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THE NUCLEON IN QCD

99% of the mass of the visible universe

Quark/Mass

» Fundamental building blocks of matter
» Bound states of QCD Lagrangian

» Three valence quarks needed to define
quantum numbers contribute only ~1% of its
mass
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NUCLEON MASS IS AN EMERGENT PHENOMENON

= From DSE and Lattice:

Rapid acquisition of mass is

0.4 _ effect of gluon cloud
- « Low momentum gluons attach to the current

. | quarks (DCSB)
= ,  moomey « Gluon field accumulates ~300MeV/constituent
é - /! = m =70 MeV quark
=4 « Even in the chiral limit:

" mass from nothing!
0.1 iy
+
I E— 3 The Higgs mechanism is largely

p [GeV] irrelevant in “normal’” matter!

M. S. Bhagwat et al., Phys. Rev. C 68, 015203 (2003)
|. C. Cloet et al., Prog. Part. Nucl. Phys. 77, 1-69 (2014)
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NAS CHARGE FOR EIC

« An EIC can uniquely address three profound
P i ENT OF guestions about nucleons - neutrons and protons -

U'S-BASED ELECTRON-ION and how they are assembled to form the nuclei of
COLLIDER SCIENCE

atoms:
= How does the mass of the nucleon arise?
= How does the spin of the nucleon arise?

= \What are the emergent properties of dense
systems of gluons
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D. Kharzeev, Proc.Int.Sch.Phys.Fermi 130 (1996) 105-131

PROTON MASS: TRACE DECOMPOSITION

Why is the proton mass non-vanishing?

Trace anomaly dominant

= Nucleon mass related to trace of energy-momentum "Proton mass result of the
tensor at zero momentum transfer vacuum polarization
iInduced by the presence of
(P|T}|P) = 2P"P, = 2M, the proton.”

« At low momentum transfer, heavy quarks decouple: only two Not so for pion
components remain Unlike protons, trace

anomaly must vanish for
pions Iin the chiral limit!

Trace anomaly intimately
related to DCSB and the

emergence of scale
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PROTON MASS ON THE LATTICE

0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175

m2 (GeV)?

Y.-B. Yang et al., (XQCD), PRL 121, 212001 (2018)

No direct calculation of trace anomaly to date.

120
100}
80+
o
= 60 3
2 S >
e F 2 2 o
¥ &80 @ © o g
8§ Sl S S =
20- O o 9p) Ao (ap)
~d S0 ol ®f 5
L <t AN AN L am
0
Mn Mg Mg M, Total

C. Alexandrou et al., (ETMC), PRL 119, 142002 (2017)
C. Alexandrou et al., (ETMC), PRL 116, 252001 (2016)

Trace anomaly only constrained

through sum-rules
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M. Luke et al., PLB 288 355-359 (1992)
D. Kharzeev, Proc.Int.Sch.Phys.Fermi 130 105-131 (1996)

CAN WE MEASURE THE TRACE ANOMALY’?

..Quarkonium production near threshold!

» J/ and Y(1S) only couple to gluons, not light
quarks

= Sensitive to gluonic structure of the proton
= Trace-anomaly operator twist-four:

= Highly suppressed in high-energy scattering
» QCD Factorization not yet established

= Solution found in low energy scattering
(production near threshold)

4.2 % U.S. DEPARTMENT OF _ Argonne National Laboratory is a

U.S. Department of Energy laboratory 7 S J t A O e
2 )
R j‘J EN ERGY managed by UChicago Argonne, LLC. OOS e n rg n n
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QUARKONIUM PHOTO-PRODUCTION

The basics

10: 5
] J/ threshold: 9 fma< dor :
W ~ 4.04GeV g Ytot = ;
Elb ~ 8.2GeV - Fmin E
[y =
t ~ —1.5GeV? -
6-
Y(1S) threshold: = 5
W ~ 10.4GeV =
t ~ —8.1GeV? 3§_
» Phase space limits defined by quarkonium direction 20
» Forward (with photon): t = fmin it
[ | | | | | | | | | | | | | | | l l | | l | | | |
Backward (with proton): t = % 8.5 9 9.5 10 105
» Backward (with proton): t = fmax e o

» Forward direction preferred: t-dependence ~exponential
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QUARKONIUM PHOTO-PRODUCTION

What do we know?

LHCB '14 (UPC)

10° g ' IR E
: e Nl Near Threshold:
102 J/([J o o = .
- A el *©  Origin of proton mass, trace
10§ = anomaly of the QCD EMT
) - Cornell '75 . .
€ e ;f s SLAC 75 - Gluonic Van der Waals force,
< = = - .
S - <F3I\EIZ*LNEN4A(\)-114 - possible quarkonium-nucleon/
v
107 o  FNAL E687 E nucleus bound states
n H1 Combined (y* - - .
02f t eUs combina . Mechanism for quarkonium
\L * : production itself

¢ H12000 (v
ZEUS 2009 (v*)
\l, % LHCb'15 (UPC)

Y(1s) at EIC

= No electro-production data available 1o-
= Almost no data near threshold TR YR

10 10° 103
W (GeV)

= J/ well constrained for high 10
energies g ‘ it
« Y(1S): not much available " b | - J/p at JLab
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Three possible avenues for...

MEASURING THE TRACE ANOMALY

1. Cross section at threshold 3. Holographic approach:
Assuming VMD, measure t- Y o Non-perturbative approach using
Jy| , . .
dependence at threshold. Note: Y AdS/CFT gauge-string duality. New
factorization not yet rigorously P R R p development. Predicts sensitivity
proven -— for J/w production near threshold.
D. Kharzeev et al., PLB 289 595-599 (1996), =
EPJ-C 9 459-462 (1999) Y >
1 o Y. Hatta et al., PRD 98 no. 7, 074003 (2018)
B-H )
d—(r(nro/(;evz)
P > —> P dt().12

Trace anomaly large
Trace anomaly zero

0.10

2. Interference with Bethe-Heitler 0.08
Interference between for J/y 006§
production and Bethe-Heitler near 0041
(but not at) threshold. Needs very "
high statistics. Possible at SoLID. .0 15 20 25 3.0

Gryniuk, Vanderhaeghen, PRD 94, 105 (2016)

10 S. Joosten  Argonne &
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Gryniuk, Vanderhaeghen, PRD 94, 105 (2016)
S. R. Beane et al., PRD 91, 114503 (2015)

BINDING ENERGY OF THE J/¥ - NUCLEON POTENTIAL

The nature of the gluonic Van der Waals force

e Force between color neutral J/ and nucleon
purely gluonic

e Binding energy Byp can be derived from s-wave
scattering length ayp at threshold

* Typ=8m(M + My)ay,

e Experimental access through J/ photo-
production at threshold

e Note: link with trace anomaly!

e Current estimates between 0.05-0.30fm
(3-20MeV)

e Lattice QCD (at large pion mass): By, < 40 MeV

Need high-precision photo-production

7R U.S. DEPARTMENT OF  Argonne National Laboratory is a
3 U.S. Department of Energy laboratory 1 1
R managed by UChicago Argonne, LLC.

do/dt (t=0) (nb/GeV?)

[
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I

(—
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lIIll|

1 Typ(0) = 45
1 Typ(0) =22.45
| T”LPP(O) — O

= HERA (2002)
« Fermilab (1981)
* EMC (1980)
e SLAC (1975)

L I
100
W (GeV)
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JLAB: THE IDEAL LABORATORY TO
MEASURE J/Y NEAR THRESHOLD

L

= 4 Experimental Halls

12 GeV at Hall D

12

= CEBAF: high-luminosity
continuous electron beam

11 GeV at Hall A, B and C

ldeal due to luminosity,
resolution and energy reach
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R. Aaij et al. (LHCb), PRL 115-7 (2015)

DISCOVERY OF THE LHCB CHARMED PENTAQUARK
(@) Yy © 4129
M{B%-} K (}P

dl%g}/\‘ AyqQ U u

Ay = AT/ — (K p)J/U g y
narrow: Pc(4450) (12 o) wide: P;(4390) (90)

Ap - K P.— K (pJ/¥)

e L HCDb collaboration findings: :z ¢ et~ N
two P. states needed: oo ¢ (@) LHCb e pamo | N HHeb
. . _ = P.(4380
e Spin/parity not fully 2 b N 3 R
g ® 12 N | 8™
COnStralne . %.,1000 ! + ﬁgggg; 2:400
e 5/2+ and 3/2- (most likely) 2 soof Ty 8- AL g
e 5/2- and 3/2+ 600 27 90
400 ---»-- A(2100)
e 3/2- and 5/2+ 20of: e
24 2.6




X-H Lui et al., PLB 757, 231 (2016) and references therein
Q. Wang et al., PRD 92-3 034022-7 (2015) and references therein

IS THIS A REAL PARTICLE?

We can confirm this at JLab!

e LHCDb definitely saw something, but was it a pentaquark?
1. Truly new states: P either true pentaquark or molecule

2. Alternative: Kinematic enhancement through anomalous
triangle singularity (ATS)

e Photo-production ideal tool to distinguish:

1. Truly new states: P.also created in photo-production

2. Alternative: ATS not possible in photo-production
e P:(4450) translates to narrow peak around Ey = 10.1 GeV

Jefferson Lab the perfect place to search for P.

14




RESONANT J/¥ PRODUCTION THROUGH Pc DECAY

Leverage the t-dependence to maximize signal over background

do
> :
e J/ angular distribution differs B ST DU . -
between t-channel and s(u)-channel: 5 10°
e t-channel production mostly forward I
. . B t-channel setting #1 10
(exponential-like t-dependence) - | B P (5/2+) seting #1 | :
e s-channel production more isotropic o I chameisetos 2 ) M,
8.5 9 9.5 10 10.5
(flatter t-dependence) E [GeV]

Best signal-to-background for
resonant J/ production at high t




Z.-E. Meziani, S. Joosten et al., arXiv:1609.00676 [hep-eX]
K. Hafidi, S. Joosten et al., Few Body Syst. 58 (2017) no.4, 141

JLAB EXPERIMENT E12-16-007
J/w-007: Search for the LHCb Pentaquark

e High intensity real photon beam o ~ |Electron in
(9% copper radiator) 0% CuRadiator  \© 3 \ SHMS
e 10cm liquid hydrogen target | To beamdump
e Detect J/iy decay leptons in —> | o :
coincidence incident >
beam
e Bremsstrahlung photon energy fully
constrained Hydrogen
; : : target Q
"Symmetric” configurations for t- Q
channel cross section measurement '3'47 Q
1’ T . . J\
Asymmetric” configurations to
measure high-t region for the s-
channel measurement Positron in
High-impact experiment... HMS

Ran February 8 - March 7

16 S. Joosten  Argonne &
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http://arxiv.org/abs/arXiv:1609.00676

R. Aaij et al. (LHCb), Phys.Rev.Lett. 122 (2019) no.22, 222001

The plot thickens...
NEW LHC B RESULTS WITH 10X STATISTICS

Plau5|ble theoretlcal interpretation :-=

5B’ b D - The only thresholds below which LHCb-PAPER-2019-014
< in preparation

14

o redicted JF: 1 ¢ 5 g—s molecular bound states
1200k g 2’2 are expected in this mass range
: ?Oat;? it i s The near-threshold masses and the narrow widths of
1000 preliminary P.(4312)*, P (4440)* and P (4457)*

— backgrou.nd ) , _
: favor “molecular” pentaquarks with meson-baryon

substructure!

Loosely — bound pentaquark Tighly — bound pentaquark

800

DY or D*©

o
O
=
S
I
D
—
©
O
e
o
co
O
g =
D
D
i
=)
=

600

400N

200

- J/Y (cC)p(uud) suppressed (P;F narrow) = J /Y (cC)p(uud) easier (P; wider)
Can diquark substructure separated

4200 4250 4300 2350 4400 4450 4500 4550 aepp owever, we need to by a potential barrier [Maiani,
7 m,.,, [MeV]  measure JPs to confirm Polosa, Riquer, PL,B778, 247
: — (2018)] produce width
Existence of £} D° molecule would molecular hypothesis, suppression?

find isospin partners, ... Are masses near thresholds just by

coincidence?
This hypothesis is not ruled out

imply importance of p-exchange
P.(4312)", P.(4440)" not near triangle diagram thresholds, P.(4457)" is (see backup slides).

eNt ILb ratory is

re 17 S. Joosten  Argonne &
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FEATURES OF THIS MEASUREMENT

oor””

e High-f “enriched” sample, only possible at Hall C!

10 o o | L | F Ii I F i Ii o I I | E
| pEaSGZ ' 3 ] e Largest dataset of J/y produced with a real photon beam.
8: pHase -l | 2D photo-production cross section between 8.5-10.6
Ml phase2 g B Gev
o/l phase - - -/ 4 » Used 4 settings to cover entire phase space

It (GeV?)

At e Combine data from all settings for maximal sensitivity to

i ] LHCb pentaquark

o | ¢ Covers energy range the three new LHCb pentaquark

: ] candidates

O_ I I I I | I I I I | I I I [ o | I I I I | I I I I | I ] ]

8 8-5 10.5 Best signal-to-background for resonant
GeV f J/w production (P¢) at high ¢

P.(4440) Pc(4457)

18 S. Joosten  Argonne &
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]/‘I»’
SIGNAL SHAPE WELL UNDERSTOOD 00

_ e MC has model of radiator, realistic target,

| :;‘(‘;'(;07;2?362 : detector and RC (using PHOTOS)
[ Back;OJf,;O;-n+ ﬁ : » Measured signal well described by MC for
N 20—| —— MC + Background — all settings.
| ] e Background dominated by pion electro-
> | ) production
= - e Bethe-Heitler contamination very small

10_— N due to large spectrometer angles

e TOoOk data with open trigger:
background shape from real data!

b s e TR ) T R ' : :
85262728 93 3132333435
M, (GeV)

2 ImIUEmINANP I  managed by UChicago Argonne, LLC. 1 9 S J OOSte n Argon ne °
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ABSOLUTE CROSS SECTION

JAP-007 (Hall C) PRELIMINARY

g ++ } t e Only showing (preliminary) uncertainties!

’g i ‘H’ i § e High-precision measurement of the t-dependent
S F - cross section between 8.5-10.6 GeV

é_ L e Precise (~5%) absolute cross section possible
010_1 + due to calibration measurements of elastic and

Inelastic cross sections

J/p-007 uncertainties only

e Will shed light on apparent discrepancy between

GlueX 2019 (27% scale unc.) GlueX and SLAC/Cornell data

—2|||| ||i||:: |||||||||||||||| |||||||||||||||
10 1213 14 15 16

, (GeV)
%:/ 4440) Absolute cross section ~5% precision

Pc( 431 2) Pc:(4457)

SLAC 75

[
O Cornell 75
A
[

20 S. Joosten  Argonne &
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A FULL 2D MEASUREMENT

C  JAp-007 (Hall C) PRELIMINARY
8.78 GeV < EY <8.92 GeV

e phase #1
e phase #2
e phase #3

phase #4

10:|||||
% ]
¢ 1+t
O C
5 L
kS,
@
©
107
—2 IIII|
107, 1
10:|||||

Itl (GeV?)

~  JAp-007 (Hall C) PRELIMINARY
9.48 GeV <E, <9.62 GeV

_. do/dt (nb/GeV?)
' TTTT T T T T TT Il_lL T T T
|

——

e phase #1
e phase #2
e phase #3

phase #4

onne National Laboratory is a
. Department of Energy laboratory
e UChicago Argonne, LLC.

10

1072

J/p — eTe”

Jhp-007 (Hall C) PRELIMINARY

SLAC 75

o
O Cornell 75
A
|

J/p-007 uncertainties only

GlueX 2019 (27% scale unc.)

9 10 11 12 13

E, (GeV)

14 15

16

oor””

e Only showing uncertainties!
(y-position for each setting
arbitrary for improved visibility)

10:IIII|IIII|IIII| IIIIIIIIIIII B
- JAhp-007 (Hall C) PRELIMINARY ]
- 10.32 GeV <E, < 10.46 GeV
& ———4
3 1[ |
(2 1:_ I I -
o) C
5 L
Q ——————
o)
©
107'F E
e phase #1
e phase #2
e phase #3
phase #4

It (GeV?)

First 2D measurement near threshold:
access Color van der Waals force and trace anomaly

21
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See K. Hafidi, S. Joosten et al., Few Body Syst. 58 (2017) no.4, 141 and references therein

ATHENNA Collaboration Y/YV + N = N+ J/Y

J/¥Y EXPERIMENT E12-12-006 AT SOLID

The ultimate experiment to study J/y at threshold.

e 3UA electron beam at 11 GeV for 50 days
e 15 cm liquid hydrogen target

EM.Calorimeter
“Scint(forward angle)

>

o Ultra-high luminosity: 43.2 ab- O 1T
e General purpose large acceptance spectrometer e —
e Symmetric acceptance for electrons and positrons

e Channels:

e Electro-production
e Quasi-real production
e Photo-production through bremsstrahlung in target cell

Im

* Electro-production * Photo-production
 Measure scattered electron and decay leptons  Measure decay leptons and recoil proton
* t-channel J/yp rate: ~90/day * t-channel J/yp rate: >1600 per day

* Clean signal (less background) » Ultra-high rate
* Closer to threshold




See K. Hafidi, S. Joosten et al., Few Body Syst. 58 (2017) no.4, 141 and references therein

ATHENNA Collaboration ﬁy/ﬁy* + N — N T J/@D

M

J/¥Y EXPERIMENT E12-12-006 AT SOLID
The ultimate experiment to study J/y at threshold.

Total Ellastic Electro-and Photo- production of J/y

ol 425GeV<W<435GeV _ 10 k& __
e SoLID 50 days 3-fold - — —
2-gluon (b: 1.13GeV?) 1 = B
£ _ _
210°F 3 =
S . 4 ’ Cornell 75 -
10 = A SLAC75 =
— A SLAC 76 (Unpublished) —
5 - - o CERNS7 -
| [GeV] 102 & t-channel (2-gluon) —
4 t-channel + P_(4450) =
el 415 GeV <W < 4.25 GeV 4 O SoLID 50 days 3-fold _
*  SolID 50 days 3-fold _ O SoLID 50 days 3-fold with P (4450) __
_ 2-gluon (b: 1.13GeV™?) = ] SoLID 50 days 2-fold =
> - ] SoLID 50 days 2-fold with P _(4450) -
G 107%F — -

E | ] ] ]
I 10 E, [GeV]

107°F E
Sensitivity below 10-3 nb!
v v v v by I I

O 1 2 3 | I | 4 | I | 5 L1 23
tt 1[GeV] e Onowauasorarory
min




J/¥W EXPERIMENTS IN JLAB IN A NUTSHELL

Exciting times for J/y near threshold!

GlueX HMS+SHMS CLAS 12 SoLID
HALL D HALL C HALL B HALL A

J/P counts ~2100 (4200
(photo-prod.) ~400 with muons) 45/day 1627/day

J/P Rate
(electro-prod.) 86/day

PAC days 9+2 130 50
Finished Finished Ongoing ~10 years?

24 S. Joosten  Argonne &
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S. Joosten, Z.-E. Meziani, PoS QCDEV2017 017 (2018)

Y(1S) THE OPTIMAL GLUONIC PROBE

..but a challenging measurement 0 e
- *******‘*k
10° J/l'l'l .&—-ﬂ*"i—w
10§ -
e Y(1S) is a heavier (smaller) probe than J/y g F f >~ Comell 75
_ _ S E° 1 CERN NA-14
= Y(1S) production near threshold crucial to ok " FNALE4O!
universality e
. él/ % LHCB '14 (UPC) k
e Cross section very small (2 orders of Y ]
magnitude smaller than J/y) b Y(1S)
e Measurement can (only) be done at EIC o
% e ; f 1
107 |
- ¢ H12000 (y*)
102 ZEUS 2009 (v*)
: % LHCb '15 (UPC)
10—3 Lo ! Lo ! Lo

10 102 10°
W (GeV)

25 S. Joosten Argonneb
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S. Joosten, Z.-E. Meziani, PoS QCDEV2017 017 (2018)

Y(1S) PHOTO-PRODUCTION AT EIC

.. Threshold measurement possible! SAC ="~ N SR =

116 days @ 10**cm2st | 116 days @ 10**cm2st |
13.82GeV < W < 14.49GeV = 15.2GeV <W < 15.93GeV 3
(85 + 9 events) 1 (202 = 14 events)

—
<
|
—
<
|

« Quasi-real production at an EIC
 Both electron and muon channel

do, /dt [nb GeV?]
=)
|
|

do, /dt [nb GeV™]
=
|

—_
o

2 —e— EIC 2 —e— EIC

—_—
| |

—_

o

; —— 2-gluon (b: 4.5GeV?) —— 2-gluon (b: 4.5GeV?) -
* Fully exclusive reaction L une e B S AN
» Can go to near-threshold region \ /
= ' ' T T =
= EIC Simulation (10GeV op100GeV) -
. 100 fb™' (116 days @ 19°"cm™s™) |
_ _ 1 Q°<1GeV? .
 Y(1s) production possible at threshold! : = &ﬁ
- Provides measure for universality, 5 il —
complimentary to threshold J/w s F
program at JLab12 N . EIC )
) o 107 s  ZEUS (2009) =
» Are there a "beautiful” pentaquarks? : H1 (2000) -
» Sensitivity down to ~10-3 nb! 10° L — 2gluon i -
L -
10 10°
W [GeV]

26 S. Joosten  Argonne &
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* Quarkonium production an important tool to

CONCLUSION study the gluonic fields in the nucleon

* Threshold production of quarkonium can shed
light on the trace anomaly, quarkonium-nucleon

10:IIII|IIII|IIII|IIII|IIII| IIIIIIIIIIIIIIIII

- J-007 (Hall C) PRELIMINARY - binding, the LHCb pentaquark and the origin of
5 | +TL .+ | the proton mass
’g 1 ﬁ*l“ﬁ: { : * Possible to study “charming” (and “beautiful”?)
P W ! : pentaquarks |
f;i- : |« At : possible to access
10_1 E_+ e  Jhp-007 uncertainties onl _E
S f ffcf"f y » Can test universality by comparing Y to J/yw
- " Gluex 2019 (27% scale unc) | - results
1072 bl o b oo b b b

9 10 11 12 13 14 15 16 « JLab12 and the EIC are (will be) perfectly

= (GeY) positioned to significantly contribute to these
topics

AAAAAAAAAAAAAAAAAA
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THE PROTON MASS... AHOT TOPIC!

—

'v-'"‘[:-'"l TI1 I 1L IAANDDIT7/N
FOR THE HORIZON

T E"."lo"'\,(-f’_"'.-' u” “ ~
MAN TN

r — AN

“... The vast majority of the nucleon’s
mass is due to quantum fluctuations of
guark- antiquark pairs, the gluons, and

the energy associated with quarks
moving around at
close to the speed of light. ...”

The 2015
LONG RANGE PLAN
for NUCLEAR SCIENCE

Argonne National Laboratory is a
U.S. Department of Energy laboratory
managed by UChicago Argonne, LLC.

" The Proton Mass

At the heart of most visible matter. 5
& Temple University, March 28-29,2016

'

Rapid acquisition of mass s
. Atect of gluon cloud
-

— = O (Crural bt}
— m = 30 MeV
= 70 MaV

00 1 2 3
p(GeV]

Mp=2mfff-+-mf,ff HQCDqu+Hm+Hg+Ha

Quark kinetic and - 8ot (5T . )l
Speakers potential energy Hy= /d (D

ark Hrn - ‘/d'3 7 /

Stan Brodsky (SLAC) s ey
Xiandong Ji (Maryland) Gluon kinetic and : / dsxf(E2 +BY)
Dima Kharzeev (Stony Brook & BNL) potential energy B
Keh-Fei Liu (University of Kentucky) Trace anomaly H, = / do ‘l’g (E? - B?)
David Richards (JLab) . -
Craig Roberts (ANL) .
Martin Savage (University of Washington) WorkShOP Toplcs
Stepan Stepanyan (JLab) A g
George Sterman (Stony Brook) Hadron Mass Calculation:

Lattice QCD and Other Methods
MOderator * Hadron Mass Decomposition

Alfred Mueller (Coumbia) | ocal Organizers

TEMPLE Zein-Eddine Meziani (Temple U)

UNIVERSITY Jianwei Qiu (Brookhaven National Lab)

29

* % * *
x* *x x* *x
* Corgk I‘:( f'l'* * ik
* ECT*, * ECT%,
* oy u* * oy a*

EUROPEAN CENTRE FOR THEORETICAL STUDIES
IN NUCLEAR PHYSICS AND RELATED AREAS

TRENTO, ITALY
Institutional Member of the European Expert Committee NUPECC

TEMPLE )

UNIVERSITY INFN

Istituto Nazionale
di Fisica Nucleare

AR -

Castello di Trento (“Trint”), watercolor 19.8 x 27.7, painted by A. Diirer on his way back from Venice (1495). British Museum, London

The Proton Mass: At the Heart of Most Visible Matter
Trento, April 3 - 7, 2017

Main Topics
Hadron mass decomposition in terms of constituents:
Uniqueness of the decomposition, Quark mass, and quark and gluon energy contribution, Anomaly contribution, ...
Hadron mass calculations:
Lattice QCD (total & individual mass components), Approximated analytical methods, Phenomenological model approaches, ...
Experimental access to hadron mass components:
Exclusive heavy quarkonium production at threshold, nuclear gluonometry through polarized nuclear structure function, ...

Confirmed speakers and participants
Alexandrou Constantia (Cyprus University), Brodsky Stan (SLAC), Burkardt Matthias (New Mexico State University), Chen Jian-Ping (Jefferson Lab),
Chudakov Eugene (Jefferson Lab), Cloét lan (Argonne National Lab), de Teramond Guy (University Costa Rica), Deshpande Abhay (Stony Brook University),
Eichmann Gemnot (Giessen University), Hafidi Kawtar (Argonne National Lab), Hoelbling Christian (University of Wuppertal), Lin Huey-Wen (Michigan State University),
Liu Keh-Fei (University of Kentucky), Lorcé Cédric (Ecole Polytechnique, Palaiseau), Mulders Pict (Vrije University of Amsterdam), Papavassiliou Joannis
(Valencia University), Pascalutsa Vladimir (Johannes Gutenberg University of Mainz), Richards David (Jefferson Lab), Roberts Craig (Argonne National Lab),
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X. Ji, PRL 74, 1071 (1995) & PRD 52, 271 (1995)

PROTON MASS: REST-FRAME DECOMPOSITION

Disentangling the proton mass in its rest frame

= Proton mass is the matrix element of the
QCD Hamiltonian in the proton rest frame

Hocp = / d>xT"(0, Z) —
At leading order:
= H,+ H,, + H, + H

WW

a(u) related to PDFs,
well constrained

b(u) related trace anomaly,

unconstrained

30




S.J. Brodsky, et al., PLB 498, 23-28 (2001)

PRODUCTION MECHANISM NEAR THRESHOLD?

N-gluon exchange hard scattering

e 2-gluon exchange works well at
“JIUON higher energies
C

YWV o  Higher order gluon exchange
gg expected to play role near
threshold

S e Larger 3-gluon exchange contribution
' related to binding

e Exponential t-dependence (or
dipole)

[—Y
&
[\®]

J/V¥ elastic

- » Cornell 75
- +SLAC75

[—Y
)

[—

o(YN — J/vy elastic) nb

[—
&

10

e Orders of magnitude difference
between predictions: threshold
region still unknown

10

! 10 I PV (Y U WA N S U SR NN HNT S A R T WA NN S U SR NS
P e No link with trace anomaly A T e .
Ev GeV
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D. Kharzeev et al., PLB 289 595-599 (1996), EPJ-C 9 459-462 (1999)
Gryniuk, Vanderhaeghen, PRD 94, 105 (2016)

PRODUCTION K

Vector meson domig

CHANISM NEAR THRESHOLD?

lispersive framework) s

10
-4
-

B

o(yp = J/p) (nb)

= HERA (2002)
+ Fermilab/E401 (1981)
0 Fermilab/ES16 (1983)

1.0Obtain . X girxmcﬂa:T{)%f;t;?(l&)«).%)
(eXtra pOIate o 0/7 o o | *' C(')rn'elll(ll‘)'7l.5|)
10 100
2.Re(Typ) dominates f W (Gev)
constrain through dispe @O/.@ e
@)

T

2
ReTwp(V) — T¢p(0) VQ/ dV V

e Trace anomaly proportional to Re(Typ

threShOId <P‘G2‘P> N Twp(Vthresh) % —— Real Amplitude :Z::'l"rit:::u:s?s
. 1 0-2 ;_ —— Imaginary Amplitude ::__ :::)B:GRT L
Experimental access to trace anomaly: S e BREMWEG Y7
t-dependence of quarkonium cross o 10 A%
. e
section at threshold ., S. Joosten  Argonne &
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Gryniuk, Vanderhaeghen, PRD 94, 105 (2016)

PRODUCTION MECHANISM NEAR THRESHOLD?

Vector meson dominance (dispersive framework)

J v M »
Y (Hcm — Zs 2 RGTL T
Jy e B-H - -

J W - g 1 (Oem — D s Tyl + > | Teu|?

E,=10GeV E, =10 GeV
1T t=0.6 CtC\/v2 ‘ 1 : 0.6 GCVz

o Interference between elastic J/w production
near threshold and Bethe-Heitler

e Forward-backward asymmetry near J/w
invariant mass peak proportional to Re(7Typ)

7 Twp(o) =0

| Typ(0) =22.45

Independent channel to constrain o
Re(Typ) and trace anomaly | 7 M@

7R U.S. DEPARTMENT OF  Argonne National Laboratory is a
e EN ERGY U.S. Department of Energy laboratory
Reag® managed by UChicago Argonne, LLC




Y. Hatta et al., PRD 98 no. 7, 074003 (2018)

PRODUCTION MECHANISM NEAR THRESHOLD?

Holographic approach

10¢

1000

e Perturbative approach difficult
(no factorization for twist-4 trace anomaly operator) 100

e Use non-perturbative method instead through 10

AdS/CFT ,
(gauge-string duality: dilaton dual to F'"" F},)

s $3§°0 !'1!!{.

+ Cornell(1975) + SLAC(1975) +« FermilLab/E401(1981)

0.10 * FermiLab/E516(1983) + FermiLab/E687(1993) * HERA(2002)

e Disaster at high energies (scattering

amplitude real but should be imaginary) - " - W(GeV)
e Some hope at low energies: QCD amplitudes (:T(:(“"/Gevz)
should be real at low energies anywa 0.12
J yway oo Trace anomaly large Ratio at t = tin

e Predicts largest sensitivity to trace anomaly
near threshold at low ¢

Trace anomaly zero Near threshold

0.08F

0.06

e New development, numerical predictions cary large model .04}
uncertainties 0.02}

AAAAAAAAAAAAAAAAAAAA
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QUARKONIUM PHOTO- PRODUCTION WHAT DO WE KNOW’?

10°e a = 10° g
E e *******‘*k E - -
o g 0l V(1S
0§ o - 0L N
s [ £ e Comell 75 - 5 L3
= g 3 s SLAC'75 - == : o .
S B 1 CERN NA-14 - SO \ : -
. v  FNAL E401 . T -
107 o FNAL E687 = 107 =
u ¢ H1 Combined (y%) N u ¢ H12000 (y*) .
102 ZEUS Combined (y*) |—= 102 ZEUS 2009 (v*) =
= \l, % LHCB 14 (UPC) = - \L % LHCb 15 (UPC) =
10-3_1111111 ] ] ] 10-3_1111111 ] ] _
10 102 10° 10 102 10°
W (GeV) W (GeV)

= Direct photo-production = Electro-production (quasi-real)

Cornell '75 H1 and ZEUS

SLAC 75 Ult : =
. ra-peripheral collisions
CERN NA-14 Perip

FNAL E401, E687 LHCb "15 (pp)

= Electro-production (quasi-real)
H1 and ZEUS

= Ultra-peripheral collisions
LHCb ’14 (pp) and ALICE ’14 (pPb)

(W ENERGY Z2Briiarsiintey 35 S. Joosten  Argonne &
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ATHENNA Collaboration

J/¥Y EXPERIMENT E12-12-006 AT SOLID

Measuring the interference with Bethe-Heitler

Gryniuk, Vanderhaeghen, PRD 94, 105 (2016)

EY =10 GeV

027 L1=0.6 GeV?

_ ee et cm - 400

1 C

E, = 10GeV
t=0.6 GeV*
< 10_l 3
> -
o -
@) _
Ra) A
£ i
g
5 10_2 3
e H
'U L
2" I
ho
3 107F
@) C
ho

M, (GeV)

3.10

100

|

M, (GeV)

llllllllllllllllllllll Gl IS S S (T ST ST S '

296 298 3 302 3.04 3.06 308 3.1

e Node at J/iy peak: need to be outside of peak

e Cross section very low within typical

experimental acceptance
~ do(0°¢™) — de(6° ¢ ™ — 180°)

FB — do.(ge' e+cm)

7R U.S. DEPARTMENT OF  Argonne National Laboratory is a
e EN ERGY U.S. Department of Energy laboratory
"*‘m managed by UChicago Argonne, LLC

do (¢ ¢ ™ — 180°)

36

o
—
<

0al * SoLID Simulation (50 days at 3uA) -
"+ Photo-production (2-fold + proton) -
_in-plane i
0.2_— | i _ |
B ¢ =
Vo G - * i """ ‘_i_‘ """"" ”
I i
~0.2—=—% i + = —
- T e 7,,(00=000 7
04 0 T,p(0)=22.45 -
L o | o ¢ T?{,p(IO) = 45.IOO .

3 3.02 3.04 3.06 3.08 3.1

M, (GeV)

e Translates into left-right asymmetry that

Is experimentally better defined
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Preliminary GlueX results presented by L. Pentchev in November 2018

J/'¥ IN HALL D/GLUEX
OTHER J/ measurements at Jefferson Lab ;

e Preliminary data from GlueX: first J/w at JLab!
e Dominated by systematic uncertainty

e Possible issues with background

e Complimentary to Hall C (J/w-007) results

f‘% :
s, Gy

535519?539?92fiifii:EiiiiiiEfiiii:fiiiSifiiifiiiiiifiéiiiSEEEEEEE:E&EESiiiiifiEEEEEE:fiiifE;iiifii:fiEiéifEEEEE32:5332Siiififiiéifiiiiifiii?ififif L Preliminary AN —3
_._3.25%..sy;st.._.........._..._.% ......................... SE— * SN AR NN — 6k
”““’Ceﬂa"“w'+" """ ffﬁfﬁff'?ﬁfﬁfﬁfﬁ'ﬁ'-}ﬁfffﬁffﬁfﬁzﬁ'ﬁ'f'fﬁffﬁiff'ﬁff’f?’ﬁﬁff'ﬁ'ffffffffﬁfﬁ?ffffﬁfﬁff'f'f'fﬁ

o 10
c

o(yp—Jwyp),

—A

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

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

|=-SLAC

-lllllllllllllllllllllllllllllllllllll

i—V: ...... T —— .......... ...... . ............ ........... ............ '. .......... ....... ............ .' ............ 8.5 9 9.5 l() l().s l l l l.S 12
EYNSGV)

107! ;”’mmwmw;wmwmmmwmmemmm+memmmm;mmmwmm;mmmemmTwm;::: O_

8 10 12 14 16 18 20
E,, GeV ~20% background events

-;0":5 U.S. DEPARTMENT OF _ Argonne National Laboratory is a
E U.S. Department of Energy laboratory 3 7 S J t A O e
K@ 4 EN ERGY managed by UChicago Argonne, LLC. . OOS e n rg n n
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J/W IN HALL B/CLAS 12
OTHER J/y measurements at Jefferson Lab

e Expected dally yield: 45J/y for 130 days

e First data taken in 2018 during run-
group A

e EXxpect first results in ~1year
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Y(1S) PHOTO-PRODUCTION AT

» Nominal parameters relevant to quarkonium production:
(Consistent with accelerator/detector specs from white-
paper for J/y production)

10 GeV electrons on 100 GeV protons: in range of
both designs

Luminosity: 100 fb-1 (1 year @ 1034 cm-2s-1)
Acceptance:

Leptons: pseudo-rapidity || < 5

Recoil proton: scattering angle

6 > 2 mrads
Resolution:

Angular < 0.5 mrad

Momentum < 1%

$ 7, %) U.S. DEPARTMENT OF _ Argonne National Laboratory is a
e e EN ERGY U.S. Department of Energy laboratory
Rens 4 managed by UChicago Argonne, LLC




DEEPLY-VIRTUAL QUARKONIUM PRODUCTION

Accessing the gluon GPD

s o

n
l.,."
4
"'
4, J
--*---
L )
A )
“
““
TILL

average unpolarized gluon GPD related to t-
dependent cross section (LO)

10 x 1 22 0)/% ¢ = 0)

Fourier transform:
transverse gluonic profile

, A2 A R ,
p(br], ov) = / Lt Brbr| (1) (¢ = A

(27)

Hard scale: Q° + M

_ @
2p - q

Modified Bjorken-x: xvy

 Remarks:

» Simplest possible GPD extraction

* Intrinsic systematic uncertainty due to
extrapolation outside of measured t-
range

* NLO effects could be significant

» Corrections expected to be smaller

for Y(1s) than for J/w

r)
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GLUON TOMOGRAPHY WITH J/¥

10%F 10%F 10°
E !Ldt=10fb'1 E {Ldt=10 b1
. 5GeVon 100 GeV 10* - 20 GeV on 250 GeV
= B K B — 104
> - > .
S 02 Onl ble at EIC
=~ 1ok = 10k o niy pPpossSidie at dan .
= E s -
3 | 3 | f th | i d into th |
& | e 0| ) rom the valence region deep into the sea!
1
1 Lol Lo aafn AR Lo a i RN EET 10 1 [N AT vl L o adl | Lo
10° 10* 103 102 10 1 10° 10 10° 102 10" 1
Xy Xy
3 NA 104 T T T Ll v T v T v L
N; 10 T v T v T v T v T v T -' T % SLdt=10fb-
3 J Ldt =10 fb g 20 GeV on 250 GeV
3 » 5 GeV on 100 GeV a 107 F
a 107 f s
~ ©
: E
'8 ' X 102 3
x 10 F —~
— i +a>
g o -
1 1 T 10F 00016 <x,<0.0025
0.16 < xy < 0.25 = : ’ ‘
= Vv 5 2 2 2
S 15.8 GeV2 < Q2 + M%/\u< 25.1 GeV2 % _ 15.8 GeV2 < Q2 + MJ/\IJ< 25.1 GeV
% 10'1 " 1 M 1 2 1 M 1 A 1 A 1 A 1 A m 1 : : ’ I ' l : l : l ' : ’ l ’
0O 02 04 06 08 1 12 14 16 o 02 04 06 08 1 12 14 16

xy F(xy,by) (fm?)
xy Flxy.by) (fm?)

0 02 04 06 08 1 12 14 16

br (fm) 41 S. Joosten  Argonne &
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S. Joosten, Z.-E. Meziani, PoS QCDEV2017 017 (2018)
S. Joosten, arXiv:1803.08615 (2018)

GLUON TOMOGRAPHY WITH Y(1S)

il Badhdid ol | 1 T | RS RS B B
10 EIC Simulation
100 " (10GaV on 100 GaV)

...... AR LA RS B R R R S |
C\II_I T T T TITTT T T T TITTT T T T TITTr T T T T TTT1 &;‘ 1 1°E EIC Simulation g
— . . - 100 " (10GeV on 100 GeV) 1
% EIC Simulation (10GeV on 100GeV) & » 015840 <X <025119 1
B B04073 GV < QF + M. < 01 GaV
O, 100 fb™' (116 days @ 10**cm2s™) 100 & &3— 1 ot <mon
‘g 3 3
2 B I 10V T 1 A | T T Y
+ EIC Simulation
Al 100 ' (10GaV on 100 GeV)
O B ] 0.1 <x<0.15849 1 (projected)
— 1 §0.4073 GoV© < QF + M, < 91 GoV* nel (exponantial)
> nel (vanations)
&
i N 2 '810-1 10 S Bl B N LA LA UL | ""'v"'g
10 5 3 EIC Simulation 3
3 s 100 15" (10GeV on 100 GeV)
310-2 — ¥ ous (prejected) 1. 894073 Oevf<o~‘?or:;3: ;1’.(;3:: ‘
t-channel (exponential) "; ':5_ '
— t-channel (vanations) 8 -
102 1°~3 FEPErE BPETEE BPEPETE PR PSP BT A e 1
0 02 04 06 08 1 12 =10 E
‘v n ol =

| Lol Lol | 0 03081 < x < D0OE3

B e B S e ARGy
10 EIC Simulation
_ 1 O 100 " (10GaV on 100 GeV)

] | | P PP

FETER N SPET ST BT AT SRR B
0 02 04 06 08 1 12

. Electron and muon channels N

t-channel (vanations)

- Complimentary to J/{, important

-5 -4 -3 2 1 o~ 1 804073 GeV’ < Q° + M, < 01 GoV*
10 10 10 10 10 1 S o N —
X 8 3 EIC Simulation 3
\Y €10 - 100 15" (10GAV 0 100 GeV) -
B 002512 < x <D 03081
3 — F 804073 GeV* < Q" + M < 01 GoV* 4
1ot T* Y data (projected) > g 1
® R 1 1 fb_'l s channel (exponential) 8
eq u I reS ~ — t-channel (vanations) %10 'r

=
”

4 [GeV)

handle on universality - _
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L-T SEPARATION AND Q2 DEPENDENCE OF R

Using S-channel helicity conservation

| | | | | | | | 1 /”304
I 0.16 <x,<0.25 ] R — 00
20— 5GeVon 100 GeV  — el — 7a()4
— - EIC 10fb™ (nominal) - 00
2 T ]
=
> 0l ] 3
310 | Wleosfonr) = = (1+ 788+ (1 3188) cos? o)
B i ]
@)
_8 — _
5 T - |
S0l e QM [GeV:96-100 -| eObservable: angular dependence of
| Q* + M3, [GeV?]: 15.6 - 19.6 ] decay leptons
v @M, [GeVvE246-206 1 ePossible to extract R in 3D or even 4D
! 05 0 0-5 1 e Precise measurement of the scale
e
cosOcu, un) dependence of R
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