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Inclusive high-pT single hadron and jet production at the EIC
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Two-Scale Observables in Lepton-Hadron Collisions

(] 3-D hadron structure:

] Need new observables with 2 distinctive scales:
Q1> Q2 ~1/R~ Agcp

= Hardscale: (); tolocalize the probe to see the
particle nature of quarks/gluons

= “Soft” scale: (J2 to be more sensitive to the emergent
regime of hadron structure ~ 1/fm

Trans

Longitudinal momentum

kt = Pt




Lepton-Hadron Semi-Inclusive DIS (SIDIS): @Q° > P7, in Breit frame

do .
dz dy dv dz dgy, dPZ,
2 2 2
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How was the Hadron Produced in the SIDIS?

J Physical Process: e(l) + N(P,1) = e(l') + h(Pr) + X
" Production of a parton + parton fragmentation: " Vector-Meson production + decay:
/
e(l') q q
e(l) T D) h(Py) =, \ h(Py) = .
5DIS 5DIS
Ep Ey, BIED, bea/N(xakT) ® Dy, p1) Ly B, dgl/dgph : > fayn (@, kr) @ Dhyo(2, pr)

Experiment measures cross section & both amplitudes
contribute to SIDIS cross section!

My
y 5 o« [ Mpp + Myum + .2 o |[Mpp|? +O<[Q] )
i Q: At what kinematics, production via parton fragmentation
e, dominates? |
3 \%p J)e,f,f./e'gon Lab



A Prerequisite for understanding SIDIS data

Qiu, Watanabe, Prog. Theor. Exp. Phys. 2026

 Single hadron (Jet) production in lepton-hadron scattering: arXiv:2607.07664

h=nK,...jet p E+p,
y=In -
E-p

7 - Inclusive DIS

E e N’J\f w3 % ............... o p € o p
|:> .................. P L —— [>—© __________________ <y e <}:I
» y: rapidity » y: rapidity

HERA experience:

Without measuring the scattered electron, photoproduction of the observed hadron becomes a very
important channel, and could be a dominated channel in some cases (e.g., quarkonium production)

Collision-induced QCD and QED radiation:

QCD: Factorization move collinear (CO) sensitive radiation to PDFs, FFs, ...;
include CO safe contribution to perturbatively calculable hard coefficients

QED: Change the direction and magnitude of the “exchange photon”, need unknown parameter for

Radiative Corrections (RC), which is energy and process dependent, ...

e
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Hard Collision Induces both QCD and QED Radiations

Historically, 1-photon approximation

s + radiative corrections (radiation from leptons)
1 Pr e (k. /)
5 / u
e (k)
° p <):| 1-photon
approximation
» y: rapidity . X (.
P (p,) '
“ . e . |7 (x QZ) N (53 @2)
We know how to calculate QED radiation perturbatively! B; B;
Y
7.2 1.2 + two-photon channel + ...
MC program(s) for the RC
with “cutoff(s)”
initial final vacuum Always keep the y* virtual!
5 .g_e,f,f./egon Lab



Hard Collision Induces both QCD and QED Radiations

Historically, 1-photon approximation
+ radiative corrections (radiation from leptons)

Q b e (k)
P; /

— .

€ N\ s A p '
= "\P’\r L a— 1-photon

U ......... v"\q,, J\N\J .............. . .

approximation

€

: rapidi
» y: rapidity > X (p,)
L] [ ] L] P(pu)
“We know how to calculate QED radiation perturbatively!”
" W /5 = 140 GeV .
<
o e 10° ol xz;=0.01
107 10 10?
ol x,=0.001
10 107 . 10 :
Qz = TBY S .
. " Xiaoxuan Chu 1¢ 10 8’; 5 VZWS 1 “10 .
e @2 EIC YR workshop trueQr [GeV'] e 0.01 <y <095
. N 1- ~ 1 et e =
‘ zp — Zp € [rp,1] 2 =qr oY) max = @ 107 10! 107 10°
(1-25y) (1-y+azsy) Qz (GeVz)
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Why We Need Parameter(s) for the Traditional RC Approach?

Cammarota, Qiu, Watanabe, Zhang
arXiv: 2408.08377, 2505.23487

k > //k
> , 9/ + 47 + Virtual diagrams
X X X

The virtuality of the exchange photon q° depends on the phase-space
of unobserved photon of momentum k

J Leading Order Radiative Correction (from leptons):

1

qg® +ie M g% — ie

do B¢ y 1
E% / d*q [W“ (P,q)5——L3) (6,0, q)

— OO

The ¢° is perturbatively pinched to ¢g? = 0 if the phase space allows!

=) |mpose “cutoff/limit” on the radiated and un-observed photon(s) to keep q “virtual”’— parameter(s)

The parameter(s) must be collision energy dependent — tuning parameter(s) in MC for RC

— Predictive power? ,
7 p Jeff./e-gon Lab



Joint QCD and QED Factorization for Deep Inelastic Scattering (DIS)

J Without the “one-photon” approximation:

~ Inclusive single lepton production at high transverse momentum LFEs

d3 k/ gmin 5

?’7.77a'

min 4

O Hard parts in power of o™af — B,

Hard parts are not sensitive to long-distance physics or the colliding states

= LO - Let h(P) to be q(P):

(b) K . doL0) §2 + 42 A
(2,0)  _ (93 eg—req | _ 2 (4.2 A <
5 H,Jox = (25) [Ek/ FE, e, (4aem) [ % ] ) (s +t+ u) PP (g Ds
‘Y*
N e - sy 22C[(CES)? + 0] b= (-0 = -
= € (4aem) ({t)2 (Cﬁs i u) 5(53 _ xmin)
c 2

do ' 1 Lod¢e [t d
B = o [ B [ D) fyee ) — o

Liu, Melnitchouk, Qiu, Sato,
Phys.Rev.D 104 (2021) 094033
JHEP 11 (2021) 157
Cammarota, Qiu, Watanabe,
Zhang [2408.08377]

L dx ~
X / - fa/N(xnu'2) Hia%jX(gkax-Pa kl/Ca:u’z) + -

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

o _ _8%TBY

min €C+y—1’
1—y

é-min: 3

¢ —zBY

Cmin = 1 — (1_373),%

s = (£+ P)?,
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Joint QCD and QED Factorization for Deep Inelastic Scattering (DIS)

Liu, Melnitchouk, Qiu, Sato,

J Keep the “one-photon” approximation — resum collinear radiation: Phys.Rev.D 104 (2021) 094033
JHEP 11 (2021) 157
Cammarota, Qiu, Watanabe,

Zhang [2408.08377]

p

min

d?oop—erx Lod¢e [t 2 2
~ — dé D — =
‘ dz pdy Lmin C2 § e/e(Cnu )fe/e(gaﬂ ) 5 O?
1
4

Ao ~ .
X z[wBy Fi(¢p,Q%) + (1—y—
TpYQ

When: D, ,.(¢) = §(1 — ¢) 6° : I '

feje(§) =06(1—¢) 6% d°okp—k X
dz pdj)

mm) Recover the Born expression
(J Next-to-Leading Order (NLO) to the leading subprocess: e(k) + q(p) — e(k') + X

= NLO - Let h(P) to be q(P):

3,0 3,0 1 2,0 1 2,0
He(q—>)eX - O.éq—geX Di/)e ® Héq—BeX fe(/t)e Héq_}eX M
_ W g 20 [f(l) 77(2,0) X]

q/q eq—)eX 'y/q 6’7—>€
conpesly 1, o i
5 No need for any free parameter other than the standard factorization scale .g_e,f_f./e-gon Lab



NLO QED contributions — beyond 1-vector boson exchange

(] NLO QED contribution — IR & CO safe:

(1 -+ 12 14 Sum over the flavors
Aé;’ﬂ)ex x o € {612 201+97) [3 In ﬂ — 5] 5(1 — ) @= ¢ =) N/e} appearedin the photon
f

10

9v % vacuum polarization
. ., TBY [ . a7
v=1-—= te, [010(1 — D) + ———— + ag - Two-photon exchange, IR &
z (1—w)+
. - CO safe, no u dependence
. -y -
w= _ In(1 — w) Radiation from quark lines
£(C— (zs/2)Y) 2 _d L n( - R 9
te b10(1 — ) + by 1 — W 4 +0s 1—w N + b Same as QCD NLO correction
ai,ae, ar B
b1, ba, b3, by . 1 In(1 — w) l RC - Radiation from electron
C1,C2,C3,C4 +e1d(l — ) + e (1 — 12)) N T e ( 1 — N T Need photon distribution of
are analytic functions the proton
of ¥ and W.
In joint QCD & QED factorization:
Lepton-distributions are not pure QED !
Hadron’s parton distributions are not pure QCD !
Jeff./e-gon Lab
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Prompt Single Hadron/Jet Production:

. . . . Kang, Meta, Qiu, Zhou, PRD 2011
 Single hadron (Jet) production in lepton-hadron scattering: Hinderer, Schlegel, Vogelsang, PRD 2015, 2016

Abelof, Boughezal, Liu, Petriello, PLB, 2016
- = Qiu, Wang, Xing, CPL, 2021
h==K,... 4 il < Qiu, Watanabe, Prog. Theor. Exp. Phys. 2026

JLab kinematics — fixed target:

ﬁ> : Qﬁ"l‘% ‘ v‘i"fﬁﬁﬁﬂﬁﬂiﬁiﬁiﬁ:ﬁ:’ 4 <: .{% _ pr = E'sin(6)

E 21 GeV?

——

» y: rapidity
Factorization:

Single hard scale

dgep_mx dz Collinear factorization
E—p——= / / i Dh/b z :u ' Nayak, Qiu, Sterman, PRD72, 114012 (2005)
Z a, b ¥ #min m1n _
Hard parts are valid at NLO
x/ —fa/N(ac v )HwaX(ﬁK zP,p/z,p?) + (1/pr)® Partially available at NNLO
Lmin |n QCD
The new unknown is f;/e(¢, 12) Hadron fragmentation functions (FFs):

lepton distribution functions (LDFs) Known, but, limited knowledge, in particular, at large z !

11 s a pre-requisite for applying the factorization for SIDIS - validity of fragmentation! ferd

Jefferson Lab



Lepton Distribution Functions (LDFs):

(] LDFs are non-perturbative: ,
QCD corrections make the LDFs

non-perturbative when evolved to
below the perturbative hard scale

(] Default Input LDFs at Lo = ¢ (Approximation) — need to be fixed by future data:
fije(€,m2) = N;£%(1 — )P

N; 0% Bi

e 96.808 60 0.1
Fule 0.035 —0.995 1.082
fere | 1.894x 1074 —1.001 3.182

Evolved from m, to m, via QED:

oy _ £ -~
fe/e(game) _ B[a0+1,50+1]

| . -

000 02 080 o oo ™I =0r Tomatch: £ (6, u3) ~ £EO(E, )
¢ feye(§:me) = 0.

12 Jefferdon Lab



Evolution of Lepton Distribution Functions (LDFs):

D MOdiﬁed DGLAP equation for LDFS: Qiu, Watanabe, Prog. Theor. Exp. Phys. 2026
( 2 (1’0) (2’0) (1’0) (2’0) (2’0) (2’1) ( 2
fese(§, 14%) \ (Pee Pee™’ Pey™” | Peg”’ Peg™” FPeg \ fese(§s 1) \ " |nput Factorization scale:
(2,00 p(1,00 p(1,0) | (2,00 p(2,0) p(2,1) ,LLZ ~ m2
fé/e(§7 ,u2) Pz P Pé’y’ Péq’ Péq’ Pég, fé/e(§7 ,UQ) ¢
5 | Frel&nd) P? PGO PRY PG PR PV Frre(€, 1)
= &
Oln The QCD/QED mixing is
Forel€12) pEO pEY PO PV PO POV || £, ) e acb/Q g
critically important for
Farel&, 112) Pq(g,o) Pq(g,O) P%’O) P§2’2) Pq(g,l) Pq(g,l) Farel&, 12) cqnce//ng all collinear
divergence beyond LO!
\ Jore&r?) |\ Be? P2V PRV PRV Pt Bt |\ foe6?) )
Evolution kernels in both QCD and QED:
— ([ em(t®)\" ()™ pnm) — plEml
Pi' , 2 — PN . PN ,
](& H ) n;zo( 27'(' ) ( 27'(' 1) (g) ngzo 1) (€ M )
with PP =0, Nr, N
c 2

13 Jefferson Lab



Solution for Evolution Equations of LDFs:

D Re_organization Of LDFS: F’ii - f’i/e 4 f;/e Qiu, Watanabe, Prog. Theor. Exp. Phys. 2026
OF
Fis= Fe — Fys. _PQ®F,
= : = 0 ln p? ®
Fig = Fy + Fys — 2F,+.
+8 + d=x + 8Fe_ — Pe(el,O)Fe_,
Fi15 = Fy+ + Fyg+ + Fg+ — 3F .+, ‘ 01n p?
Figs=Fyo + Fys + Foo + Fou —AF) s OF- _ ponp
Oln “2 qq
F:l::F:tBS:Fui -‘erﬂ:—I—Fsi —|—Fci —|—Fbi aF ) (01)
— =t — pG F ;.
where 1 = 3,8, 19, 24) 39, the F = (F€+7f")'7F+7F+247F+15aF+87F+37 fg)T aln,u2 4

Evolution kernels:

ce = Similarly for the others

PEE:( 1,0 1,0
P_(PEE PEC) B e
0 0 0 0 0 0

Pgc = 63_

P(1,0) 612413(1,0) 611513(1,0) eigp(m) 62L3P(1,0) 0
with 5 ¢ 20 ¢ 12 7 6 ¢ 9 "¢
2

eZ =e2teitelteltel, e2q=e2+el+el+ el —4del
4

2 2,2, 2 2 2 2, 2 2 2 2 _ 2 .
14 el15 =€, tegtes—3e;, elg=e,teg;—2e;, ei3=e,—e€y Jefferson Lab
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Evolved LDFs:

2 __ 2 2 2 __ 6 2 iu datanabe, Frog. eor. exp. S.
] Default LDFs: wu = 10 GeV : u? =100 GeV Qiu, Watanabe, Prog. Theor. Exp. Phys. 2026

! L L 10 L L
1074 1073 1072 10! 100 1074 1073 1

J Impact of QCD evolution on LDFs:

2 2
s p? = 3GeV? 3 p? = 102 GeV 3 p? = 10°GeV
].0 N 10 Mo 10 N
107 F TN RN 102F SO
Q0 BRI N :\~ c:“n
N s : N \N:‘x \~:‘~
< 101} AN 10 ¢ 10 ¢
W, N \~:~~ \~:“s~ \~:“.~
St \~‘- 0 \l‘\ 0 \~\‘s~
2 100 . 100 | 100 ¢ .
‘0: VTl \1“\ SN LN
— WWI1 (MS scheme) §~\ M . ‘\\
1071 ¢ WW?2 (Kniehl et al.) N 1071 ¢ ‘\\\ 10°1 ¢ N
= = Photon LDF \ ) 2
10—2 10—2 -2 f

L L L . N L L b3 10 L N N
0% 10% 102 10! 10° 1074 10 102 107! 10° 1074 103 102 1071 10°
15 § § '3 erdon Lab



PT Spectrum of Single Hadron Production at the EIC energies

(J FFs — Central set of JAM20 — scale dependence:

16

103

/dPrdy [pb/GeV]
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Leading Power QED Radiative Corrections

(] FFs — Central set of JAM20 — QED RCs:

17

H — +7 y —
1.4 e
H — /5 = 140 GeV
15 — = /S =100GeV
1.2 it vor0 /8 =63.2GeV |
RS - VS = 28.6 GeV
e VS =9.73CeV |
R /S = 4.84GeV
10 _.| ..... \.‘ ...... g |
RERN
i\
0.8 r: \
il : .
| \’
0L
10 20 30 40 50
PT [Ge\/]

_ Kt . —

]..4 l:‘ L Hl_ 'Kl 7 y_u vvvvvvv
B — /S =140 GeV
[+ == v/§=100GeV |

12-|'-.\ cee /8 =63.2GeV |

B — - /S =28.6GeV




Uncertainty of Hadron Fragmentation Functions:

O FFs—JAM20vs MAP1.O: | =~ 7" +/S=286GeV,y=0 =~ 7"VS=140GeV,y=0
- . | A ]
N ] ! ]
= 0.75 1 0.75 | ]
ﬂ : [ :
25% difference = 0.50 1 0.50 | ]
in cross sections! = ] } ]
< 0.257 0.25 |
= | — Total NLO ] | — Total NLO \
| == LO ] | == LO ]
0.00 - - - 0.00 - - - -
2.5 5.0 7.5 10.0 125 10 20 30 40 50 60
PT [Ge\/] PT [GGV]
Lo V'S = 28.6 GeV, Pr = 5GeV N V'S =140 GeV, Pr = 10 GeV
= | | |
= 0.8 S '
= P i N .
= 0.6 // \\
~— I
=04 ]
= : :
<§: 0.2 rotal NLO 1 027 poanro
[ == LO : [ --LO :
o
—1.5 —1.0 —0.5 0.0 05 1.0 1.5 —2 ~1 0 1 2
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Uncertainty of Hadron Fragmentation Functions:

1 FFs —JAM20 vs MAP1.0:

Similar size for K*
production!

But, different in pT
and y dependence!

MAP1.0 / JAM20

VS =28.6GeV,y =0

= =
o N

<
00

- —— 1O

K" /S =28.6GeV, Pr =5GeV

VS =140GeV,y =0

== 1O

1.2

()

N

=,

<< 1.0

—

—~

=

E 0.8 [

<§C | = Total NLO

== LO

0.6 '

0.8

- == LO

”’
~\~ —’—
o ——

19
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Uncertainty of Hadron Fragmentation Functions:

1 FFs —JAM20 vs MAP1.0:

H = " central set H = K™: central set
1. 25— ——————— 1 1257
Sl A .
g 100 .................. Tlc,u—e ........... _ 100 5""
<C I ] I
= 0.75 | 1 0.75 ¢
™~ [ : [
< 0.50 | 1 0.50 |
a - I 7Y
S 025 | A 025} 7 -
[ \ [ ‘i
0.00 " R e ———— S
0.00 0.25 0.50 0.75 1.00 0.0 0.25 0.50 0.75 1.00
z z
JAM20: Phys. Rev. D, 104(1), 016015 (2021)
MAP1.0: Phys. Rev. D, 104(3), 034007 (2021)
Large uncertainty in hadron fragmentation functions!
20 Jefferdon Lab



Nuclear Dependence from nPDFs only:

- Various nPDFs : R 2 dUeA—>H+X/dPTdy Similar in EMC region, but,
A/D = 4 doep—sH4x/dPrdy large difference at high x
20 \/g_ .28.6.(.}.6\/.’.y. — O : 20 — \/gz 286GeV,y — 0 -
“l--10 EPPS21 T 4V T rotal mPPSZI ' | ]
- —+NLO 4 _ 208p}, ] -+« Total: nCTEQ15WZSIH
- PH 24 1 1.5 Total: nNNPDF3.0
: e Total s 1 ’ == Total: TUJU21
1.0 |
0.5}
0.0 b L 0.0 '
0.0 2.9 5.0 7.5 10.0 12.5 0.0 2:9 5.0 7.5 10.0 12.5
Pr [GeV] Pr [GeV]
EPPS21: Eur. Phys. J. C, 82(5), 413 (2022) NNNPDF3.0: Eur. Phys. J. C, 82(6), 507 (2022)
NnCTEQ15WZSIH: Eur. Phys. J. C, 80(10), 968 (2020) TUJU21: Phys. Rev. D, 105(9), 094031 (2022)

21 Jeff.e-r:son Lab
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Nuclear Dependence from nPDFs only:

(] Various nPDFs :

22

V'S =28.6GeV,y =0

V'S =28.6GeV,y =0

1.50 g

| = Total: EPPS21
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vvvvvvvvvvvvvvvvvvvvvvvv
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Nuclear Dependence from nPDFs only:

(] Various nPDFs :

VS =65GeV,y =0 VS =65GeV,y =0
150 e I e e S
- A ="He : A =12C |
1.25 1 1.25¢
Q : f f |
+t<<(i 1.0( e LAY =______,__,‘: 1.00 [ - ey ...._________(/_
| — Total: EPPS21 :
0.75 [ -+ Total: nCTEQ15WZSIH 1 05
| == Total: nNNPDF3.0 ] I
| == Total: TUJU21 ] [ ]
0.5 /e 050 b e
0 5 10 15 20 25 0 5 10 15 20 25
1.50 1.50
1.25 | 1 1.25¢
S E |
< 1.00 | .4 100y
0.75 1075}
0.50 b 1050 b '
0 5 10 15 20 29 0 5 10 15 20 29
PT [GGV] PT [GGV]
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Nuclear Dependence from nPDFs only:

(] Various nPDFs :

24

VS =28.6GeV,y =0

| = Total: EPPS21 ] I
- «--+ Total: nCTEQ15WZSIH 1 0.75 F
| — - Total: nNNPDF3.0 [ I
[ == Total: TUJU21
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— 1.50 |

S ape
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i
o
.

........................

el
Jefferson Lab



Nuclear Dependence from nPDFs only:

(] Various nPDFs :

VS =286CeV,y =0 VS =286GeV,y =0

1.50 1 1.50
25t 1 1.25¢
@' " Al 100
| — Total: EPPS21 '~ f
0.75 | +*+* Total: nCTEQ15WZSIH S~ |11 075 ¢
[ — Total: nNNPDF3.0 N {
| —— Total: TUJU21 |
0.
12.5 0.0
1 1.50
AN 125}
41 100
0.75 | MO 075}
[ N s ] [
| \, N | | |
0,50 Lot e 0.50
0.0 2.5 5.0 7. 10.0 12.5 0.0 2.5 5.0 7.5 10.0 12.5
P P ,
25 T [Ge\/] T [Ge\/] .;,e,f,ffe’-gon Lab



Single inclusive jet production:

. . B. Jager, M. Stratmann, and W. Vogelsang,
D Jet Functions (J FS)' Phys. Rev. D, 70, 034010 (2004),

m<z,u2>=2(%‘f)) Tz 1) = T (2 i) + T i)+ -
n=0

A JFs at LO: jz.(o)(z,wj, p?) = 6(1 — 2) fori=gq,g

1 JFs at NLO: Zhong-Bo Kang, Felix Ringer, and Ivan Vitey,
JHEP, 10, 125 (2016)

I (z,wy, p?) = LPOY (2, p?) + [L — 21n(1 — 2)] POV (2, 4?)

- a82(7":2) {CF [2(1 +2%) (lnil__zz))+ + 1] — (L — z)d?falg},

T (2, w5, 14%) = LPgY (2, 4%) + 2n [L — 2In(1 — 2)] P (2, 1)

as('u2) {4CA(1 o z2)2 (]n(l — Z)) B 5(1 _ z)dgj,alg + 4nfTRz(1 — z)},
z +

2T 11—z

p R 0.1)
L=In—5—3 , R= P> One-loop QCD splitting functions with i.j = q,g
w? tan*(R/2) coshn ij o
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Single inclusive jet production:
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Single inclusive jet production:

J Impact of RC:
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Summary and Outlook — Thank you!

U Proposed to use the prompt single hadron inclusive production to test the fragmentation picture in
particular at JLab energy — Prerequisite to fitting SIDIS data with current factorization formalism

O Current fragmentation functions with the NLO perturbative coefficients can fit the RHIC data
O But, have a difficulty to fit the JLab data, which could have included “non-prompt” pions (those from

rho decay, ...)

[ Collision induced QED radiation is an integrated part of the lepton-hadron collision

O Radiative correction approach is difficult for a consistent treatment beyond the inclusive DIS
O No well-defined photon-hadron frame, if we cannot recover all QED radiation
O Radiative corrections are more important for events with high momentum transfers and large phase

space to shower — such as those at the EIC

Factorization approach to include both QCD and QED radiative contributions provides a
consistent and controllable approximation to high-energy lepton-hadron scattering processes

(d Hadron FFs are poorly determined!

[ Need data of lepton-hadron scattering without implementing RCs for determining universal

LDFs !
e 2
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