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Inclusive Pion Production in Lepton-Hadron Collision

—— Prerequisite for understanding SIDIS data with current factorization formalism

h=nK,...jet 2
y=In E=p
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QCD Color is Fully Entangled

(1 QCD color confinement:
o Do not see any quarks and gluons in isolation

L3
o The structure of nucleons and nuclei — emergent properties of QCD i
Color Confinement Asymptotic freedom
I | | | | > Q (GeV)
20 MeV (10 fm) 200 MeV (1 fm) 2 GeV (1/10 fm) Probing
@ 1 i scale
:: Asymptotic
QCD at the Fermi Scale: Femto-saence (0.1-10 fm) . regime
= The most interesting, rich, and complex regime of the theory! :: :/Qokas
u H I >
All emergent phenomena depend on the scale at which we probe them! . beautifully!
(1 QCD is non-perturbative:
Q P B-meson Atomic structure
o Any cross section/observable with identified hadron B (ub) Nackops
is NOT perturbatively calculable! .
onit_ Quantum orbits

o Color is fully entangled!
Brown-Muck Jygff/egon Lab



2-Scale Observables and 3-D Hadron Structure

(] 3-D hadron structure:

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

* Hard scale: (); tolocalize the probe to see the e e
particle nature of quarks/gluons

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

3 Jrgffjagon Lab



Lepton-Hadron Semi-Inclusive DIS (SIDIS): @Q° > P?; in Breit frame

do
, L dz dydip dzdpn dP?,
\ 02 yﬂ '}'2 COS
q 5 1+ — | SWFvurhH e Fyu,L + v/2€(1 +¢€) cos ¢ Fipp ™"
@ 2(1-e) \ 2 18 SIDIS

+ecos(2¢n) Fin 2 + Ao /2¢(1 =€) sin gy, Fipy Structure Functions

+5) [ /2¢e(1 +¢) singy Fyp ™ + esin(263) Fyyp ™"

+SjAe | V1—¢€% Frp + +/2¢(1 — €) cos ¢y, F'Eisé"‘]
5

+1811 | sin(gn - ¢s) (Fon ) +e Fpph o)

Q* > P,
In photon-hadron frame!

+ & sin(gn + ¢s) Fyp " t95) 4 ¢ sin(3¢y, — dg) Fyp o0 ~¢s)

Jet, m, )y, ... +1/26(1 +¢) sings Fip?® + 1/2¢(1 + €) sin(2¢, — ¢s) F;}‘;‘?"*"*"“‘S’M

+ |81 Ae [\H] — &2 cos(¢p, — &) Ff;fw"_%) +1/2¢(1 — €) cos pg Fios?s

flx, k7, Q) - TMDs
+1/22(1 — £) cos(2¢y, — ds) Ff?{w"“ ~¢s)

} Je on Lab



Theoretical Approaches — Approximations:

J Perturbative QCD Factorization:
— Approximation at Feynman diagram level

e p
— Y o) XX
® @ C— ‘ DIS

ll

l

Factorization Parton-distribution Hard-part Power corrections
O Effective field theory (EFT): Theory Structure Probe Approximation
— Approximation at the Lagrangian level
Soft-collinear effective theory (SCET), Non-relativistic QCD (NRQCD), Heavy quark EFT, chiral EFT(s), ...

] Lattice QCD:

— Approximation for finite lattice spacing, finite box, lightest quark masses, ... with Euclidean time formulation
(removable with increased computational cost)

Hadron structure, hadron spectroscopy, nuclear structure, phase shift, ...

d Other approaches:
Light-cone perturbation theory, Dyson-Schwinger Equations (DSE), Constituent quark models,
AdS/CFT correspondence, ...

.Jygff/egon Lab



Predictive Power of QCD Factorization

U Universality of non-perturbative hadron structure + calculable matching coefficients:

m lepton-hadron reactions (COMPASS, JLab, EIC)

EXP _ . , Plus other factorizable
Oiprex = G ivx @ \PDFP} +O(Qy/ Q) observables — Cross sections

& Asymmetries
Plus LQCD calculable &

m hadron-hadron reactions (LHC) factorizable hadron
matrix elements

X mex = Otttk x | © [PDFp | @ (FFa |+ 0(Q%/ Q?)

UIE;E;AHHX — [C’Hk_’””XJ ® [PDFP} ® [PDFPJ +0(Q/ @)

LQCD —1
m lepton-lepton reactions (Belle) On/p = (P|On|P)Zs,
UES%EBHX = [Cl+l_—>k+X1 039 FFH + O(Q%/ Q%) - ®

(d Hadron structure = Theory + Experiment + Phenomenology:

" Factorization - Identify “Good” observables (Theory, including LQCD)
" Measurement — Get “Reliable” data (Experiment + LQCD) See talk by
" Global analysis — Extract “Universal” structure information (Phenomenology) Chris Cocuzza

by solving an inverse problem .Jrgffggon Lab



How was the Hadron Produced in the SIDIS?

[ Physical Process: e(l) + N(P, 1) = e(l') + h(Py) + X

" Production of a parton + parton fragmentation: " Vector-Meson production + decay:

E E
d hdJ ‘&P,

DIS

& Z fu,"N(:‘E:- kT) & Dh,ﬂ“b(z:PT) Ey Ep dBU'd3 P, @ fu,'fN(ﬂ: ij & Dh;’b{z PT)

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

My,
S o [Mpr + My + -2 DC|MFF|£+@([Q ] )
Q: At what kinematics, production via parton fragmentation
dominates?

Jrejf.ggon Lab



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=mKk,... b ; E+p, Qiu, Watanabe, in preparation

JLab kinematics — fixed target:
pr = E'sin(6)

ef\‘ ............ r\'\l\r /. L,Lq’b-. .............. op E
:: > \_ e . P < i <_f__ ZlGeV?

» vy 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, ... Jreﬂgon Lab



Hard Collision Induces both QCD and QED Radiations

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

e (k)

€
@ ==

“We know how to calculate QED radiation perturbatively!”

Y
. I

initial final vacuum

.o <:| 1-photon J
approximation

» y: rapidity

¥
P(p)

(z5.Q%) — (25,Q%)

X (p,)

+ two-photon channel + ...

MC program(s) for the RC
with “cutoff(s)”

Always keep the y* virtual!

Jrejf.ggon Lab



Hard Collision Induces both QCD and QED Radiations

€ p
Pr
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“We know how to calculate QED radiation perturbatively!”

> 1F
10F

102 -

L Al
102 10" 1
trueY

‘ rp — Ip € |rp,1] 02 :Q2u

10°

10* “;

Q

S,
10° G 10 10°
107 10° 102
10 10° . 10

2
Q" =zpyS
1 d ] 1
Xiaoxuan Chu 19 10 10’

t GeV?
@2" EIC YR workshop “’902[ orl

(1 — Tp y)

Historically, 1-photon approximation

+ radiative corrections (radiation from leptons)

> =2

/ ¢ (k“ )

1-photon
approximation

®
P(p)

X(p,)

" 104} v/3 = 140 GeV z,=0.1
10° 3| xz,=0.01
o 10 B
10° %
O g2l »=0-001
10 ~
[~ ]
(@
1 10}
0.01 <y <0.95
(1 e .
10° 10 102 103



Why We Need Parameter(s) for the Traditional RC Approach?

Cammarota, Qiu, Watanabe, Zhang

U Leading Order Radiative Correction: arXiv: 2408.08377 2505.23487

+ q7 + Virtual diagrams

Contribution to the cross section — cut diagram notation:

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

dO'EhC_)eX /d4 W,uV(P ) 1 L(l)(f g/ )
0, X
A3/ q » 4 q2—|—i6 pv \* v q q2—’l:€

— O

E/

The q2 is perturbatively pinched to q2 = 0 if the phase space allows!

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

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

— Predictive power?
P Jrejf.ggon Lab



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

Liu, Melnitchouk, Qiu, Sato,

 Without the “one-photon” approximation: Phys.Rev.D 104 (2021) 094033
JHEP 11 (2021) 157
~ Inclusive single lepton production at high transverse momentum LEE Cammarota, Qiu, Watanabe,
S Zhang [2408.08377]
doxpsrx 1 Lode [tdg 2 2\ <
Ly A3k = 2_8 ? ?De/j(<,7/1/ )fi/e(fnu ) LDFs
i)j’a Crnin Smin

1
dx ~
X / _fa/N(x7M2)Hia—>jX(£kaxP7 k//CnLL2) + o

o
\ PDEs No structure functions, but

have PDFs, LDFs, LFFs, ...

 Hard parts in power of ™oy — Hf;ﬂ% : L _ _Epy
min — + . 17

Hard parts are not sensitive to long-distance physics or the colliding states ¢ 1 y_ y
fmin - )
¢ —xBY

= LO - Let h(P) to be q(P): Cmin =1 — (1 —zR)y

Vs . (LO) a2 | A2 )
N ALY = (29 [E d"ﬁ:i@] - e (1a2,) [P s v iv (PP
: v — @k t u=(l'—P)*=(y—1)s,
P — e (a,) T e ) e
= €, em (ft)2 (Cfs n U) min

Jrejf.ggon Lab




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

Liu, Melnitchouk, Qiu, Sato,

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

Cammarota, Qiu, Watanabe,
Zhang [2408.08377]

d*orpsox N/1 ag
d:Ude Cmin C2 gmin

Ama?

nge/e(C M )fe/e(é= M ) [
32 ~ 1o . 2
XxByQQ [SUBQ Fi(Zp,Q )—I—(l—y—iyﬁ’)FﬂxB,Q )}
When: D, ,.(¢) = §(1 — ) 5 : — '
fese(§) =0(1 =€) 6% d°orp—i'X
‘ 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):

73,00 __(3,0) (1) 73(2,0) (1) 2(2,0)
Heq—>eX T Oeq—>eX De/e ® Heq—>eX fe/e ® Heq—)eX
(1) 77(2,0) (1) (20
fC]/q Heq—>€X [f’y/q ev—)eX]
Completely UV, IR, CO safe! Similar to the Bethe-Heitler subprocess

. for Exclusive Processes
No need for any free parameter other than the standard factorization scale J,_e,tf-/egon Lab



NLO QED contributions — beyond 1-vector boson exchange

(1 NLO QED contribution — IR & CO safe:
Sum over the flavors

/\2 A
77(3,0) 3 o {612 2(1 + 02) [3 In (1-19)s 5] 5(1 — ) - = Z N/ e3  appeared in the photon
f

e X Qe -
ameX 1 90 p? vacuum polarization
v=1-— 57 +e, a16(1 —w) + a—i + ag - Two-photon exchange, IR &
TG (1 —w)yt
X s CO safe, no u dependence
. -y -
0 = . i :
£(C—(zp/2)y) 5 . 1 In(1 — ) | Radiation from quark lines
T b15(1 w) + b2 1 — N +bs 1 — W n + b Same as QCD NLO correction
ai, e, dy -
b1, ba, b3, by . 1 RC - Radiation from electron
1 — =
C1,C2,C3,C4 +e10( ) + 2 (1 — W )+ + 64} Need photon distribution of

are analytic functions the proton

of ¥V and w,

In joint QCD & QED factorization:

Lepton-distributions are not pure QED !
Hadron’s parton distributions are not pure QCD !

Jgjf.ggon Lab



Impact of Factorized QED Contribution to Lepton-Hadron Scattering

 Perturbative lepton distributions:

o p?)

H(NLO) (¢,

e/e

=5(1-¢) + [1+52 i

0w | T-€ (- gm?

)_5(1_C)+ I 1_C (1_C)Qm2

J Nonperturbative model distributions:

LDFs:
LFFs:

PDFs:

Very different from PDFs, peaked
at larger momentum fraction

(1 — )P
fe/e( )N e/e( )_ GB(1+CM,1+6>
with N, =1

(a, ) = (5,1/2), (50,1/8)

Cover the range of perturbative lepton distributions

CTEQ CT18
not much difference from using other set of PDFs

_|_

Electron mass to regularize the CO divergence
— Only defined under the integration.

1.50

Ono RC/URC
o SR S S -
N =T
a O »

’[7:
o
t
o

0.25

0.00

FERRAD35
TERADS86

— V5 = 23GeV

y = 0.9

102

Z

101

Liu, Melnitchouk, Qiu, Sato,

JHEP 11 (2021) 157
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Impact of Factorized QED Contribution to Lepton-Hadron Scattering
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Impact of Factorized QED Contribution to Lepton-Hadron Scattering

 Q%is NOT an ideal hard scale at small xg

and/or beyond LO in QED:

pr=Q*(1-y) =@’ (1——) /

ForEIC: vy <0.95

2
2 N2 _
20
Factorization does not work if p> is too small!
TTTT T L |
10 3 I Current polarized DIS data:
b OCERN ADESY ¢ JLab OSLAC
o Current polarized BNL-RHIC pp data:
C\I> ® PHENIX TT® ASTAR 1-jet
® 102}
O
S
(aV]
C
10 ¢
1 -

TTTT

dJLE}}IH

dJLU-HL‘

] [ |
S
o 3
— s
o=
3 T3
L]

il P
S |
o =
+ (%]
2 |&
=

=

—_— 0 = 2GeV? Pert RC
02 = 2GeV? Eval RO
7 = 10 GeV? Pert RO
02 = 10 GeV? Evol RO |

—_ ()2 = 100 GeV? Pert RC
€? = 100 GeV* Evol RC

2 2
f““,lh o = Q
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1.?: ___‘—_‘.;' "\-\.
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rr
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Impact on Extracting Non-perturbative Hadron Structure

(1 Additional universal & non-perturbative LDFs and LFFs:
m lepton-hadron reactions (COMPASS, JLab, EIC)

081 1rx = Ciki 1+x ®|PDFp|®(LDF, |® [LFE. |+0(Q%/Q?)

oEXP o =[Ciksiikix | @ [PDFp | @ |[FFr ®(LDF, |®( LFF.|+0(Q?%/Q)

m hadron-hadron reactions (LHC)

UJE;>+(E)3—>1+i+X - (C‘Hk‘””—ﬂLX |® [PDFP/ &

PDFp |+ 0(Q¥ @?)

<

m lepton-lepton reactions (Belle)

oFXP = [Cunix | [FFa @ [LDF, | (LDF,)+0(@%/@?)

(J Additional physical processes sensitive to LDFs and/or LFFs:
m lepton-hadron reactions (COMPASS, JLab, EIC)

oribmix = (Ciakshix] ® (LDF,) ® ® FFy +0(Q2/Q?)

Jrejf.ggon Lab



Prompt Single Hadron/Jet Production:

] Single hadron (Jet) production in lepton-hadron scattering:

h=nrnkK,... p E+p,
y=In
E—p.
Pr
pz
e m ............ ‘\'\]\r , ) '-’L,.l,ln .............. o p
\_ . S
» vy rapidity

Factorization:

g 2% [ Eoweres)
ia ,b Zmin Smin

Y / " () B (€6,2P,p/2,12) + (1 pr)°

min

The new unknown is fi/c(, 4%
lepton distribution functions (LDFs)

Is also a pre-requisite for applying the factorization for SIDIS - validity of fragmentation

Kang, Meta, Qiu, Zhou, PRD 2011

Hinderer, Schlegel, Vogelsang, PRD 2015, 2016
Abelof, Boughezal, Liu, Petriello, PLB, 2016
Qiu, Wang, Xing, CPL, 2021

Qiu, Watanabe, in preparation

JLab kinematics — fixed target:

E pr = E’sin(0)

21 GeV?
Single hard scale
Nayak, Qiu, Sterman, PRD72, 114012 (2005)

Collinear factorization

Hard parts are valid at NLO
Partially available at NNLO
in QCD

Hadron fragmentation functions (FFs):

Known, but, limited knowledge, in particular, at large z !

.JTgtﬁ/eRon Lab



Evolution of lepton distribution functions (LDFs)

1 Modified DGLAP equation for LDFs:

0ln p?

/ fese(€, 1) \
fere(€, 14°)
Frre 1)
fase(&, 1)
fase(&, 1)

(

\ fg/e(ga N‘Q) }

\

Evolution kernels in both QCD and QED:

P& n') =)

n,m=0

(

PO p2o pLo| peo peo Pégz’”\ (fe/e(ﬁ, /f)\
p2Y pLY pLo I peo peo piy fese(&, 12)
P? PGSO PGY PR PO PG Fare(€, 1)
P P2V PLO | PRV PSP PRV Forel€, 1)
PRV P PO P® PV Pt fae(&, 1)
Pt Pt Pyl | Byt Pgh Byt |\ forel ) )
a—em(“2))” (‘*S(ﬂz))mﬁﬁw(s) =S POm(e, 1)
2 2 “ e~ "

with PO =0, Np, N,

Qiu, Watanabe
In preparation

"  Factorization scale:

2

2
e ~mg

" |nput LDFs at p?:

* Perturbatively
generated by solving
QED evolution from
lepton mass threshold

* With perturbatively
calculated fixed-order
MSbar LDFs

* Test the size of non-
perturbative hadronic
contribution

The QCD/QED mixing is critically important for canceling all collinear divergence between LO! Jﬁif-ggon Lab



Evolution of lepton distribution functions (LDFs)

. . . . Qiu, Watanabe
 Lepton distribution functions (LDFs): In preparation
1?2 = 3GeV? p? =100 GeV? u? = 10° GeV?
102 T~ no mixing 102F —— no mixing 102 = no mixing

S - 100k
10—2
10~
o 107°= =3 7 —1 0
0 10 10 10 10 10
3
pu? = 100 GeV? p? =10° GeV?
102 T~ mixing

100
10—2 L

104}

-6 - - . Y . . .
10907 105 102 10¢* 10° Y107 10° 102 10T 10°

103 102 10T  10°

With LDFs, we calculated single hadron production, including J/y production at the EIC Jﬁif—ggon Lab



Calculations for various Fixed Target Energies

. Qiu, Watanabe
O FFs - JAM20: — In preparation
Preliminary

lﬂl-ﬁ e B=0T3GeV
1071}

103}

.Jrgff/egon Lab



Explore Uncertainties of Fragmentation Functions

(] Parameterize the JAM20 FFs:

(Model) :2Dr" (z,) = N

(Modd2) :2Dr" (2,2) = N

d Compare with data:

2%(1 — 2)B=

Bl1+ 0,1+ Gz’

Preliminary

24(1 — 2)5(1 + %)

y| <0.5

10-1

= 3

Modell x =1

Modell =z =0.8

Modell = =0.6

Modell = =04

Modell = =02

—— Modell z=0.1
M STAR

) [(GV) ]

/5 =200GsV,

art

|

L0 1.25 1.50 L.75 2.00

pr [GeV]

Bl +o, 1+ Ba] +¢B1+ao +5, 1+ Ga]

With a parameter: x € [0, 1]

Qiu, Watanabe
In preparation

* Smaller x = Larger contribution
from large z region
* e+e- has weak constraint on large z

—— _
3
= 10M
.ﬁ. — Modell z=1
SO
E 1072t \padl = — 04
s iy
:é“ 04 ¥ MARATHON H1
Woms—Too 15 150 15
pr [GeV]

Role of power corrections

JTgf;f.;Ron Lab



Summary and Outlook — Thank you!

[ 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, ...)

O Same problem is much less important due the more steep falling spectrum of rho and other VMs.

Need to consistently subtract the “background” from “non-prompt” source of “leading
hadron” when studying SIDIS at JLab energies

 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

Jrejf.ggon Lab
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