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Structure of the Proton

|

e Early SLAC experiments performed N\
DIS measurements Sl 3

e Similar to Rutherford scattering, L
results were not consistent with & el
uniform distribution inside proton Sk

e Hadrons composed of point-like - ‘ ,
partons (Feynman 1969), later '°'°E‘ \‘i‘fSJAiTER.NG 3
determined to be quarks and gluons 5 \\_

e Several classes of functions defined S L\.\-
to characterize behavior of partons R AR
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DIS Factorization

®

da(p—n X ,do-e[—n’ ¢+ X '7 2a2 1 + (1 WE y)2
i Z f de fijp() E'— 77— = Z {Qa 7 Hfup(x)

e Separates process into non-perturbative QCD effects (PDFs) and perturbative
hard scattering process
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Parton Distribution Functions

e Parton Distribution Functions (PDFs): describe probability of finding parton
with given momentum fraction inside hadron

dw- _, - - _ kt ’
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e In the free field approximation: 0.6
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PDFs from JAM Collaboration
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3D Structure of the Proton

e Transverse Momentum
Dependent PDFs: Intrinsic
transverse motion of parton
considered  f(&, kr)

e Generalized Parton Distribution
Functions: Position space
distribution compared to center

e Need two-scale observables
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Hadron Formation

e Fragmentation Function (FFs): describe probability of hadron is formed by a
parton given momentum fraction

ot
="t
co or, 1rac dw? et . /C)w '
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Semi-Inclusive DIS: Frontier of Hadron Structure

EICe

Jefferson Lab

| e Observation of two particles allows
% consideration of two scales of
S observables: [, jand Q2
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SIDIS Cross Section

Quark Polarization
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Breit Frame

identified hadron Pf’;

.
=

>

incoming proton P

1 P-I—
= —1] _h_
Yn =3 og(Ph_)
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outgoing lepton I'*

g=1-1
exchanged photon

incoming lepton [#
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Kinematic Variables Appearing in Full SIDIS Cross Section
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Separation of Kinematic Regions

y

detected Ph, T

hadron

outgoing
quark

Current fragmentation

]
1
1
1
1
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incominge=---tooo. —_— : & no
quark M Collinear factorization

detected
hadron Current fragmentation Soft region Target region
outgoing TMD factorization 7777 Fracture functions
quark |
Yn

incoming
hadron /
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Standard Approach

small transverse
momentum

Current fragmentation
TMD factorization
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large transverse
momentum

matching region

aka ASY (=asymptotic)

FO
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Scale Separation of Cross Section

do
= — W FO — ASY 0 AZ D 2
dzdQ2dzdPrr | T T Oltten/@’)
where ~ W for qT <K Q
Pnr = qrz
vew  ~FO forgr~Q

e W term has resummed logarithms
e Asymptotic term perturbatively expands W term to fixed

order
e Covers matching region between W and fixed order and

removes non-dominant contributions
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Inconsistency with Data

e Large discrepancy with data
(example from COMPASS 2017
run, Aghasyan et al., 2018)

e Possible Solutions
o Higher twist corrections
o Better constraints on PDFs and FFs
o NLO corrections
o Power corrections

G
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Beyond Leading Order Corrections

e Order of ¢ * contributions
calculated in Wang et al., 2019
e Compared K factor ratio for F,

e Important at large x

o  Soft gluon effects near threshold
e Important at small x

o Large (P+q)?

P{WWMV = F
i _ (2(25/x)?) pt'p” lg/w
1 Q2 2
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Power Corrections

e Considered by Liu and Qiu, 2020
e Typical subleading power corrections are suppressed by large PhJ_
e Enhancement from hadronization and edge of phase space
e Requires consideration of quark-antiquark FFs
o Hadronization of a pair (i.e. 3d — 71)
(a) (b) %i
a2V 7\ g,
l+q Lt y 2 SR
Juoe by o aw |
(c) (d) "
] 7 S F3 P - V'
o] S AP
AT — 4Ty

G Py (GeV?) Bip (GeV?)
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QED Effects

e Radiation of photon from initial state changes the direction of the exchanged
photon

e Unobserved lepton radiation introduces ambiguity, as the radiation changes
the unobserved photon’s momentum (Liu et al., 2021)

e Hybrid factorization method to address these issues

L' N

LH
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Collision Induced QED Radiation Effects

e Previous approaches focused on a radiation correction factor to scattering

without radiation

o Translated xB,QQ = xeff,ngf
o  Virtual photon still fully determined

e Needed hadronic information form “effective” variables, so difficult to extract
hadronic information precisely from this approach
e New QED factorization approach takes

LB, Q2 = Z%Ba Q2 S {[QZ'B, 1]7 [Q?nina Q?nax]}
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Kinematic Variables with QED effects Highlighted
- —}}% - e 11
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Hybrid Factorization Approach

e Leading collinear radiative corrections resummed into lepton distribution
functions and lepton fragmentation functions
e Can still extract PDFs and TMDs from scattering cross sections

d6O_LA—>L’hX dc dnf
EPhEL’ dgﬁhd?’i’ ~ Z C2 g e/j (C)fz/e(g)
d60.kA—>k,hX
d° P,d’k =L k=L /¢
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Explicit vs Structure Function Expansion

e Explicit Perturbative Expansion

dGOkA—ﬂc’hX dz da; N NP
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Lepton Distribution and Fragmentation Functions

At NLO, leading logarithmically resummed universal functions
Lepton Distribution Functions: radiation prior to the collision
Lepton Fragmentation Functions: radiation after the collision
Follow DGLAP evolution kernel

Perturbatively calculable (up to hadronic contributions)

(1) o o [1+¢€7 s

(1) o o [1+¢2 Cp? ]
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Endpoint Numerical Issues

e General form of the cross section:

1 1
o — / dc def(€)D(C)H(E,C)
Cmin §min (C)

e Poles at endpoint, requires mathematical tricks to separate problematic region
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Helicity Basis

e Working with WH = % <X“X” + f’“?”) Hpp + <T”T”FIL + <T“X” + X“T”) Ha + .. )
helicity-based — h ther, () 7
hadronic structure AL

. . v 4
functions (similar to 47 = ——
lepton case in Liu Q
1
etal., 2021) T _ (_) (" + 23 PP
e Vectors defined as Q

in Ji et al., 2006 / )
’ 1 pPH*
X“=<_,—> u_(jﬂ_ 1+C{7; i P!
qr “B Q

YH =P 7, T, X,

29
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Perturbative Coefficients in Helicity Basis

e Fixed order projection onto partonic states  Hppr = l(X“X” + YY"V )W,

e Separate into real and virtual terms 2
e Separate based on momentum scale W =R +V,

HTT(C;T) = Wprp (Small C;T) —+ YTT(large 5T)

Hpp

_ asymp
Yrr = Rrr — Ry

(S~ L‘i/‘,é‘f O
N 30
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CSS-like Formalism

e Similar process as in CSS formalism (Collins et al., 1985)
Wrr(br, Q) = /d2§T€i5T'5TWTT(§T, Q) =e¢"[Cr@ fl®[Cp © D]
e Expanding in powers of o

Wrr = CVC) 5O 1+ o0 s® 4 o o) s

Lo ”@ 1. Yo
S=1——=|2AWp? 4+ B\ ln =%
T |2 M Nb
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NLO Perturbative Coefficients
Wrr = C}VCRs© + Ccp)s© + o e st

e Comparing the fixed order calculation with the above perturbative expansion:

A —1q
B(l)__§

2

1 1 /N2+1 iy
C(l))\——l—Q)\——( )hl MS _ 5(1 — \
r) =55 Y G e (1-2)
o0 __1_2n—_( )1 MS _ 54 _
o ' A L M (1=m)
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QED Effects on Relevant Kinematic Variables

e Explicit dependence of major kinematic variables on

rad iation paramete rS g’g ()% vs xy over arange of 4 at Compass kinematics
By — _SYTB 5, — _ SUch |
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Previous Comparison of Unpolarized Cross Sections

e Liuetal., 2020 and 2021 established new factorization approach
e Showed effects of radiative corrections to Gaussian approximation of W term
with artificial fixed order talil

e_(thJ_)Q/((ZhQJ_)z)

h 2 2 2 2
FUU,Gaussian(wBayazh7Q 7QJ_> = Zeqfq/h(ngQ )Dh//q(zh,Q ) 5
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g 1.5k FUU"T FUISH;? : —_ g ; ?OGC:V
g1
O T e :
g I SIEIE T TIPS P TR TRRTRERRRERIRRE PRI N B PR v, \‘N-
2 0.5} - s v RO
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%05 1 15 20 05 1 15 2
ar/Q ar/Q
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Setup

h
OUU,Modified

R =
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= WR + (1 — R)FO

e—A(QT/Q)B

Before QED corrections

Fixed order calculation comes from Nadolsky et al., 1999 (at finite gr ~ Q)
To match W to FO, toy scheme used in this work (and in Liu et al., 2021):

10_2 ' Matching a}',; for Q=1.87GeV, x=0.017 and z=0.2347
'| — n';’.!v modified
: === a}y (FO)
\ === gl (W)
™ \
| A \
">" 10~ \\
()
O s
o -
1070
Yy
10—*"(J
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Structure Functions Considered

e 4 unpolarized structure functions in
SIDIS cross section

e 2 depend on hadronic angle
o Possible to include from fixed order
calculations

o Ignored in this study as contributions are
small (~1%)
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Structure Function | Wterm @ FO term
Four Yes Yes
FUU,L No Yes

F{}(ﬁ Pn No Possible

[eos 2¢p, No Possible

Uuu
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Role of Angular Effects on PhT

e Standard approach assumes separable angular dependence
e Lepton radiation introduces internal angular dependence
e Increases weight of back-to-back region

do

0s ¢ coqub
Trpdandgzap? X Fovr + Four +cosonFyg™ + cos(20n) Fyp ™
- cos op(C§ — 1) Pri
Pf?J_(€7<7¢hayvzh7Q7PhJ_) X ( ) +Pf?J_

(CE+y—1)
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Importance of Angular Effects

G./Q vs ¢y, for Q*=3.5 GeV?, x=0.017 and z=0.2437

207

0 5

=2
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Angular modulation on internal transverse
momentum induced by QED effects!
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Conclusion

e Joint QED + QCD factorization
scheme for SIDIS process showed
significant effects on cross section

e Full transverse momentum spectrum
required to address QED effects

e Potential resolution to discrepancies
between previous theory and
COMPASS data

ﬁ J. Cammarota, JLab Seminar 2023

104

@=46GeV? \ PN
103 xrp = 0.075 \ \\\
z, = 0.2437
i 3 3 i ; — E
qr (GeV)

L

/Q vs ¢, for Q2=3.5 GeV?, x=0.017 and z—0.2437

2.0

1.5
— £=10, (=039
<g — £=064,  =0.69
— 1.0r — £=05, (=10
N~ — ¢=1¢=1
0.5
0 2 4 6

41



Acknowledgements

This work was supported by the DOE Contract No. DE-AC05-060R23177, under which Jefferson Science
Associates, LLC operates Jefferson Lab, and also by the DOE, Office of Science, Office of Workforce
Development for Teachers and Scientists, Office of Science Graduate Student Research (SCGSR)

program, administered by the Oak Ridge Institute for Science and Education for the DOE under contract
number DE-SC0014664.

J. Cammarota, JLab Seminar 2023

42



References

M. Aghasyan et al. Transverse-momentum-dependent multiplicities of charged hadrons in muon-deuteron deep inelastic scattering.
Physical Review D, 97(3), feb 2018. doi: 10.1103 /physrevd.97.032006. URL
https://doi.org/10.1103/physrevd.97.032006.

M. Anselmino, M. Boglione, J. O. G. H., S. Melis, and A. Prokudin. Unpolarised transverse momentum dependent distribution and
fragmentation functions from SIDIS multiplicities. Journal of High Energy Physics, 2014(4), apr 2014. doi:

10.1007 /jhep04(2014)005. URL https://doi.org/10.1007/jhep04/282014/29005.

A. Bacchetta, U. D'Alesio, M. Diehl, and C. Miller. Single-spin asymmetries: The trento conventions. Physical Review D, 70(11), dec
2004. doi: 10.1103/physrevd.70.117504. URL https://doi.org/10.1103%2Fphysrevd.70.117504.

J. Collins, D. E. Soper, and G. Sterman. Transverse momentum distribution in drell-yan pair and w and z boson production. Nuclear
Physics B, 250(1):199-224, 1985. ISSN 0550-3213. doi: https://doi.org/10.1016/0550-3213(85)90479-1. URL
https://www.sciencedirect.com/science/article/pii/0550321385904791.

J. Gonzalez-Hernandez, T. Rogers, N. Sato, and B. Wang. Challenges with large transverse momentum in semi-inclusive deeply inelastic
scattering. Physical Review D, 98(11), dec 2018. doi: 10.1103/physrevd.98.114005. URL
https://doi.org/10.1103%2Fphysrevd.98.114005.

T. Liu and J.-W. Qiu. Power corrections in semi-inclusive deep inelastic scatterings at fixed target energies. Phys. Rev. D, 101:014008,
Jan 2020. doi: 10.1103 /Phy=RevD.101.014008. URL https://link.aps.org/doi/10.1103/PhysRevD.101.014008.

T. Liu, W. Melnitchouk, J.-W. Qiu, and N. Sato. A new approach to semi-inclusive deep-inelastic scattering with ged and qcd
factorization, 2021.

P. Nadolsky, D. R. Stump, and C.-P. Yuan. Semi-inclusive hadron production at desy hera: The effect of qcd gluon resummation. Phys.
Rev. D, 61:014003, Nov 1999. doi: 10.1103 /PhysRevD.61.014003. URL
https://link.aps.org/doi/10.1103/PhysRevD.61.014003.

B. Wang, J. Gonzalez-Hernandez, T. Rogers, and N. Sato. Large transverse momentum in semi-inclusive deeply inelastic scattering
beyond lowest order. Physical Review D, 99(9), may 2019. doi: 10.1103/physrevd.99.094029. URL
https://doi.org/10.1103%2Fphysrevd.99.094029.

E J. Cammarota, JLab Seminar 2023



J. Cammarota, JLab Seminar 2023

Backup Slides

44



Factorization of SIDIS

_________________________________________

e Up to soft gluon exchanges, provides predictive power
o Short distance portion calculable
o PDFs, TMDs, and FFs are universal, nonperturbative
functions
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Cross Section Expression

do d¢ d¢ dz dzx -~ ~
B Ep— Dy (Of.
pEp e = qufcmngmzmo@ =5 DO fernl)
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Transformation Between Lab Frame and Virtual Breit

Frame
e Traditionally Breit frame is photon-hadron frame
e Lepton radiation makes frame determination ambiguous
e All historical factorization formula defined in photon hadron frame
e Introduce virtual photon-hadron frame which is determined by a given pair of
£, under one-photon exchange approximation
= (2%, 27,7, = (2!, 27)) x° = ROAV:U“
smGL L )
E—F COSQL I

QNO Radiation — arctan

y=>y=1y

T f T 0W1th Radiation = arctan <(€C E S; ZzsLQL o )
(1) = (%) = ro.on (2)
i = tanh™ 1
> ( 4m2 +S )

‘o J. Cammarota, JLab Seminar 2023

47




Full W term
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Subtraction Method

Endpoints not well behaved when computing evolution

|

[
e Separate out endpoint and use Mellin transformation to calculate those
regions
1 H (g) 1 c+100 N JF(N)
= d —*s — H H —1 dNy —~ —=
o) = [ daf(o ( - H) )+ Hei ([ vy 5
:: _% 103 ‘

—_
|
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