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Nucleon tomography
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Quark and gluon
internal motion

Quark spin

Questions:

» How is the momentum/spin of a nucleon distributed among quarks and
gluons??

> Are there correlations between their momentum and spin orientations??

== One of the main goals in HERA, JLab, Compass, EIC, EicC...



Inclusive Deep-Inelastic Scattering
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_ Inclusive DIS:

» Dominated by the hard scattering on a collinear parton

- Soft gluons cancel
- Collinear factorization: o o< H(Q) ® f./p(z, 1°)

» However, too inclusive, lose information:

- Fragmentation, final-state interactions
- Transverse-momentum dependence



Vanishing correlations in inclusive DIS

_ Single transverse spin asymmetry _ Linearly polarized gluons

— —

AN X dO’(SL) — dO'(_SJ_)

See e.qg. the talk by Cristian Pisano

~ 1-0dd effects > Require a transverse reference direction
>~ Require final/initial-state interactions e.g. the initial parton kT [Mulders, Rodrigues, 2001]
Otherwise, prohibited by time reversal N 1 k-
' 0 v pv pg (k“ v uV_L)th
invariance (PIFTEETIP) o g1 i M? - -

Vanish after the k-integration

No associated collinear PDF



Semi-inclusive Deep-Inelastic Scattering
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< SIDIS: a final-state hadron (£,) is detected

>~ Fragmentation of partons

> A tunable transverse momentum, P, |

- azimuthal correlation from the final/initial state



SIDIS structure functions

Hadron plane

SIDIS differential cross section  Bacchetta et al JHEP 02 (2007) 093.

e 18 structure functions: %( [/e(@

N(P)
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do 6.3( )
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02 2 2
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Two regions in SIDIS

Current fragmentation

P ="
— Target fragmentation

= Different interpretations for an azimuthal correlation



Current Fragmentation Region (CFR)
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K Collinear factorization: P,, > Aqcp \ e Because of k+, there are more TMDs than
collinear PDFs
2 2
ocx H(Q,Pr1)® fa/p (5137 I ) ® Dy s (Za M ) - Accommodate Sivers-effects, linearly

polarized gluons, Boer-Mulder effects, etc.

. o -
TMD ftactorization: P, < Q » However, soft-gluon radiations play an

Important role

- Sudakov effects

K o X H(Q) X fa/p(w,kb,uz) ® Dh/b(zapl_nu’z)J

- May generate asymmetries

contaminate the interpretations
See e.g.. Hatta-Xiao-Yuan-Zhou, PRD 104, 054037 (2021).



Target Fragmentation Region (TFR)

¢ Is there a probe:

™ Free of soft-gluon contributions, like inclusive DIS

M Accommodate various correlation effects like TMDs



Target Fragmentation Region (TFR)

Py,
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* Fragmented from the remnants of the target, after a parton was struck out

»
(_

v
/ Py < Q Strong correlations between
P X

P

the initial patrons and the final hadron
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Fracture functions

@era’cor definition for collinear quark: [Berera-Soper PRD 53 (1996) 6162] \

( ghaphj_)
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Fracture functions
e

Trentadue-Veneziano
PLB 323 (1994) 201

PDF and FFs

&th, also called diffractive PDFs

KDescribe the partonic structure of the target\
once it fragments into a given hadron /.

Conditional probability; A combination between

J
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SIDIS Factorization in the TFR

— k,, < @, thus neglected

—  k,, -integrated fracture functions

_ Collinear factorization: o oc H (Q) X }‘a(a;’ € : Ph L) Collins PRD 57 (1998) 3051

- Hard scattering, as simple as in inclusive DIS

> Soft-gluon cancellation

ﬂ Collinear fracture functions: probe the nucleon structure by correlations between
the initial state and final state

= Azimuthal correlations between P, , and the parton/nucleon polarizations

K - parametrization analogous to TMDs

~

.




Anselmino-Barone-Kotzinian, PLB 699 (2011) 108

Nucleon polarization

Twist-2: Quark contributions

|
|
Quark polarization |
|
U L T I
|
g | -
U U1 t? Boer-Mulder-type | P
L [ th > Chiral even
1L 1L
h h """""""""""""""""""""""""""""""""""" h """""""""""" > Four structure functions
T Wr ) hr | it - 7 ™
. Fopr=sxgu, Fh9) _ | Ahj‘xBu'fr,

{LL = xplyL,
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Anselmino-Barone-Kotzinian, PLB 699 (2011) 108

Nucleon polarization

Twist-2: Quark contributions

Quark polarization

U L T
U (JA]
""""""" |

Siver‘S-Type__Worm—gear

P == —p— P

> Chiral even

> Four structure functions

Do not contributel

The other 14 structure functions?

= Gluonic contributions and Twist-3 effects
(e.g., Linearly polarized gluons)
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Nucleon polarization

Gluonic contributions Chen-Ma-Tong, JHEP 05 (2024) 298

M o ;<PS|(G““<An>£L(An))“ X Py) (P X|(£,(0)G77(0))"|PS)

L |
Gluon polarization |

U L T
h |
U ulg tlg h
Bl y. AT\
""""""""""""" Unpolarized . |
: b |y A
------------------------------------------------------------------ Gluon heligity -
3 non TRy > Start from one loop
T ulgT l?gT t19T7 tfllgT
- e e > Eight gluonic fracture functions at twist 2

Sivers-type  Worm-gear

4+ Four of them mix with quark, only to yield the a -corrections to the four structure

functions at tree level

FUU,T : FLL ’ F(j'lle}v,(;h_¢8) : F£$(¢n_¢s) e



Nucleon polarization

Gluonic contributions Chen-Ma-Tong, JHEP 05 (2024) 298

M o ;<PS|(G+“<An>£L(An))“ X P) (PuX| (£ (0)G*7(0))" |PS)

Gluon polarization

Linearly olrized gluon

Do not mix with quark!

4+ These four generate four unigue azimuthal modulations, without quark’s interference !

2 in 2 in(3¢p— ' +
F((}C[); On 7F[S}11I;l ®n ,Fgl;.( érn—Ps) ’F;;(ﬁbh bs) .



Novel contributions from linearly polarized gluons

— Four azimuthal modulations uniquely determined by gluons

os TR 1-¢n dz yx\2 P
®=- ° a:BZegf ( ) ety (2,6 Phy)
9,9

vu s TR 2z \ 2z /) 2M?

2
in 2 aslp 9 1-€n dz r x5 \2 Ph n
Fyr = ——ap Zeqf ( ~ ) S tigr (2,€n, Phy)

3
sin(3¢p—¢g) B OésTp 9 fl_fh dz LB 2 Phl h
ur 2 Z'qu,(;eq x5 2 ( 2 ) 4M3,tlgr(z’§h’Phl)’
sin(¢p+os) B CYSTF 9 fl—fh dz LB ZPhJ_
FUT - I xB;eq - » ( - ) 2N [tlgT(za‘ghaPhi)'*'

> Free of quark contributions to all loops;

= Provide unique probes into gluon dynamics

» CFR: the Collins mechanism through the quark channels

T-even, linear polarized gluons

in an unpolarized target

T-o0dd, single spin asymmetry

9
PhJ_ th
oM2 ot

(zafhaphl)]

Gluon polarization

Nucleon polarization
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Hadrons In TFR: a polarizing filter for gluons

y
_—
hA |

~ The TFR hadron dose not directly participate in the hard scattering

~ However, it can serves as a polarizing filter to select the initial gluons with linear polarizations

18



Longitudinal photon

. At one loop,

o’ 1-&n dz -
Fyu,L = ﬁCUB 62 f — [4TrzzZu14 (2,&p, Pry) + 2Crzuy (2,€h, Py )|

B < e r— e mr—

Unpolarized gluon/quarks

in(o; — as Py, 1-€n dz -
F(S]T,(gh ?) - 2;. ]\4l LB Z 62 -/:1.3 7 [4TFZZ,U’§LQT (Z7§h7 Ph.L) T QCquillT (Z7 €h7 Phl)]

Sivers-type gluon/quark

- Hard coefficients are the same as F; in the inclusive DIS - €L
1N\
- TFR: o7 /0 « o, at twist-2
a
- CFR: the twist-4 TMDs at O(a) oy



Twist-3 contributions Chen-Ma-Tong, PRD 108 (2023) 9, 9

. Higher-twist effects are non-trivial even at tree level:

"Fast moving quark” + “slowly moving" gluon “slowly moving” quark

[ I

| fw 74441 | fw

1 |

[ I

| I

PARN AN
—_p Al | - - | =
P - ! P P : P
(PS|%y" |[PoX)(XPy| D | PS) (PS| %y |PaX) (X Pyl PS)
ﬁ\lot independent, related by QCD equations of motion \

*Expressed with the twist-3 quark distributions only:

[7”] 1 T ) i h YA Pfl;l Ilz/l_%Pi?lgliw” h
ML :F(Phlm —SLPhluL—SleZ— v, Sluig)

v 1 p2 v
M['Yf%]—i(f)li lh+S Pulh+SuMl _Pi/;J_ hl_iphlgf g lh) ~ — MV
k T pr\Thie TELTLL T LD M Y @=L G J




Twist-3 contributions

Chen-Ma-1ong, PRD 108 (2023) 9, 9

— Eight structure functions contribute at twist-3, which are all missing at twist-2.

squS Ze

Fg;(2¢h ¢s) _

2M
2_ZC2B’U:T
P2
Z 6q Q?\} xBUT

Fip® ==Y eg 5 whlr

a

Fz(;f’(2¢h ¢s) _

P2
Z e, Q’;\}xQBlT

~ Connected to multi-parton correlations; Have no simple probability

interpretation.
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DIS energy pattern in the TFR

0

Energy distribution

= Py,
2(0,¢) = ) /daew o Efi = 6)3( = o)
h

 Clearer probe, less sensitivity to the non-perturbative effects in final-state
[Meng-Olness-Soper NPB 371 (1992) 79]

* Energy pattern in the TFR, factorized with nucleon-energy correlator [Liu-Zhu PRL 130, 2023]

> The factorization of SIDIS can be extended to the DIS energy pattern: [Chen-Ma-Tong, JHEP 08 (2024) 227]

v using the sum rule between fracture function and nucleon-energy correlator

v All 18 energy-pattern structure functions are derived
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Summary

_ SIDIS in the TFR
» Fracture function:

- Probe the nucleon structure through the correlation between the
initial state and the final state

> All eighteen structure functions are derived in terms of fracture
functions

- Gluonic contributions and higher-twist effects
- Hadrons in the TFR: a polarizing filter for gluons

~ Extended to the DIS energy pattern in the TFR using the
connection between fracture function and nucleon-energy correlator
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Backup:

~'Nucleon energy correlator Liu-Zhu PRL 130, 2023

MY gc(@,0,8) = [ e =P T (PSIG;(n7) L (17)E(6, ) La(0):(0) PS)

E(0,9)|X)= > 6(0°-6;)5(¢- ¢a) |X>

aceX

- Fracture functions are the parents functions of nucleon energy correlator

|
M o(@,0,8) = 3 /O 0dt / PPy, 5(6° — 62)8( — dn) MY, g, 61, P
h

e One-to-one C()rrespondence Chen-Ma-Tong, JHEP 08 (2024) 227, 2406.08559

» Parton-level proxy
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Backup: Matching of Fracture Functions at large P,

qgr = P, /2 Ik
| 5,

m m

TMDs matching on the Q' qr

collinear distributions Collinear PDF ® Collinear FF®H ~~
Momentum|- Current Region

1

Well-understood!

J1-Q1u-Vogelsang-Yuan 2006 -
Koike-Vogelsang-Yuan 2008

o ,

™D I;nDFnEZ) TMD FFQH®S g’, (g‘ Collinear Fracture Function@QH —=—> F

TMD - Current Region Soft/Central Target Regior X
Region

[Figure from Boglionle et al JHEP 10 (2019) 122] Y,

In the intermediate P, ; region, how are the two approaches should be consistent

Chen-Ma-Tong JHEP 11 (2021) 038



Backup: Quark fracture functions at large °,;,  Chen-Ma-Tong JHEP 11 (2021) 038

. . . 1
<~Unpolarized/helicity quark: U1, lip X —— @ twist-2 FFs ® twist-2 PDFs
Y, P2
hl
C—= : s——0) o — : =)
| | 1 dz g 2”
A Y x En, PhJ_ d L dyd(x+§h/z—y) 25 P2

PN

A CIE Y
i j ﬁ_%_,_ [CF % d”/g(z)"’(y)*TF(l‘;)[5—3*(1‘5) (22|
—
I

1
o Slvers & Worm-gear quark: @1@ [17 X i @ twist-2 FFs & twist-3 multi-parton distributions>
hl

Follows the Efremov-Teryaev-Qiu-Sterman mechanism

& = I > 0] = -
| : | ! Sivers-type:  T-odd, single spin asymmetry
AN PN Y .. .
9000000 Bl Need a no.n-’rmvuql phase to be generated in the
1 | | perturbative region
! |
- -~

| | Worm-gear-type: T-even, double spin asymmetry
Quark-gluon-quark Three-gluon



Backup: TMD fracture functions & Dihadron production

0

— Thehadron P , inthe CFR can resolve the

initial k|

d°k, |

— k_, un-integrated —TMD fracture functions

% TMD factorization: o X H(Q) ® .Fa(x, kJ_a 57 PhJ_)

*Beam-spin asymmetry

« Spin-dependence: Anselmino-Barone-Kotzinian, PLB 699 (2011) 108 0.03
PLB 706, 46 (2011); 009  CLAS, PRL. 130, 022501 (2023).
PLB 713,317 (2012). | - y! }
_ _ 0.01f 4 i
- TMD Evolutions: Chen-Ma-Tong, JHEP 10 (2019) 285 S AN
k 0‘01 —lr { "Y'{ {
» Diffraction and small-x: Hatta-Xiao-Yuan PRD 106 (2022) 094015 . | \i‘*{-nl-r*” =
.02k S
Hatta-Yuan PLB 854 (2024) 138738 ol S
lancu-Mueller-Triantafyllopoulos, PRL. 128 (2022) 202001 O mE S mE ems A’f¢ on/d 3nf2 Tn/d 2w

-An explanation: Guo-Yuan 2312.01008
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