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Proton structure emerges from QCD dynamics

® Proton mass: 938 MeV

® Higgs contribution to proton mass:
~10 MeV

® Details of QCD dynamics drive
proton structure

® | arge fraction of proton mass and
spin carried by massless gluons
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EMC Effect: Modification of quark

content in nuclei
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quarks in nuclei
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How do nuclear systems impact
gluon dynamics?

Quarks: EMC Effect
Gluons: ?



Photoproduction of J/y from bound protons

ncoherent J/y photoproduction near

threshold sensitive to both nuclear and

partonic effects



Photoproduction of J/y from bound protons

) p 100 | | |
A s g qo-1} Helium
— 3 N7
° 102 E
\ Free
ncoherent J/y photoproduction near proton
threshold sensitive to both nuclear and 107, 7 3 9 10

partonic effects E, [GeV]



Photoproduction of J/y from bound protons

4 W DEEEEEEEEEEETS ]/W “Sub-threshold” production;

% % increased nuclear effects
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Hall D SRC-CT Experiment

forward calorimeter

barrel time-of
calorimeter -flight
target
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electron tagger magnet beam supe
beam

® Dedicated high-energy photonuclear
measurement

® ~40-day measurement of targets 2H,
‘He, 12C

® 10.8-GeV electron beam —tagged
coherent bremsstrahlung

® Final-state particles detected in large-
acceptance GlueX spectrometer



Hall D Tagged Photon Beam




Hall D Tagged Photon Beam

Radiated photon and scattered

10.8-GeV electron both continue forward
Electrons
?‘O&Pﬁ —_—
c®

/ 4 1e8 | |
Diamond
Radiator

Crystal structure
creates “coherent”
enhancement

Collimated Beam Rate
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Hall D Tagged Photon Beam

Dipole Magnet

10.8-GeV
o Electrons Dipole magnet bends electrons at
W ot ———» . .
C?&P angles depending on radiated energy
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Radiator “eaA
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Hall D Tagged Photon Beam

Dipole Magnet
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Hall D Tagged Photon Beam

Divole M Photon
Collimator
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GlueX Spectrometer

Time-of flighy
Solenoid magnet

Drift chambers

Barrel calorimeter

Large-acceptance detector

Solenoidal magnet:
® Good p,resolution

® Poor p, resolution

Time-of-flight allows particle
identification for forward-going
charged particles

Calorimeters allows identification of
leptons
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Incoherent A(y, J/y p)X

Drift chambers

Target

Barrel calorimeter

Time-of flighy
Solenoid magnet

S

3

Large-acceptance detector

Solenoidal magnet:
® Good p,resolution

® Poor p, resolution

Time-of-flight allows particle
identification for forward-going
charged particles

Calorimeters allows identification of
leptons
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Calorimetry allows for e/7 separation

Calorimeter
Hits
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Electrons deposit most
energy in calorimeters
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Track Momentum / Shower Energy

Background pions
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Barrel calorimeter can measure shower evolution

Background Sl )
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Use photon energy to check “elasticity”
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Still hard to resolve J/y/!

L Sizable ete” and #t 7™
yC — e"e p(X) background obscures J/y

| | | peak
40 \ \ :
% \ JIw — eTe” invariant
O 20¢ \ HM mass poorly resolved
* H*M
O .l

M(eTe™) [GeV]




Still hard to resolve J/y/!

yC — eTe p(X)

I -
i,

M(e+e_) [GeV]

Counts
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Compare with GlueX

=

)

120

100 |
oEL

4\result foryp — J/yp

® 200K}
© 1801 eof-5D = 0.013 +0.001 GeV
2 [
c 160F

> 140

'100:_Number of J/ v = 469 + 22 |
-mean = 3.096 £ 0.001 GeV

............................

15 2 25 3

M(e'e), GeV

Ali et al. PRL (2019)

20



Standard GlueX hydrogen running uses kinematic fitting

pe"‘

ptarget = (mp,0,0,0)
p,= (E,00.,)

Pp

. Improved resolution on
Conservation of 4-momentum —

final-state momentum
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Standard GlueX hydrogen running uses kinematic fitting

pe"‘

ptarget — (mA’anao)
p,= (E,00.,)

? Pp

Conservationof-d-momentum — Poor resolution!
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Momentum measurement in GlueX

Solenoid Magnet

® Solenoid magnet —
measure p, and 0

¢ Measurementon p,

poor for forward,
high-momentum
particles

® Resolution of final-state

dominated by forward
particles carrying most
of the photon energy
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Analysis on the

Parton in Hadron

Vas

Parton momentum fraction

AR

Nucleon in Nucleus

\Y

Nucleon momentum fraction
E\ — px
N N
) l ay = A

Ey — pi

light-front
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Analysis on the light-front

Parton in Hadron

, Light-front variables mitigate
¢ Parton momentum fraction .
resolution effects
AB

Nucleon in Nucleus
Low-momentum nucleon:

. On ~ 1
Nucleon momentum fraction N

E 7 /
qo = AN PN

N_
\y EA—pji \ High—momentum nudeon:

Large |ay — 1|
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Reformulate invariant mass using light-front variables

M2, = (pr+p7) (ph+pF) - (BL +pL)° pt=Exp,
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Reformulate invariant mass using light-front variables

M2

v 7~

reconstructed

p =L -p,

Cancellation of

resolution effects

|

Poorly-
reconstructed

pT=E+p,

Enhancement of

resolution effects

2 = (pr+ps) (0 +pr) — (BL+PL)

\

reconstructed

p*=Exp

<
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Reformulate invariant mass using light-front variables

M2

v 7~

reconstructed

p =L -p,

Cancellation of

resolution effects

|

Poorly-
reconstructed

pT=E+p,

Enhancement of

resolution effects

2 = (pr+p7) (ph+p5) — (BL+pL)

\

reconstructed

p*=Exp

<
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Reformulate invariant mass using light-front variables

Assume recoil 4-momentum
2 — — —)J_ —>J_ 2 M -
M, = (pe+ _|_pe_) (pet _|_pe+_) _ (pe+ _|_pe_) carried by single nucleon

py+p2N=pe++pe— +pp+pN
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Reformulate invariant mass using light-front variables

Assume recoil 4.-momentum

M2 = (pe—+ _|_pe—_> (p+ _|_pe+_) _ (ﬁel _|_l-5€l_>2 carried by single nucleon
et T

ete~
loy'+'f%UV'::]De+'+_}De—'+'l%p'+ipbv

_9J— — _9J— _9J— . _9J— . _9J— _ _9J—
pN T p;/ T pZN et pe‘ pp
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Reformulate invariant mass using light-front variables

Assume recoil 4.-momentum

M2 = (pe—+ _|_pe—_> (p+ _|_pe+_) _ (ﬁel _|_l-5€l_>2 carried by single nucleon
et T

ete—

f%r4_l%hV*::lZ?*_FJDe—'+ﬂp%v+'l%V

) Iy I |
pN T p;/ +p2N et pe‘ pp
2 2
o DnyiTmy
Py =

PN
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Reformulate invariant mass using light-front variables

Assume recoil 4.-momentum

2 — — - - 2 o o
M, = (pe+ _|_pe_) (pet _|_pe+_) _ (pel+ _|_pel_) carried by single nucleon
py_l_pZN — P+ +pe— +pp +pN
e R e e R
ot = Pi.1+my
- Py
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Reformulate invariant mass using light-front variables

Assume recoil 4.-momentum

M2 = (pe—+ _|_pe—_> <p+ _|_p€+_) _ (ﬁel _|_l-5€l_>2 carried by single nucleon
et T

ete—

Use photon and proton
information to substitute
for “plus” momentum

M€+€_ ~ (p€+ +p€_) ZEJ/ + 2mN — pp - 2m B p_ T <p€+ +p€_)
N tot
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Simulation shows resolution improvement
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New observable greatly improves
signal-to-background

]/C —> e+e—p(X) }/C S e Ie p(X)
L LT LW

Measured M,, [GeV] Light-front M, [GeV]



Invariant mass spectra show clear
JIw — eTe” peaks

D | | | | | He | | | | | - C | | | | |
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Cross section extraction

Yield from dilepton

1.25} | | ! - invariant mass fit
' B Deuterium

B Helium ]
Bl Carbon \
Y (E)
G(E) = i
00| Z(E,) X e(E) X Ty X By — ete™)

O'007 8 9 10
E, [GeV]

1.00T

o O
U1 ~
O Ul

Luminosity [pb~! * proton/40 MeV]

Luminosity from Branching
measured tagged Efficiency fr:om Proton nuclear fraction
photon flux MC calculations

transparency
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Energy-averaged cross section compared

across nuclei

/] <E,<10.6 GeV

12

Plane-wave calculations

_l_ } —{j// Measured data

No large A-dependent
effects observed
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Cross section extracted as function of

oyalZ [n o]
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Combining nuclei improves precision
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First observation of sub-threshold J/y/1

Subthreshold peak of J/y

found to be statistically
significant at >30
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Kinematics give insight into reaction mechanisms

Above threshold: Ey > 8.2 GeV Below threshold: Ey < 8.2 GeV
0.3F ! ' ' ' ] ! ! ! '
—:—  Total 1 —:—  Total
— | Mean-Field — 0.03r | e Mean-Field -
g 0.2 l ---- SRC g , ---- SRC
<, /...'\ S
s tl \\L S o1 |
S i/ ﬁ\ ; S s L
_l’,’ _~~-~--—- __'"#-:T T—'— "'_""_"."."_"z-_- ‘/;/”—-~~‘;.:._.'_'\'_'--\-.'.,§_.-_§_
0.0 T % o.oo-—lv SESE S S—
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Momentum-transtfer gives measure of reaction kinematics



Kinematics give insight into reaction mechanisms

Above threshold: Ey > 8.2 GeV Below threshold: Ey < 8.2 GeV
1 00l —-—  Total | | 02+ | t—— Total |
- + 1 Mean-Field I e N i Mean-Field
9 751 FI ———- SRC Q - sre
E i[ | 30
£ 0.507 5 £ [
S / \ 2 R
% 0.257 ./. \ iJ L % 0 O‘——"—“{’¥/ ——_\\\ e e e o e e o
A DO T
0 OO"‘{ .................. S i O e @ -[
08 10 12 14 16 18 20 08 10 12 14 16 18 20
A miss A miss

Production of J/y below threshold energies shows larger than

expected cross section, as well as distortion to larger a,. ..
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What could cause disagreement with
plane-wave?

do(yA — J/ypX) do
— —> J/ * S PO Emiss
o T ~p = JIYP) - SPpisss Eiss)

nmiss niss d

— V}/i°
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What could cause disagreement with
plane-wave?

do(yA — JlypX) do

- ]/ 'S ; ’Emiss
o T — P = JIYP) - SPpisss i)

nmiss niss \

Nuclear spectral

— V}/i°

function
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What could cause disagreement with
plane-wave?

do(yA — JlypX) do

- ]/ 'S ; ’Emiss
o T — P = JIYP) - SPpisss i)

nmiss niss \

Nuclear spectral

— V}/i°

function
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What could cause disagreement with
plane-wave?

do(yA — J/ypX) do
=v, -—(yp — J/ cS(Picer B
dtd3 miSSdEmiSS : dt()p l//p) (pmlSS \)
Photon-proton Nuclear spectral
interaction? function

Bound proton might not interact with
color dipole same as free proton
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How does the J/y interact with the proton?

da( Thum) do
— —> — —
” YpP Yp ”

(5,5) X F(1)

N\

. Gravitational form factor with
Forward cross section:

sensitive to gluon density at dipole parameterization
2
"I F(t) = .
n (1—1/A2)

2
Syp — My

V2
A

Gives mass radius (7, ) =
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Two ways to modify the proton

1. Bound protons have
greater gluon density:

2. Bound protons have
smaller mass radius:

100

Increasing |
Virtuality ]
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Larger cross section struggles to explain data

Above threshold: Ey > 8.2 GeV Below threshold: Ey < 8.2 GeV
1.00} — A0 0.2¢
- A=0.5 - .
2 0.75¢ —— A=10 - < tot
3 | §0.1r 7
£ 0.50} — S :
S S 1
3 3 |
% 0.25¢ . % 0 —/IN
0.00 [ » - {
] ] ] ] 1 ] ] ] ] ] ]
08 1.0 12 14 16 1.8 20 08 10 12 14 1.6 18 20
A mis A mij
do do
— — (1 —Av) X —
dt —0 dt —0




Larger cross section struggles to explain data

Above threshold: Ey > 8.2 GeV Below threshold: Ey < 8.2 GeV
1.001 A 0.2r | SRC proton
A=0.5 . R
o) o) 50% greater
c 0.75 — A=1.0 T - ¢ ¢ .
I_‘IQ I_gl‘?, 0.1 I ] Cross section
£ 0.50 | g
S S | |
S S
% 0.25 % Ny —/[/\
0.00 i -—e {
08 10 12 14 16 18 20 08 10 12 14 1% 18 20
A miss A miss
dG SRC proton = Free proton
— — (I —Av) X 7
dt =0 ) Py

S



Smaller-size proton enhances large-a cross section

Above threshold: Ey > 8.2 GeV Below threshold: Ey < 8.2 GeV
0.2}
1.0}
5 5
S S
o o
S e
0.0

08 10 12 14 16 18 20

A miss

(ry = (1 + Bv){(r)



Smaller-size proton enhances large-a cross section

Above threshold: Ey > 8.2 GeV Below threshold: Ey < 8.2 GeV

1.0F 021 | SRC proton
o) o) 20% smaller
< <
5 0.5 5
S S
S S
S S

0.0

08 10 12 14 16 18 20

A miss

SRC proton = Free proton

(ry = (1 + Bv){(r)
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® New photonuclear measurement gives

first measurement of incoherent J/y
production at and below threshola

energy

® Kinematic distributions suggest
possible modification of gluons in

bound proton

Conclusions

100

g YHe + 12C {
,,,,
K ,/” Total
.': /” .
St e Mean-Field
-
Rt ---- SRC
VN ]
y 7 ] ] ] L]
7/ 8 9 10 11
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do/damiss [nb]
=

O
-
®

0.2¢ Ey < 8.2 GeV

N

0.8

1.0

1.2

_\\& |
16 18 2

1.4

A miss

.0
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Backup



High-statistics photonuclear measurement
on 4He conditionally approved

s 190-day measurement of a single nucleus;
0L M€ .
105 CurrentData ¢ 34544 b ~1000 J/y production events
_i'T*"'IJi_ 1 Measure cross section across full energy
2 101} ‘ g Proposed  ____----- : range and kinematics
N E .‘." ”””” E
E - e - Optimized radiator geometry maximizes
o 10-2 - otal _ measurement of sub-threshold production
S G Mean-Field : 5125,
4 _ .
: /// g ---- SRC ' 4 Proposed
10-3¢ ' -’
7 8 9 10 11 12 2 |
E, [GeV] =1l
O
0
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Third Hypothesis: Two-body currents

Proton Nucleon



Two-body currents

g
"Colored % .

Cluster”

Nucleon



Two-body currents

8

“"Colored

Proton
Cluster”



Two-body currents

8 8

Nucleon

Proton



Two-body currents

8 8

Nucleon

Proton

Possible “color correlations” between nucleons?
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Two-body currents

IAVaVaVa QD Stitet JIy

SRC Pair r o~ 1/m. = 0.13 fm

Particularly sensitive to short-distance configurations!



10_15-

Improved data will allow detailed test of
bound proton structure

. “He(y, JIyp)X -
1 Pmiss < 250 MeV_:

F(t)

10_15'

*He(y, JIwp)X -
Pmiss = 250 MeV .
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Lepton PID: p/E cuts

1.4 i: T

-l‘
o e

1=1.064+ 0.012
BcaL > < 20 oc=0.073+0.011

g
2 1.0/ | | |
é ] \i’ (N
I L—T1T1 | T‘{ |
0.8 |t 1
0.7 0.8 0.9 1.0 11 1.2 1.3 14 15
FCAL p/E

U8% 08 10 12 1.4
FCAL p/E



Photoproduction from the nucleus

Coherent Photoproduction Incoherent Photoproduction

. . .  Nucleus broken-up in the final state
e Nucleus intactin the final-state

e Tells us about fluctuations in the nucleus + bound

e Tells us about the ground-state of the nucleus .
nucleons within the nucleus

e Physics interpretations: Gluon radius of the

e Physics interpretations: Gluon content of the
nucleus, nuclear trace anomaly, nuclear gGPDs

bound proton, neutron
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Light-front variables

® Both energy E and longitudinal momentum p, have poor resolution, but what about combinations of these?

® \We can define “plus” and “minus” components of momentum

pi=EipZ=\/pf+p§+mzipZ

® Resolution for these variables can be

pT=2p.+... pTR—+...

0p+ ~ sz Gp_ ~ 2p sz
<



Light-front momentum gives good basis for analysis

Monte-Carlo simulation shows bin

1.4
migration of reconstructed variables < 1ol
ﬁ 3
0 10 i
1.2 | E
Q 0.8}
< ks
g 5 0.6F
O 1.0 2
o % 0.41
S ) | | | | |
=08 _ =" 92 04 06 08 10 12 14
O True p,;sc [GeV]
2 -
n
gV
)
=

RN
()

. | >
0-%.4 0.6 0.8 1.0 1.2 5 08
True Pmiss [GeV] A'é 0.6

Q
2 0.4

Missing 3-momentum hard to resolve: 2
_ © 0.2

Prmiss = Pmeson T Py, — Py =




Dilepton Mass Reconstruction

Invariant mass of dilepton can be expressed in light-front momentum:

M.y = (Pes+ P = (P + PO +PE) = (Pes + P
Resolution dominated by “plus” component of momentum

In case of deuteron, we can define missing mass

mnzftiss — (py T Pq = Pe+ — Pe- _pp)2 — mr%

Dilepton mass can be reexpressed:
2

2
_ _ Mpiss T Pror.1 R S0 2
Me2+e— — <pe+ +pe—) (2Ey + 1y _pl;l_ ’:}:_pf ) - (pel+ +pel—)
tot
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2N missing mass exactly m, for deuterium,
but very close for other QE reactions

4 | | 12 ' |
12.5} Hely. JIwp)X i Assumed 25 | Cly. JIgp)X i Assumed
1
l
;: 10.0F ; 20+
© ©
o /.5F 9 15} :
- | T
2.5t > | i |
1 i
0.0 ' J: S L 0 . __J | \M :
| 0.5 1.0 1.5 0.5 1.0 1.5
Mmiss, 2N [GeV/CZ] Mmiss, 2N [GeV/CZ]
Fixing m, ... = my for all nuclei allows substantial constraint on the reaction
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Improved mass observable increases
resolution on dilepton mass

N
O

4 | I - 4 ' i
12.5F He(y, J/yp)X I Assumed . Improved mass He(v. Jlwp)X iTrue
: observable more 15k
— 10.0F - — :
. that doubles > :
(qV)
w 7.5} - resolution o : Corrected
= £ 107 :
8 50 B True - 8 : \
5t L\ -
| l
: J: Ks_ ] ] : ]
0.0 0.5 1.0 1.5 8.6 2.8 3.0 3.2 3.4
Mmiss, 2N [GeV/CZ] M(e*te™) [GeV/CZ]

Mo = (pe+ +pe‘) 2E}/ +2my —Pp 2y — pi B (pe+ +pe‘)
N tot



Electron-scattering couples to charge
r r

p p’ p

Quasi-elastic scattering Deep-inelastic scattering

Measure ot proton charge distribution Measure of quark PDFs



Motivation for high-statistics photonuclear data

® Currently ~1.5 months of nuclear

Days of Luminosity

data in Hall D (not including PrimeX) Target Beam (E, > 6 GeV)

® Sufficient to establish SRC breakup
in high-statistics channels, but Deuterium 4
further data could be used

18.0 nucleus -
pb-1

16.7 nucleus -

® Study of |f|-dependence of SRC Helium-4 10 ob-1

breakup data

8.6 nucleus -

e Low-rate channels could be the Carbon-12 14 ob-

most interesting




