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Back ~ 40 years

— |h(p)): hadron state*, p = (Ex(p), p)

— (h(p)|TH (x)|h(p)) = p"p”/En(p),  T"(z): en.-mom. tensor
— (Wp)| T} (x)|h(p)) = P"Pu/En(p) = M/En(p)

— Take mygne = 0 and Mpeayy = o0 in QCD Lagrangian:

Classical action is scale invariant: z# — A\z*
Conserved current: 0,,Jf(z) = 0 where Jj(x) = z, T" (z)

Since 0, 7" (2) =0 — d,Jp(2) =0 - ThH(z) =0= M, =0

*Normalized such that expectation value of 7% gives the hadron energy



Back ~ 40 years - cont’d

The quantum action IS NOT scale invariant: g &> g(u)

5 a auv —
My = B9 i, emin S i+ m)aals
H l=u,d,s H
~ 860 MeV ~ 80 MeV (Higgs)
3 271[

Blg) ~ —bg—w b=11— 5 (heavy quarks integrated out)



Matter distribution in the proton

Most of proton’s mass: trace of the gluonic part of the EMT (p|T’|p):
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Matter distribution in the proton

Most of proton’s mass: trace of the gluonic part of the EMT (p|T’|p):

B(g)

T h T2
{p|T|p) where 2%

a apv
elye

How is this mass distributed in the proton? Off-forward matrix element:

&'
Need a probe for the EMT: gravitational form factors (GFF)
Presently impossible with gravitational probes

Alternative: quarkonium-nucleon scattering



Proton GFFs*

2 —
T 0> ~ 1) | Gl) (P + P + Gale) T+ Giala?) T4 0% |y

Po=120+0 )y, au=0@0—0)y E=t=p@—-p) p*=p° =M

Off-forward matrix element:

G =260, GO) =My, (2= 5

t=0

t 3t
G(t) = G1(t) + (1 - 41%3) Ga(t) + @Gg(t)

* H. Pagels (1966)



Experimental extraction

Threshold J /1 photoproduction*

- Vector-meson dominance
+
Multipole expansion

A'ypﬂJ/'L/)p(t) ~ <p/|T|p>

*Kharzeev(2021)



J /1) — 007 experiment @ JLab

Article | Published: 29 March 2023

Determining the gluonic gravitational form factors of
the proton

B. Duran, Z.-E. Meziani &, S. Joosten, M. K. Jones, S. Prasad, C. Peng, W. Armstrong, H. Atac, E. Chudakov,

H. Bhatt, D. Bhetuwal, M. Boer, A. Camsonne, J.-P. Chen, M. M. Dalton, N. Deokar, M. Diefenthaler, J.

Dunne, L. El Fassi, E. Fuchey, H. Gao, D. Gaskell, O. Hansen, F. Hauenstein, ... Z. Zhao ~ + Show authors

Nature 615, 813-816 (2023) ‘ Cite this article

o
(1 —t/m2)*

2y = 0.52 + 0.03 fm

Kharzeev (2021): G(t) (r2y =12/m?



Electro- and photoproduction @ JLab, EIC, EicC

Issues:
— Require extrapolation due to high-momentum threshold,

V=t ~ 1.5 GeV?

— Need models:

- Holographic models: 2%+ graviton-like exchange and scalar 0"

- DSE-BSE: light-cone distribution functions (moments reconstruction)
— Vector meson dominance (VMD) problematic (heavy quarks)*

— Not enough time for J /1 to be formed

Here, femtoscopy



Low-energy J/iy-proton interaction

— J/1: small object, (much) smaller than the proton

— J/1p-p interaction: a small dipole in soft gluon fields

— Can use QCD multipole expansion (= OPE)

— Validity: relative J/1¢-p energies smaller than J/v binding energy E,
— By =2Mp — My = 640 MeV

J /1-p scattering amplitude: leading order

Afs 1) = a1 2M 5 3 ColK) (9B (0))?Ip(R)

g/ (static) color J /1) polarizability

Peskin (1978), Bhanot & Peskin (1978), Voloshin (1979), Kaidalov & Volkovitsky (1992),
Luke, Manohar & Savage (1992), Kharzeev (1996)
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Proton scalar gluonic gravitational form factor

Decompose (gE®)? into scalar 0t* and tensor 2+ gluon operators™:

a 1 a a 1 a a 871.2
(9B")? = 5 [(9B")* = (9B")*] + 5 [(9B")* + (9B")*] = -5 T + ¢*Tg}
/B(g) a aurv bgg
T:_GMVGH ) ﬂ(g):_3271‘27 b=9

29

Scalar gluonic gravitational form factor (gGFF)**:

6 dG(t)
d

(k)| TIp(k)) = 2M,G(t),  G(0) = M, (2> = T

t 3t
G(t)=G1(t) + <1 - 4M5> Ga(t) + me(t) «— G1,G2,G3 proton GFFs

* Novikov & Shifman (1981), Sibirtseev & Voloshin (2005)
** Kharzeev (2021)




Proton scalar gluonic gravitational form factor

Term ¢*T; = 1/2[(gE®)* + (¢B")?]:

— controversy regarding its importance

— usually ignored

— here, follow Sibirtseev & Voloshin

(2005)

.A(S, t) = Oéj/w (1 + C) 2MJ/¢

]2
e M, G(t),

0<C

<

1
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Femtoscopy: basics

|
\. ® S _
M Pz
& o

P1

Figure from:
Unveiling the strong interaction among hadrons at the LHC
ALICE Coll., Nature 588, 232 (2020)
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Momentum correlation function

Experimental extraction

— p1,p2: laboratory hadron momenta m1,ms: hadron masses

map1 — Mip2
mi + mo

P=p, +py k= : c.m. and relative momenta

— Paif'scm. frame: P=0—>p; = —py =k =p; = —p>

) A(k) { A(k) : yield from same event (coincidence yield)

B(k) | B(k) : yield from different events (background)

— Corrections: nonfemtoscopic correlations, momentum resolution, etc <« £(k)

14



Correlation function

Theoretical interpretation

— Koonin-Pratt formula

CO(k) = Jd37‘512(7') [k, 7)[?

S12(7): emission source, pair's emission probability distribution

Y(k,r): pair's relative wave function

— One needs here ¢(k,r) for 0 < r < o0, not asymptotic as in scattering

— 4 (k,r): properties of the interaction

15



Femtoscopy - interaction

— Interaction: if weakly attractive, S—wave dominated
bk, ) = * 4 o (k) — jolkr)
wo(k,r) contains the effects of the interaction

— Simplification (not unrealistic):

1 —r2/4R?
Sia(r) = (IR e/

Normally used: R =1 fm — 1.3 fm (pp), R = 1.5 fm — 4.0 fm (pA, AA)

— Correlation function:

4 @ 2 2 .
C) = 1+ Ty | drr e [k ) = (ko))

16



Lednicky-Lyuboshits (LL) model

If emission occurs outside “interaction range”: v (k,7) — o™ (k,r)

sin(kr + do)
kr

ikr
o Y (k,r) — ¢~ o [jo(k:r) + fo(k)er ]

| fo(k)|? n 2R fo(k)
2R? J7R

Fy(2kR) — %@FQ(%R)

Ck)y=1+

T

1 1 2
Fl(m):;JO dtet™2, F2(1‘)=;(1767I )

—_

- . . _ e%%0 sin § k:’O
Effective range expansion (ERE): fo(k) = Pt

— s+ 3ro k2 — ik
Validity of ERE: scattering length ag much larger than the physical range of the interaction

17



Example 1: femtoscopy of KN

PHYSICAL REVIEW LETTERS 124, 092301 (2020)

Scattering Studies with Low-Energy Kaon-Proton Femtoscopy
in Proton-Proton Collisions at the LHC

ALICE pp {s=13TeV 0.7 < S; <11
ro=1.18£0.01+0.12 fm
A=0.61+0.06 E

ry=1.13+0.02 0\ fm
A=0.71+0.07

¢ K'peKp
[C]coulomb 3
[~]Coulomb+Strong (Jilich Model)

100 150 200 250
k* (MeV/c) k* (MeV/c)

0 50 100 150 200 2500 50 100 150 200 2500 50

k* (MeV/c)

Red band (theory prediction):
J. Haidenbauer, G. Krein, U.-G. MeiRner and L. Télos, Eur. Phys. J. A 47, 18 (2011)
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Example 2: femtoscopy of ¢ N

PHYSICAL REVIEW LETTERS 127, 172301 (2021)

Editors' Suggestion

15

1.4

13

C, (k)
N

1.1

Experimental Evidence for an Attractive p-¢p Interaction

S. Acharya et al.”
(ALICE Collaboration)

TIT TP I T I T [ TI T [ TT T [ TrTIT T

ALICE pp Vs =13 TeV

High-mult. (0 - 0.17% INEL > 0)

0.7<5.<1.0
°  poapo

Lednicky-Lyuboshits model

d,=7.85 + 1.54 (stat.) + 0.26 (syst.) fm

H(f) =085+ 0.34 (stat.) + 0.14 (syst) fm
3(f,) =016 £ 0.10 (stat) + 0.09 (syst) fm

R S NPSPSE

T F o=

o
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Example 3: femtoscopy of DN

First study of the two-body scattering involving charm hadrons

ALICE Collaboration®

Il T LA L B S B B S B ]
= ALICE pp {s =13 TeV 1
o4 High-mult. (0-0.17% INEL >0) ]
s pD @pD .

— Coulomb

—— C. Fontoura et al. N
Y. Yamaguchi et al.
J. Hofmann and M. Lutz

2 B J. Haidenbauer et al. (g2/4n = 2.25) ]
1 \i:-*'—%_hﬁ-—'-ﬁ-—
L P .4+T o
0 100 200 300 400
k* (MeV/c)
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LL4+ERE - model examples

Finite well!:
—%’r (—QRJ;,{w> my for r< Ry
N

0 for r> Ry

Multipole expansion + yYSQM?

pE(r),p(r) : energy density, pressure

472 g2
V(r) = B/ (—2> [vpre(r) —3p(r)]
9s b=127/3, ¢?/g>=1, v=15

1 J. Ferretti, E. Santopinto, M. N Anwar and M. Bedolla, Phys. Lett. B 789, 562 (2019)
2 M.L. Eides, V.Y. Petrov and M.V. Polyakov, Eur. Phys. J. C 78, 36 (2018)
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ERE parameters

ERE parameters (in fm) for different av;/y (in GeV™?)

Finite well* xSQM

Q] /o ag To ap To

2.00 -0.68 1.59 -042 186
1.60 —-047 186 —-0.30 2.25

054 —0.12 450 —-0.08 6.00
024 —-0.05 946 —0.03 13.05

*RN=1fm
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| L+ERE x full wave function

:\ T 1 7T ‘ T 1 T 71 ‘ T 1 1 71 ‘ T 1 T 71 ‘ 1 17T ‘ T 1 7T \:
1.14 B« 4
=SGAN Pt Wave function ]
N Finite well LL footul ———
TeE ANN LLfp-ERE — - = ]
o Q. E
110 | AN -
r \ -3 ]
o Y, oy, = 0.54 GeV ]
— - \ N
S, 1.08 | \\ ag=-0.121m, ry=4.51fm E
1.06 |- Y =
o N\ ]
1.04 |- R=1fm -
102 | Sl E
1.00 Eov ol b T \er‘\‘—'\"'\;

0 50 100 150 200 250

k [MeV/c]



Femtoscopy of J/¢-p

Lattice QCD simulations and models point toward a

weakly attractive, S—wave dominated

J/1-p interaction

Therefore, in this first study, use LL model (but no ERE):

A(s) = % L d(cos0) Als, 1),

Ao(s) = 8m4/s <e2i‘5°(s) - 1) _ 8m4/5 1

k 2 k  cotdp(s) —i = 8mV/s fo(s),

24



Forward scattering: C(k) and <p\(gE)2|p>

k — 0, LL approximation:

Clk) =1— —

27T3/2

(

8
1— —k’R?
3

)

1 ep @y Pl (9 E)?|p)
R

[y pp: reduced mass

C(k ~ 0) gives direct access to ., (p|(9E)*p)

Impossible in electro- and photoproduction experiments (v/—tmi, ~ 1.5 GeV)

25



gGFF - dipole*

Nonforwad scattering, sensitivity to \/@

2.0 -
Data : GlueX Collaboration M
15 mg = 1.24 £ 0.07 GeV G(t) — P
’ Rm =0.55+0.03 fm t
R
do nb mz
a0’ Geve 1Of
0.5/ <7~2 Y= E
m mz
0.0 0.6 0.8 1.0 1.2 1.4
—t, GeV?

* Kharzeev (2021)



Predictions for C'(k)

1.4

1.3

12

1.1

1.0

R

(rin) [fm]
— 0.50 -

= 0.7

T
50 100 150 200 250
k [MeV]

112

1.10

1.08

= 1.06

1.04

1.00

LI B B B NN B
=\ VrZy [fm]
Lo — 050

[ = 075

= —— 1.00

-_ R=1.0 fm
L ayy =05 Gev™?

-....I....I.... MRS B .\...

1 |
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k [MeV]
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Sensitivity to \/@

= C(k) —
C(k) =
C(0) -
——— s B EANARanan B
1.0 B 1.0 -
L L v (r2,) [fm]
0.8F 0.8k 0.50 -
- - =075
[ [ —— 100
0.6 0.6~ -
= | = |
[ | [ L
0.4 0.4 R=0.75 fm
0'2__ 0'2__ aypy =20 GeV™? '~
~ ~.
L L ~_ =4
0-0F 1 1 | | I ] 0-0p 1 | | | 1 ]
50 100 150 200 250 300 50 100 150 200 250

k [MeV] k [MeV]



Sensitivity to \/@

U B B R R B L B R B
1.0 1.0 B
L L v (r2,) [fm]
0.8F 0.8k 0.50 -
- - =075
[ [ —— 100
0.6~ 0.6~ 1
= [ = |
[ | [ L
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0'2__ 0.2._ ayyy =05 GeV™?
- k ~. ==
0.0p 1 1 1 1 1 0-0F 1 ] ] ] ] 1
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Check on the multipole expansion: QNEFT

QNEFT: quarknonium-nucleon effective field theory

Degrees of freedom — Scales — Power counting

:[ ;- -;\ — DOF: nucleons (N), quarkonia (¢), pions ()
— —

— Scales: En,Eg4, Er « Ay ~1 GeV

. m
N s N — Power counting: powers of A—ﬂ
/ \ \ / X
PR A — - SN 0000

— Loops: dimensional regularization

J. Tarrts Castella & GK, Phys. Rev. D 98, 014029 (2018)
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QNEFT input: ¢ — 7 vertex
pNRQCD — gWEFT (.J/¢ polarizabilityt)

RS

gWEFT — xEFT (trace anomaly)

L A. Vairo, in QCHS 1V, ed. W. Lucha and K. M. Maung (World Scientific, 2002)
2 N. Brambilla, GK, J. Tarras Castella, A. Vairo, Phys. Rev. D 93 054002 (2016)
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QNEFT predictions

QNEFT: J /4 polarizability + xEFT
;( ;— - ; — Weakly attractive
* — —
RN 7 N

— Tail: van der Waals type of force

- 3¢2m2(cai + ) €72
VvdW(T) r>»1/2m 9A ﬂ,( di m)

N , 12872 F2 r2
P A — . O —
— S—wave dominated:
Effective range expansion (ERE):
1 1 —0.71 fm < ag < —0.35 fm
folk) = e =
coto —1 - k2 — ik 1.29 fm < r9 < 1.35 fm
ao 2
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J/YN long range tail (Latt-QNEFT)

; r[fm]
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QNEFT femtoscopy

C(K)

Use of ERE

2,00 [ : | | 7
- Latt—-QNEFT  @=-070fm — 7
180 1 =-050fm ———
L --025fm - - - ]
F-~ =-010fm —-— ]
Bl N ~_005fm -- - ]
- ro=1.30 fm ]
140 | ~ E
F- R=1fm 1
1.20 [ - < E
fo0 Bl ITT v T e o
0 50 100 150
k [MeV/c]

200

c(k)

1.30

1.25

1.20

1.15

1.10

A ‘ ‘ T .
o Latt-QNEFT ag=-0701m ——
F =-050fm ——— ]
i =-025fm - - -
o =-010fm —-— ]
F =-005Mm -- - ]
o ro=1.30 fm =
. R=3fm -
s 5?4;,;;'5;:?7 . I
0 50 100 150
k [MeVic]

200
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Conclusions & Perspectives

1. Trace anomaly: matter distribution in proton
2. Femtoscopy of .J/¢)—nucleon: can access gGFF
3. How about quarkonium-pion? too small C'(k)

4. Open issues:

Theory: LL model & multipole expansion

Experiment: source size, nonfemtoscopic correlations, etc

5. Prospects: cautiously optimistic !
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