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Outlook

0 Experimental apparatus: the HERA accelerator and the ZEUS detector

e Introduction: Vector Meson Production in Exclusive Diffraction in ep Scattering
@ Analysis: Events selection and extraction of the signal

0 Results: Cross section ratio 1(2S)/J/v(1S) in DIS (electroproduction)

e Results: Cross section ratio ¢(2S)/J/4(1S) in photoproduction

e Summary
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HERA and ZEUS: 1992 — 2007, DESY, Hamburg

HERA: world’s first and only e*p collider, Ec = 27.5 GeV, E, = 920 GeV (/s = 318 GeV)
P

WNaee-" ~ 20 ?
C g = = P

ZEUS: multipurpose, hermetic detector (MVD, CTD, CAL, F/B/RMUON, BAC, ...
Total luminosity: [ £ ~ 500 pb~" collected during HERA | + Il running periods
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Diffraction of Light

X =Ryl

Light Scattering in Fraunhofer approximation (wavelength A ~ 1/k << R)
o |t| = 4Kk®sin?(0/2)
@ do/dt ~ el (first diffractive peak approximated from Bessel function)
@ b= (R/2)? — transverse size of the target

@ in the presented studies: target = proton and photon energy > 1 GeV
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Production of Vector Mesons in Exclusive Diffraction in ep Scattering

Kinematics: M3, Q2 W, |t|
ME - vector meson mass squared
@ (= —¢° = —(k — k')?) - the photon virtuality
(emitted by the incoming electron):
@ @?~ 0 GeV? PHP (Photoproduction)
o larger G? for DIS (Deep Inelastic Scattering)

W = (g + P)? - invariant mass of the yp system
q v Process sensitive to the
gluon density in the proton

|t| - 4-momentum transfer at the proton vertex

P o /\2
im t=(P-P) do | elasitc
ditl

Exclusive process: proton stays intact
Proton dissociation also possible —
background Itl

pQCD: M and @ - set the scale at which the W and |¢| are probed

proton
dissociative
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Cross section ratio ¢(2S)/J/v¢(1S): physics motivation

¥ (r) o
Ratio B — =9 (2S)p
Typ—Jd/p(1S)p

@ sensitive to radial wave
function of charmonium
@ provides insight into the
J/W(1S) dynamics of the hard process

1 r [fm]
Yy (2S)

@ J/v¥(18) and ¢(2S) have distinctive wave functions

@ ¢(2S) has a node at = 0.4 fm

° (@(23)) ~ 2<r5/w(13)>

@ pQCD models predict R ~ 0.17 in PHP and moderate rise of R with @? in DIS
@ 7’ cross section is expected to be suppressed w.r.t. the J/1 production
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Analyzed channels and DATA/MC samples

@ Investigated decay channels:

o P(28) = J/b+7trm, P(2S) = ptuT, J/W(AS) = ptuT
HERA I+lI: £ = 468 pb~' (1996 - 2007) with 5 < Q® < 80 GeV (DIS)
subsample of 114 pb~" (HERA I) with 2 < Q* < 5 GeV (DIS)

HERA Il: £ = 333 pb™" (2003 - 2007) @®> < 1 GeV (PHP)
MC Samples: Signal: DIFFVM for exclusive VM production (J/+ and v’)

do 1
da? "~ (1102 /M2)TS
o & ~exp(-blt]),
b=4.0 GeV—2

PP i)
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Events selection (DIS channel)
P(28) —» ptu Tt =

@ Event selection:

o scattered electron E,s > 10 GeV in CAL

@ 2 (4 for ¢(2S) 4-prongs decay)
non-electron tracks from primary vertex,
net charge =0

@ two tracks identified as muons
(CAL, F/B/R/MUO, BAC)

@ no other deposits not matched to tracks
(above CAL noise)
— proton remains undetected

@ Kinematic range:
e (2)5< Q% <80 GeV?
e 30 < W <210 GeV
o [t| <1 GeV?

|

i
L

JIAS) —» ptum =
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di-muon channel: mass distribution M, ,-

ZEUS
0 10° £ rrT T E
e E
E g 1) i e J/Y(18) = utu~
10° ; ‘. ; ® ¥(25) =ty
@ BG (BH): vy — putp—
- . v(28) i
10?2 . E
i g % :
4 A ! i
it e B
10 E e ZEUS 468 pb”! * H%
[ —Background fit ]
L | ) ) ) ) | ]
2 3 4 5
M, (GeV)

@ mass intervals for side-band straight-line background fit and signal extraction:
BG: 2.00 — 2.62 GeV and 4.05 — 5.00 GeV
Signal J/4(1S): 3.02 — 3.17 GeV , Signal ¢)(2S): 3.59 — 3.79 GeV
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Selection specific for /(2S) — u™p~ 77~ channel

© AMvs. M, -
AM = M(p*p~ 7)) = M(u* ™)
cascade decay of /(25)
Sef T 3
a2 { ] ® 0.5< AM < 0.7 GeV
awf E 3.02< M,,- <3.17 GeV
20 ++ E
10 * . -
00.4 ..0.;5. .0f5 0‘2;‘ 0..5. n:%.’é VD)J
A e

® M(u"u~ntm™) after cleanup
E very clean signature

Entries

N oW

o o

T T
e

et

3 H E (< 3 background events at 90% CL)
10 + e
sf ; t E
ob_wee sl b
3.3 3.4 35 3.6 3.7 3.8 3.9
M, (GeV)

G. Grzelak (University of Warsaw) uv’ in exclusive ep by ZEUS QWG 2019 10/39



. . _ o(y(2S . .
Cross section ratio R = % (DIS) for full kinematic range

For30 < W <210 GeV, 5< Q*> <80 GeV?, |t| <1 GeV?

1 (2S) decay mode | R — o) |

a(J/${S)
— J/Yp(— ptpT )t | 0.26 +£0.03799)
— ptu” 0.24 +0.057%%
combined 0.26 +0.027%9%

Nucl. Phys. B 909 (2016) 934.

@ both channels provide consistent results
_ owes) _ Nees) | A%Cywassutas 1

R [ S -
V(@S)=J/ GJ/p(18) Nusys) Accw(zs)—».//whr— BRw(zs)ﬂJ/wﬂ—

o R L mes) . Nees) | ACuwaswtas BRiuasysutus
VEIT T oypas) T Nupwas)  ACCyes)sutu- BRyes)tu-

Nreco

@ Acci = W
!

@ BR(4(2S) — J/prt ™) = (33.6 & 0.4)%, BR(W(2S) — ptu~) = (7.7 £ 0.8) x 1073,
BR(J/® — ptp~) = (5.93 £ 0.06)%
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Ratio R = 2(“(29)_ys @2 (DIS: combined 2- and 4-prong channels)

a(J/¥(15))

0.7 T T
@ Rrises with Q?

I:{comb

0.6

TS WS | S W

e ZEUS 468 pb" |

A |

0 | | | | | | |
10 20 30 40 50 60 70 80

Q? (GeV?)
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o(¥(25)) o W (DIS: combined 2- and 4-prong channels)

ZEUS

T T T
@ Rindependent of W

0.05

Il Il Il Il Il Il Il Il Il
40 60 80 100 120 140 160 180 200
W (GeV)
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% vs. |t| (DIS: combined 2- and 4-prong channels)

@ Rindependent of [

e ZEUS 468 pb™'

0.05

ol

| | | | | | | | |

0
0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1
It| (GeV?)
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ZEUS to H1 comparison: (DIS) full data sample 468 pb~

€ 40 | _otvizs) ZEUS: Nucl. Phys. B 909 934 (2016)
Yool
™ ZE‘I.IBW(erl.)ASB pb ! H1: EPJ C10 373 (1999)
O Hi27pb!
0.8

£y H1yp: Q% ~0 GeV?

0.6 — {
04 [

0.2

| | | | | | |
0 10 20 30 40 50 60 70 80
Q? (GeV?)
@ ZEUS: full HERA | + HERA Il data sample (468 pb~") (incl. low-Q? point)

@ both ZEUS and H1 measurements are in agreement: R increases with Q2
@ ZEUS improved accuracy due to the increased statistic of HERA I+Il data
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Q? dependence: comparison with theoretical models

ZEUS theoretical models:
T

@ HIKT: J. Hifner et al.,
o T T T T T T Phys. Rev. D 62, 094022 (2000).
== HIKT: GBW-BT

0-8 I - - HIKT: GBW-LOG R= Gw(zS) ] @ KNNPZZ:B.Z. Kopeliovich, et al.,
........ AR: b-CGC =09 Phys. Rev. D 44, 3466 (1991),
v Phys. Lett. B 324, 469 (1994),
____________ Phys. Lett. B 341, 228 (1994),
SooKMwis=o ) T J. Exp. Theor. Phys. 86, 1054 (1998).

0.6 -~ FFJS

AR: N. Armesto and A.H. Reazeian,
Phys. Rev. D 90, 054003 (2014).

LM: T. Lappi and H. Mantysaari,
Phys. Rev. C 83, 065202 (2011).

FFJS: S. Fazio et al.,
Phys. Rev. D 90, 016007 (2014).

0.4

KMW: H. Kowalski, L. Motyka and G. Watt,
Phys. Rev. D 74, 074016 (2006).

0.2

O H127 pb?

A H1yp:6.3pb™

| | | | | | |
0 10 20 30 40 50 60 70 &0
Q? (GeV?)
@ All models predict the rise of o(/(2S))/o(J/) with Q
@ ...data begin to discriminate some models (see also backup plots for more details)
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a(1(25))

Cross section ratio R = ECIOIEE)] in photoproduction

- i _ _o(¥(2S)) i
e Cross section ratio R = SWrdsy I photoproduction
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Event selection (photoproduction

fi

@ no scattered electron observed in the calorimeter, otherwise selection very similar to DIS channel
@ very clean signature, selection entirely driven by muons starting from trigger
@ 30 < W < 180 GeV (limited by muon chambers)

@ experimental challenge: very good understanding of muon efficiency for all components
[m] =5 = =
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2-prong sample: ¢(2S) — p*p~ (photoproduction)

ZEUS Preliminary ZEUS Preliminary
2 O 7S ez 2 = ~ ZEUS (ren) 333 pb”
g 10000 Hat e Sy H C e
g r T MCDIFM  elepa 2 T MCDIFRM i elepa
° E [y ——— MC DIFFVM y(25) elspd = ——— MCDIFFVM (2S) el+pd
ool  NCGRAPE bR elopa E —— MCGRAPE BH elvpd
L i E fit 0 DATA signalhg
E 2prong 'l £ fitto DATA bg
o0 i 10 2prong
C I E 30 <W <80 GeV
00— n
L 10
200— =1
C L IS 1, il
20 40 60 80 100 120 140 160 180 200 25 3 35 4 45 5 55 6
W (GeV) M(u) (Gev)
ZEUS Preliminary ZEUS Preliminary
2 = + ZEUS (prel) 333 p” 2 WwE  ZEUS (prel) 333 pb
H F M 1 (25)+8H H E MC (S H
g T MCDIFFVM Iy el+pd g E MG DIFFVM iy elpd
° e ——— MC DIFFVM (2S) el+pd @ = ——— MC DIFFVM y(25) el+pd
E  MCGRAPEBH el*pd F — WCGRAPEBH al*pd
E fit to DATA signal +bg fit to DATA signal +bg
L fit 10 DATA bg 107 fitto DATA by
10° 2-prong pu E 2-prong
E ’,. W’ 80 < W < 130 GeV C 130 <W < 180 GeV
E oy F
[ t =
10 I E
HWWW :
25 3 35 0 5 5 55 5 2 25 3 35 @ 5 5 55 5
M(u'w) (GeV) M(u'w) (GeV)

@ W and M(u*p ) distributions for 3 W intervals (30-80), (80-130), (130-180) GeV
@ DIFFVM J/%, ¥(2S) and GRAPE BH MC normalized to data (fractional fit)
@ double Gaussian fit to data for signal extraction

® W = \/2Es(Eror — Pz), Pz = p*" cos(6#") + p*~ cos(6”)
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4-prong sample: ¥(2S) — p*p~ 77~ (photoproduction)

events

events

ZEUS Preliminary

®  ZEUS (prel) 333 pb*

—— MC DIFFVM (2S) el+pd

4-prong ppmTt

L L
0 160 180 o

W (GeV)

, L
20 20 50 80 100 120

ZEUS Preliminary

®  ZEUS (prel.) 333 pb™

—— MC DIFFVM (2S) el+pd
4-prong puTT

80 <W < 130 GeV

35 36 37 38 35
MW ™) (GeV)

events

events

ZEUS Preliminary

®  ZEUS (prel) 333 pb*

—— MC DIFFVM (2S) el+pd

4-prong prpTeT

30 <W <80GeV

o

35 36 37 38 39
M(HTeT) (GeV)

ZEUS Preliminary

|

®  ZEUS (prel.) 333 pb™

—— MCDIFFVM y(25) el+pd

4-prong P

130 <W < 180 GeV

o5

39
MU UTeT) (GeV)

@ W, M(p*pu~ =7~ distributions for 3 W intervals (30-80), (80-130), (130-180) GeV
@ very clean (almost) background free channel

@ DIFFVM ¢(2S) MC normalized to data

® W= /2Ep(Eror — P2),

Pz = pr' cos(0"' )+ pt~ cos(6*” )+ p™ ' cos(67') + pT cos(67 )
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R— ‘”’*7(2(5"; vs. W at Q@ = 0 GeV? (photoproduction)

g,

ZEUS Preliminary

x 03
- ® ZEUS (prel.) 333 pb™
0.25/— _ o((2s))
2 R 500 IQZ:0 [:] syst. error
02
0.15/— +
C [ ¢
01—
0.05—
0 E L | L L L | L L L | L L L | L L L | L L L |
60 80 100 120 140 160

W (GeV)

@ average R values over 2- and 4-prong channels
@ moderate rise of R with photon-proton centre-of-mass W
@ systematics dominated by 2- and 4-prong channel difference
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= Jp=u@Sh g Q2 including new Q2 = 0 measurement

Typ—J/$(1S)p

Z E U S p rel i m i n a ry theoretical models:

@ HIKT: J. Hifner et al.,

oc T f T T T T T T Phys. Rev. D 62, 094022 (2000).
= HIKT: GBW-BT

0 8 L .~ HIKT: GBW-LOG Oy(2s) ] @ KNNPZZ: B.Z. Kopeliovich, et al.,
. R=5 Phys. Rev. D 44, 3466 (1991),
Jw(1s) Phys. Lett. B 324, 469 (1994),
______________ - Phys. Lett. B 341, 228 (1994),

........... J. Exp. Theor. Phys. 86, 1054 (1998).
06 [ ---- KNNPZZ T - 1 @ AR:N. Armesto and A.H. Reazeian,
™ e B Phys. Rev. D 90, 054003 (2014).

- - KMW:s =2 @ m:T Lappi and H. Mantysaari,
- Phys. Rev. C 83, 065202 (2011).
04 @ FFUS:S. Fazioetal,
Phys. Rev. D 90, 016007 (2014).
______________________ @ KMW:H. Kowalski, L. Motyka and G. Watt,
E . Y ZEUS (prel.) yp: 333 pb” Phys. Rev. D 74, 074016 (2006).
0.2 *g’ . ® ZEUS 468 pb’ n
|
O Hi27pb’
A H1 vp: 6.3 pb !
0 |

| | | |
0 10 20 30 40 50 60 70 80
Q? (GeV?)
@ highest precision Q* = 0 GeV? measurement
@ R =0.1332 + 0.0065(stat.) + 0.0270(syst.) (average over full phase space)
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@ Ratio of % using HERA I+1l data was measured for the first time by ZEUS

in the kinematic range: 30 < W < 210 GeV, 2 < Q* < 80 GeV?, |t| <1 GeV?
for exclusive DIS and in 30 < W < 180 GeV for photoproduction (Q* ~ 0)

@ The accuracy has been improved compared to the H1 HERA | results

@ The ratio increases with Q* and is constant as a function of W and ||

@ Theoretical calculations of the ratio (;(’J(}”Tz(fs for exclusive vector-meson

production has been compared to the experimental data
— majority of the predictions are consistent with the data

@ data start to exhibit constraining power

G. Grzelak (University of Warsaw) +" in exclusive ep by ZEUS QWG 2019



Thank You For Your Attention
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BACKUP PLOTS

BACKUP PLOTS FOLLOW...
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Comparison with theoretical models: HIKT

& PR wrsr  m-cue) "4 Phys. Rev. D 62 094022 (2000)
[ - HIKT:Cor ° Z‘:I.ISW(LMI.) 468 pb 7 Phys. Rev. D 59 14017 (1999)
L O Hi27pb? - Phys. Rev. D 62 054022 (2000)
0.8 - A H1yp:Q?~0GeV? -
0.6 - i S 4 ViN~-f+5%
045 -
02 —ﬁf? E g

| | | | | | | |
00 10 20 30 40 50 60 70 80
Q? (GeV?)
@ HIKT: Hiufner et al. — adopt the light-cone dipole formalism to describe VM
production, the dipole - proton interaction cross section is constrained by
inclusive low-x DIS data from HERA (BT and Cor: different charmonium
potentials with m: ~ 1.5 GeV)

@ HIKT - BT: overestimates lower Q? points
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Comparison with theoretical models: AR

N U e "3 Phys. Rev. D 90 054003 (2014)
[ ——AR:IP-Sat @ ZEUS (prel) 468 pb 7
r O Hi27pb*t 4
0.8 L /\ H1yp:Q?~0Gev? -
0.6 :— £ _:
04 [ P B - 3
0.2 —gi? ¢ 3
:£ i

| | | | | | |
0 10 20 30 40 50 60 70 80
Q? (GeV?)

@ AR: Armesto and Rezaeian — two predictions are presented: results from
the Impact-Parameter dependent Color Glass Condensate (b-CGC) and
the gluon Saturation (IP-Sat) dipole models

@ b-CGC overestimates lower Q2 points
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Comparison with theoretical models: KMW

o 15 — | ‘Rw="‘“Jf‘S” | " Phys. Rev. D 74 074016 (2006)
: - KMW: §=2 ® Z‘:USW(Jprel.)Aaapb A :
[ O H127pb" 7
08 - /v H1yp:Q*~0Gev? ]
0.6 - { E
0.4 - [
0.2 ; %i ----- E _:

o 10 20 30 4o 5o eo 70 80
Q? (GeV?)

o KMW: Kowalski, Motyka, Watt — impact parameter dependent saturated
dipole model, based on the QCD description and an assumption of
universality of the gluon distribution and proton shape: § = 0 non-relativistic
wave functions, § = 2 relativistic boosted Gaussian model
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Comparison with theoretical models: FFJS

o - ‘ ' ' _owasy " Phys. Rev. D 90 016007 (2014)

10 s " oy ]

r @ ZEUS (prel.) 468 pb ' ]

= O Hi27pb*t -

0.8 — /A Hiyp:Q?~0GeV? l
0.6 — { -
0.4 [ ot - —
0.2 L %’g E _
2 1

0 | | | | | | | |

0 10 20 30 40 50 60 70 80
Q? (GeV?)

@ FFJS: Fazio et al. — two component Pomeron model to predict the cross

sections for Vector Meson production. The Pomeron is universal, containing
two terms, a “soft” and a “hard” one: relative weights: ~ Q% = Qo+ M2,
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Comparison with theoretical models: KNNPZZ

& 4 T T s "] Phys. Lett. B 342 228 (1994)
L v Ta(r —
L T KNNPZZ (] ZE(I.ISW(JpreI.) 468 pb ! ]
r O Hi27pb*t 4
0.8 L /\ H1yp:Q?~0Gev? -
0.6 — { -
0.4 . -
02 ‘ﬁf{i ' .

(=}

| | | | | | |
10 20 30 40 50 60 70 80
Q? (GeV?)

o

@ KNNPZZ: Kopeliovich et al. — describe the BFKL Pomeron in terms of the
colour-dipole cross section which is a solution of the generalized BFKL
equations
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Comparison with theoretical models: LM

o - ‘ ' ' L @S " J Phys. Rev. C 83 065202 (2011)

1 ) .

r @ ZEUS (prel.) 468 pb ' ]

= O Hi27pb*t -

0.8 — /A Hiyp:Q?~0GeV? l
0.6 — { -
04 [ -
0.2 - -
# -

(=}

| | | | | | |
10 20 30 40 50 60 70 80
Q? (GeV?)

o

@ LM: Lappi and Mantysaari — use the BFKL evolution as well as the dipole
picture in the IP-Sat model to predict VM production
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Control plots for J/v — up~ channel

ZEUS

F ::: fRTTTTTTTTTTTTTTTY g ;
€ 3 T £ e0f E
ok 1 " sk :
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It (GeV*)

@ good description — detector efficiency calculation
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Control plots for ¢(2S) — p*u~ channel

ZEUS
g 80 T g 60 F 3
T 70 = E E
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@ good description — detector efficiency calculation

G. Grzelak (University of Warsaw) uv’ in exclusive ep by ZEUS QWG 2019 33/39



Control plots for 4/(2S) — =77~ channel
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@ good description — detector efficiency calculation
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ZEUS to H1 comparison (in H1 phase space and H1 bins)

@ cross check: ZEUS data analyzed in Q? bins used by H1: [EPJ C10 (1999) 373.]
(5 —12) GeV2 and (12 — 80) GeV?
® 40 < W < 180 GeV and 1 < @® < 80 GeV?

ZEUS
= 1.2 T T T T T T T ™
g r ® ZEUS (prel.) 354 pb™ |
_2,' 1 ® H127pb’ ]
208l .
& | ]
s 0.6 - ]
1= r ]

i
0.2 j-# 1 1 1 1 1 1 1
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Q? (GeV?)

@ both measurements are in agreement
@ improved accuracy due to the increased statistic of HERA Il data
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Systematics checks (2-prongs and 4-prongs channels)

@ varying the M,,,, window for signal event counting:

o for J/psi(1S): from 3.02 — 3.17 GeV t0 3.05 — 3.15 GeV and 2.97 — 3.19 GeV
o fory(2S) :from3.59 —3.79 GeV to0 3.62 — 3.75 GeV and 3.55 — 3.80 GeV

changes the values of R, by 6% and Ry~ by 2%

@ varing the cut on pions transverse momenta pr from 0.12 GeV to
0.15 GeV changes the R/~ by 4.5%

@ changing the background fit function from linear to quadratic changes the values
of R, by 11% and R,/ by 0.5%

@ changing the reconstruction of kinematic variables from “constrained” to “electron”
method changes the values of R,,,, and R/~ by 1.5%

@ not reweighting the MC samples changes the values
of R, by 3% and Ry~ by 1%

@ applying more restrictive cuts on the number of (soft/noisy) tracks not associated
with the event vertex changes the values of R, by 5% and Ry~ by 3%

Total systematic uncertainties are: 6R,, ="/,%, 6R)/y-= = t% and 6R =%
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PHP: Event selection

¥(28) — T~ channel:

exclusive muon triggers

vertex consistent with ep interaction
Nirack = 2 (oppositely charged)

pr > 1 GeV (of each track)

muon identification:
at least one track identified by muon detectors or BAC
both tracks matched to MIP clusters in CAL

no scattered beam-electron in the CAL

cos (ut, ™) > —0.9 (cosmic rejection)

elasticity cut (no CAL clusters other then 2 MIPs)

30 < W < 180 GeV, |t| < 5GeV?, 2 < M(u*, ™) < 6 GeV.
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PHP: Event selection (cont.)

¥(28) — ptu~ 7T~ channel:

(differences w.r.t. the 2-prong channel)

@ Nyack = 4 (two oppositely charged pairs, sorted by pr)

@ highest momentum pair: muon candidates
lowest momentum pair: pion candidates

@ transverse momentum of pion candidates: p7 > 0.12 GeV;

@ 28 < M(utu~) < 3.4 GeV (J/v window)

® M(ptpu mtr™) — M(pu"p™)in (0.5 —0.7) GeV window
(cascade decay of 1(2S))
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@ BR(y(2S) — J/prtmT) = (34.49 & 0.3)%, BR(¢(2S) — ptp ™) = (7.9 £ 0.9) x 1073,
BR(J/v — utu™) = (5.961 £ 0.033)%
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