\. . ) - PO AR
Both effects described via higher-twist o §4 3400, o
correlations, but those are related to £

TMD moments (especially quark, gluon
Sivers, Collins FF)
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SIDIS Kinematics for TMDs

Detect also final-state hadron(s): Additional benefit of flavor, spin
and transverse momentum sensitivity via Fragmentation functions

dGU LO 2 2 A 2
X ecq(x, Q% ki) ® DY (2
q.q

z: Fractional hadron momentum wrt to parton
momentum (0<z<1)

P transverse hadron momentum wrtto
virtual photon (convolution over intrinsic
transverse momenta of PDFs and FFs)

g: Azimuthal angle of nucleon (transverse)
spin wrt to scattering plane, along virtual
photon axis

O Azimuthal angle of hadron wrt to scattering

plane, along virtual photon axis

« Current fragmentation: related to struck quark
(favored fragmentation u>nt , d2>n-, s2>K-, etc)

* Transverse momentum and angles rely also on

correct boost to hadron rest system p
Ralf Seidl: TMDs O
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Leading Quark TMDPDF's O" Nucleon Spin @Quark Spin

—|— I\/I D P D FS Quark Polarization

o Un-Polarized Longitudinally Polarized Transversely Polarized
(at leading order)
: : Ji= @ hlL = @ B @

TMD: all except f;,g, and h, cancel upon integration Unpolarized Boer-Mulders
aver kn/ "\ ~\V/ gi=(r- (= hﬂ=®~—@~
Similar spin-orbit and spin-spin effects between Helicity Worm.-gear
parton and nucleon spins and transverse momentum @ @

. L _ Transversny

* Transversity g = @) - @ L
Sivers Worm-gear Pret%e,-IZ;s;y

hl,q(ﬂj)
e Sivers Function
flj_T,q(xﬂ kT)

Boer Mulders function

TMD handbook: 2304.03302

Closely related:

* Higher Twist correlations
(TMD moments)  7x(x, ) p

1/29-31/2024, EIC-ASIA Ralf Seidl: TMDs 12
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https://arxiv.org/abs/2304.03302

TMD Fragmentation functions

Leading Quark TMDFFS O—» Hadron Spin @ Quark Spin

e Similarly 8 TMD FFs at leading SuarkRolarizaton
th St Un-P?lIJa;rlzed Longltudln(alll)y Polarized Transvers¢(e_|rg){ Polarized
* Most typical final states are N
: D, = HL =(1)-
pions and kaons = only 2 FFs 1 Unpggzed 1 @;o..m@
* If polarized final state (and |
detection of spin possible) all 8 Gl:@;’ty_@ iy =(Zr=(e
FFs available, eg Polarizing A FF
. L H. = (1) —
discovered in Belle D = @ - @ G - é ~ @ Trans&ersityd) Cb
Polarizing FF H%T = @ — @

TMD handbook: 2304.03302
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https://arxiv.org/abs/2304.03302

Full SIDIS cross section

* Various terms depend on proton
spin, lepton helicity and
azimuthal angles of final state
hadron and proton spin relative
to scattering plane

* Single, double spin and
azimuthal asymmetries allow to
single out the different TMD
contributions

1/29-31/2024, EIC-ASIA Ralf Seidl: TMDs

do B

dx dy di dz doy, f‘fp}?_ B

2 2 2 ‘
(1 + h) {Fi-'L.-"T +cFyur+v2e(14¢) cos oy, Fft}wh

a Y
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+ ¢ sin(3¢p — ¢g) Fyp
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+/2e(1 —¢) cos(20p, — dg) FEC%S(Q%_QS)
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https://arxiv.org/abs/hep-ph/0611265

Experimental access to Transversity/tensor charge
and Sivers function

* Sivers function obtained from sin
(¢,-¢5) modulation

sin(¢p—¢ 2a.g e2 fi7% (w,kt)®@D1(2,pe)
AUT h S)(.CC,ZpPT) X ST Zq,aegc?(w,ktle(fz,pt) l\/
Os
* Collins asymmetry and
transverseity obtained from Y
sin(¢,,+¢.) modulation P
1 82 T, K¢ 1J_ Z,PDt
Ai}rjlg¢h+¢8)(szjPT) X STZq,a q5Q( ki) QH{ (2,pt)

> q.g €39z, ke)®D1(2,pt)
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EIC TMD Goals: 3D Transverse spin and momentum
structure

Current coverage for transv

10/26/2022

_fl—la":m‘p[?(;evl

Deliverables ODbservables What we learn Stage [

Sivers & SIDIS with Quantum 3D Imaging of | 3D Imaging of
unpolarized Transverse Interference & quarks quarks & gluon:
TMD guarks polarization; Spin-Orhital valence4sea | Q° (Pyr) range

and gluon

di-hadron (di-jet)

correlations

Spin

Low-x

Nucleii

\ @ Other

QCD dynamics

Chiral-odd
functions:
Transversity;

Boer-Mulders
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Transverse

polarization

3 hasic quark
PDF: novel
hadronization

effects
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for detailed
QCD dynamics
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Planned:

|- Current data for Sivers asymmetry:

® COMPASS h*F,;<168GeV, z=01
HERMES  #® K% Py<1GeV,02<2<07
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1

erse spin related SIDIS measurements
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1 =012
z=0.32
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—_ N3LO
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Current status on TMD
measurements




HERMES: Phys.Lett B COMPASS:

Latest SIDIS Collins data 693 2010 11 Phys.LettB
5 ;_ 744(2015) 250
\ . / g oé-#--*-Hf_+__+_§_¢__1'_!_+__+__+__§_ﬂff_*__+___+_ ,;;‘:CUJ".’;}I } I
* Final Collins asymmetries of ~ § === "
HERMES and COMPASS (<2017) °--+-ﬁ-+-*-+-+--+-+-+--+Hp-+---+- U R
published, including kaons B R l - { -
. NIRRT el et |
* More deuteron available by 005} ++;—fj;— S Lo
COMPASS (see next slides) s o + AU M !
2% SRR Py L SR o
* Transverse target data expected £ o_--+--+-++----+-_-+--*-*-+--_+££;i-£-; AL *
from JLAB in near future § OF +'K': """ w i |
o bt iﬁ*u
0 0 Ix Yy '0.6'2 - P:Ls[Ge\;]
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https://arxiv.org/abs/1006.4221
https://arxiv.org/abs/1408.4405

Belle Collins asymmetries

< 0.2<2,<0.3 | 03<z<05

* Red points : cos((l)1 + (|)2) moment 0012 o i
of Unlike sign pion pairs over TS i
sigh pion pair ratio : AU e [P L R e @

- Green points : cos(d, + ¢,) ofh R
momentofUnllke5|gnplonpalrs 005 T T
over any charged pion pairratio: < ,,[ osor L e
AUC -

0.15 =

 Collins fragmentation is large 0.1 | b TR
effect ool L B W[ om owm

» Consistent with SIDIS indication | -_ —
Of Slgn Change between favored | 0.2L | 1014. | 1016‘ L 0f8A0.2‘ | '014‘ | l0f6l | A0f8'
and disfavored Collins FF = b

RS et al (Belle), PRL96: 232002
PRD 78:032011, Erratum D86:039905
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Transversity in proton collisions

* Nonzero Collins asymmetries
(hadron in jets) at central rapidities
at 200 and 500 GeV

Substantial theoretical progress for
hadron in jet measurements

* unpolarized: Kaufmann et al.

* polarized Kang et al.

* For roughly same x and kt similar

-0

0.04
5 0.03

nto,

0.01

-0.01
-0.02)
-0.0

—0.04]

0.04
0.02

—-0.02

0.0gf mEmEE
0.08F

STAR
p'+p

E jet, _
E_ (pT )=

Vs = 200 GeV

jT = jT.M:m

STAR: Phys.Rev.D 106 (2022) 072010, 2022

Ljet+ mt+X E antik; R=0.6

.............

6.7 GeVic

Xg
e®

~0.04f ® T

-0.06F

-0.08

size = evolution effects moderate?

* But generally slightly larger than
global fits from SIDIS/e+e-

e More to come from sPHENIX in

near future
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[
E jet, _
E_ (pT )'

- DMP+2013: i

1 1 1 F
DMP+2013: n* &88% KPRY: n* E_

....
b

X2
...........
g

P

< E . g
& E <p’:') =17.5 GeVic E +
F E e
13.6 GeVic E 3.2% Scale Uncertainty Not Shown E (p'T ) =22.0 GeVic

1
0.2

1 1 1 'l 1 1 1 1
0.4 0.6 08 0.2 0.4 0.6 0.8 0.2 04 0.6 0.8

| p'+p—jet+x + X Vs =500GeV
05 b= 0= M, < 1 (p“ﬂ} =231.0 GeVic

0
IS - | ® STAR 2011
< - |[o]sTAR 2011 @

- Model Curves Positive: n*
_0.05 — Model Curves Megative: 7

| ---- DMP42013 “<- KPRY 5% KPRY-NLL

.I....I....I....I...I..‘r..l..

0.1 0.2 0.3 0.4 0.5 0.6

STAR: Phys.Rev.D 97 (2018) 032004 p
@
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https://arxiv.org/abs/2205.11800
https://arxiv.org/abs/1708.07080

-EJ_";[@K‘@S)

A

fﬁ(thwsl

A

Sivers Function measurements

e Early fits of SIDIS data show
opposite signs, d quarks possibly
larger

* Recent updates including

evolution higher orders, and STAR
Wdata

Anselmino et al. Eur.Phys.J.A 39 (2009) 89

0.06

Q° =2.4 GeV’! 06 |-
S o004 | /'\\': S oaf
\ 1 — /
. 0.02 ___,,// \\ \,\-_. — 0.2 _f.e"' —
x 0 _— AW -~ J/
—_ Covl il g y 0 T R
= X 0
— 0 — S © \ e
z 0.02 \ ,/.f Z =02 R\
<] A < "
b 0.04 \ [ > 0.4 -
\ i
N/ -0.6 -
bonadl INOIIIAY, o IR SRR
107 1072 107" 1 0 02040608 1
X k| (GeV)

R TR [T RO TR B
0.05
0.1
01
0.05

° -———‘—’—.—:%—25—31%:—{—*r—i‘ﬂ—’—i—*j—é—i—"I*_f“"i"i‘-—ffr———i—*_

COMPASS x>0.032 +—e—i
COMPASS x<0.032 -
01  HERMES r—e—

0.01 0.1 0.2 0.4 0.6 0.8 0.5 1 1.5

Bury et al. Phys.Rev.Lett. 126

(2021) 112002
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https://arxiv.org/abs/0805.2677
https://arxiv.org/abs/2012.05135

New COMPASS deuteron dat COMPASS 2401.00309

:’°h+th_ } i } ]
* Old COMPASS e+d data 'O}M ”J BRI et
: . FRFLLEE o whi 1 l
consistent with zero due to —o-oz;} - :
cancellations (Collins + L e e
transversity, Sivers) R : :
. . . 0:_} E{{{.{ #ﬁ“ - ﬁ}f“} ; % pre ;%{{ {? }
 Larger statistics show slightly SEAELE N Y |
negative Collins asymmetries for P e ——
h+ 102 107 . 02 04 06 08 ] 0.5 IPT (Gel\.;.:-"'c’)
* Improved sensitivity to d quarks £ =
compared toe+p 2 d Tl et T SLIRE

\ . o I : . - [ i éli ;’: K -T B
transversity negative SRR %% % R %

02—, —o.osi .
I L owd
_0.4_w”...|? - IIHHI] L _0.1_..‘..@1 i A
107 107 107 107
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https://arxiv.org/abs/2401.00309

|-~

_flj_T‘?qIS (SC, kT)

Sivers Sign change firy (@,kr) =

COMPASS: polarized NH; target + 160
GeV 1~ beam - Sensitivity to u quark
Sivers'and sign change

Transversely polarized o ‘Hadron absorber
0 JHEP 02(2021)166

| « COMPASS Drell-Yan
0.1 4<M,/(GeVic?) <9

sin((ps)

T T T
/

To minimize multiple scattering of
muons and to maximize stopping B LFCQM
ower for hadrons. T ks
1. Long. pol.: P SPM
DNP & 2.5T — JAM20
solenoid — — .
2. Trans. pol: 0 1 ____ Torino
0.6T dipole - |
Ammonia beads _2 _1 _1
immersed oo 410 10 2%10

liquid helium;
dilution
factor=0.22

, COMPASS 2312.17379
Y /NS AN — .. * Now a rather clear indication of

o - -
- mass & angle of vn'tual photon l 1
- vertex position. DY oper

"? criedl@illinois edu - Drell Yan at COMPASS 10° T l deca}s . t h e S I g n C h a n ge !
1|’

100

10° -

Events

107 et

102

10t
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https://arxiv.org/abs/2312.17379

Transverse momentum dependent Cross sections

for pions, kaons and protons 2 TMD FFs

T i“fils| dependent measurements
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http://arxiv.org/abs/arXiv:1902.01552
https://www.riken.jp/press/2019/20190615_1/

Where to go from here? Global fits on transverse

guark-gluon structure
Cammarota et al, PRD 102 (2020) 054002

BRAHMS
< M
% o T Transversity
-5 f;_z.sm ¢

y STAR .

100 8:1J—r > o~ 2 + * + SIVG 'S
—~ oL @7 Pl x2 o 1 { .
< | S
Sk 12 } function
N ! I I " ..':QU \ | - 12
N 0.0 05 Yy S 1 15 qrT o 04 TF T M T
_\ﬂ:-ﬂ 1o : EH H:i- i :'ull.-l NG el :-; “15 5

ﬂ: 20+ * r * - e Hang et al 15 o
-50—+ + oL + | I + :-|.-| L —na K ..-"# Hadici, Bacchetts *18 \
! + _, oo gy | -l T Colling FF
| | \ \ 20| | IC-OM‘PA-E‘-’»(‘S ™ . e i/ o |:II.'||-:\-|---I .-:I 1]
Pr 0.3 0 Theam0.1 015 Prarget o . ; = o . , =

RHIC, SIDIS DY Included

* Recent central rapidity PHENIX results (r,n,Heavy flavor electons,
direct photons) not yet included

* Impact on gluon Sivers function (tri-gluon correlator) expected p
25 @

1/29-31/2024, EIC-ASIA Ralf Seidl: TMDs
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https://arxiv.org/abs/2002.08384

What to expect before

* Significantly more SIDIS data
from JLAB (Collins, Sivers, Di-
hadrons, unpolarized), high-x
and low scale

* More updates from RHIC on
Collins asymmetries (hadron-in-
jet)

* More Fragmentation

information from Belle(ll) —
unpolarized, HF, VMs, etc

EIC?

* Sea quark Sivers from SpinQuest
(polarized fixed-target DY)

* More high-scale unpolarized
data from LHC

3
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Experimental access to Transversity/tensor charge
and Sivers function

e Both functions are accessible as different [
azimuthal modulations in transversely
polarized SIDIS of single hadrons A4 s
e Reweight events according to true parton
flavor g, hadron h, x, z, Q?, P,;, azimuthal O
angles and random spin orientiation ﬂ

 Input structure functions (polarized and
unpolarized) from Torino global fits
(harXiv:/(/)81%.4§>66, a/|'Xiv:k()8d05./267d7) asin
ttps://github.com/prokudin/tmd- :
parametrizations/ A?}Ir}(%JﬂbS)(x, z, Pr) o< St

. Othg?fTMD PDFsdaIre similarlé accessible
via different modulations and spin _ N
orientations (though often higher twist ASln(aﬁh—cbs)(x 2, Pr) o< Sy > g3 €at17 (k1) ®D1 (2,p1)
effects present) ur N > 4.7 24q(x,k)®D1(2,pt)

* Gluon Sivers via di-jet/di-HF TSSAs p
@

> gz €adq(z,k)@Hi (2,pt)
S 24(a k) @D (1)
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https://github.com/prokudin/tmd-parametrizations/
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Example Asymmetries s e

—®*— True ACol " 0.0<P;<4.0 :*:

—*+— True AColw 0.0 <P, <40

g
A
A\Y

II/‘

—=— Reco A Col 0.0 < P, < 4.0 L ep 5 GeV x 41 GeV
—+— Reco AColw 0.0 <P; <4.0 C C T

 Examplesin3 xand Q2  TTTTTEETE I
bins: on top for the Sodf oo b s e
Collins angular ot I I i % l
combination for o v | R
charged pions true and | — oo R ]

_._
r
@)
FN
o

0.1-  —+— True ACol T 0.0<P, <40 B B
reconstructed in an L e ‘
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. <5 025_ 0.0010 < x < 0.0022 E 0.0215 < x < 0.0464 E 0.21$<x<2.4641
s 1.0<Q*/ GeV*< 3.2 E 1.0<Q/ GeV*< 3.2 c 32<Q*/ GeV* <100

e Lower figures: same, o165
0.1E E E

either projected vszor =
vs Pt o v v I ? ?'

_0.055— = 3 'i +

—#— True AColn* 0.0<z<1.0

0.1  —— TeAcdr00<z<10 E :_

_0_153 —®— RecoAColn' 0.0 <z<1.0 ? ep 5 GeV x 41 GeV
_02F —*+ RecoAColx00<z<10 F
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https://arxiv.org/abs/2207.10890

Projections to 10fb™

estimated from differences o T remnodee e i

—+— RecoACola" 03<P, <12

<02 jglalewies: - wediewiez [T io0eaicaviens
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« Systematic uncertainties LI Z R st A grl e T :
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ep 18 GeV x 275 GeV

between true and reconstructed of e L *
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asymmetries = they are likely : : z

largely overestimated since most Fof  smmem b e £ e
. . . 0;512: E é— 7
of the kinematic smearing would [ . e & o , N % -
be unfolded, but give a sense of oI 20 7 - i
where uncertainties still might i G S
be larger due to that unfolding SRS SIRSTIE SIS
P, [GeV] P, [GeV] Pr [GeV]
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Scale dependence (and inter
energies)

* An example of the expected
uncertainties in x and Q? to study
the scale dependence of the
Sivers/Collins asymmetries (as TMD
evolution is not very well
known/contains other =
nonperturbative pieces)

* Overlap of the different energies 0.2
shows how they increase the lever
arm

* Note: in future evolution analysis
likely more Q? bins and maybe not
as fine x binning p

-
)
<

0.8

nlay of collision

—-— —— 0.0002 < x < 0.0005

—— —— 0.0001 < x < 0.0002

—-— i —— 0.0005 < x < 0.0010

06 [ —— - - = = 0.0010 < x < 0.0022

0.0022 < x < 0.0046

| e e e e 0.0046 < X < 0.0100
: ++++++ 0.0100 < x < 0.0215
T e e e e 4 0.0215 < x < 0.0464
Il e T e — 0.0464 < x < 0.1000
: o e = — 5%0.1000<x<0.2154
[ == E+: e [E2154<x<04681
: S D s o064 <x<1.0000
|_ | ||||H|| | ||||H|‘ | |||||\|‘ | \lllHl‘ I
1 10 10 10° 0

Q® [GeV?
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https://arxiv.org/abs/2207.10890

Impact for Sivers functions

_fllT;m—p [QGBV]

* Similar to YR impact studies L :@ |

following the latest BPV global fit e
(arXiv:2103.03270) for the Sivers ﬁ

function based on the existing o
SIDIS +DY data

* Uncertainties are shown for
current level of knowledge on _ |
up/down Sivers functions at Nl ——
various X vs kt and expected
impact from ePIC

flJ-T;d(—p[QGeV]

kr[GeV)
| NIM.A 1049 (2023) 168017 'E I
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https://arxiv.org/abs/2207.10890

Tensor charge impact

— D =
= 0.25

0.00 1&sa ——

e

o
=
e
™

e Similar to Gamberg et al

Phys.Lett.B 816 (2021) 136255

(for YR) use fitting code from
latest global fit Cammarota et al
arXiv:2002.08384 to extract
impact on Transversity, Collins
functions and tensor charges

* Together with projected JLAB12
data precision to compare with
Lattice results (and check for
possible discrepancies)

1/29-31/2024, EIC-ASIA Ralf Seidl: TMDs

0.50 1

JaM20

—-= JAM20 4+ ECCE(ep)
== JaM20+ ECCE(ep+eHe)

d

0.00 025 050 075 100 0.2 0.4 0.6
£ =
Od ==l
—0.05 | e
=
—0.10F Yy =
[ ] 1 T T T
—0.15F . 0.75 0.85 0.95 1.05
Gupta et al (2018)
—0.20} L
Alexandrou et al (2019)
—0.25F
JAM20
—0.30 |
+EIC(ep) +EIC(ep + e*He)
—0.35F +ECCE(e &3
p) +ECCE(ep + e°He)
1 1 1 1 1 1
0.55 0.65 0.75 0.85 095 1.05 ou

0.8

NIM.A 1049 (2023) 168017 p
32 O

RIM=EN


https://arxiv.org/abs/2101.06200
https://arxiv.org/abs/2207.10890

About TMD evolution

Moos et al.
https://arxiv.orqg/abs/2305.07473

081 D(b,2GeV)

* Large theoretical effort to
understand TMD evolution (see for
example Evolution and REF
workshop series)

* Large overlap with low-x e
community — SV19 — ART23

* Despite predominantly using CSS _
formalism large differences due toz, oo
treatment of non-perturbative = 005 1

terms in evolution -> relevant for < |
many spin related TMDs -

QIGev)

0.04

sin (¢

0.03 - HERMES, COMPASS

< 0.02 |- RHIC

i3 EIC

<x>=0.3

0.02

* Data needed to pin down TMD 001 f - ;
eVOIUtlon ¥ ! ! ! ! ! L -0.01
10 20 30 40. 50 Q26(0GCV2) 20 %0 | °° % 1(:20(G1
Kang, Prokudin, Sun, Yuan Aybat, Prokudin, Rog
PRD 93 (2016) 014009 PRL 108 (2012) 24200
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http://arxiv.org/abs/arXiv:1505.05589
http://arxiv.org/abs/arXiv:1112.4423
https://arxiv.org/abs/2305.07473

TMD evolution

* Very important aspect is the study
of TMD evolution

e Part of the evolution kernel is non-
perturbative, but current lever arm
not sufficient

* Sivers asymmetries are expected to
decrease at higher scales, but only
logarithmically (ie they do NOT
“disappear”)

e At higher x Asymmetries of several
% expected

=» Well accessible with EIC over
wide range in x and Q?

1/29-31/2024, EIC-ASIA
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ECCE simulation setup, unpolarized TMD studies

pythiaeRHIC (Pythia 6) simulations for e+p
collisions at 4 energies similar to YR

Generator output simulated through GEANT4

Scattered lepton (|n|<3.5) DIS kinematic
reconstruction using reco track momenta
(assuming perfect elD)

DIS cuts: 0.01<y<0.95, Q?>1, W?>10GeV?

SIDIS cuts: pions and kaons (|n|<3.5), using
true PID (assuming successful unfolding)

25x13x12x12 kinematic bins (x,Q?,z,P;)
Pion, kaon and proton multiplicities shown in

all x-Q? bins as a function of P; (integrated over

z)

1/29-31/2024, EIC-ASIA
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https://arxiv.org/abs/2207.10893

z-dependence of multiplicities and widths

* Top: Explicit z dependence of
select pion multiplicities in 3 x-
Q? bins, including the double-
Gaussian fits

* Bottom: behavior of the narrow
Gaussian widths vs z for pions,
kaons and protons

* Small z discrepancies likely due
to target fragmentation

1/29-31/2024, EIC-ASIA
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https://arxiv.org/abs/2207.10893

Impact for unpolarized TMD functions

e Similar to YR impact studies
following the latest SV global fit
(https://arxiv.org/abs/1912.065
32) for the unpolarized TMDs w—_
based on the existing SIDIS+DY = =~ e

" Sfiz = 10T kp) /4 ]

data o e "

: / - 22092 == =

* Consistent with Yellow Report B E—— S S N
expected impact I
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Simple impact on TMD evolution and unpol TMDs

* Impact on
unpolarized TMDs at
lower X,
nonperturbative part
of evolution and
fragmentation
functions expected
from unpolarized
TMD measurements

1/29-31/2024, EIC-ASIA
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https://arxiv.org/abs/2103.05419

summary

* TMDs play a role from relatively ¢ EIC data will improve on these

low energies up to Higgs TMDs in great detail
§NEARIES e Particular interest on TMD

* They particularly allow to access evolution which is still poorly
the full spin structure understood

* Some knowledge on unpol. * Previous YR/ECCE/ATHENA
TMDs, Sivers function and impact studies are being
Transversity but many revisited with more realistic ePIC
uncertainties still simulations

1/29-31/2024, EIC-ASIA Ralf Seidl: TMDs 39 ‘ .
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