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- Studies of jets have been used as an important probe to test
the fundamental properties of hadrons.

- The advent of the Electron-Ion Collider (EIC) with polarized
beams unlock the full potential of jets for probing 3D
structure of the nucleon and nuclei (encoded in
TMDPDFSs).

Electron lon Collider:
The Next QCD Frontier

Understanding the glue
that binds us all




- In the process of ep — e + jet + X, the 3D structure of
hadrons (encoded in TMDPDEFSs) correlate with quark jet
functions J.

ep — e+jet+ X
e e

Jq: Perturbative

Sum over all hadrons in the jet.



- In the process of ep — e + jet + X, the 3D structure of
hadrons (encoded in TMDPDEFSs) correlate with quark jet
functions J.

ep = e+jet+ X ep = e+h+X

e

P~ jet P\ ~h
Jq /4 Jq D,
o~f&J, oc~f&D,

J; Perturbative D Non-perturbative

Sum over all hadrons in the jet. Hadrons are identified.



- Inthe process of ep — e + jet(h) + X, the hadron’s
distribution inside jet (TMDJFFs) correlate with the
parton distribution functions (TMDPDFSs) of the initial
proton

ep — e+ jetth) + X

P~ X
Jq Dy
0 ~J4®@ Dy

D, : Match to TMDFFs with a
perturbative coefficient function

Factorization: j; K prR < Q



- Inthe process of ep — e + jet(h) + X, the hadron’s
distribution inside jet (TMDJFFs) correlate with the
parton distribution functions (TMDPDFSs) of the initial
proton

ep — e+ jetth) + X ep >e+h+X

P~ . Xo jet p=~ \u N~ h
Jq Dy '
GNJZI@DQ O-qu®Dq

D, : Match to TMDFFs with a
perturbative coefficient function

e

D Non-perturpative

Factorization: j;, K prR <K 0 Factorization: P, < QO
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Theoretical framework (part I)

- All the possible spin asymmetries in back-to-back electron-jet
production, ep — e + jet + X, at the EIC

ep > e+jet+ X
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Theoretical framework (part I)

incoming incoming
proton electron

do-p(SA)+e()\e)—>e+jet+X \ /
=FUU + )‘p)\eFLL

dpz.dysd?qr

y; : the rapidity of the jet

Pcr—Ppr
Pr=

+ Ae COS(¢q . ¢SA)F;(}?(¢Q_¢SA)}

X
4
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Theoretical framework (part I)

incoming
proton

incoming
electron

do-P(SA)+e()\e)—>e+jet+X \ /
=FUU + ApAeFLL

dpady jd2qr

Sin(¢q_¢SA )

+ ST{ Sin(¢q . ¢SA)FTU COS(¢Q_¢SA)}

+ Ae cos(pg — ¢ds4) Frp

y; : the rapidity of the jet X

dr =PctTtPpT

Pcr—Ppr
Pr= >
W |l L T
H
U J1 hi
L giL hiLL
T IJT aqaiT h'l) h‘iLT




Example 1

do.p(SA)-I—e()\e)—m-{—jet-i—X

dp2dy jd?qr

+ ST{ Sin(¢q — ¢SA)

=Fyu + Ap

A FLL

sin(¢g—s )
FTU ’ 4

Fcos(=s,)

Acos(cbq—cbsA) _TL
TL F
UUu
S\
incoming incoming
proton electron
~ 14
FUU fl ® Jq

cosB~bs) g
o 0~ 8, ® Y,

® - ©

ep —> e+jet+ X

_I_ Ae COS(¢q . ¢SA)F;(;?(¢Q_¢SA)}

™,
",
"
.
.
.
.
.
™,
.
.,
o
e
™,
"
N,
L

14



Example 1

18 |

16 |

14 |

05~ bs,)

ACOS((ﬁq—(ﬁSA) 7L

TL FUU

e+p—e+jet+X

EIC kinematics
V/8$=89 GeV, R=0.6
01<y<0.9

10 < pr < 15 GeV

0

0.05
qr/pr

0.1 015 0.2 025 0.3

0.35

TL

ep —> e+jet+ X

FUUNf1q®Jq

Fcos(qbq—CbSA) N gqu R Jq
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Theoretical framework (part IT)

TMDJFFs
Dh/q m
ep — e +iet(h) + X : o1+ h (p)
P J ( ) 0 () \’j" h
hi
Collinear FFs Gl ! An

$
Gy

> h (pn)

h\q| U L T
h/
U Dl ! Hh/q T ShJ_
L G 1 /o
T i e
1 q(@)

Collinear FFs for quarks. Here U, L, and T represent
unpolarized, longitudinally, and transversely polarized state



Theoretical framework (part IT)

TMDJFFs

ep — e+ jet(h) + X

Collinear JFFs
& = pi) Zh = p_}i .
p P

h/q

h\ g
U Dib/q
L
T

h
le/q

Collinear JFFs for quarks. Here U, L, and T represent
unpolarized, longitudinally, and transversely polarized state

jet

(pJ)

1 h (pn)

q@)

h/q

q@)

h
H'

P

> h (pr)

Shi

q@)

| h (pr)

D
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Theoretical framework (part IT)

Collinear JFFs

p(pa,Sy) + e(pg) — (jet@y, pyr R) (2, S,)) + e(pp) + X

B Scenario 1

—_— — S i
Py (ph’ h) 35 i Scenario 2
h': hadron ! Scenario 3
30 | EIC kinematics
¢ : quark jet. f ' §=89GeV, R=0.4
(p,Sq) ; Dby 25 - |1s]<2,10<pyr < 15 GeV
i 20 |

ST

Fuuu ! f." D;” 10!

FLU,L | ga " G;_/C 5

0

h\q| U L T 5 |

R 10,
L h/d Vo 02 04 06 08 1

T Hlll/q Z

Kang, Lee, Zhao 20 19



Theoretical framework (part IT)

TMDJFFs

P(pa,Sy) + e(pp) = (jety, pyrs R) Az, j1,8,) + e(pp) + X

hT (Phs Sh)
J ﬂ h : hadron
q : quark jet
(p, Sy) \ T pJ
Leading TMDFFs Leading TMDIJFFs
hq| U | L T Ngq| U L T
U | D H} u | D H, ™
h/ h/
I_ GlL H iL L Lq H I q
| | I |
T |Dir [ Gar | Hi,Hyp T [ Dy |Gy [ H Hy ™

Transverse momentum dependent FFs/JFFs for quarks. Here U, L, and T represent
unpolarized, longitudinally, and transversely polarized state



Theoretical framework (part II)

- All the possible spin asymmetries in back-to-back electron-jet
production with jet fragmentation process, ep — e + jet(h) + X,
at the future electron ion collider (EIC)

X
A

e
.
e
.

oy
e
-

ep — e+ jetth) + X
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Theoretical framework (part IT)

- All the possible spin asymmetries in back-to-back electron-jet
production with jet fragmentation process, ep — e + jet(h) + X,
at the future electron ion collider (EIC)

ep — e+ jet(h) + X

b = Pcr—Ppr
! P
2y = b
Py
J i
Shi
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Theoretical framework (part IT)

- All the possible spin asymmetries in back-to-back electron-jet
production with jet fragmentation process, ep — e + jet(h) + X,
at the future electron ion collider (EIC)

ep — e+ jet(h) + X

dr =Pcr tPpT
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Theoretical framework (part IT)

- All the possible spin asymmetries in back-to-back electron-jet
production with jet fragmentation process, ep — e + jet(h) + X,
at the future electron ion collider (EIC)

ep — e+ jet(h) + X

dr = PcTtPp1 9

b = Pcr—Pp,r
! 2
ST I Sa
zh =2
Py
J I h y‘ N/
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Theoretical framework (part IT)

- All the possible spin asymmetries in back-to-back electron-jet
production with jet fragmentation process, ep — e + jet(h) + X,
at the future electron ion collider (EIC)

ep — e+ jet(h) + X

dr =PcTtPpT 'q

b = Pcr—Pp,r
! 2
ST | Sa
zh =2
Py
j I h y‘ o/
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Theoretical framework (part IT)

- All the possible spin asymmetries in back-to-back electron-jet
production with jet fragmentation process, ep — e + jet(h) + X,
at the future electron ion collider (EIC)

ep — e+ jet(h) + X
TMDPDFs
dr = PcTtPp1 4

Pcr—Ppr
Pr =

Different from SIDIS!
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Example 2

do _F + cos(d — qg )FCOS( b (Total 32 terms.)
dpady,d2qrdzdy, Y 0~ Py
~ FCOS(¢q_$h)
— UU,U .
Ay = ep = e+ jet(h) + X
N Fuvw

incoming incoming  Final
proton electron hadron

RT3
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Example 2

do ~\ -cos(d,—y)
— . q h
dp%d)’szquZhdsz_ - FUU’U * COS(% ¢h)FUU’U
A cos(¢by—¢bi) W h
Acos(gbq—gbh) . FUU,Uq Fuuu ! T3 Dl :
UU,U o F cos(¢ —ggh) INT ' h/g
UU,U et ~ hi" Hj
/ match!
X to
& Boer-Mulders Collins
: function function

arXiv: [0912.5194]

arXiv: [1505.05589]

ep — e+jet(h) + X
h\ g U L T
u | Dy Hy M
L h/Lq H rlilq
T 0™ |G | H, H ™
TMDIJFFs for quarks.
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do A ~d
= + cos(d. — b, YFES P
: i Pardd, i o5y~ bk

cos(¢,~ )
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[ T g 1
U 0 9 S 5] I |
- 180 2 09 0 6000 1.80
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. 135 I 4800
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0.6—
- 06— 3600
- 90 - o -0.90
B C 2400
0.3 B —
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Example 2

Fcos(cbq—q%h)

vu,Uu

do

~ 7c08(h,—~by)
By + s, — $F g

dp%d)’JdZQTthdsz_
hl Hl | 1:1 Dl UUU
"+ j, =0.3GeV
-  ji =0.3 GeV
"t j, =1.0GevV ------
— y ) =1.0GeV ------

A P=dn) _

cos(¢,~ )
Foug' ™

At (6)

—70.0
r—0.1

r—0.2

e

—0.8

AT (%)

3.60

IEIC kinematics 3.15

s=89GeV, R=0.6 2.70

5 0.1<y< 09, Q2> 10 GeV? 25
0.15<x< 0.20 1.80

5 "Zn#=0.3 s
e e e e e e e L -0.90
O 02 04 06 08 1 12 14 16 18 o015
qT (GeV) - '0!2' - '0!4' — I - 10!81 - '150' g 000

jL (GBV)
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Example 2

cos(p,~dby)
Foud’

do " 4
Fyug + cos(d, — bF "

dp3dy,d*qrdzdy,

ot BB

h/q

1

7T+, qr = 1.0 GeV
7w, qr = 1.0 GeV
7T, gr = 0.5 GeV
7w, gqr = 0.5 GeV

EIC kinematics
Vs =89 GeV, R=0.6

j 1 (GGV)

¥ 0.1 <y <09, Q2> 10 GeV?2
_ 0.15 < & < 0.20

(zh) =0.3
0 0.2 04 0.6 0.8 1

1.2

cos(¢p,— )

Acos(gbq—q%h) _ r uu,U

T Fuw

AC

L, 1
_Illlll!jllllll[llllllllllllll

jL (GEV)

1.2

-4
o (%)

—70.0
r—0.1

r—0.2

r—0.3

—04

—0.5

—0.6

-0.7

1.80

1.35

r0.90

r0.45

—0.00
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Overview

« Motivation

» Partl:ep > e+jet+ X

Theoretical framework
Example 1: Electron-jet production

+ Partll:ep — e+ jet(h) + X
Theoretical framework
Example 2: Unpolarized z* in jet
Example 3: Transversely polarized A in jet

+ Summary & Outlook
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Example 3

do
dp%a’yjdzq rdz,d%j |

.o sin(dy—ds)
=Fygyt+ -+ ShJ_{ sin(¢;, — QbSh)FUU,Th R SR

sin(ggh—qgsh)

sin(¢,— s, ) UU,T :
AUU,T}‘ W= Foo ep — e + J@t(hT) + X
4N ’
incoming incoming  Final
proton electron hadron X

TTTTTEN =
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Example 3

do A sin(d—gs,)
—=Fyyy+ - +S,., sin(¢p, — pHF,, " 0+ ..
dpzdy,d*qrdz,d%j | vt hlf h— YsPuur
. sin(¢,—s,) . b
Sin(¢h_¢sh) FUU,T " Fuuu ~ fl Dl
AUU’T B F sin(¢h,—¢bs,) | p._Ma
UU,U FUUTh Sh Nfl ! 1T
, / match!
to
7 Unpolarized Polarizing
TMDPDF TMDFF

arXiv: [2003.04828]

ep — e+ jet(AN) + X

h\ g U L T
h/ h/
L —F th - H1|_qI -
T Dy ! /TOI H1/q , Hat :

TMDIJFFs for quarks.



Example 3

do

sm(q@h—gﬁs )
dp dYJdZQTthdZJJ_ _-+ +ShJ_{ Sln(¢h ¢Sh) T W ...

A sin(¢h,— s, )
Jointi=dsy _ Four
uu, T o

FUU,U

FSnbi=ds) ~ f, |

" h/q
Bl -~ B

Uu, T

sm (/)h ¢Sh)
UU T

| 2.00
/1/ ASin(qah—ésh) o

N ’ T, %)

EIC/gnematms 7 J T Lo qT 0.75
7 / \/_ 89/GeV ﬁ/— 06

Y 01l<y<0 /9 Q> 10 Gev2 18 0.50

x5 GeV <pr< 20(§eV ~
020 6 i .

050

GeV .
] 1

(%)
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Example 3

do
dpzdy,;d’qrdz;,d%j |

sin(¢h,—¢s, )
A sin(ﬁl';h—d;sh) _ FU UT '
UU,T o

FUU,U

sm(cl3 —gs,)
i+ Sug 0~ L

" h/q
- "“f1 D1

EIC/gnematlcs S J

/\/_ 89/GeV ﬁ/— 06—
o 01l<y<0 /9 Q@ >10 GeV2 L
/15 GeV < pr < 20@’6\/ ‘

0.00 = (=03

J7( Geyy 1.00 o

0.50

0.75

1 (GeV)

J1

1.00
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Example 3

do s
= -+ o+ Syyp sin(gy — g )F
' vuu, T
dp3dy,d*qrdz,d% | { h EUOU ~ f " D
o Fsin(q’gh—qgsh) FSin(¢h—¢sh)~ fi! -
ASin(d)h_d)Sh) __Luur uu,r
UU,T _ F
vu,Uu
3 B qr =1 GeV
2.5 |
SR
<§ N 1.5 i EIC kinematics
§<§ V5 =89 GeV, R =0.6
1+ 0.1 <y <0.9, Q2> 10 GeV?
- 15 GeV < pr < 20 GeV
0.5 | (za) = 0.3
I A
0|||||
0 0.2 0.4 0.6 0.8 1 1.2 0.25

jJ_ (GeV) .

J1
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Summary & Outlook

- In summary, we have developed the theoretical framework for all

spin asymmetries in back-to-back e + jet and e + jet(s) productions.
- Sizable asymmetry can be measured with EIC kinematics.

- Open new and exciting opportunities in the direction of studying
spin-dependent hadron structures
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({U}"‘S.l J+ef{Ae)—=e+(jet k(S ) )+ X

) ll\"l — O |
— [.('.(.(._..(-()\H‘) —()/”( '
2 2 - - A2 ' Ay SR P N
dpydyjd=qrdzpd=j

. sin{ g, \— Oh )
—+ Al'{/\' FLL.(' —+- blll(.(,)q — ”h \F[( U }

"\ll).".—f.'.lc ) Cos| ll_—ll\_ )

+ Sy-{ sin(og — &5, ) Fry U+ Ao cos(dg — ds, ) Fpp !
sinfl@ e —r.:',, ) L \ hiluf242t.-,—'.zu,—f.‘ﬁ;g.‘I

+sin(dg, — Op) oy + 8in(2¢, — b — G5, ) Fopp s

. ) p billl: r.'-;,, —l:l{’ :I . , ) C U\l d ", — :l
+ Ay, {)\, Fur.n +sin{on — og) Frrr g + Ap | Fru.p + cos(on — ¢g)Fp ’

ank you

cos| Og—Ps ) \ sin| Oy — !Z»A-,l‘ (

| Q wve f A D A W # Al vauy f A I ”
+ St | cos(dg — b5, ) Fopyr - Aesin(o, — dg ) oy )

((I‘\'ll\ ——v_‘,‘». :l - cos| )/n —e l-—lj_n), :|

+ cos{Qs, — H;, IF! ' - ('0.\'[2(.‘»,, — 0§, — )k TU.L

wllll('r -3 cos| —Qe, )

. . % Sy ) ] ) )
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+ sinl(¢s, — Oq) Fpr + sin(20p — ds, — Og) Fypyr -
. - - L L sinl gy, — DSy | sin( @y —dg . )
. . . L { A . fy \ o 4 — Ty SA
! '”‘*" Ph—@S, ) ¢/ Ut-»'f" r—PS,, ) " h“”‘-(")h (")5-“. ' hlll(' U'l (")-5.\ ) FI! 1T
+ Ay |cos(dy — u\, T + cos(pg — sz VT
, o~ ) ‘ ; ) ( 1)'-.! P ) =G ,\ ('l',(-\:/"_“_ _r,','_\' |
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+ cos(20n — o5, — Oq) Fy i 8 + Aesin(@p — o, ) Fy 1 .
. cos(2d, —0 - |
, 4 ] 9 S A Sh
—— < — N — ARy
| . - 00820 — @5, — 95, )y
thu‘ _f,‘_ls.' ) > : cos|2ay, —r,',n;.", —0S " )

| QY 9 o A “ht . Tl 4 N
+ St | cos(os, — ()\, )I“ T + cos(2¢n — ds, — Ps ‘WFH T |
(Ilﬂl)ll) —ru. —+—_r»l‘—cu,]'l

+ co8(20h — @5, + 204 — Os, ) F

|sinjog , —0

h SA %)

Ccos| O —0g
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= Fyuu + cos(dg — dn) Féf;ifgq—tm.)

dpj.dy jd*qrdzpd?j .

+ Ap{Ae‘:FLL.U + Sill(éq - ¢§h )inl?"f”q—(:lh] }

sin{¢g—dg )

RS 5’1‘{ sin(@g — b5, ) Fry

, cos(gg—dg, )
+ Aecos(dg — @5 ) Fpp '
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+ J\h{/\eF(;L.L +sin(n — ) Frpr * + Ay [FLU'L + cos(gn - (.f,q)FEﬁ(f’"_c"’)]
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+ Aesin(@, — dg,)

TL.L
~ - cos(ds , — ) . 5y CO8( 2 — s —dh)
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4 Sh_L{ Slll((bh - Q>Sh )Fi'u_'rh % + Aecos(éh - <Dsh )F‘L"L,T .
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. . cos(dg—as,, )
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F A h

- 2 cos(2¢n — s, — 05, )
+ Sr [COS((DSA — ¢s,) TUT F Sp 9S4
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Back up TMDJFFKs

do.p(S,l )+e(Ae)—e+(jet h(Sy))+X

ep — e+ jet(h) + X

X
A

‘.,
.
e
N
0
.
.,
e
.
.,
~,
e
e
N
.,
,
.

[llustration for the distribution of hadrons inside jets
produced with an electron in the collisions of a
polarized proton and en electron.
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