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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




- 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
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D, : Match to TMDFFs with a
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Theoretical framework
TMDJFFs

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

_ Pn
= (Phs Sh)
J ﬂ h : hadron
q : quark jet
(p,Sq) \ M P
Leading TMDFFs Leading TMDIJFFs
h/q| U L T h\ q U L T

U | D, HE U | DM My M
L G, | HE L G 7,1
T | Dix | Gir | Hi, Hig T | DM | 640 | HY'L Hyp e

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



Theoretical framework

- 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)
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Theoretical framework

- 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
TMDPDEFEs
dr =DPcrt tPp1T P4

Pcr—Ppr
Pr = 5

ST QbSA

TMDJFFs G @} e
Sn1 (@s,

* .

Different from SIDIS!
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Example 1

do
dp%dy]dzq rdz,d?j

. cosih—d) (Total 32 terms.)
— FUU,U + COS(¢q _ ¢h)FUU,Uq ! + °e

s

AT — ep — e+jet(th) + X
SN fuvy
iIncoming incoming  Final X

proton electron hadron

TN =
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Example 1

do ~\ -cos(d,—y)
— . q h
dp%d)’szquZhdsz_ - FUU’U * COS(% ¢h)FUU’U
) cos(¢,~ ) 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\ q U L T
U ’D?/q Hf_ h/q
= T h/ ggéq h/H&/i h/
T DlT ! ngq 7—ll q’ HlT !

TMDIJFFs for quarks.

16



do A ~d
= + cos(d. — b, YFES P
: i Pardd, i o5y~ bk

cos(¢,~ )
Foug' ™

Fcos(¢q—$h) - hlj_ T HI h/q

- 11 h _A
1 | for DI A

cos(¢g—bn) 9 cos(,—n)
Fyyyiz+ (Pb/GeV?) Fyuux+ (pb/GeV?) Ayvia: (8)
B 70 [ : \ —0.0
- - 16200
L L _15 i r—0.1
15y Lo 14400 15
C -—30 [ I
- I 12600 ~0.2
12— I 12— 1.2
[ = [ 10800 -—0.3
= [ B > L =
qT @o/ 0.9— 60 é’i 0.9—= 9000 &05), 0.9 —0.4
§ —75 S ¢ 7200 S
K - —0.5
0.6~ 90 0.6~ L5400 0.6—
N - 3600 - —06
N ~105 - | L
- - F1800 - :
- 10 W | | | | o | | | |
=l 11 I 1111 I 11 IO!GI | IO!SI L1 Il!OI L1 |1'2 — I0.2I — I0.4I L I' I0.6I S . — . S I1'2 _-0 =l I0.2| L I0.4| L I0,6I L. I0.8I L |1.0' Lt |1‘2 _0-8
j1 (GeV) Jr (GeV) Ji (GeV)
[ ]
cos(¢y—n) 2 .
Fyppa (Pb/GeV?) cos(¢g—n)
= - FUU’U;W—(pb/Ge\ﬂ) _ _ AUU,U;ﬂ‘ (%)
- - | 3.60
- 360 L 10800
1.5— I
C 315 15 L 9600 3.15
B 270 [ 8400 2.70
121 1ol
= 225 - 7200 2.5
[ T g 1
U 0 9 S 5] I |
- 180 2 09 0 6000 1.80
o ~ g [
. 135 I 4800
_ i 1.35
0.6—
- 06— 3600
- 90 - o -0.90
B C 2400
0.3 B —
- 45 0.3— N L0.45
: i S— F1200 '
=l 1 1 | L1 11 | L1 11 | L1 11 | | I | I | . | L1 0 —
0.2 0.4 0.6 0.8 1.0 1.2 oo b b b b by 1 L Lo —10.00

i 0.2 0.4 0.6 0.8 1.0 1.2 . . . . 1. 1.2
Ji (GeV) j1 (GeV) J1 (GeV)



do A ~d
= + cos(d. — b, YFES P
: i Pardd, i o5y~ bk

cos(¢,~ )
Foug' ™

Fcos(¢q—$h) - hlj_ T HI h/q

- 11 h _A
1 | for DI A

cos(¢g—bn) 9 cos(,—n)
Fyyyiz+ (Pb/GeV?) Fyuux+ (pb/GeV?) Ayvia: (8)
B 70 [ : \ —0.0
- - 16200
L L _15 i r—0.1
15y Lo 14400 15
C -—30 [ I
- I 12600 ~0.2
12— I 12— 1.2
[ = [ 10800 -—0.3
= [ B > L =
qT @o/ 0.9— 60 é’i 0.9—= 9000 &05), 0.9 —0.4
§ —75 S ¢ 7200 S
K - —0.5
0.6~ 90 0.6~ L5400 0.6—
N - 3600 - —06
N ~105 - | L
- - F1800 - :
- 10 W | | | | o | | | |
=l 11 I 1111 I 11 IO!GI | IO!SI L1 Il!OI L1 |1'2 — I0.2I — I0.4I L I' I0.6I S . — . S I1'2 _-0 =l I0.2| L I0.4| L I0,6I L. I0.8I L |1.0' Lt |1‘2 _0-8
j1 (GeV) Jr (GeV) Ji (GeV)
[ ]
cos(¢y—n) 2 .
Fyppa (Pb/GeV?) cos(¢g—n)
= - FUU’U;W—(pb/Ge\ﬂ) _ _ AUU,U;ﬂ‘ (%)
- - | 3.60
- 360 L 10800
1.5— I
C 315 15 L 9600 3.15
B 270 [ 8400 2.70
121 1ol
= 225 - 7200 2.5
[ T g 1
U 0 9 S 5] I |
- 180 2 09 0 6000 1.80
o ~ g [
. 135 I 4800
_ i 1.35
0.6—
- 06— 3600
- 90 - o -0.90
B C 2400
0.3 B —
- 45 0.3— N L0.45
: i S— F1200 '
=l 1 1 | L1 11 | L1 11 | L1 11 | | I | I | . | L1 0 —
0.2 0.4 0.6 0.8 1.0 1.2 oo b b b b by 1 L Lo —10.00

i 0.2 0.4 0.6 0.8 1.0 1.2 . . . . 1. 1.2
Ji (GeV) j1 (GeV) J1 (GeV)



do A ~d
= + cos(d. — b, YFES P
: i Pardd, i o5y~ bk

cos(¢,~ )
Foug' ™

Fcos(¢q—$h) - hlj_ T HI h/q

- 11 h _A
1 | for DI A

cos(¢g—bn) 9 cos(,—n)
Fyyyiz+ (Pb/GeV?) Fyuux+ (pb/GeV?) Ayvia: (8)
B 70 [ : \ —0.0
- - 16200
L L _15 i r—0.1
15y Lo 14400 15
L r—30 [ i
- I 12600 ~0.2
12— I 12— 1.2
[ = [ 10800 -—0.3
S oo NS . _ > L .. I >
qT @o/ 0.9— 60 é’i 0.9—= 9000 &05), 0.9 —0.4
§ -5 $ 7200 S
K - —0.5
0.6~ 90 0.6~ L5400 0.6—
N - 3600 - —06
N ~105 - | L
- - 1800 - :
- 10 B | | | | . | | | |
NI IR A |0!6| L1 |0!8| L1 |1!0| L1 |1'2 = '0.2' - '0.4' ' " I0.6l - ] S ] - '1'2 —0 =1 '0.2' - '0.4' — IO.GI — I0.8I L '1.0' - '1‘2 —0.8
j1 (GeV) Jr (GeV) Ji (GeV)
[ ]
cos(¢y—n) 2 .
Fyppa (Pb/GeV?) cos(¢g—n)
= - FUU’U;W—(pb/Ge\ﬂ) _ _ AUU,U;ﬂ‘ (%)
- - | 3.60
- 360 L 10800
1.5 P
C 315 15 L 9600 3.15
B 270 [ 8400 2.70
1.2F 1o
= 225 - 7200 2.25
[ F o ow iR L L L L o m e e e ’§ I
S 0.9 S oL -----
- 180 2 09 0 6000 1.80
o ~ g [
. 135 I 4800
_ i 1.35
0.6—
- 06— 3600
- 90 - o -0.90
B C 2400
0.3 B —
o 45 0.3 e L 0.45
: i S— F1200 '
=l 1 1 | L1 11 | L1 11 | L1 11 | | I | I | . | L1 0 —
0.2 0.4 0.6 0.8 1.0 1.2 oo b b b b by 1 L Lo —10.00

i 0.2 0.4 0.6 0.8 1.0 1.2 . . . . 1. 1.2
Ji (GeV) j1 (GeV) J1 (GeV)



Example 1

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 1

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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Example 2

do
dp%a’yjdzq rdz,d%j |

o s sin(d—gs)
=Fygyt+ -+ ShJ_{ sin(¢;, — QbSh)FUU,Th R SR

sin(ggh—qgsh)

sin(gp,— g, ) UU, T . T
AU?’T = ep > e+jet(th') + X
v N\ ’
iIncoming incoming  Final
proton electron hadron X

TTTTTEN =
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Example 2

do A sin(d—gs,)
—=Fyyy+ - +S,., sin(¢p, — pHF,, " 0+ ..
dp%dy]dquthd2J 1 vu.y hl{ h Sv’" UU,T
A sin(gh,— b, ) . b
Sin(¢h_¢sh) FUU,T " Fuuu Nfl Dl
AUU’T B I sin(gh,—¢bs,) | p._Ma
UU,U FUUTh Sh Nfl ! 1T
, / match!
to
: Unpolarized Polarizing
TMDPDF TMDEF

arXiv: [2003.04828]

ep — e+ jet(AN) + X

b(\g| U L T
U | Dy HE P
L gill/,q lefILJ/q
T | DL g | eyl e

TMDIJFFs for quarks.
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Example 2

do

dp d)’szq rdzd?j,

EIC/gnematlcs P
/ \/_ 89/GeV ﬁ/— 06—

S /15 GeV < pr < 20(§eV

(z )«—03

2.00
A ATO05) (o7
. T 20 = 2.1
7 [«D]

s s 1.00 1.8
‘ 1.0 gy 07 1.5

/ o 01<y<0 /9 Q*>10 Gev2 18 0.50
< L ‘ 0.9

' _ | 1'2@4\ 0.25
s . 0§\ | I I | 06

Sm@ —gs,) -
=BG+ + Suag v = ) .

Fusy ~’f1 " DY

|
(- Fsm(cbh ¢S>,\.

A Sin(qah_anh) .
o 0
vt Fyuu :qT- J1

sm¢ ) )
Agr (%)

0. 50
GeV .

]J_
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Example 2

do
dpydyd*qrdz,d’j,

Sln(ﬁgh_éS )
o o ...

_ -+ c + ShJ_{ sin(¢ - 4)5”)

Fsm(¢h ¢ 5p) ~ fl

sin(¢h,— ¢ s vu.r

Asin(qah—q'ssh) — FUU’T

uu,T

qr

Fyuu

Elc/gnematlcs / J
01/<y<0/9 Q2>1ﬁ Gev2 '.

/15 GeV < pr < 20(§eV
(z A) = 0.3 <

0.50

0.75
g1 (GeV)

J1

1.00

Fuvy ~ f; *

24

2.1

1.8

1.5

1.2

0.9

0.6
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Example 2

do

dpidy,d*qrdz,d%,

-+ et ShJ_{ Sin(éh - 4;5,)

A Sin(Q'A)h—dA)Sh)

qr = 1 GeV

EIC kinematics
Vs=289 GeV, R=10.6
0.1 <y<0.9, Q% >10 GeV?

15 GeV < pr < 20 GeV
<ZA> =0.3

sin(¢y—ds,)

sin(¢h, —gg )

FUU,U

0.25

1.00
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Summary & Outlook

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

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

- Open new and exciting opportunities in the direction of studying
spin-dependent hadron structures

YW @Fanyi_zZhao
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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
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[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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