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Introduction

Applications of jets

T T — T T T T T T T

=== CMSincl.jets : ag(M,)=0.1185 >

0.24

g
5!/J

0.22 A CMSR,,
- CMS i cross section
0.2 e CMSinclusive jets
v CMS 3-Jet mass

0.18
0.16
0.14
0.12

T[T T[T T[T [T T[T [ TI T [ TTT LI T T

0.1 4 DOinclusive jets
o DO angular correlation
0.08 o Hi
ZEUS
0.06

sl b b b b b b be s 14

s,
. o
pCPPEL



Introduction

Study of hadron structures

“Can we use jets to probe these TMD structure?”



Introduction

Standard processes to study TMD structure
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* They have a well-established factorization formalism

* Small transverse momentum measured with respect to an axis
(CSS) Collin, Soper, Sterman "81-'85
Ji, Ma,Yuan ~ 04
Becher, Neubert, Wilhelm™ 1 [-"1 3
Echevarria, Idilbi, Scimemi “1 |-"14



Introduction

Beyond the standard processes

* Many other imaginable processes with sensitivity to the TMD structure

PP—Ji+Jo+ X, ||leP—oe+J+ X

PP J+V+X, |eP=-Q+Q+X,

PP — Jh)+X,..[leP— Jh)+ X, ..
LHC / RHIC EIC

». * Many experiments sensitive to such processes

* Standard processes have low sensitivity to gluon TMDs.

* Standard processes sensitive to two TMDs simultaneously;
P many involving jets will only be sensitive to a single TMD.

Fig. from Chien, Shao,Wu *19 1) Inclusive jet production

3) Lepton + Jet imbalance
TMDEFs PP /eP — J(h) + X with hadron in jet

2) Lepton + Jet imbalance

TMDPDFs eP—et+J+X eP et )+ X
TMDFFs / TMDPDFs




Introduction

Beyond the standard processes

* Many other imaginable processes with sensitivity to the TMD structure

PP—Ji+Jo+ X, ||leP—oe+J+ X

PP J+V+X, |eP=-Q+Q+X,

PP — Jh)+X,..[leP— Jh)+ X, ..
LHC / RHIC EIC

». * Many experiments sensitive to such processes

* Standard processes have low sensitivity to gluon TMDs.

* Standard processes sensitive to two TMDs simultaneously;
P many involving jets will only be sensitive to a single TMD.

Fig. from Chien, Shao,Wu *19 1) Inclusive jet production

3) Lepton + Jet imbalance
TMDEFs PP /eP — J(h) + X with hadron in jet

collinear structure

2) Lepton + Jet imbalance

TMDPDFs eP—et+J+X eP et )+ X
TMDFFs / TMDPDFs




Jet Substructure

Jet Fragmentation Functions (JFEs)

Unpolarized case:

(replace pp with ep for EIC)

do.pp—>jet(h)X
=Y faa® foyp ® Hgy @ Gl (21)
dprdndzy,

a,b,c AQCD DT pTR

Aqcp
where 2 = p7/p5
h / J
zn = pr/Pr

/ 1) Inclusive jet production
TMDEFFs
dO.pp—>hX .
ordr _ Z fa,/A R fb/B 2 Hgb 2 D? collinear PDFs/FFs
a.be AQep PT Aqco
where 2z = péﬂ / p% Procura, Stewart :I 0

Arleo, Fontannaz, Guillet, Nguyen "4

Kaufmann, Mukherjee,Vogelsang "~ 15

Kang, Ringer,Vitev " 16

9 Dai, Kim, Leibovich " 16



Jet Substructure

Jet Fragmentation Functions (JFEs)

Unpolarized case: :
(replace pp with ep for EIC)

doPp—riet(h)X

dprdndzy, = A
) QCD

collinear PDFs ~ Where 2

<h

= Z faa ® foy5 ® Hey Q|G (21)

pr prit

. Aqcp
PT/p%
P’y /P

/

a,b,c AQCD

= faa® foyp ® Hg, ®|D?

PT ACJCD

where z = pl/p5

collinear FFs
10

1) Inclusive jet production
TMDFFs

collinear structure

Procura, Stewart

Arleo, Fontannaz, Guillet, Nguyen
Kaufmann, Mukherjee,Vogelsang
Kang, Ringer, Vitev

Dai, Kim, Leibovich

10
14
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Jet Substructure

Jet Fragmentation Functions (JFEs)

Unpolarized case:

(replace pp with ep for EIC)

doPp—riet(h)X .
c
= Z fara ® foyp @ Hoy @ G (21)
dprdndzy, ; R
a AQCD pPTr  PT
Aqep
_ J /.C
collinear PDFs where 2 = pr / Pr
h /,.J
zh = pr/Dr
IR sensitivity and require matching: 1) Inclusive jet production
G (2, 2, pT R, 1) = Z Jii(z, zn, pr R, 1) ® D?(zh, 1) TMDFFs

J collinear structure
/ pr R AQCD\

matching coefficients collinear FFs

Procura, Stewart " 10

e Collinear JFFs can be related to collinear FFs Arleo, Fontannaz, Guillet, Nguyen "1 4
Kaufmann, Mukherjee,Vogelsang "~ 15

Kang, Ringer,Vitev " 16

11 Dai, Kim, Leibovich " 16



Jet Substructure

Polarized Jet Fragmentation Functions (JFFEs)

Polarized case: Helicity PDF

/

ﬁp—)jet(ﬁ)X
do;
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e

pp—jet(h) X
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dprdndzy, —
where 2z = pi{ / pCCF
h J
zh = Dr/Dr
do(Aa, Ap) —do(Aa, —Ay)
dorr = 5
] o dU(gAL,ghL) _dg(gAJ_a_th_)
oTT = 2

12

Helicity JFF

Transversity JFF P(F4:54)

— Z Sh1 haja ® foy5 ® Arr(Hi)5 ® ArGl(zn) S5,

/

~

Similar definitions for

ALLHa,Eb and ATT (Hz )

Kang, KL, Zhao, 20



Jet Substructure

Polarized Jet Fragmentation Functions (JFFEs)

Polarized case: Helicity PDF Helicity JFF
do_f)p—>jet(ﬁ)X / ) /
d]L?chdnth = Z Aa Gaja ® fryp @ AL HS @ ALGY (21) Ay
a,b,e Transversity PDF Transversity JFF P(F4:54)
do_ﬁp—ﬁiet(ﬁ)x . / ~ \ ; .
dTTd I Z St haja® foyp @ Arr(Hij)ay @ ArGl (zn) Sy,
PTandzn a,b,c
where 2 = p% /D7 )
_ . h oy J
<h — PrT /pT /
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— ¢ <
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T s s

13 Kang, KL, Zhao, 20



Jet Substructure

Polarized Jet Fragmentation Functions (JFFEs)

Polarized case: Helicity PDF Helicity JFF
dO'ZZZ}J_)jet(E)X / ; . /
dprdnden > AuGara® foyp @ ApLHg, @ ALG! (21) Ay
T
“0¢ Transversity PDF  Transversity JEF #(a.54)
pp—jet(h)X \
dUTT — Z S:LLXJ_ ha/‘A/(@ fb/B %4 ATT(Hij)gb 0% ATQ?(zh) SLZLJ_
dprdndzy, —
where 2z = p7/p5 b
__ h J
zn = DPp/DT
IR sensitivity and require matching: 5 : :
h h = v LT
gc (Z,Zh,pTR,,u) — ZJL](Z7Zh7pTR7:LL)®DJ (Zhalu) g : 5 E
J N h/q
prR Aqep 5 Y |\
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J
14 Kang, KL, Zhao, 20



Introduction Jet Substructure Lepton + Jet Imbalance

Jet Fragmentation Functions (JFEs)

. ~ 10
* Light charged hadrons D:H 1015 h* p+p Vs=2.76 TeV anti-k;
Arleo, Fontannaz, Guillet, Nguyen " 14 \E/ . ° ég/lléAS RR:(())_'§ (|)n|3<<1m6| <
Kaufmann, Mukherjee,Vogelsang " 15 10"
Kang, Ringer,Vitev "1 6 —
Neill, Scimemi, Waalewijn "1 6 101 =
e Photons 109:_
Kaufmann, Mukherjee,Vogelsang " 16 —
10" =
* Heavy flavor mesons —
Chien, Kang, Ringer,Vitev, Xing " 15 10°
Bain, Dai, Hornig, Leibovich, Makris, Mehen " | 6 —
Anderle, Kaufmann, Stratmann, Ringer,Vitev "1 7 10° |
* Quarkonia 10:_
Baumgart, Leibovich, Mehen, Rothstein " 14 —
Bain, Dai, Hornig, Leibovich, Makris, Mehen " | 6 107!
Kang, Qiu, Ringer, Xing, Zhang " 17 |
Bain, Dai, Leibovich, Makris, Mehen " 7 1073 B
F(Zh pT) _ do.pp—>(jeth)X do.pp—>jetX 10—5_ EEEEE IR
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Jet Substructure

Longitudinally polarized A
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Three different scenarios can explain LEP data equally well
* Scenario 1: Only strange quarks have contribution to the fragmentation.
* Scenario 2: Negative distributions of up and down quarks are assumed.

* Scenario 3: Same fragmentation for up, down, and strange quarks.

Burkardt, Jaffe, “93
16 De Florian, Stratmann,Vogelsang, “98



Jet Substructure

JEFSs to study longitudinally polarized A

35 Scenario 1
Scenario 2
30 | EIC kinematics Scenario 3
Vs =289 GeV, R=10.4
25 - |ng < 2,10 < pyr < 15 GeV
p(PA7SA) \}
S
<
B3 »
Q
e
-0~ Gives shape expected from the scenarios
0 0.2 0.4 0.6 0.8 1

ZA\

et A dAr 0 e Scenario 1: Only strange quarks have contribution to the fragmentation.
LL d
o

* Scenario 2: Negative distributions of up and down quarks are assumed.

* Scenario 3: Same fragmentation for up, down, and strange quarks.

17 Kang, KL, Zhao, 20



Jet Substructure

TMD hadron in jet (IMD]JEFFEs)

Unpolarized case: . Jet axis
(teplace pp with ep for EIC)
da.pp—)jet(h)X . .
— = & QH,, G, (2n,7.1
a,b,c R
AQCD pr Pr
Aqcp
where 2 = pi./p5
L h J ~STO0000000000000000
Zn = Dpr/DPT C
(including polarized jet fragmentation functions)
TMD Fragmentation Functions (ITMDEFEFs) TMD Jet Fragmentation Functions (TMD]JFFs)
~ Quark polarization ~ Quark polarization

] ' ] '

.g U | ph/a g+h/a g u | ph/a 7-Lh/q
e e SR ST SO SO

h Lh h Lh/q

= L Gh/a: gthia & L Gh/a 1,

o .............................................................................. o ..............................................................................
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TMD hadron in jet (IMD]JEFFEs)

 Still hard-collinear factorization structure other than jet function modified.

Jet axis
dopp—iet(h)X . . A
— = ® ® Hypy ® G (2h, 71 4
dednthd2JJ_ Zfa/A fb/B ab C( »J ) AA
a,b,c A,A\ 'a
VA X
Y >
4»4" ‘\\
When Aqcep S0 < prhR, A~ ji/pr
. 2
collinear ke ~pr(A=, 1, \) LA s
soft ks ~ pr(AR,A\/R,\) C
Unpolarized TMD]JFF
D?/q('Z?ZhajJQ_v:ua Cr)=H.i(2,prR, M)/k R D?/q’unSUb(zh,k_QL,u, (' /v*)S, (A1, 1, VR)
b db b\ ~h/q, unsu
=) [ () DI P ¢S, 02 R
v Zh,
— HC_H(Z pr R, :U“)D /q(zhajJQ_nua CJ)
Standard subtracted TMDEFFs, say in SIDIS
Relation also holds for other TMD]JFFs.
 TMDJFFs can be related to TMDFFs Kang, Liu, Ringer, Xing, "7

19 Kang, KL, Shao, Zhao "2 1



Z-tagged jet
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Agrees well in the (0.1 < z;, < 0.5 region

20 Kang, KL, Terry, Xing "1 9



Z-tagged jet

Z +jet, v/s=8 TeV, R =0.5 ' ' Theory [
. 2.5 <ny < 4.0 ' 0.1<zn,<0.5 " Pythia
10° 2.0 <7z < 4.5 - 1
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107~ F - -
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e LHCDb collaboration measured collinear FFs and J |

Agrees well in the (0.1 < z;, < 0.5 region

* LHCDb collaboration measured ) | recently.

but with entire (0 < z;, < 1

21 Kang, KL, Terry, Xing "1 9



Jet Substructure

Polarizing FF
TMD Fragmentation Functions

Quark polarization

< U | L | T . .
© g g * Describes transversely polarized hadron
9 :
S i inside unpolarized parton.
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= |
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e Used PFF fits from Belle data o
22 Belle Collaboration *19

Callos, Kang, Terry, “20



Jet Substructure

Polarizing JFF

e Used PFF fits from Belle data

Callos, Kang, Terry, “20 9 L
0.1 | y — !
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<A
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e Predictions at the LHC kinematics

* Positive from up quark PFF at small £ A

_10|||||||
+ Negative from down quark PFF at 74 =03 015 02 025 03 035 04 045 05 055
ZA

23 Kang, KL, Zhao, 20



Jet Substructure

Azimuthal angular dependence

doP(84)+p/e(jet h(S1)) X

. 2 sm(gb —& )
pordnydamdy, = Fouu HISTIsinGs, = on)Frupt

+ Ay, [)\FLU,L + | S| cos(ps, — fgh) ;();(§SA_¢h)]
p(PA7SA)

+\ShL|{Sm( — g, ISJIII}(?L ¢Sh)+)\cos(qb _ g, )F I(j?;(;?h ¢s),)

+1S1|(cos(@s, — b, ) Frmpsa=?m)

. . 20n—bs, —b
+ cos(2¢0n, — @5, — ¢s5,)F %OJ’% v SA))}’

FSASB,Sh

!

Polarization of A, B, h

* Different structures come with different characteristic angular dependence.

24 Kang, KL, Zhao, 20



Lepton + Jet imbalance

* One of the simplest process e+ P — e+ Jet + X

: qL = |[Per + P71l pL = |Per —Pyil/2
Soft QJ- ¢pton ..
gL < pl, sensitive to the large logs of ln(q N / D L)
Beam and TMD structures of the hadrons.
—— A —Beam axis
) e g q1 = PXx,1 = |/€c,¢+k95,L +ksc,J_‘

Giving relevant modes : (+, —, J_) A=q] /pL

Soft-co me %

/= ‘\ - 1 ~Y 2 =
(,ll"l.’ n-collinear kp ~p1 (A%, 1, Nna
global soft Kgs ~ p1L (A A N)
soft-collinear kse ~ D1 RAR, A/ R, N\, 7,

2) Lepton + Jet imbalance ,
) Lep J n y-collinear ky~piL(R*1,R)pn, 5,

TMDPDFs

Liu, Ringer,Vogelsang,Yuan " 18, 20
25 Arratia, Kang, Prokudin, Ringer 20



Lepton + Jet Imbalance

Lepton + Jet imbalance

Soft :' eptQ
Beam / Beam axis
“ ,A—ss—"_’

Ib“

3
do-e e+je L L k
g / LI ki HCQ)SP (v oo 4 Rt — 1)

Soft-collinear

X folx, Eu)SgIObal(Eu)SJC(E:u)Jc(pLR)

D
I
-

Q)
\
A
/‘c?

We arrive at factorization using SCET

n-collinear kn ~ 11 (A1, M) nn TMDPDFs

global soft Kgs ~p1L(A A AN)
soft-collinear kse ~ D1 RAR,A/R, N\, 7,

n j-collinear kj~p L(RQ, L, R)n, n, Jet function

} Soft functions

Liu, Ringer,Vogelsang,Yuan " 18, 20
Arratia, Kang, Prokudin, Ringer 20

26 Also, Gutierrez-Reyes, Scimemi, Waalewijn, Zoppi " 19, 20



Lepton + Jet Imbalance

Lepton + Jet imbalance

3
dO'e e+je L L k
dpP;qu - / LI ki HCQ)SP (v oo Rt = 1)

/ X fa(z, Eu)SgIObal(Eu)SJc(EgL)Jc(pLR)

do ~ fi / ~ 9iL
e(>\ P(S)—e+jet @
ApAe
dp1dq. o

+5T{sm<¢sA b FEROa =00 L\ cos(h, by ) F 954 %)},

NflT ~ giT

Leadlng TW'St TM DS O—o Nucleon Spin @ Quark Spin

Quark Polarization

* With jet, only sensitive to single TMDs
e e (compared to standard processes)

10E8G ne® - @

2 * We do not get sensitivity to all TMDPDFs

i =& = 1, @ @ (only to chiral-even TMDPDFs)

E T fﬁ_*= é) — @ g, = é _ é ®Tansversny®

I Sivers Norm gen @ @ Liu, Ringer, Vogelsang,Yuan 18,20
Arratia, Kang, Prokudin, Ringer “20

27 Kang, KL, Shao, Zhao "2 1



Lepton + Jet Imbalance

Sivers asymmetry

~ fi ~ JiL
AT (X)) P(S)—setjet
dpdq, = fvvtApdelir
- Sin(¢s 4 —¢ cos(¢s 4 —bq)
—|—ST{ Sln(¢SA_¢q )\e COS(¢SA _qu)FTL SA q } )
1
0.06 e+ p', 10+ 275 GeV, 100 b1, 0.1 < y < 0.85 ~ flT ™~ ng
theory uncertainty ¢  projected precision
0.05 1 15 < p% < 20 GeV po S k
(z) = 0.16, (Q?) = 449 GeV? € PlpRhlo .|
0.04 1
5 f@(xG?kJ—) ? M fa,T(aja?kJ—)
L 0.03
=
7=

o 3
0.021 dAGep s etiet Eﬁ_ SJ—P/ 2 (2) (1 L. L.
— d°k;t H(Q )0 (ki + kot + kst —qu)
oo1] [ EIC kinematics dpdq. M 1:[
0.00 1 ¢ ¢ ¢ ¢ Xleg f;‘T(ZUa, le)SgIObal(EQL)SJC (EgJ_)JC(pJ_R)
0.00 005 0.10 0.15 0.6'20 025 030 0.35
ar/Pi OCSiIl(ngA — ¢q)

ppin(@sa—da) _ L 5;(¢SA )

urT T FUU

e Positive Ag — a preference of imbalance to be on left

(When polarized proton moving towards us

Sivers from SIDIS extraction . L
and transverse spin pointing up.)

Echevarria, Idilbi, Kang,Vitev, " |4

Arratia, Kang, Prokudin, Ringer “20

Kang, KL, Shao, Zhao "2 28



Lepton + Jet Imbalance

Polarized Jet Fragmentation Functions
and lepton + jet imbalance

* Observation of polarized hadron inside jet
gives sensitivity to all TMDPDFs and TMDEFFs.

Jet axis
(analogous correlations to standard SIDIS)

* Sensitivity to two TMDs, but sensitive
to ¢| and 71 separately (advantage of two axes)

Many characteristic correlations

dUP(SA)+G(>\e)—78+ (jet h(Sh))+X

= _ 08(¢g— )
y B . Z deTddeZQszh(pjl _FUUYU_'_COS((% ¢h)FUUU +Sln(¢s ¢q)FUU($ ¢)+sin(2¢h ¢S ¢q)FuU(72“¢ o
€am axis
+AP{A€FLLU+Sin(¢q d’h) bm(d) ¢’)} +)\P|:COS(¢h ¢S )FLU(;? s )+COS(¢q )FLU? o)
b 0s(261, s, ~¢a) in(é A sin(én—ds,)
sin + cos(2¢p — ¢S — ¢q)F h + Aesin(@h — bs,) F .
+ST{ sin(¢, — és,)F. TU(:; ¢SA)+)\ cos(g — ¢3,)F TL(g —bs,) : LUT gt
(¢5,—n) 2 5n(2¢ —dn—ds,) +ST[cos(¢s — $s, )FTU(;? ~ds) )+COS(24§h bs, — ds, )FTU(;‘¢ ~bs,~¢5,4)
+sin(gs, — S Fomo™ ™ 4 sin(26, — bu — b5, Fomr " } i
3) Lepton + Jet imbalance t in(n ) sin(6a LS
. N | Hh{A Fov+sintn— G0RE ™ 4 [FLUHCOS(% PIFEEL" M] + cos(Bn — bs,) cos(dy — 95.) )FTU‘T‘” by conlon=55,)
U‘ lth hadron ln ]et 0s(¢g—bs 4) sin(pg—ds 4) + cos(2¢g — ¢>s )FTU(72"¢ —¢s,—bs),)

+ St [COS(¢q ¢SA)FTUL + Aesin(dg — ¢S1)FTL L

TMDFFs / TMDPDFs | e b

U—‘ﬁ(¢' 54— %)

08(20g—bs . —Pn)
+ cos(¢s, — ¢h) TU,L + cos(2¢q — ¢s, — ¢h) TU L e ] 1 + A cos(¢p, — s, ) sin(¢s, — ¢q)FTL(7("t ~#s,)sin(8s,~6)
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Lepton + Jet Imbalance

Phenomenology : 4¢05(¢a— én)

Acos(qbq ¢h) F(C]C;,(gq_gbh)(QJ_ajL) %(QL)H%(]L)

h
vu,u Fouu(qi,ji) - f1(qr)D1(j1)

Jet axis

e Boer-Mulders and Collins functions
sensitive to transverse momentum measured
with respect to different axes.

* “Separation” of the incoming
and outgoing dynamics.

y Beam axis *z

Quark polarization

Leadlng TWlSt TM DS Q—o Nucleon Spin @ Quark Spin

Quark Polarization g . U L T
e s -g U Dh/a I Lh/4 Collins
ops R B e e s
10 02O = @ - @ § ........ Sl G h/qH _______ /q
i ~d - Old & R ; Lo e D
i e (@) - 30 Kang, KL, Shao, Zhao "2




Lepton + Jet Imbalance

Unpolarized it in jet (Boer-Mulders, Collins) T agr[0,1.8], jr[0,1.2]

Denominator A Numerator Ratio
Acos(qﬁq—qgh) _ F(C](Z?,(gq_gbh)(QJ_ajJ_) hJ‘(QJ_)Hl (]J_

~— o - 0?9 Oqﬂth 0
%l Fyuu(qe,ji) j L4Q1 7?M i 80 Ao () V5 =89 GeV, R=06
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Parametrization from Barone, Melis, Prokudin 10 (Boer-Mulders)
Kang, Prokudin, Sun,Yuan " 15 (Collins) Kang, KL, Shao, Zhao 21



Lepton + Jet Imbalance

Phenomenology : 47094~ %5s)

vu, T
: S sin(da—¢s, ) .
Asin(¢A—¢sA) _ FUU,T * N fl(qJ-)Df_T(JJ-)
Jet axis ver Fuu,u filqr)D1(jL)

* “Separation” of the incoming
and outgoing dynamics cancel
the qr dependence for this case.

y Beam axis *z

. . Quark polarization
Leadlng TWlSt TM DS Q» Nucleon Spin @ Quark Spin ; ;

Quark Polarization g U L T
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Lepton + Jet Imbalance

Phenomenology : A7H!%2 =750

S sin(¢pa—ds, ) :
sin(pa—ds, ) _ FUU,T : -~ fl(QJ_)Df_T(JJ_)

A ;
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*dT dependence indeed cancels and is only sensitive to TMDFFs.
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Lepton + Jet Imbalance

Phenomenology : A7"!%2 =750
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N ——

L~~~ sea Belle+EIC
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— * EIC pseudo-data significantly decreases the
uncertainties in the determination of TMDPFFs.

Kang, Terry,Vossen, Xu, Zhang "2 1
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Conclusion

Jet axis

1

L— Beyond | -

* New processes involving jets to non-perturbative structure

PP/eP— Jh)+X, eP—e+J+X, eP—et+Jh)+X

)

* Jet substructure techniques can be used to access information about FF's

- Information differential in 2}, allow more direct access to the FFs

- Jet axis provides us a mean to access TMDEFF structure

* Jet processes at the EIC can deconvolve the dependence between the TMDPDF and TMDEE.

- Its high luminosity, wide energy range, and polarized beams will illuminate
our understanding of the hadron structure and process of hadronization.

* Jets are great way to ‘isolate’ and obtain ‘differential information’ of the
non-perturbative structure of interest!



Thank you!



