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Introduction

» Overview of Hall D/Gluex apparatus
« Selected results from GlueX/Hall D experiments:
- searching for hybrid mesons
- beam asymmetries
- n decay via Primakoff reaction
* Near-threshold J/y photoproduction:
- the experiment
- proton gluonic distributions at high-x
- search for LHCb pentaquarks
- future expected results

Experiment Description PAC days
complete
GlueX-I Spectroscopy of light and G 80440
hybrid mesons (low intensity) 80440
GlueX-II Spectroscopy of hadrons with 220+
strange quarks (high intensity)
PrimEx-eta Eta radiative decay width 79
8 o
CPP Charge pion polarizability 25
JEF Rare eta decays -
SRC Short-range correlations 15
with real photon beams




Hall D Apparatus
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Intensity: ~2 107 - 5 107 y/sec above J/y
threshold (8.2 GeV) — total ~68 pb-1in 2016-2017
runs (25% of total statistics up to date)

Photons are linearly polarized ~ 40% at peak;
polarization plane angle alternates from run to
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GlueX spectrometer

2T-solenoid, LH target
Tracking (FDC,CDC) , Calorimetry (BCAL,FCAL) , Timing (TOF,SC)

o Semet S~

« Hermetic detector: 1 —120° polar and full azimuthal acceptance
« Tracking: cp/p ~1-5%
« Calorimetry: 6g/E ~ 6%/ E + 2%



Searching for light hybrid mesons (qqg)

Exotic light
: . : 00 hybrids from -
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Searching for hybrids: JPAC analysis of COMPASS data

Coupled channel analysis finds one pole for exotic n1(1564),
describing both nm and n’n channels in the P-wave j sities a»>(1320) a,'(1700)
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Searching for hybrids: GlueX nn/m’'n spectroscopy
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With full statistics up to date, GlueX
competitive with COMPASS for one
channel

Multiple channels studied in GlueX
Different production mechanism, different
background

GlueX linearly polarized photon beam —
important tool in understanding the n=n
spectrum 7



Beam Asymmetry
Y(¢) ~ (1= PyXcos2(¢,~ ¢y))

Alternating (run by run) the orientation of the polarization by 909,
the efficiency cancels in the asymmetry ratio:

Y.~ FrY
Y.+ FaY

Recoll
— P’VZ COS 2¢p Baryon Photon
Direction

Photon
Polarization

Meson
Direction

> =1 for natural exchange (0* 1- 2*)

> = -1 for unnatural exchange (0- 1* 2) 0 /
vp — (77,0, 0" )p



Beam Asymmetry

Asymmetry £

GlueX, Preliminary | ) LUI-

JPAC, Phys. Rev. D 92, 074013 I i

Laget, Phys. Lett. B695, 199 [ —Prefiminary-—

Donnachie, Phys. Rev. C 93, 025203

Goldstein, Phys. Rev. D 7, 865 i i i
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Natural exchange dominates if £ ~ 1
More papers on asymmetries expected in 2019
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n radiative decay via Primakoff reaction
M — vy yield [8.0 GeV <E < 11.2 GeV]
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Precision measurement of I'n—vyy:
significant impact on fundamental QCD parameters (Goldstone nature
of light pseudoscalars, light quark mass ratios, chiral anomaly etc.)



Near-threshold J/w photoproduction

Exclusive reaction yp — Jiyp — e*ep

* Near threshold — all valence quarks participate, corresponding to high-x
gluon exchange

e Using VMD (y—=]/y)one canstudy J/wp—=]/yp

* Look for LHCbP..yp - Pc—-Jwyp H



Near-threshold J/w photoproduction

1ooE Number of J/\y = 469 + 22
Fmean = 3.096 + 0.001 GeV
:_width =0.013 £0.001 GeV
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Electrons identified by E/p

Tagged photon beam, 0.2% energy resolution

Kinematic fit: 13 MeV mass resolution

Presented results (~470 J/y): 25% of statistics accumulated up to date
Preliminary results (ERRORS ONLY!) will be shown based on 70% of data ,



J/y total cross-section

o(yp — J/yp), nb

Brodsky et al. PL B498 (2000):
o(E,) depending on number of

-7lhard-gluons exchanged

GIueXéda-ta
' 27% norm.

1071

Cornell
Brodsky et al. fit to GlueX data|
2g exchange
3g exchange

E, Gev 20

GlueX errors: quadratic sums of statistical and

systematic ones
SLAC data:

F2(t) ~ (1 — 1‘,»‘1115.(1 )—4
Cornell data: yBe—]/yX

vd(p) — 7 Y X from do/ dt(t

Moy,

= 1.14 GeV

772 in,

using dimensional scaling

gl

GlueX data falls
\ toward threshold less

steeply than 2g
exchange model

13



J/y differential cross-section — perturbative calculations

s'? (GeV)
1|O|O| T 1 10

r MRST2001

GRVOS ,
Q*=m?

MRSG

DL

CTEQ®B

Sibirtsev et al. JP G 30

In case of two gluon exchange:

04):
Cross-section is very sensitive to gPDF at high x

) (nb GeV7?)

do /dt(t

10 3%—

10:-
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100

GRV98

MRST2001

v+p—>J/V+p
forward

10

do/dt(t = 0) ~ x2g*(x) \\"1101‘06723/6;9

The near-threshold energy dependence is defined by the gPDF as x — 1
t-dependence not defined by the pQCD calculations (discussed later)

Comparison to the old data only

1139l M P
10°

10*
E, (GeV)
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J/y total cross-section — perturbative calculations

—_
o

o(yp — J/wp), nb
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Kharzeev et al. EPJ C (1999):
« Forward J/y—p scattering amplitude calculated using gluonic PDF and dispersion
relations
» Real part of the amplitude dominates near threshold, critically important: contains
scale anomaly term related to the mass of the proton arising from gluons.
« Shape of the theoretical curve similar to Gluex data; absolute normalization within
the uncertainties of the model 15



J/y differential cross-section and proton gluonic FF

gether), A.U.

normaﬂged to
S

| — = SLAC 19 GeV

[—e— GlueX 10-11.8 GeV

| —— Cornell 11 GeV .
| FNAL100 GeV (ave) 1} yith the e.-m. FF):

gluonic form factor
(dipole form in analogy

| —— dipolem_ =1.14GeV |

F(t) ~ 1/(1—=t/mg)’

Frankfurt and Strikman
= PRDG66 (2002)
9
o)
©
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I l[|1 ..... [[l] ..... 1l|] ..... s [[|1 ..... 1I|1 ..... 1
0 0.5 1 1.5 2 2.5
e.m. FF gluonic FF
reaction ep — ep JIwp — J/yp
transverse size of probe 0 << 1 fm

effective mass scale my

0.84 Gel (vector meson)

~ 1.1 GeV (two-gluon mass)



J/y total cross-section — non-perturbative (holographic)

calculations
Red — maximal contribution from gluons, favored by GlueX data
o(nb) Blue — no gluonic contribution 5 O
~ d ——e—— GlueX stat. errors (70% of data)
o / f. 0.09 Hatta et al. - no gluonic contribution
- °© . -
o~ B 0.08 Hatta et al. - maximal contribution
- ©
1 <7 0.07

0.50| // i 1 I 0.06
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Y. Hatta, A. Rajan, and D.-L. Yang, arXiv:1906.00894: t, Gev

Proton gluonic FF: “.these are nothing but the gravitational form factors Ay, Bg,Cg,C,”

(g _
(P|(T,)|P) = (P (/ ) e, e+ mmww) P)

A2
:u(P’)[ M MJ[A?—% C, +4C M] (P)

Ay, Bg, Cg were recently calculated on lattice:
P. E. Shanahan and W. Detmold, arXiv:1810.04626 17



LHCDb pentaquarks
Ay — J/YpK~
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« JP of P, states not determined yet
» Molecules (most likely), but compact
states or rescattering effects not excluded
State M [MeV | ' [MeV ] (95% CL) R %]
P.(4312)" | 4311.9+0.7188 | 98+2773T  (<27) | 0.30+£0.077035

0.09
P.(4440)* | 4440.3 +£1.3%41 | 20.6 + 4. 9+10 r <49) | 1.11+0.33752

(
P.(4457)" | 44573+ 0.6111 | 6.4+£207 %7 (<20) |0.53+£0.167013 s
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Weighted candidates/(2 MeV)

LHCb pentaquarks and J/\yv photo-production

« If LHCb pentaquarks exist they should be seen in s-channel photoproduction
(free of rescattering effects in the final state):

12001

(==
[
(=)

T T

D
[
(=]
T T

400!

200}

™ —— cosfl, weighted data

L = total fit

Main uncertainty
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V.Kubarovsky and M.B.Voloshin, PRD 92.031502 (2015). P.(4440)
M.Karliner and J.Rosner, arXiv: PLB 752, 329 (2016). P.(4457)
A.Blin, C.Fernandez-Ramirez, A.Jackura, V.Mathieu, V.Mokeev, ¢

A.Pilloni, and A.Szczepaniak, PRD 94,034002 (2016). 19



o(yp — J/yp), nb

—

10~

J/y cross-section: model-dependent upper limits

PRL 123, 072001 (2019)

—— JPAC P}(4312) 3/2 BR=2.9%

—se— JPAC average

Assuming:
all P; independent JP = 3/2-

s-channel model;

o(yp = P~ J/yp) =
0.35 ub Br?(P. = J/wp) (2]+1)

JPAC model for t-channel:
Pomeron and tensor part
extracted at high energies

9 10 E'Y’ GeV
B(P; — J/vp) Upper Limits, % |omax X B(P.~ — J/4p) Upper Limits, nb
p-t.p. only total p.t.p only total
P (4312) 2.9 4.6 3.7 4.6
P (4440)| 1.6 2.3 1.2 1.8
Pr(4457)| 2.7 3.8 2.9 3.9

Upper limits at 90% confidence level

20



o(yp — J/yp), nb

10~

J/y cross-section: model-dependent upper limits

Assuming:
« all P;independent JP = 3/2-
* s-channel model:

o(yp = P~ J/yp) =
0.35 ub Br?(P. = J/wp) (2]+1)

—e— JPAC average

——— JPAC P(4440) 3/2 BR=1 6%

 JPAC model for t-channel:
Pomeron and tensor part

extracted at high energies

9 10 E'Y’ GeV

B(P; — J/vp) Upper Limits, %

Omax X B(P; — J/¢p) Upper Limits, nb

p-t.p. only total p.t.p only total
P (4312) 2.9 4.6 3.7 4.6
P} (4440) 1.6 2.3 1.2 1.8
P (4457) 2.7 3.8 2.9 3.9

Upper limits at 90% confidence level -



o(yp — J/yp), nb

—

107"

J/y cross-section: model-dependent upper limits

PRL 123, 072001 (2019)

— JPAC P!(4457) 3/2 BR=2.7%
—«— JPAC average :

Assuming:
all P; independent JP = 3/2-

s-channel model;

o(yp = P~ J/yp) =
0.35 ub Br?(P. = J/wp) (2]+1)

JPAC model for t-channel:
Pomeron and tensor part
extracted at high energies

S o E,, GeV
B(P; — J/vp) Upper Limits, % |omax X B(P.~ — J/4p) Upper Limits, nb
p-t.p. only total p.t.p only total
P (4312) 2.9 4.6 3.7 4.6
P (4440)| 1.6 2.3 1.2 1.8
Pr(4457)| 2.7 3.8 2.9 3.9

Upper limits at 90% confidence level 5



Weighted candidates/(2 MeV)

Lower limits on Br(P, — J/ywp) from data?

X. Cao, J-P. Dai arXiv:1904.06015
1200 _— —_— cose,__',c-weighted data LHCb
:_ tootlalnfzmial + broad P_.* AO — J K_ ) -
1000- :olznomial b /u]p R — B(A;; _> PC+K )B(PC+ _> J/?l/)p)
sk | B(AY — J/pK-)
Al
600 _Iﬂl‘::'y l Wb
s V| B(AD -5 J/pKT) = (3.2408) x 1071

P_.(4440)"
200
P (4312)" '
(N ;

4300 4250 4300 4350 4400 4450 4500 4550 4600
m e [MeV]

B(Ay — PFK™)<10™®  atthelevel of B(AY — A7) and B(AY — Alntr )

(model dependent 2-4%) > B(P." — J/¢p) > 0.05%
GlueX
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Lower limits on Br(P, — J/ywp) from data?

RN -
@) N
@) o
o @)

Weighted candidates/(2 MeV)

—— cosé -weighted data LHCb

X. Cao, J-P. Dai arXiv:1904.06015

total fit

polynomial + broad Pc+

polynomial

il A — J/YpK— » _@—) P(TLK_ B(Pc+ — J/Q,/)p)
| = (A) = J/ppK ) >

n 1 18 "’::'LIHL"“H‘ o . £y :.‘ I “ 4 ‘
e e A @UW)K_) = (3.2“:8:‘5 % 1074

P_.(4440)"
'bc(4312)+ '
(N

4%00 4250 4300 4350 4400 4450 4500 4550 4600

m e [MeV]

(Ap = PK™) <D at the level of B(AY — A7) and B(A) — A}ntn77)

(model dependent 2-4%) > B(P," — J/¢p)

GlueX
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Outlook

First phase of GlueX experiment finished and already producing results.
Next phase — strangeness program and higher intensity.

First measurement of near-thershold J/\y exclusive photoproduction —
important input to models of the gluonic structure of the proton at high X.

Do not see evidence for LHCb pentaquarks and set model-dependent limits
on Br(P.— J/yp) at several percent level. This allows us to discriminate
between different pentaquark models.

Expect results by the end of the year with 4 times more statistics



Back-ups



J/y total cross-section — future results

—e— GlueX stat. errors
—| —&— Cornell g g
| — — — Brodsky et al. fit to GlueX data |- S—
----------- 2g exchange ] :

----------------- 39 exchange

o(yp — J/yp), nb

107"

E, GeV

Preliminary results with 70% of statistics up to date —
only errors (stat.) shown



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

J/y differential cross-section — perturbative calculations
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Kharzeev et al. EPJ C (1999):
Forward J/y—p scattering amplitude calculated using gluonic PDF and
dispersion relations.
Very sensitive to gPDF at high x
real part of the amplitude dominates, contains scale anomaly term related to
the mass of the proton arising from gluons.
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m / MeV

Searching for hybrids: light mesons lattice QCD

exotic
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Br(Pc — J/yp) calculations: pentaquark models

model Ip., MeV | T'j/yp, MeV |B(P: — J/vp) JP reference

molecular | 21.7 (4450) | 0.03 (4450) 1@0 (4450)Y 1/27 (4312) |M.Eides and V.Petrov

(OPE) 1/27 (4440) [Phys.Rev.D98, 114037

¥.D™) 3/2~ (4457)

hadro- (4312) |suppr.(4312)(s 1/2% (4312) |[same as above

charmonium | 44.8 (4440) [ 11 (4440) 1/27 (4440) |and M.Eides, V.Petrov

16.2 (4457) | 11 (4457) | 3/2~ (4457) |M.Polyakov,arXiv:1904.1161

compact suppressed 1(11)prcssod 3/27 (4312) |A.Al, A.Parkhomenko

diquark 3/2% (4440) |Phys.Lett.B793, 365
/\ | st sy

molecular | 9.8* (4312) 6.5 / 66%\ 1/2= (4312) |Z.-H. Guo and J.Oller

(ERE) 20.6* (4440) 16.3 79% 1(3)/27 (4440)|Phys.Lett.B793, 144

Y. D) 6.4* (4457) 3.5 55% 1(3)/2~ (4457)

molecular | 15.2 (4306) 4** 26% 1/2= (4306) |[C.Xjiao, J.Nieves, E.Oset,

(DSE) 23.4 (4453) 18** ™% 1/27 (4453) |arxiv:1904.01296

¥.D™) 3.0(4453) g+ 67% 3/2” (4453) |Phys.Rev.D88, 056012

\4

* The total width measured by LHCD has been used.

** The width calculated from coupling constants.
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Br(Pc — J/yp) calculations: molecular vs hadrocharmonium

model Ip., MeV T/, MeV |B(FPe — J/¢p) JP reference
molecular | 21.7 (4450) | 0.03 (4450) ((0.14% (4450))| 1/27 (4312) |M.Eides and V.Petrov
(OPE) 1/27 (4440) |Phys.Rev.D98, 114037
Y.D™) 3/2~ (4457)
hadro- — (4312) |suppr.(4312) 1/2% (4312) |same as above
charmonium | 44.8 (4440) | 11 (4440) |/25% (4440 1/27 (4440) |and M.Eides, V.Petrov

16.2 (4457) | 11 (4457) @ (4457 3/27 (4457) |M.Polyakov,arXiv:1904.1161

all subsystems in color singlet states

31



Lower limits on pentaquark BR

o o
o o
S =
= o

107
4380
-5
10 4440
4457
106 4312
0.001 0.0050.010 " 0.0500.100 70500 1

B (Pc > J/y p)

32



Br(Pc — J/yp) calculations: compact diquark

model Up,, MeV | Ty, MeV | B(P. — J/4p) JP reference
compact - suppressed 3/27 (4312) | A.Ali, A.Parkhomenko
diquark 3/2% (4440) | Phys.Lett.B793, 365

5/2% (4457)

)

diquarks in color anti-triplet states

The bound-state effect in (uC)-diquark
reduces the probability to form CC -state

33



Attempts to suppress VMD coupling
J.-J. Wu, T.-S. Lee, B-S. Zou arXiv:1906.05375

1.2
1.0 F
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« Jly is suppressed by 10-3, VMD coupling dominated by p and »

« How to explain J/y photoproduction at high energies with such suppression???

« Other papers (J. Phys. G4 (1978) 989, Phys. Rev. Lett. 38 (1977) 263) suggest some
moderate suppression (factor of 2-3)
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Proton Gluonic Form Factors: A,B,C (lattice calculations)
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