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THE SOLID-J/¥ EXPERIMENT L
Ultimate factory for near-threshold J/y =

= General purpose large-acceptance e
spectrometer

= 50+10 days of 3yA beam on a 15¢cm long LH2
target (1037/cm?/s)

= Ultra-high luminosity: 43.2ab-’ l .
= Open 2-particle trigger, covering J/y
production in four channels: SoLID J/y event

Electroproduction (e,ee*), photoproduction

(p,e-€*),
inclusive (e-e*), exclusive (ep,eet)
=

side view




The proton mass: An important topic in contemporary hadronic physics!

RAPIDLY EVOLVING
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The Proton Mass: At the Heart of Most Visible Matter
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Science case rapidly evolving

PROMINENT NEW DEVELOPMENTS

Trace decomposition Energy decomposition Ji’s decomposition

|||||||||||||||||||||

— yp-Jlyp
—— yp-vyp

n=2GeV

/
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1072
11111

— yp-Jlyp
—— yp-y'p

A(K)

do/dt (nb/GeV?)

~23%

~92%

Relies on Independent of Motivated by
virial theorem virial theorem virial theorem

5.2 5.4 5.6
W (GeV)

Proton gravitational form factors Near-threshold heavy quarkonium
holographic QCD compared with production at large momentum transfer,
Lattice, K. Mamo & |. Zahed (2022) P. Sun, X-B. Tong, F. Yuan (PRD 2022)

Proton mass budget decompositions,

C. Lorce (from 2022 INT workshop)

|||||||||||||||||||

Data : GlueX Collaboration |
m, = 1.24 + 0.07 GeV |
R,, = 0.55 +0.03 fm

r?P(r)(Gev ") 2.0—

= A hot topic: many theoretical developments,
and pace of publications only speeding up!

d(dft)’ stfz 1-05‘

= Many extractions depend on extrapolating to |

the forward limit (t=0), which introduces |
theoretical systematic uncertainties. Best way  peympsmm—GmGpmmm—m oressure | Gluonic radius of the proton
to mitigate is high-precision data at high-t. in GPD formalism, Y. Guo, X. Ji, | based on 1D GlueX results, D.

Y. Liu, (PRD 2021) Kharzeev (PRD 2021)




PHOTOPRODUCTION

Ultra-high statistics and best reach to high energies

= Production through quasi-real

photons, and bremsstrahlung In T samemuanon ' "° 8-"§;u'déMQLAT’.b}i”"""'”""' o
the extended target. - Hcongh | Foeproducton - 1> Versus ' (804K ovents)
.. a- 4 -
= Measure J/y decay pair in : AR |
forward and/or wide-angle s <
Y) =
detectors S 3 = 4
. . L o [ o
= |dentify recoil proton (which is 2
slow) through time-of-flight with : 1 T
the SPDs and MRPC:s. 'y
[T S S S N T T T WO SN SN SR ST N N T S S S S R S S 1 o ——— | B ]
= Can make measurement up to L oA
0, ... (deg) W (GeV)

very large values of .
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ELECTROPRODUCTION

Unrivaled reach towards the threshold and modest lever-arm in Q2

= Production through virtual B T 10° N
photons - SoLID SIMULATION

L LB B LB L BN L N 10
- SolLID SIMULATION
| e(p),e+e- (J/ electroproduction) | - e(p),e+e- (J/y electroproduction)
It-tminl versus W (21k events)

i i Q® versus W 1

= Measure J/p decay pair in 6 10°
forward and/or wide-angle -

detectors

(GeV?)

min

t |

» |dentify scattered electron in the *
forward spectrometer.

= Coverage up to larger values of
t very close to threshold.

10°

It

10

W (GeV)
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SOLENOIDAL LARGE INTENSITY DEVICE

SOLID-J/¥Y PROJECTIONS

Precision at high t crucial for extrapolations to the forward limit
(exponentlal dlpole triple, ...)

,,,,,,,,,,,,,,,,,,,,,,,, BEERRAREEE R
§ Sotpsmusmon
'_."09 520 GeV <E, <10.00 GeV ; UL L L L B B B - _ajiiiGeV<E <1007 GeV i
SO e, - - SoLID SIMULATION e electroproduction e(p)+ee - o - :
8 | . E 10 = J/y Production e photoproduction (e)p+ee _ 2 i Cee -
By T e, - i o exclusive ep+ee 1 = 4
I $ - — : n T 1
ool i —— T o
104k ® photoproduction (e)p+ee + o 107 = ... e'le?tlr‘iprﬁd‘lﬂ‘:til"“ ‘I*(IIC’)I""Iee IIIIIIII E
R B T B s S~~R I b = S A
t-tminl (GEV?) £ - / 7 n il (GeVY)
O L S L B B b B ] IO T B L B B
. ?/oLIIDD %IM?LATION a — — . jcsz:DI)rO%II\/(I#CI)_?TION |
= roduction - ucti
- 8.:3p1 GeV <E, <8.91GeV - 8.39GeV< E,6 <8.58 GeV
%, - — — o
cOE o, E CF aet-photanroduction = o E
§102_ e g - n GIueX photoproduction S 4 :
g + i 2+3-gluon fit 1 = t
0 i — — 19
3 E 10—2 rovc v b v e b v e v e v P Py | 10 E
g 85 9 95 10 105 11 115 12 125
10 4—_. | ... IpIhclatcl>|olrtladlulctlloln|(¢=:)pl>-|-letleI o ._— 10 4_— ° Ielectropll'oductlorlr e(p)+eeI | E

()E 1 2 3 4 5 E6 E'Y (GeV) OE 1 2 3 4 5 E6

It-tminl (GeV?) |t-tminl (GeV?)

ational Laboratory is

7 S. Joosten  Argonne &

NATIONAL LABORATORY




12 GEV J/¥Y EXPERIMENTS AT JEFFERSON LAB

Hall D Gleszhbserver th first /L|J a;t JLab ‘ | Hall C has the J/t|.l-007 experlment (E12-16- 007) to search for the
A. AI| et a/ PRL 123 072001 (2019) | | - LHCDb hidden-charm pentaquark

EM Calorimeter
Scint.forward angle)

[EM.Calorimeter;

(large angle)

—_—— Beamline

T

Hall B - CLAS12 has experiments to measure TCS + J/y in photoproduction as part of Hall A has experiment E12-12-006 at SoLID to measure J/y in electro- and
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J/IW EXPERIMENTS AT JLAB COMPARED

$ 7, Q) U.S. DEPARTMENT OF  Argonne
{2 JENERGY °50:
N4 managed

CLAS 12
with upgrade!

GlueX HMS+SHMS

HALL D HALL C HALL B

J/P counts 469 published 2k electron channel

(photo-prod.) ~10k phase | + Il 2k muon channel bt AL
J/W Rate (electro- i N/A 1k o1k
prod.)
Good reach to Can reach high-t only No high-t reach. Enough luminosity to
Features threshold. at higher energies.  Electroproduction low reach high t.
No high-t reach. Low statistics. statistics. High precision.
Finished/Ongoing Finished Ongoing/Proposed Future

The CLAS12 projected count rates assume the proposed CLAS12 luminosity upgrade to 2x1035/cm?/s

National Lab
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WHY GO TO HIGHER ENERGIES’?

What can we learn?
How do we compare to EIC?

= Potential benefits:

» Larger reach in Q2 near threshold with high
precision

= Precision measurement to supersede old
SLAC and Cornell measurement

= High-precision for EIC at lower energies (but
with much higher W resolution)

= Extend high-t reach unique to Jlab to higher
energies - cannot be done with EIC.

= Can extend program from J/yp to @’ (larger
color dipole, independent knob to constrain
physics)

7R U.S. DEPARTMENT OF  Argonne National Laboratory is a
5 EN ERGY U.S. Department of Energy laboratory 1 O
AN managed by UChicago Argonne, LLC.
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SIMULATION
ematics for J/ip DVMP.
eV on-41 GeV (100fb™)
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SOLENOIDAL LARGE INTENSITY DEVICE

ELECTROPRODUCTION LOOKS PROMISING

Good kinematic coverage with standard setup

8 T 1T 1 | T 1T 1 | T 1T 1 | T 1T 1 | T 1T 1 | T 1T 1 T 1T 1 104 10 o | b | o | L | P | L | P | o | o 104 10 T T 1 | T T 1 | T T 1 | I T 1 | T T 1 | 1T 1 | 1T 1 | T 1 | T 1 104
_ SoLID SIMULATION ] - SoLID SIMULATION (17 GeV beam) ] - SoLID SIMULATION (20 GeV beam) -
| e(p),e+e- (J/y electroproduction) | - Ie(p),?+e- (J/p electroproduction) i - e(p),e+e- (J/y electroproduction) -
Itt | versus W (21k events) 8_ t-t | versus W (32k events) ] - Itt | versus W (39 events) -
! ] - | ol -
T 11 GeV "’ | 17 GeV K | 20 GeV "
EO ‘ 3 o - e :
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| 2 2
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SeLiD

SOLENOIDAL LARGE INTENSITY DEVICE

ELECTROPRODUCTION LOOKS PROMISING

Get near-threshold lever-arm in Q2
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PHOTOPRODUCTION A BIT MORE DIFFICULT

Missing events at high W - medium t

8 I T T 1 | I T T 1 | I T T 1 | I T T 1 | I T T 1 | I T T 1 I T T 1
- SoLID SIMULATION -
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It-tminl versus W (804k events)
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SeLiD

SOLENOIDAL LARGE INTENSITY DEVICE

- SoLID SIMULATION (20 GeV beam)
- (e)p,e+e- (J/p photoproduction)
- It-tminl versus W (376k events)

20 GeVpl!

102

counts

10

|||||m||_

1

4 42 44 46 48 5 52 54 56 5.8

W (GeV)
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PHOTOPRODUCTION A BIT MORE DIFFICULT

What is the root cause for this?

| (GeV?)

min

|t-t

SoLID SIMULATION
(e)p,e+e- (J/p photoproduction)
It-tminl versus W (804k events)

11 GeV

W (GeV)

rgonne National Laboratory is a
epartment of Energy laboratory
y UChicago Argonne, LLC.

counts

| (GeV?)

min

|t-t

III|III|III|IIIIIIIIIIII
LID SIMULATION (17 GeV beam)
)p,e+e- (J/1p photoproduction)
-tminl versus W (333k events)
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o
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counts
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min
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SeLiD

SOLENOIDAL LARGE INTENSITY DEVICE

II|III|III|III|III|III|III|III|III 104
SoLID SIMULATION (20 GeV beam)

(e)p,e+e- (J/p photoproduction)
It-tminl versus W (376k events)

20 GeVpl!

102

counts

10

Illllm
42 44 46 48 5

> 54 56 58 |

W (Ge

Let's look at the missing events
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Precoil (GeV)

THE MISSING EVENTS... AT LARGE ANGLE???
W > 5.2 GeV, |t-tmin| between 0.5 and 2 GeV?

rrrryrrrrp ottty T T |IIII|IIII|IIII|IIII
SoLID SIMULATION (17 GeV beam)

(e)p,e+e- (J/p photoproduction)
The missing protons ]

10

15 20 25 30 35 40 45 50
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rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

10*

1OIIIIIIIIIIIIIIIIIIIIIIIIIII 104 n
| SoLID SIMULATION (20 GeV beam) SOL' D-J pSI aCCeptanCe
- (e)p,e+e- (J/y photoproduction)
- I+t | versus W (376k events) 0 _ |
8_
10° - 20 Gevpl®
T 6
() L
? o [
2 c T c L
10 § EE 4__
oL
10 -
O_ Ll |m | I__ 1
4 42 44 46 48 5 52 54 56 5.8
1 W (GeV)

Counterintuitive..., why recoil proton at /larger angle?

15 S. Joosten  Argonne &
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SOLENOIDAL LARGE INTENSITY DEVICE

LET’S LOOK AT ALL RECOILS FOR ADETECTED J/PSI

Recoil moving to larger and larger angles for increasing energy

Notice change in scale!
I I L L LA L L ot o REREN RSN RN RN R 10t o [T T RERRERRRE 10*

- SoLID SIMULATION T ] SoLID SIMULATION (17 GeV beam) 1 ] SoLID SIMULATION (20 GeV beam) 1
- (ep),e+ex (J/y inclusive) ] (ep),e+e- (J/i inclusive) (ep),e+e- (J/i inclusive)
| I5e: ] - Recaoil p ] - Recoil p n
- ] 6_ |
i 1 =10° 10° 10°
% 3 ] 24 2 2
Q) .'1 o 'E -E .E
Nl — 2 2 2
~ . &S 107 3 10° 3 10° 3
D . | o (&) o
o " |
2 _ |
B 10 10 10
1 N
5 10 15 20 25 30 | 0 5 10 15 20 25 30 35 40 45 80 0 5 10 15 20 25 30 35 40 45 50 |
6I’eCOiI (deg) erecoil (deg) 6recoil (deg)

Reason: J/psi are boosted forward at higher energies, so we are selecting at relatively speaking events at increasingly
large angles. Momentum conservation then also starts selecting events with a larger recoil angle, leading to an overall drop
In acceptance.

Solution: Either larger-angle recoil detector, or instrument SoLID to smaller angles should recover these events!

cparimente Encrey aboraor 16 S. Joosten Argonneb
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WHY W’ PRODUCTION?

Independent, more sensitive probe (larger color dipole!)

W’ a larger color dipole: expect stronger gluonic interactions

Complementary probe: provides an extra handle (color dipole
size) to probe the gluonic field in the proton

Better constrain on model dependencies and factorization
assumptions from Jefferson Lab alone (do not need to wait for Y

at EIC)

Only really possible at Solid as ultra-high luminosity is required.

17 S. Joosten Argpﬂgmgﬂﬁ I 75



Y’ PHYSICS AT JLAB?

Designing a ¢’ experiment

w(2s) mass is 3686.097 £+ 0.025 MeV, with photoproduction threshold at about 11
GeV

Experimentally:

- Easiest decay channel is ete- (BR: 0.793 £0.017 %)
* Plenty resolution (<50 MeV) at SoLID to distinguish J/p and y(2s)
» Contamination of higher g states strongly suppressed in this channel

« Other promising channel (J/y,mrmr, BR: 34.67 £ 0.30 % ) requires more study
(4- particle final state after J/@ decay)

Conclusion: @’ physics possible at JLab with even modest beam energy increase,
assuming sufficient cross section

18 S. Joosten Arggmgkg ‘ 75



Y’ CROSS SECTION?

Extrapolating down to threshold

Experimentally, at higher energies w(2s)/y(1s) is about 0.16 (from HERA and LHC)

Ansatz (as we really don't know): use n-gluon formalism, assume same ratio
between 2- and 3-gluon amplitudes as for J/y production

In practice: fix ratio of 2- and 3-gluon amplitudes to n-gluon fit to GlueX data, then fit
to higher energy J/y data scaled down by 0.16

End result: factor of about 47 reduction in rate for (yp = w(2s)p — pe*te™).

Hence, measurement requires very high luminosity. Could also be approached by
exploring other decay channels

19
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EXPERIMENTAL CONSIDERATIONS WITH SOLID
12 GeV is only enough to see @’

Triple-coincidence phase space for g’ production at SoLID assuming 50 days at 1037/cm<s
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e(p),e+e- (y' electroproduction)
It-tminl versus W (1k events)
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EXPERIMENTAL CONSIDERATIONS WITH SOLID

15 GeV starts giving access to a 2D cross section
Triple-coincidence phase space for g’ production at SoLID assuming 50 days at 1037/cm<s
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(e)p,e+e- (' photoproduction)
It-tminl versus W (27k events)

. e(p),e+e- (' electroproduction)

Re O|I N Q2 range 1 i It-tminl versus W (1k events) ]
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8 L | L | L | L | L |

(e)p,e+e- (' photoproduction)
It-tminl versus W (53k events)

. SoLID SIMULATION (17 GeV beam)

i SoLID SIMULATION (17 GeV beam)
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- e(p),e+e- (' electroproduction)
- Q%versus W

 (e)p,e+e- (y' photoproduction)
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Séa ttered

EXPERIMENTAL CONSIDERATIONS WITH SOLID
17 GeV optimum with current SoLID-J/p setup

Triple-coincidence phase space for g’ production at SoLID assuming 50 days at 1037/cm<s
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EXPERIMENTAL CONSIDERATIONS WITH SOLID

20 GeV (and higher) would require modifications to target location
Triple-coincidence phase space for g’ production at SoLID assuming 50 days at 1037/cm<s

N L Y L Y I O I i SoLIDSIMULATION(20GeVbeam) —I SoLIDSIMULATION(20GeV/beam2‘ .-._:r. 8 N I N Y I L Y I O

SoLID SIMULATION (20 GeV beam) - Slpseie (wphotoproduction) [ olphere- (b electioproduction).r; . __*f . SoLID SIMULATION (20 GeV beam) |

(e)p,e+e- (' photoproduction) I el - '-"'!Jrl'-ﬁ . e(p),e+e- (' electroproduction) |

lt-t | versus W (69k events) 19 Q2 : It-t | versus W (4k events)

min rang i min _
5 6— — = 10°
S -
&

Il 5 - I5-2I Il I5-4I Il I5.6I Il L

4 46 48

T un T .- I.I Tw | T T | T T T T T
VIULATION (20 GeV beam)
glectroproduction)

SIMULATION (20 GeV beam)
e- (y' photoproduction)

" []
---------
Ly n

75

};:r” " OF A
(2 ENERGY Z B oy
» & ma by UChicago Ag e, LLC.
NATIONAL LABORATORY 1946-2021

e National Laboratory s S. Joosten Argonn60




PHYSICS REACH WITH DIFFERENT BEAM ENERGIES
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2D CROSS SECTION POTENTIAL

W(2S) production with a 17 GeV incident Electron beam
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THE COLOR VAN DER WAALS FORCE BEYOND SOLID-J/W¥

Increasing sensitivity with J/@ and g’ production off nuclel

Expect enhanced color Van der Waals force in nuclei due to the
larger color field: measure e.g. coherent J/yp production off 4He

Nuclei also enable @’ production at lower energies: threshold for
coherent Y’ production off 4He at 7.4GeV

W’ a larger color dipole, expect stronger binding (larger
enhancements in the near-threshold cross section)

A coherent J/p and g’ program off 4He at SoLID would open
many avenues to study the nature of the color Van der Waals

force.

With higher beam energies: coherent production off 4He to
higher energies (imaging!)
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SUMMARY

SoLID is the ultimate place for near-threshold quarkonia
measurements due to luminosity and kinematic reach ‘

SOLENOIDAL LARGE INTENSITY DEVICE

With a higher beam energy, SoLID can accomplish a
complementary J/y and g’ with the same detector

Higher beam energies also provide Q2 as an additional knob
(comparing photoproduction with electroproduction)!

Electroproduction at higher energies does not require any
changes to the apparatus, while Photoproduction would
benefit from either a small-angle calorimeter or large-angle
recoil detector
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EXCLUSIVE QUARKONIUM PRODUCTION

The basics

100 _
- J/([J threshold: gf_ tmax do- E
electron W~ 4.04GeV 85— O-tOt o _
» I ER" ~ 8.2GeV : trmin =
q » JA,Y Decay t ~ —1.5GeV? 7:— E
o, e electl:ons 3
Scattered rmiens 1 y(18) threshold: S
electron _F
W ~ 10.4GeV > 5:—
Beam Recoill r ~ _8_16@\/2 4:_
proton proton N
3
» Phase space limits defined by quarkonium direction 20
» Forward (with photon): t = tmir E
. - | | | | | | | | | | | | | | | | | | | | | | | |
= Backward (with proton): t = tmax % 8.5 9 9.5 10 105
E, (GeV)

= Forward direction preferred: t-dependence ~exponential
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COMPLEMENTARITY WITH EIC (LONG)
J/py at SoLID and Y at EIC

* |n principle, EIC creates J/y at threshold, but 10§ tEIC10fb™ 1 CMS(2019) } LHCb (2015)
events hard to reconstruct due to limited PEICIO0MT L2000 % ZEUS (1998, 2009)
experimental resolution. 100, Upsilon at

» Threshold production of higher-mass - EIC
quarkonia (e.g. Y(1S)) can be measured S 1071
much more precisely. f‘ I S

» Y(1S) at EIC trades statistical precision of J/  £10-2 $ | Tmag
w at SoLID for lower theoretical c CIRL S o ﬁa,ﬁ
uncertainties, and extra channel to study 10-3. T [iwene 22Gev | n
universality. | (1)_50* neen oL .

» Large Q2 reach at EIC an additional knob to jo-al S ~r1GeV] o
study production (mostly at higher energies). W [GeV]
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J/v : 4xGEMs LASPD LAEC 2xGEMs LGC
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Requirements for the J/y Measurements (C3)

e +p—e —I—p+J/¢(e +e ) W2 M, + M? - Q°
. Large solid angle coverage 2r azimuth 2E51T - M, + M,
IC | + N A L LA LN BRSP SUNLN AL BN
symmetric ine” and e T :T’/°“p° I?jesctnlutlon = :
. . roauction o Lk
. Full coverage of t-t. .. with the highest - cphore
statistical precision to discriminate among 6l 'é:?f’,;;’;e' 1 -
functional forms E :
. . s S L 1 s
. Electron, positron and proton identification = * - ] |
with good momentum resolution and high - 1 )
efficiency 2 B
. e tmin | T
 Pion rejection at the level 1000:1 for the WEEEETTRRRINN NN i PUDPTRITN [ e O R R
scattered electron e @eV
 Good J/psi invariant mass resolution: " dwimel T T e T _
50 MeV or less Rt ot | 1000 Weesmonare T o wrnom " :
 Virtual photon beam energy resolution: ** ) _
30 MeV or less : | 187 :
« Good t resolution near threshold: | ol :
0.15 GeV? or less for electroproduction | |
O 04 GeV2 Or IeSS for phOtoprOdUCtlon °——1”—'C)|.é'l<)|.é'—l<)l.i'—'ol.2 0 o.lzl'b.l4mo.|6”b!8m1 0" ey O o S T
E, gon - Erec (GEV) s *I::nl It:cl Ge 3)5 i 15 2 -2 15 4“)5| Ito] o 32.;5 T 15 2
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