Vector meson production at HERA
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On behalf of the H1 and ZEUS Collaborations

Outline:

» Measurement of the cross section ratio o(\¥(2S))/c(J/¥(1S)) in deep inelastic
exclusive ep scattering at HERA [ ZEUS — Nucl. Phys. B909 (2016) 934-953 ]

 Exclusive p® meson photoproduction with a leading neutron at HERA
[ H1 — Eur. Phys. J. C76 (2016) 1-41 ]
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Inclusive and exclusive diffraction

. o ,
Inclusive e’ (k) DIS: Q%> 1 GeV

Qz/' Photoproduction (yp): Q2 ~ 0
ek) =

Q2 = virtuality of exchanged photon

W = invariant mass of y’-p system

t = (4-momentum exchanged at p vertex)?
typically: |t| < 1 GeV?

Exclusive e’ (k’)

e(k)

Y (@ % N = proton -> Elastic events

Y
p,w,d),J/q;w Y % N = proton dissociative system

P(p)

{ ) E Np)
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¥(2S)/J/¥(1S) in exclusive DIS

Motivation :

Y(r),
a- 2S
. yp—=2Y(25)p
N Ratio =
‘\\ 0"";])—).1/('])
1 W(2S) wave function different
v from J/y(1S) wave function:
L, ~| node : oy :
N ratio sensitive to radial wave
function of charmonium
n\‘_,"'
0' ] ' ll e — [frn]
Y (29)

pPQCD models predict R ~ 0.17 (yp) and rise of R with Q2 (DIS)
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¥(2S)/J/¥(1S) in exclusive DIS

Samples and event selection :

Channels : @w(2S) 2 J/p 11 J/@ 2 ptu-
WY(2S) > prp-
Jly 2 prp

Data : HERA | + HERAII (1996 - 2017) — integrated luminosity 468 pb-

MC :
« Signal — exclusive VM production with DIFFVM

» Background — Bethe-Heither y*u- production with GRAPE

Event selection :
« Scattered electron with E > 10 GeV measured in CAL 30 < \gv <210 GeZV
» Scattered proton undetected 2<Q*<80GeV
« Two reconstructed tracks identified as muons and It| < 1 GeV?

for w(2S) =>J/p r*11 additionally two pion tracks from pu vertex
* Nothing else in the detector above noise
» Proton dissociative events removed above masses ~ M 4 GeV

Assuming cross section ratio does not vary with M, — results not affected

by proton dissociation background
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¥(2S)/J/¥(1S) in exclusive DIS

Background subtraction : W(2S) > ptp-
Jlg 2 pry

ZEUS

10* F e(k)

Entries

103 L o. _E
° E p(P')
102 E_ ¢ ® _E
- ¢, .
Rd +4,+++ LRy + $ s i Dimuon background fitted
W“W}Tt{ ............... .0 inﬁ b gy 4 b4
10 b +++ 44 4 with a straight line for
- ® ZEUS 468 pb™ py 1
packaround fit T . 2<M,,, <2.62GeV and
= ‘I"’ groun L - 4.05 <M, <5 GeV
2 3 4 5
M, (GeV)

Number of events above background :
3.59 < M, < 3.79 6eV > N, s
3.02<M,,, <317 GeV > Ny,
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¥(2S)/J/¥(1S) in exclusive DIS

Background subtraction : W(2S) > Jy T JIg S ptue
ZEUS
S 1 8 wfE 3
- 0t i
E'I'I'I'I'I'IIIIIIiZ{I'I-I'{-f’i@?%I-I-E.E.IIZIIIIIIE 2 Y
. L . 12? . ¢a..+ fa ;
2 25 3 3“,5IMM (GeV;l 04 045 05 0.55 0.6A N(I)(zaevo;
o 35 T
'g 30 F -
AM =M, - M, 5 25 H E
20 - E
3.02 < M, < 3.17 GeV b
N 0 * E
05<AM < 0.7 GeV w(25) sE + E
S ST R R
No background (upper limit of A
3 events at 90% C.L. estimated) ' |

After cut on M,

4/09/2016 DIFFR2016 - Vector meson production at HERA - A. Solano 6



¥(2S)/J/¥(1S) in exclusive DIS

Measured ratios :

Rjijpprn = J¥025) _ Ny@s)y  AcCiipas)—utu- 1
0J "'I' 'l,"( LS) *'\‘ o ,."‘ t,"( 1S) ‘4 (-5(3"'. (25' )—J ,"" Pt B R P(285)—J /" et

11) _ 0&(25') _ ‘;\/L(ZS} ) 4(;(’]/'(3(15)*,#1‘“— . B]])]’L lg‘) ,#AL#_
‘JLJL
/ / O-']/'l.l‘;:'(l‘q) j\,.l/r({',‘(lh‘) ’_1(( )" __.“ “ B_[\) )S __,“ “

oty combination of RJ/WW and RW
\Jreco BR[y(2S) > J/y imr] = (33.6+0.4)%
Acc; = —2—
" Rirue BR[¢(25) > pp] = (7.7+0.8)x10-3%

BR[J/y = pu] = (56.93+0.06)%
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¥(2S)/J/®P(S) in exclusive DIS

Measured ratios :

4/09/2016

Biwe | 026003500 30 < W< 210 GeV
R 0.24 £+ 0.051 502 2 < Q2«80 6eV?
Reomb | 0.26 + 0.0200 1] <1 GeV?
Rypsy | 11402557 | Ryes) = Rijprn/Ruy

Q? (GeV?) R R Ry Ryas)

2—-5 0.21 +0.0713:9 1 0.10 £ 0.091%% [ 0.17 £ 0.0513%

5—8 |0.19+0.0550% 10.13 £0.0610:2 | 0.17 £0.0470% || 1.5+ 0.830:%
8—12 |0.27+0.0510% | 0.29 +0.0812% | 0.28 +0.0512% || 0.9+ 0.3+24
1224 [ 0.274+0.057003 | 0.24 +0.087008 | 0.26 + 0.05750% 11101“’"
24 —80 |0.56 +0.137005 | 0.42 +£0.1710.53 | 0.51 £0.107093 || 1.3+ 0.61D3

W (GeV) R i R, Reomb Ry28)
30—70 [0.24+0.0770% [ 0.24 +£0.1070% | 0.24 £ 0.0672% [ 1.0+ 0.5*93
70—95 | 0.30 £0.06709; | 0.31 £0.0970:05 | 0.30 +£0.0570:92 || 1.0+ 0.3+3:3
95 — 120 | 0.28 +0.067; {;; 0.24 £ 0.087902 | 0.27 £ 0.05100 || 1.2 4+0.510-2

120 — 210 | 0.22 +0.057397 | 0.17 £0.0710% | 0.21 +0.0410% || 1.3+ 0.6107

|I] (GP\"Q) R S RM'- Reomb RL'J(QS']
0-01 |[023+0.057322|0.23+0.0970010.234+0.0473% (| 1.0+ 0.4323

0.1—-0.2 |0.22+0.06:292 1 0.23 +0.0979%2 | 0.22 +0.0510%2 || 0.9 4+ 0.4}03
0.2—0.4 |[0.27+0.06:3% | 0.18 £ 0.0710% | 0.24 + 0.0479%8 || 1.5+ 0.6103
04-1 |0.32+0.0670% | 0.30 £0.0830% [ 0.32+0.0570% (| 1.1+ 0.3*)3




D

Ratios vs Q¢, W and t

¥(2S)/J/®P(S) in exclusive DIS
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¥(2S)/J/¥(1S) in exclusive DIS

o T T 1 1 T T T

-~ HIKT: GBW-BT
0.8 HIKT: GBW-LOG R = Oy(2s) — Hl, EPJ C10 (1999) 373
-------- AR: b-CGC Ounp(1s)
-------- AR: IP-Sat R
--- kMW =0 | =TT

FRIS O 4 e

0.6 ... «nnpzz g i
LM |-
Caweez |
‘, ---------------------

04 '/— TR -

-----

R T D e it
SE },: E ST ® ZEUS 468 pb
0.2 _¥:§’r% O H127pb! ]

A Hiyp: 6.3 pb™’

0 ! ! ! ! ! ! !
O 10 20 30 40 50 60 70 80

Q% (GeV?)
HIKT, Hifner et al.: dipole model, dipole-proton constrained by inclusive DIS data
AR, Armesto and Rezaeian: impact parameter dependent CGC and IP-Sat model
KMW, Kowalski Motyka Watt: QCD description and universality of quarkonia production
FFJS, Fazio et al.: fwo component Pomeron model
KNNPZZ, Nemchik et al.: color-dipole cross section derived from BFKL generalised eq.
LM, Lappi and Mdntysaari : dipole picture in IP-Sat model

4/09/2016 DIFFR2016 - Vector meson production at HERA - A. Solano 10



Exclusive p° photoproduction with a LN

Motivation :
First measurement of p° photoproduction with a leading neutron at HERA

In e+ p > e’+n+ X the production of neutrons carrying a large fraction of
the proton beam momentum is dominated by the pion exchange process

—= Extract o(yn*—> p'n*)

tl
Y oo
0 ~~T
o P . s Mean W ~ 24 GeV - soft regime
= ) >
7{5’. T Regge framework most appropriate :
p \./ n exchange of two Regge trajectories
= in a Double Peripheral Process (DPP)

—— Constraints to pion flux models
Study of absorption effects in leading baryon production
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Exclusive p° photoproduction with a LN

Signal and background diagrams :

Signal : Drell-Hiida-Deck diagrams Background
Y S =
P
| 7
p—e——n
t
(a) (©) (d)
Pion exchange Baryon exchange ‘Direct pole’ Proton dissociation
(Pompyt MC) (DiffVM MC)

o(yp >p'nat)=|A,+A +A |*? == interference effects

For large s and t’ > 0 : pion exchange dominates
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Exclusive p° photoproduction with a LN

Experimental challenge and data sample :

Forward Neutron Calorimeter (FNC) 3 055 ety G (0)
to distinguish and measure n and y/m?°, ~;‘* 0473 o T —per=ee- .
located at 106 m from the H1 interaction point ]
— limited acceptance : <A> ~ 30% 03¢ A

and pT,n < X, :0.69 GeV ( X, = En /Ep ) 0.2;_ w05 os w7 s ey : —
Fast Track Trigger : special low multiplicity o1l i =
trigger to collect untagged soft yp events :

0 ki

02 04 0.6 0.8 1
/ %

OPE dominant range : p;, < 0.2 GeV
Event selection :
« Scattered positron undetected : < Q? > =0.04 GeV? — photoproduction events
* Only two oppositely charged pion candidates in the central tracker with 0.3 <M_.. < 1.5
» A hadronic cluster in the FNC with an energy above 120 GeV
* Nothing else in the detector above noise level, in particular in the forward detectors (LRG)

Data:
2006 — 2007 e*p data, integrated luminosity 1.16 pb-!
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) Exclusive p? photoproduction with a LN

pP° measurement :

M =764 + 3 MeV
[ =155+ 5 MeV

4/09/2016

dN/dM [GeV]

1/N dN/dcos 5,

=

0.6 [

04

0.2

p with Forward Neutren

- H1 2w

-~ interference term
------- o reflection .
— full fit

- @ :

0.8

X analysi\i; t.'égiqn s
05 1 15
M(x'n) [GeV]
T T T T | llll |
- H1 © 1

ry; = 0.108 + 0.017
TR N T R R | - J
-0.5 0 05 1
cos U,

Exclusive p’ photoproduction

8 -
61 ot ]
L | LF{K _ i
4 ; h ‘.i‘] _-
. e Hildata ]
20 o ZEUS199%4 (yp > p'p) ]
P fit n,(pj+M’)"
I () ]
0 1 Lol 1 L
0.01 0.1 1
p;[GeV’]
1 I ! ' L I [ I
- (d
s HL
e g
L ' ’O—*‘__OO
06 % .
0al
o ® This mea'surement
02 L © ZEUS (yp-> p'p)
H 4 Hip->pp
0 T fit [14+E(M,/Q")"]
| PR S | PR S| | 1 T
0 4 8 12
Q’ [GeV’]
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Ross-Stodolsky skewing par.

€=1.85+0.10
K = 0.67 + 0.03
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Exclusive p° photoproduction with a LN

Cross section measurement :

Oy = Tep 20 <W., < 100 GeV
| £/e(y, Q?)dydQ? 2m, <M, <M, + 5T
It| <1 GeV?
- 0.35 < x_<0.95
+1
LR & o n((W 1‘-)) — T fog =0.34 £ 0.05
P ‘ - n ! ! f f‘rr*/p(mL, t)dQLdt,
P o(yp— p’nn*) = 310 + 6(stat) + 45(syst) nb for pr, <x_-0.69 GeV

o(yp— p'nm*) = 130 £ 3(stat) = 19(syst) nb for py, <0.2 GeV

T for <W, ;> =24 GeV
6, (ynt - p'n*) =2.33 £ 0.34

(+0.47)(-0.40),_ .., pb

exp
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) Exclusive p? photoproduction with a LN

g ZEUS
-

Constraining pion flux :

S 1 T v T T T T T S 1 T v T L T ' T v T L T
= | ® Hldata(9,<0.75mrad) | | . | 2 | ® HI data (1,<0.75 mrad)
= Normalised to data: e '_ r * = Normalised to data:  sessuss
a 0.8 [ swes FMS - n 5 0.8 e Bishari-0 f
] A NSSS i & =+ Holtmann :
g .8 KPP Jennunn !

- bls'r -------------- -

“ —+ H o

024 ... 7 02 pieise T
fffffff H1 | - H1 -
0 04 05 06 07 08 09 0 04 05 06 07 08 09
- XL
S e Hldata X, distribution of the leading
() 20 Bishari-0 A
= — Holtmann neutron generally well described
=

— some pion fluxes disfavoured

Instead none of the models can
reproduce the t dependence of
the leading neutron — effect of
absorptive corrections ?
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Exclusive p° photoproduction with a LN

pO slope :

° with Forward Neutron
' T

é_‘ 10 | T T T T
> ;]
0 : " n "
% H1 1 Geometric interpretation :
=3
- . 2S — . 2 ~ 2 (~ 2
= 15 {  <re>=2b,(hc)c~2fm* (~1.6R))
b& _
= q
Y v | _:>
001 _E q R n
E e HI1 data - .
Fit: aleb‘t' + azeb’tl
0.01 b, =257 +32GeV?, b,=3.62%032GeV’ E P

0 02 04 06 08 1

-t' [GeV’]
p? slope strongly changing from low-t’ to high-t’ region, as expected for
a double-peripheral process — slope dependence on the invariant

mass of the (n1r*) system
17
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Exclusive p° photoproduction with a LN

YTt cross section:

Comparing different phase space

r— 5 T ' T T T ' ' T T T . .
S | e Hidata [ | regions no evidence for an extra
2 4l 1 contribution beyond the OPE is
= i found in the full FNC acceptance range
+¢ i 7]
B 3F -
%‘ i T + T 1 At <W> =24 GeV
5L } } 1 o(yrn*t)/o(yp) = 0.25 = 0.06
1 in agreement with a previous ZEUS
1k 1 measurement [ZEUS, NP B637 (2002) 3 |
-1 Significantly lower than expected,
0 10 20 30 40 suggesting large absorption

W, [GeV] corrections :
Kaps = 0.44 £ 0.11
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Summary

= Cross section ratio @(2S)/J/y@(1S) measured by ZEUS with full HERA statistics
= Ratio grows with Q? as predicted by pQCD and is constant with W and t

» Ratio is compared with models of VM production, some discrimination of the
different models is possible

= Exclusive p° photoproduction associated with a leading neutron measured
by H1 for the first time at HERA

= The differential cross section do/dt’ for the reaction yp —> p’nn* shows a
behaviour typical for exclusive double peripheral exchange processes

= The elastic photon-pion cross section, o(yn"— pn*) at < W,, > =24 GeV
is extracted in the one-pion-exchange approximation

= The estimated cross section ratio for the elastic photoproduction of p® mesons
on the pion and on the proton, r,, = oynloyp = 0.25 £ 0.06, suggests large
absorption corrections
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Backup slides
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HERA experiments

e APO20 G e HERA-l: 1992-2000
e p : 820 GeV
920 GeV

HERA-II : 2001-2007
p: 920 GeV

575 GeV

460 GeV

Most of the
collected data are
at Vs = 318 GeV

~0.5 fb-! per experiment collected by H1 and ZEUS
Final analyses of HERA data are underway

4/09/2016 DIFFR2016 - Vector meson production at HERA - A. Solano

21



Diffraction at HERA

Standard DIS })2>/v e Diffractive DIS
€ ep — eXp’

ep > eX -
,Y*
X Large Rapidity
p IP Gap (LRG)
E
p N P> East proton
t or low mass

Real and virtual photons can fluctuate in hadronic states (qq, qqg, ...) diss. system

q I 1 v/ Lifetime of qg dipole (hadron!)

\/\/\/\/\/\( ox YE long because of large Lorentz boost
- q \/ 99

* (E, ~ 50 TeV at HERA)
Y - — Dipole interacts hadronically with

< E, ~ W?~1/x the proton
(as seen in the proton rest-frame) v Transverse size proportional to
1NV(Q*M,?)
Q? = photon virtuality — If dipole size is small, its interaction
x = Bjorken scaling variable with the proton can be treated
perturbatively

Diffractive events contribute up to 15% of the inclusive DIS cross section
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D

10 |
£
=
el
=
L FllGURE 2. Integrated cross section for elastic photoproduction with real photons (Q” = 0) calculate
P < with GBW and KST dipole cross sections and for four potentials to generate J/y wave function
E’ o’ Experimental data points from the H1 [20], E401 [21], E516 [22] and ZEUS [23] experiments.
] -
- , GBW | KST ZEUS
"1)1 " “‘)w ‘ l(‘)' o "‘)z 'A a:°-9_l T 1 1 T T T T
VS [GeV] \/S (GeV] 081 “ = HIKT: GEV/.BT . Oyizs) =
= = HIKT: GEW-LOG m
0.7} ) :
Two parameterization of the dipole cross 05} i -
section (GBW and KST) 05} e
0.4 =
Four phenomenological potentials of 03F 4 } . veen
. - p .
the wave functions: 0.2} IM O H127 pb" ]
- BT, LOG WlTh mc ~ 15 GeV 0.1_—1‘ A H1yp:63 pb” =
- COR and POW with m_ # 1.8 GeV S

Q* (GeV?)

- BT predictions larger than the data
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¥(2S)/J/¥P(1S) : AR calculation

ZEUS

0-8 - R - G‘J(zs'
oo AR: IP-Sat O ypi18)

u:0-9:l T T

ll]lllll

0.7f

e
2]
TT[II
prralineg

0.5}

04}

Illllll

03
0.2

TTTT[TT
Illllll

0.1 A H1p:6.3 pb’

{{ -
i}t

LI

| [ | 1 =
0 10 20 30 40 S0 60 70 80

Q* (GeV?)

Impact-parameter-dependent Color Glass Condensate model (b-CGC) or
Saturation model (IP-Sat)

- IP-Sat prediction about 30% lower and gives a better description of the data
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‘) W(2S)/J/¥(1S) : KMW calculation

ZEUS

oc 09¢ T T T I I
0,8 :_ - = KMW:5=0 R Gu(m _3
[~ - - KMW:5=2 ok e ]
0.7
0.6f ¢ E
0.5 :-_ e
04f IR T :
03[ i — L E
S S ® ZEUS 358 po’
02 _1.1F" E
294 O H127 po? =
0.1 - A H17p:6.3 Pb" —

10 20 30 40 S0 60 70 80
Q? (GeV?)

Assumes universality of production of vector quarkonia states.
Parameter ® depends on the choice of the charmonium wave function

> 0 = 0 provides a better description of the data
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¥Y(2S)/J/¥(1S) : FFJS calculation

ZEUS

e 0.9 I T | T .
0.8 ':; FFJS R = GGM?S- —;
- Ju(18) -
0.7f -
Two-component Pomeron model 0.6) ? =
0.5 =
0.4} | -
0.3F } -~ =
= . } ® ZEUS468pb’
02 ?{_% ; O H127pb” E
0.1F A Hiyp:63pb" =
oL | 1 | | 1 | | =

0 10 20 30 40 50 60 70 80
Q’ (GeV?)
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) Y(2S)/J/¥(1S) : KNNPZZ calculation

ZEUS

08} -.-. kunozz R = Oyi2s) 5
o =3 ]
- Jy(18) -
Generalized BFKL equation 0.7t E
for ccbar dipole cross section 0.6 ¢ =
0.5 .
04} ~
0.3F =
= } ® ZEUS468pb’
02 5_4% ; O H127pb E
0.1 ;— A Hiyp: 63 pb” —;
0: I 1 ! 1 1 I 1 I .
0 10 20 30 40 50 60 70 80
Q?*(GeV?

4/09/2016 DIFFR2016 - Vector meson production at HERA - A. Solano 27



LM calculation

‘) ¥(2S)/J/¥(1S)

e 0.9 T T T T .
0.8; LM _ Ouizs —f
- R= GJ'V(IS) .
BFKL equation + IP-Sat mode 0.7F E
0.61- ¢ =
0.5F =
0.4} | c
0.3F { 3
= i ® ZEUS 468 pb’ .
02 ;_%% ; O H127pb” E
0.1F A Hiyp:63pb"
0: 1 1 I 1 1 1 1 I -

0 10 20 30 40 50 60 70 80
Q* (GeV?)
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) Exclusive p? photoproduction with a LN

S/B decomposition and control plots :

p0 with Forward Neutron
— signal (POMPYT)

p" with Forward Neutron
auu—; ...... N — e
B | i B e R =
M 0O heckgresnd
op et
@l e oL/
L b\t L1/ ]
o F
At e 10 : : : .
- v { f i r
'% w w0 e o 02 e ea Tes T es
E,[GeV] Fig
E, B/(S+B)

Fpy — 0.34 £ 0.05

Data points are shown with

statistical errors only;

green band represents estimated
background fraction uncertainty

4/09/2016

¢ HI data

#== signal+background

L}

- T -

[

i 1

20 40

60 80 100
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Events

- 8888

- & & B

Events

8888
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Exclusive p° photoproduction with a LN

Energy dependence :

P with Forward Neutron
! I ' | ! | ' |

500 —

o, [nb]

1 Pomeron
] exchange alone

[ e Hldata
100 -— pompYT

- fit “76 (6 =-0.26 +0.06 stati- 0-075ys)

n
| 1 | | | 1 |

20 40 60 80 100
W,, [GeV]

—
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Exclusive p? photoproduction with a LN

Cross section definitions :

O¢ __ o
a‘YP = 35 0"71r - f‘zf
8, = [ f,)e(y, Q*)dydQ? ¢ @Q— Ty = [ fup(@r, t)desdt
+1
* : f:rt/p
P O n

2 2 1
VMD: fy/e(y; Q%) = 2#2231 { [1 +(1-y)*—-2(1-y) (Qé";" - 1?43)] (1 N 93)2}

1 g2 —t m2 —t
OPE: Frjp(@Lst) = — 2N (1 —xp) exp[—R;, "]

2w 4w (m2 — t)? ™1 -z
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