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TMDs Multiparticle Final States

The outline of my talk:

" EIC: Lepton-hadron collisions and their advantages and challenges

" TMDs: Collision effect vs. the true information on the 3D hadron structure
Ideas for overcoming the challenges

" Summary and outlook
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TMDs: 3D imaging in momentum space

NO quarks and gluons can be seen in isolation!

b_

Tomographic images - GPDs

] Need new observables with two distinctive scales:
Q1> QQNl/RNAQCD §

" Hardscale: (), tolocalize the probe to see the Longiuanel momenum
particle nature of quarks/gluons

= “Soft” scale: ()2 could be more sensitive to the

N T
hadron structure ~ 1/fm M

QSIDIS: e(€) + N(p) = e(¢)) + h(pn) + X with Q* = —(£—£')?

= Provide a natural two-scale process: Q% > piT in photon-hadron frame

rgnsverse

position
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Lepton-hadron semi-inclusive deep inelastic scattering (SIDIS)

Q* > Pp,
In photon-hadron frame!

f(x,kr,Q) - TMDs

Parton’s confined motion, ...

do

dr dy dip dzdgy dP?,

zyQ? 2(1 —¢)

2 2
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Transverse momentum dependent PDFs (TMDs)

O Quark TMDs with polarization:

Quark Polarization

Unpolarized Longitudinally Polarized Transversely Polarized
V) (> (M
Ul fi(eki) @ n-x.ki) @ - @
- Boer-Mulders
S
gL g (k) @—- @—| hi(xk}) @— @—
§ Helicity Long-Transversity NUCIeon
L Analogous tables for: Polarization
s S (k) Wk @ - @ . g
% 1 o Transversity e Gluons fl - fl etc
2| T ‘_ ng(x:sz)é - é © Fragmentation functions
@ ) h (kD @y - @ 1
Sivere Trans-Helicity retelosity o Nu0|ear targets S 7& E
J Polarized SIDIS: In photon-hadron frame:
e, e( )+ N(P,T) = e(l)) + h(Ph) + A" oc (sin(g, + ), < h @ H!
P hes o H . Sivers . il
\ o Single Transverse-Spin Apre” oc (sin(g, —¢S)>UT < fir ®D,
i 7\ I ~_ AsymmEtry Pretzelosity . 1 1
Two planes . Apr o <Sm(3¢h _¢S)>UT o hy ® H,
) i ol ‘ : L oiney — 0N . .
eptonic plane Ayr = o s Angular modulation provides the best
Hadronic plane N s IN(T) IN()
5 p S, way to separate TMDs .g_e,f:f/e-’rgon Lab



TMDs: 3D imaging in momentum space

b_

Tomographic images - GPDs

If the proton is broken, e.g., in SIDIS, ...

Gluon shower — QCD evolution

NO quarks and gluons can be seen in isolation!

Emergence of a hadron
hadronization

Confined motion

* Measured k; is NOT the same as k; of the confined motion!
= Structure information vs. collision effects — The Challenge One!

Transverse momentum
broadening:

X OzS(CF,CA)

X 1Og(Q2/A2QCD)
x log(s/Q?)

~ Confined motion - TMDs

=

> 1

=

Structure information is diluted
by the collision induced shower!
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TMDs: 3D imaging in momentum space

NO quarks and gluons can be seen in isolation!

b_

Tomographic images - GPDs

If the proton is broken, e.g., in SIDIS, with

a large momentum transfer ... Without measuring radiated
. photon:
h
qn — qu

@ =i - @ =i

Q? Q?
Photon shower — QED evolution 'B=5p., Tp = 2P . 4
Collision-induced q 1

QED radiation lll-defined “photon-hadron” frame?!
= True kinematics of the probe — The Challenge Two! PhT < DhT

.g_e,t?;gon Lab



The challenge one: Gluon shower — QCD evolution

] The classical two-scale observables for TMDs:

Semi-Inclusive DIS Drell-Yan Dihadron in ete-
o ~ fq/p(z,kr)Dpg(z,kr) 0~ fop(x k) fq/p(2, k) 0 ~ Dy sg(,k7)Dhy (0, )
e" m

Need all of them to separate

wo
- / Q-(J}v -+ /
e F e+ e-
o-»% \_ S\::E? | TMD PDFs from TMD FFs!
9 e ye -
</

‘l’ Fragmentation
h Dy q(x, k) qr < Q

[ Lessens learned from Drell-Yan from a wide range of Q2

— 3 — — 2
o(qr) = H(Q, 1) /d2bT e’ 00T fo(Za, br, 115 Ca) fo(®b, b1, 11, C) + O(%)

r I T o(gr)

Hard virtual fo(@a, kr, 11, Ca)
corrections

© kr~bp' ~Aqep fq(zx, ET) nonperturbative

Evolution perturbative qT

o kT ~ bq—_'l >> AQCD fq (CE’ ET’ /_,l,’ C) = Z/i—y qu(grzl':ﬂwC) fz(mp’)
‘ PDF



The challenge one: Gluon shower — QCD evolution

[ Lessens learned from Drell-Yan at a large Q?: e.g., Higgs production at the LHC

2
do(Q,qr) _ Cg)}bTJo(QTbT)H(Qaﬂ)f(xav b1, s Ca) F (20, b1, 1 Go) + O (q_T>

dydqr , Q?

s =
g o0z | S8 02 | — u=c/b
m,=125 GeV 30‘175 T 3:-0_175 L PN T /J'—:"h/z
- o —
(= f=J M= My
- © 0.15 | © 015 |
vs=14TeVv 3 S i m,=125 GeV
v=0 50125 | — u=c/b - S 0.125 ¢ vs=14 TeV
s —> o1 E1 o ox | N
. =2 M, r
0.075 + 0.075
m,=125 GeV
0.05 1 vs=14 TeV 0.05 _
0.2 fm 0.025 - y =0 0025 0 TR |
0 Pl [ | 1 1 L L 0 1 Lo 1 1 0 E ) 1 ! 1
0 0.20406 0.& 1 12141618 2 0 5 10 15 20 25 30 35 40 0 20 40 60 80 100
(a) b (1/GeV) (a) Q, (GeV) (b) Q; (GeV)

] Lessens learned from Drell-Yan at a lower Q%

Berger, Qiu PRD67 (2003) 034026

Not sensitive
to the structure
other than PDFs!

e.g., Upsilon production at the Tevatron

0 zomo T III T I rrTI I T I rrTT 1om V—.iA [ T T T T I T T T T I T T T T | T T T T ]
é{» (a) ys==ol 8 TeV :e;_ % —
2 15000 || 1 % e 2 10" i Gluon shower generates k;
I =3 3
| Y = oy @
10000 [ | 4 s00 l _§? ] Not much sensitive
: T 10 - vas) — to the structure
| < E o =
5000 11 250 = S o Y(25) ] other than PDFs!
: _ I =  Y(3S) s
OOIL-IIOTSIIII1 1T5I1112 00 05 1 15 2 10 ” — - — /’7
b(1/GeV) b(1/GeV) o S 10 pf(GeVz) -Le,f,f—erson Lab



The challenge one: Gluon shower — QCD evolution

[ Extracting hadron structure needs data with sufficiently large Q?, but, not too large S

10° F——— ———ry ———rry ———
: With the proton broken!
10ty LT 777 Y Asymptatic
[ T l
& PQCD
103 |
% — Beos works
O [— e beautifully!
V102 F gian
= —— PHENIX
—e JLab 22 Hm
O — ULab 12
2Lab 1< (51 fm
10{)0—5 14° Transition Region

= Factorization is proved for a given Q?, which is sufficiently large to neglect the power corrections
= Q2-evolution is a perturbative QCD prediction and improvement
— physically measured cross section does not depend on how it is factorized by the “theorists”

.g_eji/f;gon Lab



The challenge two: Photon shower — QED evolution

1 The “Probe” for the hadron is smeared by the induced QED radiation:
Data sample : Int L = 10 fb!, Kinematics settings: 0.01<y<0.95, 102 GeV2<Q2<105 GeV? e

P(p,)
trueY true&)024 [G.evg]05 QM — Q,LL
Instead of a straight line — linear correlation, Q2= 2 - 02 =
the kinematic variables, y, Q2 , xg, from the leptons are smeared so much 02
to make them different from what the scattered “quark” experienced! BT 9p g — TB=

lll-defined “photon-hadron” frame?!

X (p,)




No simple radiative correction for SIDIS

[ Radiative correction = keeping the Born kinematics:

OMeasured = RC X ONo QED Radiation

Necessary requirement: RC — Radiative correction factor
does not depend on the hadronic physics that we want to extract

U Impact of QED radiation to SIDIS — order of oy

d = OMeasured / ONo QED Radiation P I. Akushevich et al.
1 >y ; e(l) + N(P) = e (I') + h(Pn) + X EPJ C10 (1999) 681
i ,: lz=0.4 .
1.05 |- =06 Dashed line:
Gaussian pT-dependence
1 b exp(—bp?) where b = R*/2*
Solid line:

Power pT-dependence
[ 1 ]CHZ parameters: R, a,b,c,d

a+bz+ p?
Y T I T T & depends on physics we want to extract!
10 VS =719 GeV,zp = 0.15,Q2 = 4 GeV? Pt/Pt maz NO simple RC for SIDIS! .Le,f},eﬂrgon Lab



Inclusive lepton-hadron deep inelastic scattering (DIS)

. . . . «“ _ ” . - . Liu, Melnitchouk, Qiu, Sato
 Collinear factorization with the “one-photon” approximation: 200802895, 2108.13371
ek,
d*oip—ex /1 ac [* ° ip
~ =) dg D Ca :u2 f 57 M2 -
dz pdy o © S, Do el &) [,
ra® 1. . . A N P A
x—— 25 Fi(35,Q%) + (1- § - 73°4?) Fa(@s, Q)]
IpyQ* .
X (@,

P,
104} /5 = 140 GeV 2, =0.1
® QED radiation prevents a well-defined “photon-hadron” frame o 10°) z,=0.01
= Radiation is CO sensitive as m./Q — 0, factorized into LDFs & LFFs E Lz =0.001
N Q102 T
" Hadron is probed by (zp,Q?) — (&5, Q%) 5
{
101 L
A ~ 1— ~ 1 0.01 <y <0.95
b 10° 10! 10 10°
. . . . . . Q* (GeV?)
A simple RC factor at x; is necessarily sensitive to hadronic information from [xg, 1] !
c 2
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Inclusive lepton-hadron deep inelastic scattering (DIS)

[ Numerical impact of QED contribution at EIC ( V'S = 140 GeV ):

OnoRC 01
no RN Y

ORC O measured

B. Badelek et al.

=n(zp,y) Z Phys C 66 (1995) 591

10 3L Current polarized DIS data:
F  OoCERN ADESY o¢JLab OSLAC

Current polarized BNL-RHIC pp data:
- @PHENIXT® ASTAR 1-jet

If we do not have confidence for y > 0.5, due to QED radiation,

EIC’s eP reach to small-x could be reduced to z,;, ~ 1 x 10~*

L1 L Lol ! L L1
107 1073

" (b) /s =140 GeV

Q? = 100 GeV?

g 1
%0.8
0.6
(@] L
At /S =140 GeV 04|
Q? =1 GeV? 0.2
y=0.95 0
1.50
EIC eP could reach: | o5
Lmin ~~ 5 X 10_5 éﬂd)
; \01.00
Q°=zpyS 75
S
| 0.50
=
0.25
0.00

or effectively, v/ = 140 GeV — 102 GeV at y = 0.95

12

“RC” depends PDFs!!!

000 102 10 xp

—Oo— FERRAD35
—e— TERADS86

Vs = 23 GeV]
- Red vs. Blue y = 0.9
Different PDFs

L1 11111 I [ 1 I I |

102 101




Inclusive lepton-hadron deep inelastic scattering (DIS)

[ Numerical impact of QED contribution at EIC ( V'S = 140 GeV ):

B. Badelek et al.
Z Phys C 66 (1995) 591

OnoRC 01
no RN Y

ORC O measured

=n(zg,y)

ama —
10% - Measurements with A = 56 (Fe):
F e eA/pADIS (E-139, E-665, EMC, NMC)
= vA DIS (CCFR, CDHSW, CHORUS, NuTeV)
© DY (E772, E866)
10°F
NA
=
()]
S L
o F
&/
1 perturbative
£ non-pertUrbative
0.1~

If we do not have confidence for y > 0.5, due to QED radiation,

EIC’s eA reach to small-x could be reduced to z_;, ~ 2 x 107

1.2

(b) +/s=140 GeV

Q? = 100 GeV?

g 1
%0.8
0.6
(@] L
At /S = 100 GeV g 0.4}
Q? =1 GeV? 0.2
y = 0.95 0
1.50
EIC eA could reach: | o5
Trnin ~ 1 x 1074 2
; %1.00
Q°=zpyS 75
S
| 0.50
=
0.25
0.00

or effectively, /S = 100 GeV — 73 GeV at y = 0.95

13

“RC” depends PDFs!!!

000 102 10 xp

—Oo— FERRAD35
—e— TERADS86

T

Vs = 23 GeV]
- Red vs. Blue y = 0.9
Different PDFs

L1 11111 I [ 1 I I |
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Collinear Factorization for QED Radiative Conntribution

[ Without the “one-photon” approximation: Liu, Melnitchouk, Qiu, Sato
2008.02895, 2108.13371

~ Inclusive single lepton production at high transverse momentum

dokp—sk’
By Uk(;k/kX = Z/ C2 e/j(C H )fi/e(€7u2>

7] a min fmln

X/ ?‘]ECL/N(Qj M )Hw—m'X(fkaxPa k//C?M2) +

No structure functions, but
have PDFs, LDFs, LFFs, ...

LO NLO:
(b) k,
k
Ny p
7 Beyond one-photon
exchange

14




Lepton-hadron semi-inclusive deep inelastic scattering (SIDIS)

H H . Liu, Melnitchouk, Qiu, Sato
 Inclusive production of a lepton and a hadron: 200802895, 2108.13471

e(f) + N(P) = e(f)+ h(Py) + X

Momentum imbalance between the lepton and the hadron could be sensitive to
both parton TMDs and lepton TMDs

Typical parton transverse momentum: k7 ~ Adcp + (k7)generated by QCD shower

J Estimate of lepton transverse momentum generated by QED shower:
1 1

Q =10 GeV
&, (8 =10.95

Worr Wrr
(arbitrary units) ~ (arbitrary units)

Resummation
to lepton TMD

017 10" 10° MU 0 E
br (GeV™1) qr (GeV)
TMDQED broadening for lepton is much smaller than typical parton kT!
Collinear factorization for high order QED contributions _Lgf_égon Lab

15



Lepton-hadron semi-inclusive deep inelastic scattering (SIDIS)

 QED factorization of collision-induced radiation — collinear: Liu, Melnitchouk, Qiu, Sato
2008.02895, 2108.13371
dﬁae(Ag)P(S)—w’PhX ! d®sy, ¢
(Ak)P(S)—k' PrX me
BeEn T prasp, Z; o €& 1 f o ETO000®) | BeBr g | YOG
j k=€Lk'=0' /¢
= |eading power IR sensitive contribution is universal, as M./ — 0, factorized into LDFs and LFFs
" IR safe contributions are calculated order-by-order in powers of a
" Neglect m./(Q) power suppressed contributions
" Collinear QED factorization for both inclusive DIS and SIDIS, or e*e;, ... [global fits of LDFs, LFFs]
d “One photon”-approximation Hybrid factorization: CO for QED and TMD for QCD!
d60'£()‘ / 1
) P(S)=0/ Py X / _f D

Tz y A2 .
" € [@BQQ‘Z 2(1 - ¢) ( )Z’wnF (%2, Q°, 20, Pir)

\ J
|

Apply a (£, ¢)-dependent Lorentz transformation: Evaluated in a “virtual photon-hadron” frame

{Q7P7Ph} {Q7P7Ph} —>

16 (£,0) In a frame to compare with exp. measurements Jefferson Lab




Lepton-hadron semi-inclusive deep inelastic scattering (SIDIS)

Liu, Melnitchouk, Qiu, Sato

(d Two-step approach to SIDIS: U Case study F: i, renitehou,
do ] 13371
dx dy dip dz dop, dP,f i B
a2 y2 '72 Cos ¢p,
w0 2(1—2) (1 + ﬁ) EUU;T +eFyyL +v/2¢e(1 4¢) cos dp Fyyypy
One-photon approximation
+ ecos(2¢p) F COS%” + Xe v/2e(1 —€) singy, FSln¢h

V2e(l +¢) singy, Fy; MO 4 e sin(26y) Fsm2¢”

+SXe | V1—€2 Frp+/2¢(1 —€) cos dp Fz%s%

+ S||

1) In “virtual-photon” frame, defined by (¢, () —

" TMD factorization when Pi; < Q?
" CO factorization when P2 ~ (2 118 sm(¢h—¢>s)( Fistn=t9) 4 ¢ Fslon9)

"  Matching to get the ]3T-distribution

+ ¢ sin(¢y + ¢s) F; sm (@ntés) | ¢ sin(3¢p, — ds) F;}i;(g%_%)

2) Lorentz transformation from the “virtual-photon”

frame to any experimentally defined frame g (2¢ .
i +1/2¢(1 +¢€) singg Frn® +1/2¢(1 + €) sin(2¢p, — Sm h—ds
— lepton-hadron Lab frame, Breit frame (xg,Q?), ... (1 +&) sings Fyg (20

QED contribution (not correction) can be
systematically improved order-by-order in power o!

+ 81| Ae [\/1 — €2 cos(¢n — ¢s) F, Cos(d)h ¢s) +1/2¢e(1 —¢€) cos ¢g cm%sqﬁs

+/2e(1 =€) cos(2gy, — gs) Fyp %% fferson Lab
—

17 }Ie ferd



Lepton-hadron semi-inclusive deep inelastic scattering (SIDIS)

Liu, Melnitchouk, Qiu, Sato
2008.02895, 2108.13371

oo ' ! [ 2 ] [(2w)2a P2 Ay A
IDI — d dé D X — F 5 , ,P
da:dedz dP,%T 4/( C f e/e(C) fe/e(f) Tn gc C@Bg Q2 2(1 —é) UU(w Q Z hT)

min &min(q) \ I
Y
Evaluated in a “virtual photon-hadron” frame

L Case study F;:

Unpolarized structure function:

Fly = s Zeﬁ /dsz d*kr 6@ (pr — kr — qr) X fo/n(T5,P%) Dpjg(z, k%) gr = Pur/z
q
: —_— Q=3 GeV
- (a) Onorc/ORC o0 ow

2

(&, () - Dependent Lorentz transformation

1.5t

Effectively, a rotation in hadron-rest frame
|
Solid — with Lorentz transformation [

Dashed — without Lorentz transformation " 5f

Impact of ¢ — 4(&,C) !
18



Lepton-hadron semi-inclusive deep inelastic scattering (SIDIS)

d Case study — single transverse spin asymmetry:

do B
dz dy dip dz dgn dP2, o
o y’ 1-|— F +eFyyL +1/2¢(1 +¢) cos ¢y, Fcosd”‘ N
Q2 201 =) o UUT UU,L uU ]
S0
, Kl
+ec08(20n) F5*?" 4 A /26(1 — €) sin ¢y, Fomr ¥ a0
—
+ 8 [V2e(1 +¢) singy, F32 o 4 esin(2¢y) Fop 20 g 006
%0.05
<
+S||)\ \/1—52 Frp+1/2¢(1 —€) coséy, FL°s¢h tzzz
&0
5002
_ ge) (FEin(@n—6s) sin(¢n—os) 3,
S| | sinon — 5) (o™ + e o ™) =

+ & sin(gn + 9s) Fyp 79 + & sin(36 — 6s) Fyp % s
©
+4/2¢(1 +¢) singg Ff}i;(’bs + m ) sin(2¢p, — Sm (2¢n= ¢S)] éoom
o
+[S1|Ae [m cos(gn — ¢s) Fopn %) 1+ \/2e(1 — ) cos o5 Fyp*® 50_000

Feos(2¢n—¢s)

+ LT

2¢e(1 —¢€) cos(2¢y, — dg)

|

19

Liu, Melnitchouk, Qiu, Sato
2008.02895, 2108.13371

0.0150

00125 { °

0.0100} :
0.0075

0.0050f]

0.0025

0.0000

LO Sivers

LO Collins

=== RES Sivers

=== RES Collins

—— RES Sivers + Collins

Q? = 100 GeV?

0.4 0.5

Vs =140 GeV
zp=0.01, 2, =05
|Sr| =1

0.00030

0.00025

0.00020

0.00015

0.00010

0.00005

0.00000

———

_______

Ol L T ——

0.1

0.2 0.4

QT/ Q

0.5

Impact of ¢ — G(£,¢) !

0.3 0.4 0.5
QT/ Q

c 2
Jefferson Lab
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Summary and Outlook

[ The lepton-hadron facility, like JLab and the future EIC, is a natural place and ideal for studying TMDs

Two scale observables, angular modulation between the leptonic and hadronic plane, ...

1 TMDs provide nonperturbative, but, universal information on the correlations between a
hadron and the properties (motion, polarization, flavor, and etc) of an active parton within it

[ Once a hadron is broken in a high energy collision, large Q, the collision-induced QCD radiation could
significantly dilute such correlations if there is a large phase space for the radiation, large S (or small x)

The challenge One

1 The hard collision in lepton-hadron scattering, e.g., at the EIC, also induces QED radiation, which
makes the “photon-hadron” frame, where the TMDs are to be extracted, ill-defined

The challenge Two
U The challenge One: Need good data from region where Q2 & S are sufficient, but, not too large!

1 The challenge Two: Treat QCD and QED calculations/factorization on an equal footing!

Thank you!

J f?;gon Lab
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