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Accessing TMD PDFs and FFs

TMD factorization works in the domain where there are two observed momenta in the
process, such as SIDIS, DY, eTe™. Q > qr: Q is large to ensure the use of pQCD, qr is
much smaller such that it is sensitive to parton’s transverse momentum

SIDIS off polarized p, d, n targets

L * HERMES

o, COMPASS gtP=hXq(x) @ 67971 @ D (2)
JLab
future: EIC

polarised Drell-Yan

N X

COMPASS ~

RHIC o~ Gy (x1) @ qp(xy) @ GIT7HE(S)
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future: FAIR, JPark, NICA
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The spin of the proton

Three twist-2 quark DF’s in collinear approximation (| dk )

Eg\il ‘(x) = —{Q(x) + S1¥591(x) + Srysythy (0)In®
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TMD Distribution Functions

transversity

o Nucleon
pretzelosity @

® ® twist-2
& - &

worm-gear L

Boer-Mulders

O’ nucleon with transverse or longitudinal spin

- @ parton with transverse or longitudinal spin

flq (xak Izp) ° unpolarised
1 2
7 (k) - _@,

Sivers

gf}_(x,k;) e - o

helicity

—) parton transverse momentum

Proton goes out of the screen. Photon goes into the screen k; — intrinsic transverse momentum of the quark
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Q
F(x,b;Q) = CQF(x,c/b") exp{ f/f dli (A 2f + B)} X eXp[_Snon—pert(br Q)]
c/b*

QCD evolution of TMDs in Fourier space (solution of equation)

Non-perturbative part
has to be fitted to
experimental data

The key ingredient is
spin-independent

Evolution of
transverse
part (Sudakov
form factor)

Evolution of
longitudinal/
collinear part

Polarized scattering data comes as ratio: e.qg. Asm(d)h Ps) = FUSiTn(th_(pS)/FUU

Unpolarized data is very important to constrain/extract the key ingredient for the
non-perturbative part



Effect of QCD evolution

- What evolution does

- Spread out the distribution to much larger k. At low k , the distribution decreases due to this spread
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gaussian fit does not capture the effects of
evolution quite well

Echevarria, Idilbi, Kang, Vitev. Kang, Prokudin, Sun, Yuan
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Importance of unpolarized SIDIS

- The cross section dependence from Py results from:
- intrinsic k of the quarks

- p, generated in the quark fragmentation

q ki
- The azimuthal modulations in the unpolarised cross sectio]hs\Jomes from:
» Intrinsic k| of the quarks

» The Boer-Mulders PDF

- Difficult measurements were one has to correct for the apparatus acceptance

- COMPASS and HERMES have
. resultson °LiD (~d) and d and on p (Hermes only)

«  No COMPASS measurements on p since on N H; (~p) nuclear effects may be important

- =>COMPASS-II, measurements on LH, in parallel with DVCS
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Positive vs Negative charged hadrons
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Global Analysis: Unpolarized TMD

Global analysis of semi-inclusive DIS, Drell-Yanand Z production data with
TMD evolution

SIDIS multiplicity (example) Z production

(Q%)=1.5 GeV? {CF)=1.8 Gev? (Q*)=2.9 GeV? (Q)=5.2 GeV? {Q%)=9.2 GeV?

F Do COF
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A. Bacchetta et al., J. High Energy Phys. 06 (2017) 081.
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The matching problem (qr/Q > 1 region)

A

COMPASS 17 ht N. Sato
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Transversity PDF

hlx) = q""(x) — ¢" (%) q = Uy, dy, Gsea
quark with spin parallel to the

nucleon spin in a transversely
- polarised nucleon

 probes the relativistic nature of quark dynamics
* no contribution from the gluons — simple Q# evolution

 Positivity: Soffer bound Soffer, PRL 74 (1995)
« first moments: tensor charge 8q(Q?) = f01 dx[h?(x) — hd(x)]




Transversity

is chiral-odd:

observable effects are given only by the
product of h‘ll (x) and an other chiral-odd function
can be measured in SIDIS on a transversely polarised target

via “quark polarimetry”
. “Collins” asymmetr
/N" > 7'h X s asy y _
Collins” Fragmentation Function

/N' 5 /"hh X  “two-hadron” asymmetry

“Interference” Fragmentation
Function

A polarisation
Fragmentation Function of g1—=>A

IN" >0 A X
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Collins asymmetry on proton

9/21/2018

COMPASS positive pions x<0.032 preliminary
COMPASS positive pions x>0.032 preliminary N
ES t~ PLB 693 (2010) rescaled by (1-<y=)/(1-<y>+<y>7)

COMPASS negative pions x<0.032 preliminary

COMPASS negative pions x>0.032 preliminary S
HERMlES 7= PLB 693 (2010) rescaled by (}-<y>)f( | -<y=+<y=>")
P ' L | | |

1
0.5 1
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Collins asymmetry on proton. Multidimensional
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COMPASS preliminary
107 = Proton 2000 data
C b QiGeviey = 1

Ore dense plot out
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TMDs at STA

current data for Collins and Sivers asymmetry:

e COMPASS h':P,, <1.6GeV
O HERMES =*, K% P, <1GeV

¥ JLab HallA =':P,; <0.45 GeV
552< JLab 12 (upcoming)

¢ RHIC 500 GeV -1 <7 < 1 Collins
© RHIC 200 GeV -1 <7 < 1 Collins
® RHIC 500 GeV 1 < 1 < 4 Collins

¥ STAR W bosons
>% STAR-pp DY +s =500 GeV

Before STAR TMDs came only from fixed target data = high x @ low Q2
6 needed to establish concept at high Q2 and wide range in x
polarised pp at RHIC

STAR unique kinematics: from high to low x at high Q2
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TSA of inclusive jets and r* within jets from STAR

The Pjer 7 Of the jet and the P+, momentum transverse to the jet axis provide the
hard and soft scales for TMD factorization.

These measurements extend the kinematic reach in both x and Q2 beyond the existing
SIDIS measurements

Different mixing of flavors, and stronger gluon content

dO-T(d)S' (pH) - dal((pSr (pH)
~dAoy sin ¢
+dAoy sin(¢ps — ¢y) + dAoq sin(ps + ¢y)
+dAo; sin(¢ps — 2¢y) + dAoy sin(pg + 2¢y)

L. Adamczyk et al. (STAR Collaboration), Phys. Rev. D 97, 032004 (2018).
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TSA of inclusive jets and r* within jets from STAR

[ pl+p—jet+X
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Ay asymmetries consistent with zero in all rapidity intervals and over the full
P_+,range
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TSA of inclusive jets and r* within jets from STAR

_ pl+p—jet++ X Vs =500 GeV
| 0< Mgt < 1 (pTliet) =31.0 GeV/c
— ® STAR2011r*

~ |[©]sTAR 20117

&
e

e B

- e

—  Model Curves Positive: n*
| Model Curves Negative: m

==== DMP+2013 =<: KPRY === KPRY-NLL

0.1 0.2 0.3 0.4
z

COLLINS asymmetries: general agreement between data and predictions from
SIDIS consistent with TMD factorization and universality of the Collins function
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Interference fragmentation functions in pp

p'p = mtn~X > hy - H — -
St survives in collinear framework ur sin (¢rs) =

1 dot — dot
Pol dot + doVt

Radici, etal. V5 = 500 GeV
» STAR ys = 500 GeV
o STAR ys =200 GeV
[ particle ID
[ trigger bias
T, 0=13 GeVic for {5 =500 GeV
P 0= 6 GeVic for s =200 GeV
O=0

4.5% scale uncertainty

due to beam polarization

3

% STAR |5 =500 GeV

2

Q? [GeV¥c?

2

STAR s = 200 GeV

M,, (GeVic?)

B HERMES

O Significant di-hadron asymmetries both at

Vs=200GeV and V/s=500GeV (arXiv:1710.10215)
O Increasing with p;

L Access to transversity with a collinear observable

-y
o
T T

-
LLLLL
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ACOU on proton and *P, model for FF

Albi Kerbizi et al. @ DSPIN17 http://theor.jinr.ru/~spin/2017/
Phys. Rev. D 97, 074010 (2018)/arXiv:1802.00962

O m COMPASS

A T COMPASS
L ® m MC

’ A T MC

%&éé}

‘Mﬂéﬁ.é : ‘%‘

i

:L N
T

“eise%

| \ \ |
02 04 06 0.8

Transversity 2017

The curves are fits of the Monte
Carlo data, scaled by
A~(hY/f)~0.055

Agreement with the measured
Collins asymmetry is quite
satisfactory



http://theor.jinr.ru/%7Espin/2017/
https://arxiv.org/abs/1802.00962

2h asymmetries on p and >P, model for FF

q 2
ASin(dR+es—m) _ 2qeq ih (x)Hq—>h h, (Z Mhlhz)
UT h
Zq qu(x)D = Z(Z h1h7)

O COMPASS
® MNC

%§¢£i.¢

'#%%..% .

e

az.fT —h X

02 04 06 08 0.5 1 1.5 2
z M. (GeV/c?)

i

= (sin(¢g + ¢ps — 7)) and R = 22Pn1=21Pr2 54 a5 hefore A~(h*/f#)~0.055

Al +Zz

Transversity 2017



A transverse spin transfer from COMPASS

COMPASS preliminary

A - all candidates Zq 85 hg (X) H{\(K) (Z)

Pym(x,z) = —
B e DI )

dN
e d cos G*

X
COMPASS preliminary

o< A(l + aPyz) cos 0*)

A - all candidates

9/21/2018 spin2018



A transverse spin transfer from STAR

9/21/2018

(@ 0<n<1.2

T

(b) -1.2<n<0

%

|
4
Py

[GeV/c]

doP'PoAX _ g0 oA

D =
T dO.pr—>ATX + dO-pr—>AlX

T l l T
1 \/NCOSG*N—COSG* _\/NCOSG*N— cos 0*

Dy =

B aPg(cos 9*)\/

T l l )
Ncos G*N— cos 6* + \/Ncos G*N— cos 6*
dN

YT o< A(l + aP 5z cos 9*)

About 60% of A or A are not primary
particles, but are from heavier hyperons
decay.

Dy (A) = 40.031 + 0.033,,, + 0.008
Dyr(A) = —0.034 + 0.040,,, + 0.009

Sys
Sys
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Sivers Asymmetry

Sivers: correlates nucleon spin & quark transverse momentum k; /T-ODD
at LO: 2 ¢4 h
) 2q€, fqu® D,

2 h

2.q ,a® Dy

Asiy = kp' = pXh

The Sivers PDF

J. Collins proofs fi% = 0 for T invariance

J. Collins shows that(fi%)py = —(fi¥)sipis
COMPASS ond: A%, = 0and A%, = 0
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Sivers Asymmetry

qu)sw( Z) Zq eqxfﬂ" (x kJ_)®D1q(Z pJ_)
Fyu(x,2)  Ygeixf(x, k2)®D (z, p?)

- To evaluate it we need to solve the convolutions (i.e. make

hypothesis on the transverse momenta dependences of the
TMDs)

Agiy (x,z) =

-ki/<kl>s —pi/<p )

- Gaussian ansatz: £/ () =5— DL (@) )

S

L(1)q
. Leading t0:Ag, ¢ (x, 2) = ——YEM___Za€i*ir 2044\ ith fr(x) =
| Juigetor) Zacaeh OPi @

fdsz 2M2f1 q( kT)




TMD PDFs

Parity and Time reversal invariance =

The theoretical expression of TMDs has a more complicated structure of the
gauge link, connecting two space -time pomts with a transverse separation

fq/N(xr kJ.) f dr— —lMxr‘/2+ikl-rl

(N(P)Iq(r™ TL)VJ“W?‘ 715 01q(O)IN(PIM -+ ~1/v50

The Wilson line W is no longer on the light-cone axis and may introduce a
process dependence

(f 1Tq )DY (f 1Tq )SIDIS

Most critical test to TMD approach to SSA

9/21/2018
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Sivers asymmetry on p

COMPASS positive pions x<0.032 preliminary
COMPASS positive pions x>0.032 preliminary
HERMES n* PRL 103 (2009) %

% 8 i

%3 4

Ll P . 1
COMPASS negative pions x<0.032 preliminary
COMPASS negative pionsx>0.032 preliminary
HERMES = PRL 103 (2009)

| & * i; %E’ %{’ %




Transverse Spin Asymmetry in Drell-Yan

190 GeV/c m beam, transversely polarized NHstarget

[ STAR p-p 500 GeV (L = 25 pb™) [ STAR p-p 500 GeV (L = 25 pb™) fJ' = —fJ'
of STARPS gESTARPA 1T,DY 17, SIDIS
r0.5<P,. <10 GeV/c r0.5 <P, <10GeVrc

[« COMPASS 2015 data T

a KQ (assuming “sign change”) _ KQ (no “sign change”)

°l T Global y2/d.of.=7.4 /6 L T T Global y2d.of.=19.6 /6

-O1"3.4% beam pol. uncertainty not shown ~U.01" 3. 49 beam pol. uncertainty not shown

- L I 1 1 1 1 I 1 1 1 1 I - L I 1 1 1 1 I 1 1 1 1 I
-0.5 0 0.5 0.5 0 0.5

yW yW

PRL119, 112002 (2017).
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The weighted Sivers asymmetry

- If we weight the spin dependent part of the cross-section

Fo' P (x, z) = 3, €2 J d?PrPrF,(x, 2, P})

with w = Py /zM, i.e.

2

D o Pr
F;}nq)s”’w( ,z) =X, €4 J dZPT—F (x,z,Pf) = 2%, egxf; (1)q(x)D1q(z)

S k
and Fy(x, z, Pf) = fdszfdz 52(PT _ZkT pT) PA;Pszfl T (x, k7 D14(z, p7)

we have no longer a convolution but a product of two integrals and we can
write

Fot®sv¥ (e, 7))  Bqedxfir ()DL, (2)

FUU(x Z) B Zq eqxfl (X)D (Z)

Sw(x Z) —

1(1)q 1q
with fim 77 (x) = dekT f1 (x, k7) arXiv:1809.02936 A.Martin/this conf
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https://arxiv.org/abs/1809.02936

The weighted Sivers asymmetry

1(1
Zq ec%xf;[T( )q(x) f D{lq (z)dz standard cuts

Ag,(x) =2
siv (%) Y e2xfl(x) [ DR (2)dz  w=Pzm 0.2

both £z V"

contribute

and fllT(l)d
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The weighted Sivers asymmetry

1(1
Zq egxfﬂ*( )q(x) f D{lq (z)dz standard cuts

Zq eéxflq (x) f D{lq (Z)dZ w = Pp/zM z>0.2

Ag,(x) =2

o 4(x)/mM(zPr)

1072 107! 107 107
X

The ratio between weighted and unweighted Sivers asymmetries follows the
average of 4(x)/mM(zPy) of the unpolarised sample
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Sivers Asymmetry for Gluon from SIDIS

deuteron

0

-0.5

0.5

deuteron ) proton

0

-0.5

Xg

0.1

deuteron ) proton

0

o
-l

°g

-0.1

Xgj ' 102 10"

ASVA — 014+ 0.15(stat.) £ 0.10(syst.)  Apey” = —0.26 + 0.09(stat.) = 0.06(syst.)
(Xg) =0.13 (xg) =0.15

C. Adolph et al. (COMPASS Collaboration), Phys. Lett. B 772, 854 (2017).
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Already on tape

- COMPASS @ CERN:
- 2016-17 DVCS and SIDIS on LH,
- 2018 DY run

« STAR @ RHIC
- 2017 350 pb_1 14 times Run-11for —1 <n < 1.8 — Ay, WJ—“/ZO, Collins,

- 2018 RUN @ Jlab 12
- HALLA

- HALLB
- HALLC




JLab 12: valence maping of TMDs and GPDs

- HALLA
- Ongoing GPDs: E12-06-114: Deeply Virtual Compton Scattering

« Future SOLID experiment

- HALLB
- Ongoing GPDs: E12-06-108 (hard exclusive electro-production of 7% and n,

- Ongoing SIDIS: E12-06-112/A/B (SIDIS production of i, A in target region,
nucleon structure at twist-3)

- And much more in future

- HALLC
- Ongoing TMDs E12-09-017 (range 0.02 < x < 0.5, 2 (GeV/c)? < Q? <
5 (GeV/c)? and P,y < 0.5GeV/c; ~60% of data acquired, remainder in late
2018).

- A" (E12-06-110) in late 2019

9/21/2018 spin2018



Physics in 2021+
Objective:
unique program addressing several fundamental questions in QCD

- essential to
O the mission of the RHIC physics program in cold and hot QCD
O fully realize the scientific promise of the EIC
> lay the groundwork for the EIC, both scientifically and by refining the
experimental requirements
» Test EIC detector technologies under real conditions, i.e SiPMs

pp. pA and AA program based on two pillars

- midrapidity program based on existing STAR detector utilizing iTPC, eToF
and EPD upgrades

- forward rapidity program based on unique upgrade of STAR
Upgrade consisting of Hcal + ECal + tracking (Si +sTGCs) at 25<n < 4

Goal:
Have the forward upgrade operational for a polarized pp@500 GeV run in 2021
and run during the sPHENIX data taking campaign (> 2023)




SoLID Impact on h; and Tensor Charges

World vs. SoLID

1
including systematics
1

9/21/2018

Dyson-Schwinger equation
Phenomenology

Lattice QCD

Future experiment

Xu et al. (2015)
Yamanaka et al. (2013)
Bhattacharya et al. (2016)
Abdel-Rehim et al. (2015)
Bali et al. (2015)

Green et al. (2012)

Aoki et al. (2010)
Gockeler et al. (2005)
Kang et al. (2016)

Radici et al. (2015)
Goldstein et al. (2014)
Anselmine et al. (2013)
Yeetal. (2017)

JLabl2 SoLID

spin2018




COMPASS deuteron data in 2021

- Expected gain in precision on u- and d-quark transversity

.03 .03
E =

F. Bradamante/this conf.
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To conclude

Many important results both for the spin structure and the internal 3D
structure of the nucleon have been provided by experiments at hera,

cern, rhic and jlab

And many will come in the future: Jlab will map the valence region with
high precision; compass and rhic will complete their programs

he science

Finding 1: An EIC can uniquely address three profound
uestions about nucleons—neutrons and protons—and how
hey are assembled to form the nuclei of atoms

FINALLY, WE WILL NEED A DEDICATED POLARISED eN MACHINE
GIVING ACCECC TO BOTH P AND N WITH HIGH INTENSITY AND LARGE
PHASE SPACE COVERAGE TO MOVE FROM EXPLORATION TO
PRECISION ALLOWING US TO ANSWER THE VERY CHALLENGING
QUESTIONS WE ARE FACING







TSA of inclusive jets and r* within jets from STAR

p+ pae t+ =+ X Vs = 500 GeV
h]l 1 {z)=0

|
)=0.18

+p41et+1r+X (s = 500 GeV
I<1 (p ) 10.6 GeV/c

\\\%&
DMP sKietzer \

=] DMP+Kretzer
[ ] DMP+DSS L [*]STAR 2011 [ ]DMP+DSS
oo ey b b by L Ly PR AT T S AN T SR
9 10 11 12 13 14 15

0.1 0.2 .”".H”o.lslll‘o.‘a"l
Particle-jet P, [GeV/c]

\

NN

(=]

sin(0,-20,)
uT

A

COLLINS LIKE asymmetries: sensitive to linearly polarized gluons in a polarized

proton, are found to be small and provide the first constraints on model
calculations.
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TSSA Ay studies at PHENIX

1.4<|n|<2.4 1.25<pT<7.0 GeVic
—— p’+ p - h*+X {s=200GeV
—=— p"+ p — h'+X {s=200GeV

;

I

% Mmr LI
f 1 ?ﬁ

——
PH ENIX
preliminary
<p>= 1.6,1.7, 2.1, 2.8, 3.7 GeVlc (xF>0}
Scale uncertainty : 3% (not shown)

fb

01 005 0 005 0.1
Xg

Described by twist 3 collinear approach (2 scale, high pr)
Suppresion in p' A expected by gluon saturation (o< A%/3)
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Physics Beam Beam | Trigger | Beam Earliest Hardware
Program Goals Energy | Intensity | Rate Type Target | start time, Additions
[GeV] | [s7'] | [kHz] duration
up Precision active TPC,
elastic proton-radius 100 4.10° 100 u- high-pr. 2022 SciFi trigger,
scattering measurement H2 1 year silicon veto,
Hard recoil silicon,
exclusive GPD E 160 2.107 10 u= NH; 2022 modified
reactions 2 years PT magnet
Input for 7 production | 20-280 | 5- 10° 25 LH2, 2022 LHe
DMS Cross section LHe 1 month target
target spectr.:
P-induced Heavy quark | 12,20 | 5- 10’ 25 LH2 2022 tracking,
Spectroscopy exotics 2 years calorimetry
Drell-Yan Pion PDFs 190 7-10° 25 /W 2022
1-2 years
“active
Drell-Yan | Kaon PDFs & | ~100 108 25-50 | K%, 7 | NHL, 2026 absorber”,
(RF) Nucleon TMDs oW 2-3 years vertex det.
Kaon polarisi- non-exclusive
Primakoff bility & pion | ~100 | 5- 10° >10 K~ Ni 2026
(RF) life time 1 year
Prompt non-exclusive
Photons Meson gluon | =100 | 5- 10° | 10-100 | K* LH2, 2026 hodoscope
(RF) PDFs Ni 1-2 years
K-induced High-precision recoil TOF,
Spectroscopy | strange-meson | 50-100 | 5- 10° 25 K LH2 2026 forward
(RF) spectrum 1 year PID
Spin Density
Vector mesons Matrix 50-100 | 5-10° | 10-100 | k¥, 7" | fromH | 2026
(RF) Elements to Pb I year



https://arxiv.org/abs/1808.00848

12 GeV Upgrade Physics Instrumentation

GLUEXx (Hall D): exploring origin of
confinement by studying hybrid mesons

CLAS12 (Hall B): understanding nucleon
structure via generalized parton distributions

SHMS (Hall C): precision determination of
valence quark properties in nucleons and nuclei

Hall A: nucleon form factors
& future new experiments like Moller & SOLID
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Global Analysis: Transversity

- Q2=2.4Gev?

wveeee @ =24GeV? D
— Q*=10Gev? 4
— —. Q*=1000 GeV*

02 04 06 08 |
X

Z.-B. Kangetal., M. Anselmino etal., M. Radici and A.
Phys. Rev. D 93, Phys. Rev. D 92, Bacchetta, arXiv:
014009 (2016). 114023 (2015). 1802.05212[hep-ph]
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Kinematic coverage

Q* (GeV/icY
Q? (GeV/icY
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