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Hadron structure from experiments

[ Hard scattering ]

[ Partonic structure ]




3D hadron structure at EIC

Tomographic images --- GPDs




TMDs and challenges

confined motion

P

Perturbative

shower

hadronization

» Pairwise occurrences
Hard to disentangle various TMDs
» Perturbative dominance
Confined dynamics diluted
» Scheme dependence

 Bare TMD have rapidity divergences

* Intrinsic k+ ambiguously defined
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Another probe of hadron structure

(1 Hadron scattering with extra energy flow measurement Liu and Zhu, PRL 130 (2023), 091901

Hard parton scattering

<——— Energy flow in the forward region  along direction (8, ¢)

] Modified cross section

Inclusive DIS cross section — = Z / dl1pn ¥y




Factorization _ %: / ande—" [ z;v B 56— @i)]

Energy weight suppresses soft lines

For small 8, the energy correlator
dominantly resides in the beam jet

Bottom part factorized same as PDF
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» Nucleon energy correlator (NEC)
F(z,n;P,S) = / Vo emierv (Y2 B0 (= n)] (P Sy )W (0,571 X) T (X W (00, 01:(0) P, S)
X
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Energy flow operator

F (e, ni P,S) = [ e (P S|y )W (o0,7) E(n) T W (o0, 0)(0)|P. S

/ Energy-momentum tensor

oo

£(n) = lim dt r* n"T"°(t,rn) records energy flow at celestial infinity --- detector put at infinity

r—00 — 00

Basham, et al., PRL 41 (1978) 1585;

N
A . 9 . Sveshnikov and Tkachov, PLB 382, 403 (1996);
g(n)Hpj}v OUt> — Z L ! )(n - nj)’{pj}7 OUt> Korchemsky and Sterman, NPB 555, 335 (1999);

J=1 ... See the review by Moult and Zhu, 2506.09119.

Q Interpolates between hadron and jet ~ ° Infrared safe

* Avoids jet algorithm
J Extending to n-point NEC

Fi (@ (ng i PS) = [ e (Pl )W oo,y ) ) E(na) £ ) T W (o2, 0)(0)|P. S



Spin structure of NEC

chF] (z,n; P, 5) = / d2y—7r_e_mp+y_<P,S|1E(y_)WT(oo,y_) E(n)T W (o0, 0)1)(0)|P,S)
Q Unpolarized quark: T = y* /2 Sivers-type NEC
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 Longitudinally polarized quark: T’ = y*y</2

FU /@ m; P, S) = Awgin(@,0: P) + S —Lgtr(e,0;P) [ ”‘

elicity

O Transversely polarized quark: T = yTytys/2

FO /2 (g, P, S) = sipha (2,05 P) +

+)\N T_hi(x,0; P) +
|nT|



Relation to TMD Liu and Zhu, 2403.08874

Parton k is given by the opposite of remnant k

|

k) = Y [ e (P SI0 OW (00,y7) 67 + o) [X) T (XIW (00,0)6(0) P 5)

\ra nsverse energy flow
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» /d?kT (—k2) (—k;'.%)---(—/«;;fv)fcgﬂ(x,k;p):/dml-..dmm? i Pl (z, {ni}; P, S)
N-th k7 moment of TMD Angular integral of N-point NEC

(J Example for unpolarized quark at N = 1: Sivers TMD and Sivers-type NEC

2 m @ plays the role of k
[ Sikit st ki) =~ [ dosin® 0 fi (.6 P) Play T
oM 0

* More of conceptual use



Advantages of NEC

[ Collinear factorization!

dO‘DIS
dCUB dQ2

dZDIS
= CPS () @ f(x) D o 0T 0 = CPS () @ F(a; )

(1) No kt convolution; (2) No rapidity divergences; (3) No Sudakov suppression

1 As easily extracted as collinear PDF

Shares the same hard coefficient as the plain observables

v
E.g.: for single transverse target spin asymmetry, F(z;Q)) = fi(x,0) + spsin(¢ — ¢s) fir(x, 0)

Spin structure + azimuthal modulation separate various NECs

s

(] Extracted at the same kinematic region Qw\l\g\:}j

DIS / SIDIS + extra energy flow tagging L




Extending to fragmentation region  tiuand zhu,2403.08874

J Tag an energy flow around a measured hadron
Fragmentation energy correlator (FEC)

Z

r dy_ iplyT /2 — —
Dl = [ et e oo et

x E(n)|h, X) <h,X\1L(0)WT(oo,0)yo>}

(J Two FECs for unpolarized hadron

) +
* Unpolarized quark D}[?/Q/Q](z7 n;ph) = Dl,h/q(z, H;ph)
. i

+ 4 Z XN

* Transversely polarized quark Di[g/qv 75/2](7;, n;pp) = ( | ‘T) Hfh/q(z, 05 pn)
n Y

n Collins-type FEC

* Longitudinally polarized quark D?/q%m](z, n;ph) =0
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Relation to TMD fragmentation function

U In the “hadron frame”, parton k1 equals the k1 of fragmented products

]‘X:]{ZT:I{ZXT

1 dy~ . +.,- _ _
) .. Zféf_wezphy = T [ 140 W (00, ™) (y ™)
© X

x §(2) (kT - /dQ E(n) nT> |h,X><h,X|¢(0)WT(oo,0)|0>}
z2/d2ka;;1 KNy (2, —2kr) = /dQl-.-dQNnﬁ;--.n%VTDglyq,N (2, {n;};pn)
J For one-point FEC: Collins-type FEC

/7T dosin® O H:, , (2,0;py) = —z2/ b7
0 L,h/q \*> "> 2my,

k> Hih/q (z, zkT)

Collins-type FEC Collins function "



FEC from energy-weighted SIDIS cross section
Q.-H. Cao, 2Y, C.-P. Yuan, S.-T. Zhang, and H. X. Zhu, JHEP 02 (2026) 244

U High-pr hadron in Breit frame, with an energy flow measurement

szIDIS
dO‘SIDIS

20 = /dO’SIDIS X ZE»L 5(2)(77, — nz)

1eX

do>PTS — fi/p & Cq;j &) dh/j

Factorization »
dESIDIS

= Ji/p ® Cij ® Dy /5 (when 6 is small)
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Energy-weighted SIDIS at leading power (for quark channel)

2 2

o dy - l—y

—1
y 2 _ 2
L(l —¢) (8772@2)2] dx dQ? dps dz dp7 . doy, dcos 0 do 1—y+y2/2

— Cf)p [FUU,T} + €Cf’1) [FUU,L} -+ \/28(1 + 8) Cf,p [Fl(fll}} COS th + €Cf,1) [Fl(]2()]} COS(2§Z5h)
+ P.\/2e(1 — &) Cp.p[Fru] sin gy, + Py {\/25(1 + &) Cyp[F] singn +eCyp[F)] sin(2¢h)}

+ P.Py {\/@cg,p [Frr] + V2e(1—€) Cyp [F1 )] cos (bh}

+ ST{ (-Ch,HL [Fur,r] —eCppe [FUT,LD sin(¢ — ¢s + én)

+ V214 2) [Chps [FS5D] sin(6 — 65 + 20) + Ca s [Fy7)] sin(6 — 6]
+e [Ch’w [Fo) ] sin(é — ds + 361) + Chpgs [Fi ] sin(¢ — ¢ — gbh)} }

—+ PeST{‘\/ 1 —e2 Ch’fHL [FLT] COS(Qb - ¢S + Q/)h)

+ \/25(1 —€) |:Ch,'HJ_ [FSTH} cos(p — ¢s + 205) + Char [FST_)} cos(¢ — Cbs)} }
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Modified FEC definition with boost invariance
Q.-H. Cao, 2Y, C.-P. Yuan, S.-T. Zhang, and H. X. Zhu, JHEP 02 (2026) 244

) Lack of Lorentz covariance * FEC explicitly depends on the energy of hadron h.
 Complicates comparison across different experiments,

even the same experiment analyzed in different frames.

Explicit dependence on E and 6 Partial integration of pj is not applicable.

J Modified energy flow operator + /— components and rapidity n defined w.r.t. hadron h
Er < |X OU-t Zp 77 77@ Qb ¢z)|X OU-t> 5L(77> gb) — 1+ tang”g(@, gb)
icX \/§cosh

Boost covariantly  U(a) Er(n,¢) U™ Ha) = e “E(n+ o, @)

U Boost-invariant FEC definition Ap =mp e’ =/2pf e

v/ Ty [r<0\ W (00,5~ ) 1(y™)

(Z AFaqb

2N 27Tph

% £1(n, ) |h, X; out Y {h, X; out| $(0) W (c0,0) \o>}

14



Energy-weighted SIDIS with modified definition

{ y’ o ] o dx’ do — dﬁ;b
z(1 —¢) (8m2(Q)?)? drdQ? dos dz dp? . déyp, dn de iex Ph
=Cp|Fuur] +eChp[Fuur] +v2e(1+¢)Chp [F&H cos ¢p +eC p [Fl(f()]} cos(2¢y,)

+ P.\/2e(1 — ) Chp|Fru] sing, + Py {\/25(1 +e)C p[F] singy +eC p[FF] Sin(2¢h)}

+ PPy {VIZ22C) p[Fu) + VBT =2 € [FLD] cos )

+ ST{ (_C;L,HJ_ |Furr| —€Cj, L [FUT,LD sin(¢ — ¢s + ¢n)

V(L ) [Ch g [FSD) sin(@ — b5 +260) + C pys [FS] sin(6 — o)]
+e {C;l st [FED) sin(¢ — s + 3¢n) + Cp g [Fop ] sin(p — ds — (bh)} }

| pesT{m Z 20 4, [Fur] cos(é — b5 + én)

+ V21 =) [Ch gy [FE7] cos(9 = b + 2600) + Cp gy [l ] cos(@ — 6)] }

daxzp@ 5(n —m)3(¢ — ¢1)
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What if we integrate over p;?

d Why?

* Most events reside in low-p,r region.

* Simplify azimuthal analysis.

] How?

* Inclusive with p,r
* But ¢ is defined on event-by-event basis

* Importantly, FEC convolutions need to be compatible with this integration!

d d
C},D[F]Efg %fq/p(gl)Dh/q(é.QaAF)F(Q2ax/£1az/£27p%T/£§)



What if we integrate over p;,?

Y2 o 1 d>’
2(1—e) (372Q2)2|  drdQ%dos dz dp?.. don dndo ;

0
= CiplFuur]| +eCrplFuur] +V2e(1+¢)Chp [F((leﬂ ‘Véh +eChp [FI(J2I)J} Coﬁ%h)
+ P.y/2¢(1 —¢) Cip|Frul y{{b{h + Py {\/25 (1+¢)Cy, D[Flg'lL)} %ﬁ +eCyp [FI(J2L>] Si%h)}
+ PPy V1= 2C) 5 [Fur] +v/2e(1 = 9) G} p [F7)] %}

+ ST{ (_C;L,HJ_ \Furr| —eCp 40 |[Fur LD SiWh

+1/2e(1+¢) C;L L [F(H)} 51H/¢S/‘|‘27¢h )+ Chgr | F((JlT_)] sin(¢ — (bs)]
te cg e[S ST 30n) + Chgyu [Fr ] sm(qﬁ/mh)} } Is that true?
+ PesT{\/ 1 — &2 C;%%J_ FLT] COW}L

+ \/25 1 — 5) C;L HL F(1+>} COS 2§bh + Ch Hi F[(,T ) COS(¢ ¢S)} }
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Azimuthal singularity under p;; integration

O [ d?ppy acts on hard coefficients

27
Separation/ “prf(pr) = / de/ do f(p7, @) is singular if f(pr) has a singularity at p;y = 0

» A vector-type plus distribution

AQ% 2 _ n 2 [i] 2 A dp7
L (p%)1+€f(pT7¢)_L de p% +f(pT7¢)+f<Oa¢0)L (p%)1+€

¢o = T in our convention

 The only nontrivial term

" L [F((]T ] sin(¢ — ¢s — ¢p) leaves a remaining sin(¢ — ¢s) under pyr integration

\ o p-2

This also cancels the LO singular contribution with no gluon radiation!
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Physical understanding

1 Without real radiation (starting at LO)

¢ —+1/2 4 + @ <==+1/2 11 +
> 3 A~~~
q =+1/2 o q =+1/2 ol

(1 With real radiation (starting from NLO)

@ <=+12 «—=+1 . .
d N DO Initial-state collinear
N\ : : =S Y
singularity
— +1
M 0 Final-state collinear
g ¢ =—+1/2 o
Singular configuration shares the same ¢ — H/Q{(((( o o
1ci 1 i N MNNANANANAANC
helicity structure as virtual diagrams! > d oft




Energy-weighted SIDIS inclusive with p,;

dz/ y2 CVQ
dz dQ2 dpgdzdndsd 2 Q4 (1 —

){CfD[fUUT +eChplfuv] + PvPev1—eCp|frr]
+ST(€C;L,HJ_ e )] \/25 1+€) h”HJ-[ (_)])Sln(¢ ¢S)}
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Summary

(J NEC/FEC helps to probe 3D hadron or fragmentation structure
[ Collinear factorization

1 Suitably studied at EIC

* Applicable to both ep and eA

* NEC and FEC can be studied individually or simultaneously
1 Two kinds of observables

+ Large pur

* Inclusive with pyr

Thank you!




