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= Mystery of proton mass & spin

m Proton is not an elementary particle : quarks + gluons

m Protonspincrisis: ]
5 — —AE+AG+Lq+Lg
,/ \ N/
quarks’ helicity gluons’ helicity orbital angular momentum
From polarized DIS: AY, = 0.25 ~ (.3

EMC 1987

m Proton mass ~1 GeV v.s. u, d quark masses ~10 MeV

m  What contribute to the 99% mass of protons ? kinetic energy of
guarks & gluons, chiral condensate, conformal anomaly.
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w e QCD EM tensor

m QCD energy-momentum tensor :

T/,w__F/«l/Ich +’7_leﬁFa i (ptDu)
= —F . py DYy

m Trace anomaly: 7%, 6 = ’%Q)F“ﬁF“ + m(1 +y,,)py

)

m Decomposition: THY _[Tq i i Tg km] -|—[T/,;1U 4 Tﬁﬂ

m Matrix elements :
(P|T*|P) = 2P"P¥, (P|T%|P) = 2M>

=)

traceless :kinetic energy trace . quark mass + anomaly

from quark condensate

—

pv 1
(PITulP) = 200) (P =Z002). - ((PITHIP) = 3 b2 b

(PITlP) =201 = ) (P = Z00e ). (PITELR) = 5 (1= b

—

from (gluonic) trace anomaly 3
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e Proton mass decomposition

= Inthe proton restframe H = | d3 TV :

quark/gluon kinetic energy trace anomaly quark mass

M = Mq -+ Mg + My, + M, «o. 31905

m Mass decomposition from lattice :
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W e Measuring trace anomaly from DIS?

m Could we measure (P|F,, F"|P) from experiment?
(gluonic contribution for the trace anomaly)

(P|F,,F"|P)is twist four :

Highly suppressed in high energy scattering

Low-energy scattering

Using heavy quarkonia as the probe J/
M. Luke, A. Manohar, and M. Savage, 92

vV v V R

J/Y

D. Kharzeev, 96

p

m |nitial motivation is instead to study the cc¢ bound state in nuclei.
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w e J /1 photoproduction

= Relation to //y photoproduction : { —/ Jcan be factored out
. _ | e
» Assuming vector meson dominance : N e

JJb+P I+ P +—— y+P — J/p+ P

» The trace anomaly enters the subtraction
const. of Re(7yp)(t = 0) reconstructed
from Im(Td)p)(t = 0)

Kharzeev, Satz, Syamtomov, Zinovjev (98)

m Other theoretical studies :

» 2/3 gluons hard scattering
Brodsky, Chudakov, Hoyer, Laget (2001) 2

» t-dependence from 2-gluon form factor

Frankfurt, Strikman (2002) (No connection to anomaly !)
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i e Present data in experiments

m Experimental data for J/y photoproduction :

100 —
E Gryniuk, Vanderhaeghen (16) :
i Following the approach of
o) ﬁ Kharzeevy, et.al.
S 04
g ; No discussion about the anomaly
: 4
T —
[oF 4
<
° = HERA (2002)
] + Fermilab/E401 (1981)
] o Fermilab/E516 (1983)
/vj o Fermilab/E687 (1993)
Very old data near the - * SLAC(1975)
* Cornell (1975) W2 = (P + )2
threShOId 0,1 T T T )I T | T T T T T | LI | q
. 10 100
Wi, ~ 4.04GeV (£ = 8.2GeV) W (GeV)

m The new measurement is ongoing in Jlab. (or EIC in the future !)
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m  What we want to study?

do

m Toconstruct — (y+P — J/Y+P') which explicitly depends
).

on (P|F,,F*|P

m Fitting the data near threshold by tuning the value of the trace
anomaly.
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e NONforward proton matrix element

m In practice, (P|T""|P)is kinematically inaccessible in the scattering
process ep — e'p'J/y.

extrapolation

m Measuring (P'|T"|P) » the forward limit A# = P — P¥ = 0

m Parameterization of the nonforward matrix element: X.-D. Ji, 1997

AHAY _g,uvA2 _
+ Cq‘gMn“”] u(P)

, . Pic"A,
(PITEIR)= B(P) | Ay P9+ By g 4Cy o

m Gravitational form factors: A, B, C, C (depend on A =t, p)
m (gluonic) trace anomaly term :

L) — _ A
<P,| 24 F,quii ‘P> — M(Pl) (Ag - }/mAq)M + (Bg - }/mBq)m
2

A _ _
-3 ﬁ (Cg - ymcq) + 4(C_q - }/qu)M M(P)
9
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m Photoproduction cross section
2

o(yp = p'J/y)= 16E(Wf W) 222 / di(Ple; - JO)|P'K)|(P'Kle; - J(0)|P)

(in the photoprodction limit g2 — 0) The matrix element
we would like to compute.

m The kinematically allowed region :

5__
. ’Amax’ = v~ Imax M = 0.94 GeV,
°f M, = 3.1 GeV
3t photon energy in the proton rest frame :
2 W2 —
: ”’2—~8.2 GeV < E, <20 GeV
1f |Amin| = V" Inin M
[ 25 50 85 s th < W6 GeV

a 10
Wy &~ 4.04GeV (B! = 8.2GeV)
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v Vv 1 1

To establish the factorization with the trace anomaly is difficult with
the perturbative approach.

Non-perturbative approach : holography (AdS/CFT correspondence)
n-dim strongly coupled gauge theory <> (n+1)-dim supergravity
Operators (T*Y, F?) < bulk fields on the boundary (69,v) D)
Limitations : conjecture, large N,, conformal, supersymmetric.

N=4, SYM ‘JE (N, GaugEThenrﬂ Maldacena, 97

/x

e / =R
- -.III / f =
TﬁlringThfm'}M m ."; JIII.-"' . | AdS 5 )

|'/| j ds? — g2 3= WAy R202
<

11
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‘emms  Hard scattering in holography

m High-energy scattering in ADS/CFT : too steep rise of cross section
due to the spin-2 nature of gravitons

Polchinski, Strassler; Brower, Polchinski, Strassler, Tan,
Hatta, lancu, Mueller; Cornalba, Costa, Penedones,...

m Low-energy scattering :
» The rise due to gravitons is more comparable with experiments
» Dilatons play a more important role

12
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e Theoretical setup

M. Kruczenski, D. Mateos, R. Myers,
m Introduce heavy quarks : D3/D7 model D. Winters (03)

DBl action: S;; = =T / dgg_”e‘qb\/— det(G,p, + 27 F )

RZ R2 Z2
ds?, = —n,, dx'dx’ — . (1 ——) R?dQ3
Lm r=0o00

m Gauge-field fluctuations: F = F + F,

D7-branes
. iq-x
photons : Aﬂ x € e "
9 Y — o’/
Y A, x¢ e—ik-x’z_
- Ay 1 5 _ Rz/z meson
Zm m
J/¥)
M =22 _ 4v2am, quarks
v 4 p
m g N(,
A
A baryon
QCD
roton
o (proton)
review : J. Casalderrey-Solana, et.al. 11 vacuum

13
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W wemese  Calculations for the matrix element

m Evaluate the matrix element in holography :
proton states

(Ple- J|P'k) ~ /d4mdzx/ _G/d4$,dzl\/—G’(b7(I)J/,iG(Z$,Z,:U’i(:DP(PPJ

bulk to bulk propagators

m Heavy-quark limit : matching (gravitons & dilatons)
z=0
-
-~
z~ 1/my OC Boundary-to-bulk
Bulk-to-bulk propagator
propagator mg — OO -
2~ 1/AQCD.,/"/\ P - \‘ P!
1 cR> 4 0Sp
egd. (P|-F!P\~—— | d*Xd7iD(xz,x'7)—=
(PIgFPIP) ~ g [ ddziD(az )

14
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i w Holographic results

work in the transverse-traceless (TT)

m The matrix element : gauge Sgu. = 0, 8¢t = V,5g" =0

(Ple-J ‘P’k utilize Ji's parameterization

/
o~ 2K* 5SD7 g,k Z) 2R2[<P|TQTT|P/>J
T AR 59, 4 -t

2K 5&nqkz)('1 . }
FiFa | P
A [ SHPISFFLIP)

treated as an overall const.

m Results: (Ple - J|P'k) = u(P’)( XHW-—I—YH@

~ 11 depend on raV|tat|onaI from factors
Y — ——x P g

D3/D7 - 80
1™ (q, k) = q¥ke - E+ W) q -k —q¥ek-e— ke q - &

15
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i reme  Gravitational form factors

m Revisit the parameterization :

) iy PlHig"aA AFAY — g A2 _
(P'|TqqlP)= u(P') [Aq~.q7’(”P”) By T Cus Mg +Cy M | u(P),
P = PreP
: _ _ - 2
m Some constraints : A4(0) + Ay(0) =1, C,(t) = —C,(t)
(forward limit ) (energy-momentum conservation)
m Dipole form (assumption) : 4 (l‘) _ Aqag(o) Frankfurt, Strikman (2002)
q.9 (1 B t/A2)2 ’ (fit exp)

(gluonic) trace anomaly-related parameter EM:A? = 0.71 GeV*
—A(0)
g

b = 1 : no (gluonic) anomaly _ Tt7.,
b = 0 : maximal anomaly Cg(t) — 4[8 — I/Ag)z] — —Cq(t),

Neglect By ; (exp & lattice) (assuming the same suppression at large t
m GluonDterm: D, (1) =4C,(1) asA)
16 16 -04
C.(J(t) — 37fcq(t) — 3nf (1 . t/A2)3 model, Tanaka(18)

16
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e emee. NUMerical results

2
v LPImO ) BIP) b L LPIER) 1o
™y 2M 4 a y 2N A
o(nb) o(ab)
10 0.100
5 0.050
1 0.010
0.50] I 0.005
* Cornell(1975)
0.10 * SLAC(1975) 0.001
4.5 5.0 5.5
do
—(nb/GeV?) dor
' (4)
) W = /5yp = 4.3GeV dO’T — ;it b=0
4t o
(F )yt
3-
2-
l s
—t(GeV?) \ . . .
45 5.0 55 o0 17
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etz Preliminary data from Jlab

m Lubomir Pertchev’s talk in QNP2018

Brodsky et.al fit to GlueX data
2g exchange
3g exchange
—e— GlueX

) A S N D <
= Sl e Cornel
_'; ........... Bosssronanssasarsanensasnsl 3 Kharzeev et aI X 1 9
T R 1 ..... SN OSSO TP O HA

8 10 12 14 16 18 20
E,, GeV
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I emase . CoONclusions & outlook

= Quarkonium photoproduction near threshold is sensitive to (P’|F%|P) .

T T —TTTTTTT =

m Toward EIC : higher energy — Y production 1°§ M =y

—

o)

=
©

Talk by A. Deshpande
@Proton mass workshop (2017)

In our present work, we only use the bare operators.

How about using the renormalized one? . Hatta, A. Rajan, K. Tanaka, 18
The parameterization of (P'| Fz%| P) IS nontrivial

We need renormalized gravitational form factors

t-dependence of gravitational form factors from models or lattice are
welcome!

HE Vv v 1 1

19
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Thank you!

20
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PITH . |P) = 2a ﬂz P”P’“‘—n M),
g.kin —4
UL
PT.“U_PZZI_aﬂZ P'“P”—” M2 ).
g.kin —4
{1 1
<P|T¢n ’P> — Eb(ﬂQ)n,uvMZ,
PIT™|PY = = (1 — b(u?))p* M2,
2

q

g=

m

M

—~

a

g =

g

—~

M

<P|Hq|P> o 3a
(PlP) 4
(PIH,|P) 3(1-a) "
(P|P) 4
(P|H,|P) b
(PlP) 4
_<P‘HQ|P>_1_b
G M.
(PIH,P) 3( b
(P|P) 4 (a 1 +Ym) M,
<P|Hg|P> B 3(1 —a)
(P|P) ;M

_(PIHLP) _baty,

(P|P)

_41+}/f71

i (PIHLP) _1-b

(P|P)

4
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