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UNRAVELLING THE MYSTERIES OF RELATIVISTIC HADRONIC BOUND STATES

e o o Nucleons provide 98% of the
AN mass of the visible universe

= o Q o One of the goals of the modern
m‘ ~ nuclear physics is to study details

® of the structure of the nucleon

Parton Distribution Functions provide fundamental description

NNPDF4.0 NNLO Q= 3.2 GeV

1.0

fq/P(x)

longitudinal

o Probability density to find a quark with a momentum fraction x
o 1D snapshop of fundamental constituents
o Study of confined quarks and gluons 2



HADRON'S PARTONIC STRUCTURE

To study the physics of confined motion of quarks and gluons inside of
the proton one needs a new type “hard probe” with two scales.
Transverse Momentum Dependent functions (TMDs)

k 1
xP/‘EO

longitudinal & transverse

o One large scale (Q) sensitive to particle nature of quark and gluons

o One small scale (k1) sensitive to how QCD bounds partons and to the
detailed structure at ~fm distances.

o TMDs provide detailed information on the spin structure

o TMDs contain new probes, e.g. qgq operators rather that just gqq or gg
and thus include correlations

o TMDs encode 3D structure in the momentum space (complementary to
GPDs) 3



QCD FACTORIZATION IS THE KEY!

/‘O We need a probe to “see” quarks and gluons
electron
3@

?)

:

Factorization Probe Structure Power corrections
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TRANSVERSE MOMENTUM DEPENDENT FACTORIZATION

Small scale == ¢ < Q <= Large scale

The confined motion (kt dependence) is encoded in TMDs

Semi-Inclusive DIS Drell-Yan Dihadron in ete-
7~ Fyrp e br) Digaleokr) 0~ Fuyp(@,ke) fay (@ k) @ ~ iz ke) Diy ol k)
p - ho
e- / “ T few et / &
0 I S N
h‘l III
h
Collins; Soper,uS’;erman (1985) Collins, Soper (1983)
Mengi,, C':’Ilr;eizaita(ggg S 992) J ’gn;ii::sa(lzo(f?)m) Collins (2011)

Idilbi, Ji, Ma, Yuan (2004)
Collins (2011)



FIELD THEORY

ptp— [y =)+ X
Py

HE Do wav

P

Factorization of regions:
(1) k/IIP4, (2) k/IP,, (3) k soft, (4) k hard f(@» ku)

do _/ d’b . F(mab):f(xab) S(b)

e H(Q)F (21,b)F(x2,b)

dQ%dyd?q, (27)2
dln F(z,br, 1,
dln p JL = renormalization scale
0ln F(ﬂ% b, 14, C) > C = Collins-Soper parameter
= K (b

Collins-Soper Equations b



FIELD THEURY Collins, Soper, Sterman (85), Collins (11), Rogers, Collins (15)

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

1 1 -
F(z, k1 ;Q) = / d°be™ L F(z,b; Q) / dbbJo(k b)F(z,b; Q)
(2m) RJ0
@ d,LL 2
F(z,0;Q) ~C® F(x,c/b") x exp —/ (A In =— + B) X exp (_Snon—pert(ba Q))
c/bx M :u
OPE/collinear part transverse part, Sudakov FF v Non-perturbative: fitted from data
© The evolution is complicated as one evolves in 2 v The key ingredient — In(Q) piece is
dimensions spin-independent
© The presence of a non-perturbative evolution v Non-perturbative shape of TMDs is
kernel makes calculations more involved to be extracted from data
© Theoretical constraints exist on both non- v One can use information from
perturbative shape of TMD and the non- models or ab-initio calculations,
perturbative kernel of evolution such as lattice QCD: shape of
© Perturbative ingredients are known up to N4LL - TMDs, non-perturbative kernel.

precision science (LL = leading log)



O Our understanding of hadron evolves: TMDs with Polarization

Nucleon Polarization

Nucleon emerges as a strongly interacting,
relativistic bound state of quarks and gluons

Quark Polarization

Unpolarized | Longitudinally Polarized Transversely Polarized
(V) (L) (T

fiteki) @ k) @ - @

Unpolarized Boer-Mulders

gl(x,sz) e_'- Q_’

Helicity

hllL(xaklz“) a_'- 0_’

Kozinian-Mulders, “worm?” gear

Analogous tables for: @ Gluons fi — /¢ etc

1 2

flekn) ok @ -
Transversity

‘_ glf(xakfz)é - &
_ ’ Kozinian-Mulders, h1lT (x, k% ) é B é
Sivers “worm” gear Pretzelosity

© Fragmentation functions

1

© Nuclear targets °# 3 8




UNPOLARIZED TMD MEASUREMENTS

Unpolarized Drell-Yan cross section at N3LL accuracy in the region of validity of TMD
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Bacchetta, Delcarro, Pisano, Radici,
Signori, JHEP 07 (2020) 117

Bertone, Scimemi, Vladimirov,
JHEP 06 (2019) 028

Addresses the question of
partonic confined motion

Evolution with x and Q2

LHC provides precise data



SPIN STRUCTURE OF THE NUCLEON
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POLARIZED TMD FUNCTIONS

|4 \
5 Transversity O

» Describes unpolarized quarks inside of

transversely polarized nucleon . .
yP B » The only source of information on tensor

Prigent (T kr, S, 1) = frigen(@, ki i 1®) — S E firgen(@ krsnp®) - charge of the nucleon

Sivers function |

> Encodes the correlation of orbital motion » Couples to Collins fragmentation function
with the spin____+-=_ or di-hadron interference fragmentation

functions in SIDIS

ky(GeV) ky(GeV)

1
g = gi. — /O dz [hi(z, Q%) — hi(z, Q)

> Sign change of Sivers function is Anselmino, et al. (2013,
(2017); Liu, et al. (2018); Hasan, et al.

fundamental consequence of QCD 2015); Goldstein, et al
Ten’
charge | :
(3018); Gonzalez- (2019); Alexandrou, et

(2014); Radici, et al. (2013,
Brodsky, Hwang, Schmidt (2002), Collins (2002)
attractive repul sive Alonso, et al. (2019) — al. (2019)

2018); Kang, et al. (2016);
Benel, et al. (2019);

1SIDIS _  plDY

+ = — f 11

D’Alesio, et al. (2020);
Cammarota, et al. (2020)

Courtoy, et al. (2015);

Yamanaka, et al. Gupta, et al. (2018);

Yamanaka, et al.

rsvsseo(gh)



TRANSVERSE SPIN ASYMMETRIES

Transverse Single Spin Asymmetries (SSAs) have been observed in a variety of processes

Sivers asymmetry in SIDIS

5 [+ 2 2 + 2 2 |
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FUT(Qbh ¢s) _ C MT flTDl
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TRANSVERSE SPIN ASYMMETRIES

Transverse Single Spin Asymmetries (SSAs) have been observed in a variety of processes

Collins asymmetry in SIDIS and ete-

e fH*’ ....... REN -

1 1.5
p’; (GeVic)

COMPASS (15),
also HERMES (05,10, 20), JLab (11,14)

' e
FSln(¢h+¢S) —C|—
M,

1
UT thl

0.2 —_ 0.5<Z1<0.7 - 0.7<21<1
0.15 |- —
01 | b
: 4
0-05 _A ™ A - _‘ : " +
o8 <A, .. ST B . SR
-0.05 - i it e A s o 4 L
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
£ Z
BELLE (08),
also BaBar (14), BESIII (16)
9 2h - PatL b Dbil — Dal - Dbl _
F) = ¢ - d Hi d}

M, My,
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TRANSVERSE SPIN ASYMMETRIES

Transverse Single Spin Asymmetries (SSAs) have been observed in a variety of processes

Sivers effect in Drell-Yan

< [ STARp-p500GeV (L=25pb") < [ STARp-p500 GeV (L =25 pb’)
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T L3 e COMPASS 2015 data
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0.'.? _+ 0:.. ...............................................................
-05— EW Ty -0.5:— -2 51
L BEW Sy [
-1+ -1
" 3.4% beam pol. uncertainty not shown [ 3.4% beam pol. uncertainty not shown
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2 4 6 8 10 45 1 05 0 05 1 15
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yv y
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Bury, Prokudin, Vladimirov Phys.Rev.Lett. 126 (2021) 11, 11200
Bury, Prokudin, Vladimirov JHEP 05 (2021) 151

EXTRACTION OF THE
SIVERS FUNCTIONS




N3LO EXTRACTION OF THE SIVERS FUNCTION

Bury, Prokudin, Vladimirov Phys.Rev.Lett. 126 (2021) 11, 11200

0.08- ] : S
000 T HERMES 7+ 0.3 COl\T/[PASS ™Y\ Bury, Prokudin, Vladimirov JHEP 05 (2021) 151
= e T |= 021 T
X ||z | LA _ fL
L 0.021 | ] 1077 17T u<+
g T — L P
EE 00011 S5 40 ( 1077
< 00271 g49<z<07 = 7 .
—0.041 Py <0.23 (GeV) —0.11
—0.06- 0o
0.05 0.10 0.15 0.20 0.25 0.0 05 1.0 15 20 25
z qr(GeV)
STAR W+ STAR W~
0.6 1 0.6-
_ 0.4 _ 0.4
< <
0.2 0.2+
0.0+ i 0.0 *
0 2 4 6 8§ 10 0 2 4 6 8 10
qr(GeV) qar(GeV)

& The first next-to-next-to-next-to-
leading order N3LO global QCD
analysis of SIDIS, Drell-Yan and
W £/Z production data.

B Uses the unpolarized functions
extracted at the same N3LO
precision




Ty(—2,0,2;10 GeV)

Ty(—x,0,2;10 GeV)

Bury, Prokudin, Vladimirov Phys.Rev.Lett. 126 (2021) 11, 11200
Bury, Prokudin, Vladimirov JHEP 05 (2021) 151

THE QIU-STERMAN MATRIX ELEMENT

BPV20 PV20 |

I Compares well with

JAM20

— 1
=X JAM 20 (LO)

) Cammarota, Gamberg, Kang, Miller, Pitonyak,

S _o4 Prokudin, Rogers, Sato (2020)
E:i::o;. 2-\
£ . PV20 (NLL)
el | -0.9
e L
:::::« & Bacchetta, Delcarro, Pisano, Radici (2020)
ey
;Ifi' ~1.4
>4
o m EKT20 (N2LL)

1073 1072 0.1 1
T
(b) Echevarria, Kang, Terry (2020)

Sea quark functions
Is still a mystery to be
explored at the EIC

Tq(—z,0,2;10 GeV)

1073 1072 0.1 1 1073 1072 0.1 1

r z 17



EIC AND THE SIVERS FUNCTION

& The impact of the EIC is very substantial
18



NUCLEON TOMOGRAPHY - THE FINAL GOAL

k
_ : 2 Tr o] , 2
P1;q+h? (:C’ kT’ ST? /L) T fl;Cﬂ—h(xa kTa s K ) o M flT;q(—h(xa kTa Hy K )
Bury, Prokudin, Vladimirov (2021)
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Cammarota, Gamberg, Kang, Miller, Pitonyak, Prokudin, Rogers, Sato Phys.Rev.D 102 (2020) 5, 05400 (2020)

JAM20/JAM22 ANALYSIS




UNIVERSAL GLOBAL ANALYSIS 2020 AND 2022

clactron ———
\

/
positron

positron

Collins asymmetries
BELLE, BaBar, BESIII data

Sivers asymmetries
COMPASS, STAR data

proton — g bion

proton S

Sivers, Collins asymmetries

COMPASS, HERMES, JLab data AN asymmetry
STAR, PHENIX, BRAHMS data
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JAMZZ: SET UP JAM22: Gamberg, Malda, Miller, Pitonyak, Prokudin,

Sato, Phys.Rev.D 106 (2022) 3, 034014

> Collins and Sivers (3D binned) SIDIS data from HERMES (2020) $ @(7
S

HERMES Collaboration, A. Airapetian et al. JHEP 12 (2020) 010

Asm s (X and z projections only) from HERMES (2020)

» All other data sets are the same as in JAM20 (COMPASS, BELLE, RHIC),
except for the new HERMES data that supersedes previous sets

> 19 observables and 8 non-perturbative functions (Sivers up/down;
transversity up/down; Collins fav/unf, H fav/unf)

ha(x), Fpr(z, ), H Y (2), H(z)

> Lattice data on gr at the physical pion mass from Alexandrou, et al. (2020)
C. /\/exandrou et al, Phys.Rev.D 102 (2020)

> Imposing the Soffer bound on transversity |h](z)| < = (fl( )+ gi(z))

/. SOffer Phys.Rev.Lett. 74 (1995)

Recent phenomenology indicates o using 53
substantial influence of imposing s o cev:
the Soffer bounds

U. D’Alesio, C. Flore, A. Prokudin ng

Phys.Lett.B 803 (2020) 135347 - N

0.4 0.5 0.6 0.7 0.8 0.9 1.0 11



JAM22: Gamberg, Malda, Miller, Pitonyak, Prokudin,

UNIVERSAL GLOBAL ANALYSIS 2022 : Gamberg, atl il Ponya

_— ) AM22
= JAM20+

0.2

Transversity
ha(x)

0.8 & .
0.06 Sivers
0.04 (1)
u
0.02 1T (x)
| 0.00
8 .
> Collins FF
1(1)
fav Hl (Z)
05— % 02 Twist-3 FF
_ 0.04 F 0.08 5
X 0.00 0.04
N —0.04 0.00 H(Z)
. .
—0.08}F fav | i
0.2 04 0.8 2 0.2
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J AM 2 2 : TRAN SV E RS ITY AN D LATTI c E JAM22: Gamberg, Malda, Miller, Pitonyak, Prokudin,

Sato, Phys.Rev.D 106 (2022) 3, 034014

xhi(x)

The raw lattice data for Egerer, et al. and Alexandrou, et al. are compatible, but
the former uses pseudo-PDFs and the latter quasi-PDFs

The behavior at large x for the up quark in Alexandrou, et al. is due to
systematics in the reconstruction of the x dependence in the quasi-PDF approach

We find good agreement with lattice calculations of transversity

Now that the lattice gr data point is included in JAM3D-22, the uncertainties in the
phenomenological extraction of transversity are compatible with lattice

24



UNIVERSAL GLOBAL ANALYSIS 2022 11 cambers, o, waer.promyt. ok

Sato, Phys.Rev.D 106 (2022) 3, 034014

5d JAM22 €@ Goldstein et al (2014)

JAM22 (IIO LQCD) # Radici, Bacchetta (2018)
¥ Gupta et al (2018)
JAM20+ ¥ Alexandrou et al (2020)

0.1F # Pitschmann et al (2015) P

+

Pitschmann et al (2015)
Hasan et al (2018)

ol
-
- @
. Gupta et al (2018)
Alexandrou et al (2020)

"1 Anselmino et al (2013)

—r-p— Goldstein et al (2014)

0.0F o— Radici et al (2015)
— . I Kang et al (2015)
N —— IEI Radici, Bacchetta (2018)
—0.1 . I:: Benel tal(2019)
0.2k —o—l-:I D’ Alesio et al (2020)

T~ JAM20+
—@=—t . [JAM22 (no LQCD)

—0.3 H JAM22

0.4 0.6 0.8 1.0 Su 0.5 1.0 1.5 2i0 gr

o Tensor charge from up and down quarks su and 5d Q2=4 GeV?
and gr = éu-6d are well constrained and

compatible with both lattice results and the
Soffer bound

du=0.74 = 0.11

6d=-0.15*0.12

gr= 0.89+0.06

o The tension with diFF method, Radici, Bacchetta (2018)
becomes more pronounced: is it due to the data, theory,
methodology? Both methods should be scrutinized. 25




TENSOR CHARGE AT THE EIC AND JLAB

L. Gamberg, Z. Kang, D. Pitonyak, A. Prokudin, N. Sato Phys.Lett.B 816 (2021)

=== JAM20

—+= JAM20 + EIC(ep) 0.50\ O EIC data WI” a.”OW tO have gT
fav.

— JAM20 + EIC(ep+63He)

050- extraction at the precision at
O the level of lattice QCD
< 0.00 4 :
s calculations
000 025 050 075 1.00 0.2 0.4 0.6 0.8
JAM20: Caﬂfnmarota, Gamberg, Kang, Miller, :
Pitonyak, Prokudin, Rogers, Sato, Phys.Rev.D 102 (2020)
od o JLab 12 data will allow to
JAM20 +EIC gr _ W
+SoLID +EIC+SoLID  |rer have Complementary
— information on tensor charge
—0.10 0.750.850.95 1.05 .
- to test the consistency of the
el extraction and expand the
| Kinematical region
Alexandrou et al (2019) +
—0.20
| | + IGupta et al S2018)

0.65 0.70 0.75 080 §ay 26



TMD BOOK

o TMD Topical Collaboration TMD Handbook
o 12 chapters

A modern introduction to the physics of
v 470 pages Transverse Momentum Dependent distributions
o To be released soon
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CONCLUSIONS

o TMD studies have made great progress, they are
synergistic with many other areas: lattice QCD, SCET,
small-x, jets, etc

o Current: HERMES, COMPASS, JLab 12, BELLE, RHIC
spin, and LHC provide great experimental measurements
for TMD physics

o Future: EIC, together with other experiments such as
SoLID and BELLE Il, will make significant contributions to
TMD physics

28



BACK UP SLIDES
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UNIVERSAL GLOBAL ANALYSIS 2020

Cammarota, Gamberg, Kang, Miller, Pitonyak, Prokudin, Rogers, Sato Phys.Rev.D 102 (2020) 5, 05400 (2020)

SIDIS
| 1K Collins asymmetry
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npoints 126

Sivers asymmetry
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UNIVERSAL GLOBAL ANALYSIS 2020

Cammarota, Gamberg, Kang, Miller, Pitonyak, Prokudin, Rogers, Sato Phys.Rev.D 102 (2020) 5, 05400 (2020)
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UNIVERSAL GLOBAL ANALYSIS 2020

Cammarota, Gamberg, Kang, Miller, Pitonyak, Prokudin, Rogers, Sato Phys.Rev.D 102 (2020) 5, 05400 (2020)
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UNIVERSAL GLOBAL ANALYSIS 2020

Cammarota, Gamberg, Kang, Miller, Pitonyak, Prokudin, Rogers, Sato Phys.Rev.D 102 (2020) 5, 05400 (2020)
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