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THE NUCLEON IN QCD

99% of the mass of the visible universe

Quark/Mass

= Fundamental building blocks of matter
= Only stable states of QCD Lagrangian

= Higgs mechanism responsible for the mass of
elementary particles only.

= Three valence quarks needed to define quantum
numbers contribute only ~1% of its mass
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NUCLEON MASS IS AN EMERGENT PHENOMENON
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M. S. Bhagwat et al., Phys. Rev. C 68, 015203 (2003)
|. C. Cloet et al., Prog. Part. Nucl. Phys. 77, 1-69 (2014)

» From DSE and Lattice QCD:

= Low momentum gluons attach to the current

quarks (DCSB)

s Gluon field accumulates ~300MeV/constituent

quark

= Even in the chiral limit:
mass from nothing!
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NUCLEON MASS IS AN EMERGENT PHENOMENON
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» From DSE and Lattice QCD:

= Low momentum gluons attach to the current
quarks (DCSB)

= Gluon field accumulates ~300MeV/constituent
quark

Rapid acquisition of mass is

-

—
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= m = 0 (Chiral limit)
- m = 30 MeV
w—m =70 MeV

= Even in the chiral limit:
mass from nothing!

1 2 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 e ENT OF guestions about nucleons - neutrons and protons -

JlS-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?

= Nucleon mass related to trace of energy-momentum
tensor at zero momentum transfer

(P|T}|P) =2P"P, =2M

~* U.S. DEPARTMENT OF  Argonne National Laboratory is a

U.S. Department of Energy laboratory 5 S J t A O e
2 )
i@ j‘J EN ERGY managed by UChicago Argonne, LLC. . OOS e n rg n n
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PROTON MASS: TRACE DECOMPOSITION

Why is the proton mass non-vanishing?

= Nucleon mass related to trace of energy-momentum
tensor at zero momentum transfer

(P|T}|P) =2P"P, =2M

= At low momentum transfer, heavy quarks decouple: only two
components remain

Trace Anomaly Light Quark Mass

$ 7, %) U.S. DEPARTMENT OF _ Argonne National Laboratory is a
% E EN ERGY U.S. Department of Energy laboratory 5 S J OOSte n Ar On ne
R managed by UChicago Argonne, LLC. .
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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
components remain

Trace Anomaly Light Quark Mass

o S. Joosten  Argonne &

AAAAAAAAAAAAAAAAAA
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PROTON MASS: TRACE DECOMPOSITION

Why is the proton mass non-vanishing?

= Nucleon mass related to trace of energy-momentum
tensor at zero momentum transfer

(P|T}|P) =2P"P, =2M

= At low momentum transfer, heavy quarks decouple: only two
components remain

Trace Anomaly Light Quark Mass

5

Trace anomaly dominant
"Proton mass result of the
vacuum polarization
iInduced by the presence of
the proton.”

Not so for pion

Unlike protons, trace
anomaly must vanish for
pions in the chiral limit!
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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 in the chiral limit!

Trace anomaly intimately
related to DCSB and the

emergence of scale

5




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, T)

= Hy+ Hmn + Hy + Ha

o o

-;5":3 U.S. DEPARTMENT OF  Argonne National Laboratory is a
E U.S. Department of Energy laboratory 6 S J t A O e
K@J EN ERGY managed by UChicago Argonne, LLC. . OOS e n rg n n
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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

3 b

M,=-1a M
4 1+ v,

» Proton mass is the matrix element of the M, = A+ Tm bM
QCD Hamiltonian in the proton rest frame 4(1 + vm)

3

Mg — 1(1 — CL)M

At leading order: M, = 1(1 —b)M
=H,+ H,, + H,+ H,

$ 7, %) U.S. DEPARTMENT OF _ Argonne National Laboratory is a
% E EN ERGY U.S. Department of Energy laboratory 6 S J OOSte n Ar On ne
R managed by UChicago Argonne, LLC. .
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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) —p
At leading order:

= H, —I—Hm—I—H —I—H

WW

a(u) related to PDFs,
well constrained

b(u) related trace anomaly,

unconstrained




PROTON MASS ON THE LATTICE

No direct calculation of trace anomaly to date.

120
—~ 0.40-
> 100+
© 0.35-
9
§O.3O 80+
@)
a 0.25 o,
c = 60
(e o S
O 0.20 X C =
n 7~
8 0.15 ot P2 2 g
- ¥ &2 20 8
S 0.10 da ZJH e 2 &
‘é 20+ © o (ap) — o
*0.05 2 B BE

i < (@ (@ i
O-OO T T T T T T T T 0
0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175 M, Mq Mg M, Total

m2 (GeV)?

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

/ S. Joosten  Argonne &

NATIONAL LABORATORY




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!

{Z2)ENERGY (L5t ot it 8 S. Joosten  Argonne v
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CAN WE MEASURE THE TRACE ANOMALY’?

..Quarkonium production near threshold!

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

E( U.S. DEPARTMENT OF  Argonne National Laboratory is a
E U.S. Department of Energy laboratory 8 S J t A O e
;\Q@,OJ EN ERGY managed by UChicago Argonne, LLC. OOS e n rg n n
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CAN WE MEASURE THE TRACE ANOMALY’?

..Quarkonium production near threshold!

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

= Sensitive to gluonic structure of the proton
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CAN WE MEASURE THE TRACE ANOMALY’?

..Quarkonium production near threshold!

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

= Sensitive to gluonic structure of the proton

= [race-anomaly operator twist-four:
= Highly suppressed in high-energy scattering
» QCD Factorization not yet established
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CAN WE MEASURE THE TRACE ANOMALY’?

..Quarkonium production near threshold!

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

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

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

= Solution found in low energy scattering
(production near threshold)
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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/y and Y(1S) only couple to gluons, not light
quarks

= Sensitive to gluonic structure of the proton

= [race-anomaly operator twist-four:
= Highly suppressed in high-energy scattering
» QCD Factorization not yet established

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

= [race anomaly related to quarkonium-proton
scattering amplitude Typ near threshold.
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QUARKONIUM PHOTO-PRODUCTION

The basics 10 J/p production i
i 9 E
8- :
7— E
Y(1S) threshold: | E 5f
W =~ 10.4GeV 4?—
t ~ —8.1GeV? 3§_
1 -
O: | | | | | | | | | | | | | | | | | | | | | | |- | | I
8 8.5 9 9.5 10 105
E, (GeV)
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QUARKONIUM PHOTO-PRODUCTION

Tho basics . J/p production _
r J/p threshold: 9 :
W = 4.04GeV 8- _
E2b ~ 8.2GeV - )
7 -
t ~ —1.5GeV? -
6
Y(1S) threshold: | E 5f
W =~ 10.4GeV 4?—
t ~ —8.1GeV? 3§_
» Phase space limits defined by quarkonium direction 20
1 -
O: [ 1 1 | | | I I | [ 1 | 1 | | I I | [ | I- I | I
8 8.5 9 9.5 10 10.5
E, (GeV)
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QUARKONIUM PHOTO-PRODUCTION

The basics . J/w production _
r J/w threshold: 9 -
E2 ~ 8.2GeV : -
11— =
t ~ —1.5GeV? -
6
Y(1S) threshold: = 5
W ~ 10.4GeV =
t ~ —8.1GeV? 3§_
» Phase space limits defined by quarkonium direction 2—
= Forward (with photon): t = fmin T
[ | | | | | | | | | | | | | | | | | | | | | | | |
08 8.5 9 9.5 10 10.5
E, (GeV)
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The basics

r J/y threshold:
W ~ 4.04GeV

EX° ~ 8.2GeV
t ~ —1.5GeV?

Y(1S) threshold:
W ~ 10.4GeV

t ~ —8.1GeV?

» Phase space limits defined by quarkonium direction
» Forward (with photon): t = fmin

» Backward (with proton): t = fmax

It

N W & O O N 0 o©

QUARKONIUM PHOTO-PRODUCTION

J/w production
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QUARKONIUM PHOTO-PRODUCTION

The basics . J/w production _
r J/y threshold: 92— Emax do E
W ~ 4.04GeV g Ytot = ;
EX" ~ 8.2GeV - | =
7 =
t ~ —1.5GeV? :
6
Y(71S) threshold: = 5—
W ~ 10.4GeV =
t ~ —8.1GeV? 3§_
» Phase space limits defined by quarkonium direction 20
» Forward (with photon): ¢ = tmin e
. O_I | | | | | | | | | | | | | | | | | | | | | | | |
O I = 8 8.5 9 9.5 10 10.5
Backward (with proton): t = fmax e o

= Forward direction preferred: t-dependence ~exponential
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QUARKONIUM PHOTO-PRODUCTION
What did we know before JLSab?

/

= J/y well constrained for high
energies

= Y(71S): not much available

107"

= No electro-production data available 1
= Almost no data near threshold
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10—3 | 11 1 11

® O « 1 » o
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Cornell '75
SLAC '75
CERN NA-14
FNAL E401
FNAL E687
H1 Combined (y*)
ZEUS Combined (y*)
LHCB 14 (UPC)

¢

*

H1 2000 (y*)
ZEUS 2009 (y*)
LHCb 15 (UPC)
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QUARKONIUM PHOTO-PRODUCTION
What did we know before JLSab?

| ' ' - Near Threshold:
10° =l ° Origin of proton mass, trace
oL - anomaly of the QCD EMT
5 F f e Cornell 75 Gluonic Van der Waals force,
= — s SLAC' _ : .
z TE Lo possible quarkonium-nucleon/
oL v FNAL E401 - nucleus bound states
= o FNAL E687 = . .
- ¢ H1 Combined (y*) - Mechanism for quarkonium
102 g ZEUS Combined (v*) | = : :
\L . LhoB 14 (UPG) ) production itself
| | ok Y(1S)
= J/p well constrained for high o E
energies - [ "
£ 1§_ : * | 1 =
» Y(1S): not much available S ! - J/y at JLab
107 E
= No electro-production data available - R Y(1s) at EIC
CE ZEUS 2009 (y* E
» Almost no data near threshold oo i L x HbI5EPY) |-

10 10° 10°
10 W (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)

HOW TO MEASURE THE TRACE ANOMALY

Vector meson dominance (dispersive framework)

4.2 % U.S. DEPARTMENT OF _ Argonne National Laboratory is a
K 5 EN ERGY U.S. Department of Energy laboratory 1 1 S J t Ar On ne
R s managed by UChicago Argonne, LLC. . OOS e n
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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)

HOW TO MEASURE THE TRACE ANOMALY

Vector meson dominance (dispersive framework)

e VMD relates photo-production cross section to
guarkonium-nucleon scattering amplitude 7 yp

11

o(yp = J/p) (nb)

100 -
-
-
.

10~
4
-

.

0,1

= HERA (2002)

¢ Fermilab/E401 (1981)
o Fermilab/ES16 (1983)
o Fermilab/E687 (1993)
e SLAC (1975)

* Cornell (1975)

LI ) ) lllllll

W (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)

HOW TO MEASURE THE TRACE ANOMALY

Vector meson dominance (dispersive framework)
o VMD relates photo-production cross sectionto £ -
quarkonium-nucleon scattering amplitude Typ ]
= :
e Approach well-defined at high energies: R ey AN
- 0 Fermilab/ES16 (1983)
1.0btain Im(Typ) from high energy data f s stacags
(extrapolated to t = 0) oudl ot Cmd
10 100
2.Re(Typ) dominates near threshold: W (GeV)
constrain through dispersion relations E 102; i
2 o [ 1 ImTyp(V) o y>
Ry (v) = Typ(0) + 207 [ arf ) S0 S0
£ 1t
b‘% - : .
. 10 12_ —— Real Amplitude . s Z::E::;I\I:sn
-2 e e Imaginary Amplitude —— AUBERT79
10 —+— AID 96
S B
10 mz
GeV)

11 S. Joosten  Argonne &
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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)

HOW TO MEASURE THE TRACE ANOMALY

Vector meson dominance (dispersive framework)

e VMD relates photo-production cross section to
guarkonium-nucleon scattering amplitude 7 yp

« Approach well-defined at high energies: - -

l()?

o(yp —»J/p) (nb)

¢ Fermilab/E401 (1981)
o Fermilab/ES16 (1983)

1.0btain Im(Typ) from high energy data o FemihEoS? (1999
(extrapolated to t = 0) ol cmatasn
10 100
2.Re(Typ) dominates near threshold: W (GeV)
constrain through dispersion relations > ; RS Y
o 10°% ' e
2 o [, 1ImTy, (V') s
ReTwp(V) — T¢p(0) 7TV /I/e1 dV/V V’Q — V2 % 10 $
e Trace anomaly proportional to Re(7Typ) at s
h h Id P G2 P T 0‘3104;_ —— CAMERINI 75
thresho < ‘ ‘ > ~ "gbp(Vthresh) = —— Real Amplitude —=— GITTELMAN 75
. 1 0-2 _ —— Imaginary Amplitude ::__ AUBERT 79
Experimental access to trace anomaly: e L marweow

t-dependence of quarkonium cross . v Y
section at threshold .. 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)

HOW TO MEASAIRE THE TRACE ANOMALY

Vector meson domiy lispersive framework) 0
ction cross sectionto £ .
g amplitude Typ s
: &
e Apprc j Argies: R L 15t
- 0 Fermilab/ES16 (1983)
1.Obtain MUK a; | L o
(extrapolated 1€ /O/) Gl comaaens
10 100
2.Re(Typ) dominates e l WGV
constrain through disper R

ReTyp(v) = Typ(0)

e Trace anomaly proportional to Re(Typ
threshold <P‘G2‘P> ~ szp(Vthresh)

—«— CAMERINI 75
. —— Real Amplitude —=— GITTELMAN 75

10'2 ;— —— Imaginary Amplitude AUBERT 79

Experimental access to trace anomaly: _3? i 55 S e
t-dependence of quarkonium cross - 10 2

: VJ?GeV)
section at threshold ..
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HOW TO MEASURE THE TRACE ANOMALY

Vector meson dominance (dispersive framework)

10: -

gf_ Lmax do- E

B O‘ .

Experimental access to trace anomaly: g Ot . B

t-dependence of quarkonium cross F
section at threshold -
6
= 5
= Measure t-dependence near threshold ya
» Extrapolate to forward limit (£=0) F
. - T - 2
= Requires extremely high statistics experiment -
to allow for optimal lever arm in t =

08_I [ | I8.|5I [ | I9|I [ | Iglsl [ | I1|0I [ | .I10.5I
E, (GeV)

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

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

e Currently constrained through fit to J/y and
open-charm production + dispersion relations

e For direct measurement need threshold J/p
e Note: link with trace anomaly!
e Lattice QCD (at large pion mass): Byp < 40 MeV

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

13

o (yp = Jhpp) (nb)

0 (yp = ccX) (ub)

100 -
3
3
]

10 <

0.] L] L] LI

= HERA (2002)

¢ Fermilab/E401 (1981)
O Fermilab/E516 (1983)
© Fermilab/E687 (1993)
e SLAC(1975)

* Comell (1975)

- . s
10 100
W (GeV)

l()—::

0.1 E

001 A

%{"

s HERA/ZEUS (1995)
* EMC (1982)

¢ Fermilab (1980)
o CERN/WASS (1987)
e SLAC (1984)

T LS L 4 L 4 L] | T 1T 7 T
10 100
W (GeV)
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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 Binding energy Byp can be derived from s-wave
scattering length ayp at threshold

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

e Currently constrained through fit to J/y and
open-charm production + dispersion relations

e For direct measurement need threshold J/p
e Note: link with trace anomaly!
e Lattice QCD (at large pion mass): Byp < 40 MeV

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

Need high-precision photo-production
data near threshold

13

o(yp = Jp) (nb)

0 (yp = ccX) (ub)

100 -

10 <

= HERA (2002)

¢ Fermilab/E401 (1981)
O Fermilab/E516 (1983)
© Fermilab/E687 (1993)
e SLAC(1975)

* Comell (1975)

O_I T rrrr] T ! T T 1T rrry
10 100

W (GeV)

l()—::

+*f*

= HERA/ZEUS (1995)
+ EMC (1982)

¢ Fermilab (1980)

o CERN/WASS (1987)
e SLAC (1984)

0.1 E

()_()l LJ L4 | VYT L 4 L 4 L] | 'YT

10 100
W (GeV)

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

ok

-

-
I

[am—
-
1 11 |

] Typ(0) = 45
1 Typ(0) =22.45

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

| T | T T T T
10 100
W (GeV)
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Y. Hatta et al., PRD 98 no. 7, 074003 (2018)
Y. Hatta et al., 1906.00894 (2020)
K. Mamo & |. Zahed, PRD 101, 086003 (2020)

HOW TO MEASURE THE TRACE ANOMALY

HOIOgraphlc appl’oach ";"b) Data from 1905.10811
e Perturbative approach difficult | L LT ~
(no factorization for twist-4 trace anomaly operator) 0¥ 7 g i 1 2
e Use non-perturbative method instead 0.1¢ / - ComeN1s5) ;
through AdS/CFT . 0.05 © Gluex(2019) 5
(gauge-string duality: dilaton dual to £ £ ) o 0 1 12 13 TS

e Predicts largest sensitivity to trace anomaly
near threshold at low

e Still very new development.

bottom-line: predicts strong sensitivity
to the trace anomaly for quarkonium

production near threshold.
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Y. Hatta et al., PRD 98 no. 7, 074003 (2018)
Y. Hatta et al., 1906.00894 (2020)
K. Mamo & |. Zahed, PRD 101, 086003 (2020)

HOW TO MEASURE THE TRACE ANOMALY

Holographic approach

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

e Use non-perturbative method instead

through AdS/CFT
(gauge-string duality: dilaton dual to FWFW )

e Predicts largest sensitivity to trace anomaly
near threshold at low

e Still very new development.

bottom-line: predicts strong sensitivity
to the trace anomaly for quarkonium

production near threshold.

o(nb)
Data from 1905.10811

0
" e c
1 =
> Q
0.50 7 1 1 >
',__/ =
- * Cornell(1975) T
0.1( ;7 &
0.05 * GlueX(2019) E’
9 10 11 12 13
do
— (nb/GeV?)
dt
0.12

Trace anomaly large
Trace anomaly zero

0.10
0.08
0.06f
0.04}
0.02}

1.0 1.5 2.0 2.5 3.0
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10 20 50 100
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Ratio at f = min
Near threshold

W
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R. Boussarie and Y. Hatta, PRD 101 (2020) 11, 114004

HOW TO MEASURE THE TRACE ANOMALY

Quarkonium production at high Q?

®) U-S. DEPARTMENT OF  Argonne National Laboratory is a

EN ERGY U.S. Department of Energy laboratory
managed by UChicago Argonne, LLC.
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15

10 15 20 25

(b) Differential cross section (in fb/GeV?) at W = 4.4 GeV as
a function of |t| (in GeV?).
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(b) Differential cross section (in fb/GeV?) at W = 12.5 GeV as

a function of |t| (in GeV?).
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R. Boussarie and Y. Hatta, PRD 101 (2020) 11, 114004

HOW TO MEASURE THE TRACE ANOMALY

Quarkonium production at high Q?

100.0 -

50.0 |

e New development: posible to access the
trace anomaly through quarkonium lepto- o
production at threshold with large Q2 (much
larger than M?2)

10 15 20 25

e Approach also sensitive to gluon D-term

(b) Differential cross section (in fb/GeV?) at W = 4.4 GeV as
a function of |t| (in GeV?).

e Requires very high luminosity, can only be
done at EIC. |
e New development: simulations not available .. SN
yet' 001 F LOQ

(b) Differential cross section (in fb/GeV?) at W = 12.5 GeV as

(a) Total cross section (in fb) as a function of W (in GeV). a function of |¢| (in GeV?).

$ 7, %) U.S. DEPARTMENT OF _ Argonne National Laboratory is a
% E EN ERGY U.S. Department of Energy laboratory 1 5 S J OOSte n Ar On ne
R managed by UChicago Argonne, LLC. .

AAAAAAAAAAAAAAAAAA




JLAB: THE IDEAL LABORATORY TO
MEASURE J/¥Y NEAR THRESHOLD

L

4 Experimental Halls

12 GeV at Hall D

16

= CEBAF: high-luminosity
continuous electron beam

11 GeV at Hall A, B and C

ldeal due to luminosity,
resolution and energy reach

AAAAAAAAAAAAAAAAAA




J/w IN HALL D/GLUEX
First J/w results from JLab, published in PRL (2019)

= 1D cross section (~469 counts)

» Also released 1D integrated t-

dependence for photon energy
between 10-11.8GeV

= Trends significantly higher than old S — HRA I
measurements, but large 27% scale T T |V o, ol T s S

csnofhoce :.’...........s.....,,.s\'.. .....

Uncertalnty | | | L A T —e— SLAC
T """""""""" 2/1’1df0843/5 ------------------- ------ - .“ ........ Lr\ ........... ............ ..... C ane"

| slope=-167£035Gev E 72 SE—- it i | ==== Kharzeev etal. x 2.3
- s e = 2 s | — JPAC P(4440)
. | — — Incoherent sum of:

ISR A M N o o S I Ml W T T N 2g exch. Brodsky et al
- _____________________________ _____________ 10 ':'_l IIIIIZIIIEIIf,"IIIIIIIIIIﬁ:ZIIIIIIII:IIIZ?IIZIIIIIZIII?IIIIIIII:II;ZIII ,,,,,,,,,,,,,, 39 eXCh. BrOdSky et al

-
~
.
’
:
’
-
"
.
v
%
)
3
N

o(yp — J/ypp), nb
\

do/dt, nb/GeV?
|

0|||0{2|IIOi4IIIOi6IIIO%III|1 8 9 10 E,, GeV 20

17 S. Joosten  Argonne &
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J/w-007: Search for the LHCb Pentaquark
J/w IN HALL C (E12-16-007)
- N

é‘CZOMW{ o
7 - Lol

,&jo[o‘/olf

N
b

3

<&

|€ - €l g r € - €

Signature for Pe

“Symmetric” configurations for t-channel cross
section measurement

"“Asymmetric” configurations to measure high-t
region for the s-channel measurement

High-impact experiment...
Ran February 2019

$ 7, %) U.S. DEPARTMENT OF _ Argonne National Laboratory is a
K@ 3 EN ERGY U.S. Department of Energy laboratory
Rens 4 managed by UChicago Argonne, LLC

—_—
Incident —>
beam
Hydrogen
target
et/ut In
HMS

e VVery high luminosity: high intensity real photon
beam (9% copper radiator) on 10cm LH2 target

e Detect J/y decay leptons in coincidence
e Bremsstrahlung photon energy fully constrained

18 S. Joosten  Argonne &
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Near-threshold J/w in 2D

FEATURES OF THE HALL C MEASUREMENT

e Largest dataset (~4000 counts) of J/w
produced with a real photon beam.

e Independent electron and muon
channels.

e 2D photo-production cross section
between 9.1-10.6 GeV

¢ 4 settings cover entire phase space

e High-t "enriched” sample, only
possible at Hall C!

Status: finalizing systematics, results very soon.

(j) Jhp-007 PRELIMINARY 9.55GeV < E, <9.70GeV Jhp-007 PRELIMINARY 10.30GeV < E, < 10.45GeV
e
C
)
N
(-
©
L
)
R setting 1
-e setting 2
setting 3
CU setting 4
......................
< 0 1
p 5
It'tminl (Gev )
I 1 I I 1 1 I I | I 1 1 4 —:
| =—setting 1 -
.~ setting 2 il

— setting 3
41~ &= setting 4

| NN

C\T\ — —
> i _
()
G | A ]
£ 2

of ! ——.

1111

cooo oy b gt by L1
8 85 V 9.5
E, (GeV)

19 P.(4312) P.(4440) " P(4457)



J/W IN HALL B/CLAS 12

20

e TCS + J/y measurements in
photo-production on the proton
(E12-12-001) and deuterium
(E12-11-003B).

e Expected daily yield: 45J/y for 130
days for the pronto experiment

e Analysis on both datasets
underway.

e EXpect first results in ~1year

AAAAAAAAAAAAAAAAAA



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

v/ 4+ N — N+ J/y
J/Y EXPERIMENT E12-12-006 AT SOLID SLID

The ultimate experiment to study J/y at threshold.

SoLID J/y event

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

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

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

=

side view | front view

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

ﬁy/”y*—l—N%N—FJ/w
J/'Y EXPERIMENT E12-12-006 AT SOLID SLID

The ultimate experiment to study J/y at threshold.

SoLID J/y event

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

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

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

=

side view | front view

* Electro-production * Photo-production

 Measure scattered electron and decay leptons  Measure decay leptons and recoil proton
* t-channel J/yp rate: 100-400/day » t-channel J/yp rate: 1600-7000/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 CoIIaboratlon 7/7* + N — N T J/¢
J/¥ EXPERIMENT E12-12-006 AT SOLID LID

The ultimate experlment to study J/y at threshold.

- SoLID SIMULATION - = ; I -
10 J/y Production e : ;oL SoLID SIMULATION -
: 1 Electro-production allows = Jiy Production E
i 1 - ; A 4 3
U3 T measurement at threshold i j P
= 44 - i3 i E
o 1L 1 - ———— .
= 107 = ® electro-production (3-fold) "2 = N _*_ .
© - 2-gluon exchange = £ 10 = I e photo-production (2-fold) E
102 Cornell photo-production = © N ! 2-gluon exchange .
E SLAC photo-production E 1072 Y S A N 2-gluon with pentaquarks =
103 CERN photo-production = P hoto-p roduction provides - Cornell photo-production .
- GlueX photo-production E h . h . . d 10° SLAC photo-production —
1074 L ! ! Vel‘y Ig StﬂtlSthS, dan - m lue X photo-production .
1 access to higher energies. 10+ ' |
E, (GeV) 10
Ey (GeV)
| SoLIDSIMULATON 1 | SoLIDSIMULATION 1 |
1 J/y Production E 1e J/y Production E I N DA R IR IR [T \ \
- 877 GeV<EY< 8.96 GeV . F 971 GeV< EY< 9.90 GeV 7 s SoLID SIML_JLATION . 1 SolLID SIML}LATION |
L 4 L e ] £ J/y Production 3 = J/y Production
&‘10 1L _ — 10 —o—+ | E 9.40 GeV < Ey <9.50 GeV E - 9.30 GeV < Ey <9.40 GeV
> > —o— ] L
$ - $ -, ] N;1o = . = c5;10 = . =
Stoe T 1 Ser 3 & . S Ty
T +y 1§ ++ ; Li02; t. L Eor +. :
10°F *f E 10°F T E 5 | T " % T, |
g E - : - R - 10°E E 105 +41
10 4;_ electro-production (3-fold) T _; 10—4;_ e electro-production (3-fold) - S e n s Itlv I ty be I OW 1 0 3 n b ! ; _+_ ; ; T ;
0_"";""2]""3""'4" "'5|""_6 ()_"".ll""zl""é""i 5 6 10—4? e photo-production (2-fold) E 1074; ° proto-prﬂductionfz-fold) | | E
It (GeV?) It (GeV?) 01H#HH2lHHéHHJ1HHSlHH6 0111111111211113111141111511116
It (GeV?) Itl (GeV?)
R ey 22 S. Joosten  Argonne &
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J/¥Y 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 ~400 2100 electrons N )
published 2100 MUORS 45*180/day 1600-7000/day

100-400/day

E12-12-001
E12-16:007 o750 E12:12:006
9+2 130 50

Finished Finished Ongoing ~10 years?

+ new letter-of-intent to measure J/y
double polarization with SBS in Hall A

-;0":5 U.S. DEPARTMENT OF _ Argonne National Laboratory is a
E U.S. Department of Energy laboratory 23 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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S. Joosten, Z.-E. Meziani, PoS QCDEV2017 017 (2018)

Y(1S): THE OPTIMAL GLUONIC PROBE

.but a challenging measurement 0P e
oL J/ e B
10 ‘F’ AN
10 -

’.cc? - f e Cornell '75 ]
— 15— A SLAC'75 —
S E 1 CERN NA-14 =
e v FNAL E401 -
107°E o FNAL E687 =

- ¢ H1 Combined (y*) ]

1072 ZEUS Combined (y*) |—=

- \l, % LHCB'14 (UPC) E

102%— (1 S) E
What limits threshold physics at EIC? F E
* Reach toward lower values of W limited by CRRe ; pt T
experimental resolution, which imposes a lower Tk | E
limiton y = P.q/Pk ~ 0.01. 2000
* This makes threshold J/ nearly impossible, 107 \L PoZRUSHO9GY
and limits sensitivity to threshold Y at higher T P Y Y B
beam energies. 10 W (GoV) 10

(W ENERGY Z2Briiarsiintey 24 S. Joosten  Argonne &
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S. Joosten, Z.-E. Meziani, PoS QCDEV2017 017 (2018)

Y(1S) THE OPTIMAL GLUONIC PROBE

10-2 ZEUS Combined (y*)

LHCB 14 (UPC)

e Sensitive to “beautiful” pentaquark states!
e Measurement can (only) be done at EIC

1<
%

..but a challenging measurement 10

e Y(1S) is a heavier (smaller) probe than J/y 1 1
= Y(1S) production near threshold crucial to universality s g R :
- 1= 2 o SLAC'75 ~

e Cross section very small (2 orders of magnitude smaller S 7 CERNNA-14 z
107 —

than J/y) e |

10° =
What limits threshold physics at EIC? F E
* Reach toward lower values of W limited by CRRe ; pt T
experimental resolution, which imposes a lower Tk | E
limiton y = P.q/Pk ~ 0.01. 2000
* This makes threshold J/ nearly impossible, 107 \L PoZRUSHO9GY
and limits sensitivity to threshold Y at higher T P Y Y B
beam energies. 10 W (GoV) 10

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

Y(1S) PHOTO-PRODUCTION AT EIC

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

* Fully exclusive reaction

* Can go to near-threshold region

&7, U.S. DEPARTMENT OF _ Argonne National Laboratory is a
5 EN ERGY U.S. Department of Energy laboratory
R managed by UChicago Argonne, LLC

i EIC SIMULATION
= Exclusive Y Productio

i EIC SIMULATION
5 10 GeVo 100 GeV(100fb )

5 " 14 GeV <W < 16 GeV
—~107F 4 10'E
> :
(CIDJ ]
S | s
102 ¢ =+ 1025 -
5 + ; : pge
3

..Threshold measurement possible! &

EIC SIMULATION
E 15 Exclusive Y Productio
3 10 GeVo 100 GeV (100fb)
16 GeV<W <18 GeV

7 107
-
.
= 1 0—2 E_ ++
e
] Tty

- 10%E e quasi-real

0085 Ty T TE 2 a5 3 o o5 1 is 2 2s 3 S T ST
Itl (GeV?) It (GeV?) Itl (GeV?)
10 =
- E
1e =
107" =
O — —
£ N _
o 1072 | =
S 2 : : -
= e (quasi-real production =
10°% Gryniuk & Vanderhaeghen,
$ A ZEUS quasi-real E
10~ B A H1 quasi-real _
= ¢ LHCb UPC =
_:r ] ] | I | ] ] ] ] ] | I | ] j

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

Y(1S) PHOTO-PRODUCTION AT EIC

..Threshold measurement possible! &g | Eiln. | B
* Quasi-real production at an EIC T I 4 e "y
* Both electron and muon channel B T R T T e i TR R
* Fully exclusive reaction I -
» Can go to near-threshold region 10 <
b S
* Y(1s) production possible at threshold! 10_1; -
» Provides measure for universality, S F -
- -2 ]
complimentary to threshold J/ o107 L | =
= e quasi-real production =
program at JLab12 1073 ;_ ——————— Gryniuk & Vanderhaegherg
* Sensitivity down to ~10-3 nb! ig A ZEUS quasi-real -
10-4 | A H1 quasi-real _
- o LHCb UPC =
10—5 _:r 1 1 1 1 1 1 1 | 1 1 1 1 I I | 1 |

107 10°

25




O. Gryniuk, S.Joosten et al. PRD 102, 014016 (2020)

FROM EIC SCENARIOS TO SCATTERING LENGTH

Step 1: extrapolate to the forward limit

e Optimal rates near threshold for

| T Fifor =0 |- T e Tlor =0 |
medium-energy 10 GeV electron on | —— fitfor H =205 | | —— fitfor7p =205
. . ! — fit for 7o = 87 ] i —— fitfor 7oy = 87
100 GeV proton configuration 0 CoEC Mo || 107 [ ORIGM—0) |
. - : : ‘% N I EIC, (Tp =20.5) | ‘% {  EIC, (Tp =20.5) |
o Subtrqctlon constant in d_|sper3|ve 5 b T EIC, (T = 87) SR [ EIC, (Ty=87)
analysis related to scattering length, 210 £ 10
binding (and trace anomaly!) S L, e S —
. . 103 i N i 1072 I £ ...... =
e Different colors show projected results | T\T\I\ f z ™~
: - 14 <W < 16 [GeV] N [ 14 <W <16 [GeV] =y
for different values of the subtraction 04| 100n 100 [GeV] 1 0l 1son2s1Gev __
constant 0.0 0.5 1.0 15 2.0 25 0.0 0.5 1.0 15 2.0 2.5
, | STy, () —1 [GeV?] —t [GeV?]
. _ . o0 Sy, (U
Ry, (0) = Try(0) 4 ~7 [y =0 | |
Vel veor Setting 1: 10 on 100 GeV Setting 2: 18 on 275 GeV
do ef\2 1 Medium-energy configuration High-energy configuration
«o Yp) = [ =LY T, (V)|
| or =10 = (57) G T

MENT OF  Argonne National If-?fboratOTYbiS a °
a eepda l’bt)r/nL‘-:‘JrC12thci>cagnoerAgr)gl;oan nc;r,al'fg 2 6 S . J OOSte n A rgo n n e
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O. Gryniuk, S.Joosten et al. PRD 102, 014016 (2020)

FROM EIC SCENARIOS TO SCATTERING LENGTH

Step 2: extract scattering length from fit to differential cross section

TY[)(I/ — I/el) — 87[(M + MY)aYp

100 i ' ' ' R 100 i ' ' ' R
. 10 on 100 [GeV] . 18 on 275 [GeV]
- . - . s ' 8a(M + My)ay,
¥ = T — s g — By ~ |
— 10—1 /—I‘.-«"/'I' — 10—1 i /—?__ﬁ--' b Y 4MM /)n.m.
% ////i/ ---- (\% //'}‘i///%/ ----- : T
U /}/ ,,,,, B Q ///I/ """"""
2 P 2 = o
’c”? 1072 I _______ =0 fCH; 102 N T =0 Setting Ty, (0) ay, (in fm) By (in MeV)
> —— Tp=205 =~ —— Tp=205 1 0 ~() ~()
3 ‘  Ty=87 3 Ty =87 20.5+ 0.9 0.016 + 0.001 0.78 + 0.03
t EIG (To=205) ] t EIG (To=20.5) 205+19 0016+ 0.001 0.78 + 0.07
| t  EIC (To=387) | t  EIC (To =87) 87 + 4 0.066 =+ 0.003 3.23 +0.16
10~ - - - - — 10~ - - - - —
12 14 16 18 20 22 24 12 14 16 18 20 22 24
W [GeV] W [GeV]

Medium-energy configuration

Setting 1: 10 on 100 GeV

$ 7, %) U.S. DEPARTMENT OF _ Argonne National Laborato a
K@ e ENERGY U.S. Department of Energy laborator
Rt managed by UChicago Arg

Setting 2: 18 on 275 GeV

High-energy configuration

27

Good sensitivity to scattering
length and binding energy for
both nominal EIC configurations.
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QUARKONIUM

CORNUCOPIA ° Quarkonium production an important tool to study the
gluonic fields in the nucleon

* Threshold production of quarkonium can shed light
on the trace anomaly, quarkonium-nucleon binding,
the LHCb pentaquark and the origin of the proton

mass
» Possible to study “charming” (and “beautiful”?)
Nen ot pomaqan
' * At high energies: possible to access gluon GPDs
Origin of hadron masses » Can test universality by comparing Y to J/w results
R sancet coont » JLab12 and the EIC are (will be) perfectly positioned

Proton Mass Workshop p4: to significantly contribute to these topics
INT, Winter 2022

7R U.S. DEPARTMENT OF  Argonne National Laboratory is a
5 EN ERGY U.S. Department of Energy laboratory S J t Ar On ne
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BACKUP

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

PRODUCTION MECHANISM NEAR THRESHOLD?

N-gluon exchange hard scattering

[—
=)
[\

J/V¥ elastic

*+ Cornell 75
« SLAC75 s -

[—Y
)
[

o(YN — J/vy elastic) nb

(-
&
[

105—

10 3

10 I P R R S R R R
8 10 12 14 16 18 20 22

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

PRODUCTION MECHANISM NEAR THRESHOLD?

N-gluon exchange hard scattering

~ 10°
e 2-gluon exchange works well at =
IO - higher energies 2 J/¥ elastic
¢ g1 - Cornell 75
Y VWWWV/W_ c = L SLAC 7S
f 2
= 1 |
p = ; |
&@ = -1
' B0 |
10 '25—
10 '35—
10-41"1111-111111111.111111

8 10 12 14 16 18 20 22
Ev GeV
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S.J. Brodsky, et al., PLB 498, 23-28 (2001)

PRODUCTION MECHANISM NEAR THRESHOLD?

N-gluon exchange hard scattering

o 10°
e 2-gluon exchange works well at =
~giuon higher energies 2 hhaany
C _ = 1 '+ Cornell 75
YWV o e Higher order gluon exchange g » SLAC 75
gg expected to play role near S |
. threshold T
p = p - -
S e Larger 3-gluon exchange contribution S
' related to binding [iad

10 3

10 3

10 I el R R S R R PR
8 10 12 14 16 18 20 22

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

PRODUCTION MECHANISM NEAR THRESHOLD?

N-gluon exchange hard scattering

o 10°
e 2-gluon exchange works well at =
~giuon higher energies 2 WY elastic
C _ = 1 '+ Cornell 75
YA — . e Higher order gluon exchange E + SLAC 75
%g expected to play role near é’ O
b = p' threshold T
S o Larger 3-gluon exchange contribution <
) related to binding Bl 3
e Exponential t-dependence (or S
_ dipole) vy
C :
C 10 -3?
p| 10'4_111111111.1111111,.111111111
3 10 12 14 16 18 20 22

Ev GeV
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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
“giUON higher energies
C

Y VWWWWWW_ c e Higher order gluon exchange
gg expected to play role near
threshold

P e Larger 3-gluon exchange contribution
) related to binding

e Exponential {-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

p' 10 élllllollllélllll4l1111611111811121011122

EYGeV

10
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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
“giuon higher energies
C

Y VWWWWWW_ c e Higher order gluon exchange
gg expected to play role near
threshold

P e Larger 3-gluon exchange contribution
) related to binding

e Exponential {-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 Il PV [NV U WA N S A SR NN U S A R T WA NN S U SR RSN
P e No link with trace anomaly s 10 oo 18 20 22
Ev GeV

30 S. Joosten  Argonne &

AAAAAAAAAAAAAAAAAA



QUARKONIUM PHOTO-PRODUCTION: WHAT DO WE KNOW?

10° e = 10— -
E e *******‘*k E E E
I V(1)
0§ o - 0L N
s [ £ e Comell 75 - 5 L3
= 1= 4 4 SLAC 75 = = e : FF T
S B 1 CERN NA-14 - SO \ : -
o v FNAL E401 . T .
107 o FNAL E687 = 107 =
- ¢ H1 Combined (v*) . - ¢ H12000 (v*) -
102 ZEUS Combined (y*) |—= 102 ZEUS 2009 (v*) =
- \l, % LHCB '14 (UPC) s - \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)

$ 7, %) U.S. DEPARTMENT OF _ Argonne National Laboratory is a
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