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Outline

(] Review of exclusive (vector meson production ) processes at HERA:
a window on soft-hard transition
" W dependence
" t dependence
= Pomeron (IP) trajectory
= angular distributions
= elastic vs proton dissociative production
= vertex factorization

[ ] Recent H1/ZEUS results
= Exclusive dijet production ] [DESY 15-070]
= V'/J/psi [ZEUS prel-15-002]
" p production with a leading neutron [Hiprelim-14-013]



Diffractive dissociation of the (virtual) photon at HERA
Diffractive DIS (k) | Standard DIS (k)
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TInclusive and exclusive diffraction

Inclusive e’ (k)

e(k) /

Y (q)

= X(X)

rcolor
N6 5w GAP

Q) E N(p)

P(p)

Q?2 = virtuality of photon =
= (4-momentum exchanged at e vertex)?

W = invariant mass of y*-p system

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

" Single diffraction/elastic: N=proton

Exclusive e’(k’)

e(k)

7*(q)

_Pw, T/ ¢ Yy
_ii:»_:;;:' >
P(p)
{} E N(p,)

My = invariant mass of y* -IP system

X1p = fraction of proton's momentum
carried by IP

B = Bjorken's variable for the IP
= fraction of IP momentum
carried by struck quark

= X/ Xgp

" Double diffraction: proton-dissociative system N
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Vector meson (VM) production




£ Transition soft 2 hard

S Soft - Regge Hard - QCD

: M VM

g IP )
p_—< P

VM (J‘PC:I--): Y, P, q)a J/IP,Y,

With increasing scale (Q%, Myy, 1)

6 | ~ ' '
O'(W) W " Expect 8 fo increase from soft (~0.2, 'soft Pomeron’ value)
to hard (~0.8, reflecting large gluon density at low x)

dt " Expect b to decrease from soft (~10 6eV-?) to hard (~4-5 GeV-?)
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Transition soft > hard
Soft - Regge Hard - QCD
VM
VM Wi 7— "
IP b
P —<— B
C=1--): Y’ p’ q)’ J/IP’Y;'"
2-gluon exchange:
LO realisation of vacuum
quantum numbers in QCD
Cross section proportional to .
probability of finding 2 gluons :> O «[X g]2 '

in the proton

Gluon density in the proton



£ Transition soft 2 hard

S Soft - Regge Hard - QCD

E VM VM

g IP )
P~ p =

VM (J‘PC:I--): Y, P, q)a ‘T/IP7Y9

With increasing scale (Q%, Myy, 1)

6 | ~ ' '
O'(W) W " Expect 8 fo increase from soft (~0.2, 'soft Pomeron’ value)

to hard (~0.8, reflecting large gluon density at low x)

dt " Expect b to decrease from soft (~10 6eV-?) to hard (~4-5 GeV-?)



¢ Transition soft 2 hard: energy dependence
& I
= S Photoproduction, Q? =0 e
SR -
Q ~ 105}
P 110 f Ctot small My, (~ 1 GeV2):
@ s B transverse size of dipole
(Vp) S 8 ~ 1
R’ p
MVM 103k % i“ j;#:ﬁj"’" wo2
ﬁ ,Hu»/zm large M, : small dipole size
2 = | W >cross section much smaller
2| B .
10 S : w' —~dipole resolves partons
g | hy in the proton:
i , o ~ (xg)?> > large &
0 LS g7 (2S) (xg) 9
[ o Y(1S) W2 VM data can help determine
T b w zeus gluon density!
\ A fixed target I+
10 fr |
11 T m“1lo o m“oz i
W (GeV)

Here scale is M, - same observed when varying Q? for a given VM
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£ Transition soft 2 hard

S Soft - Regge Hard - QCD

: M VM

g IP )
p_—< P

VM (J‘PC:I--): Y, P, q)a ‘T/IP7Y9

With increasing scale (Q%, Myy, 1)

6 | ~ ' '
O'(W) W " Expect 8 fo increase from soft (~0.2, 'soft Pomeron’ value)
to hard (~0.8, reflecting large gluon density at low x)

dt " Expect b to decrease from soft (~10 6eV-?) to hard (~4-5 GeV-?)
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o : : 0
¢ Transition soft > hard: t-slope dependence
[a'4
%
{9}
S i S N o ZEUS 96-00 (120 pb”") = A 6ZEUS94 1
© > i ® [ ZEUS 94 A ¢ ZEUS 98-00 ] do
o 8 12 ® [ ZEUS 95 A ¢ H1 96-00 — o —blt|
o - E O pH196-00 W JAy ZEUS 98-00 ) - e
A m * DVCSZEUSLPS(31pb’') W JAyZEUS 96-97 ] dt
w 10 % DVCS H196-00 O JAy H199-00 -
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01111
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As in optical diffraction, size of diffractive
cone related to size of interacting objects

b = byy + b,
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Transition soft 2 hard:
Pomeron trajectory

From Regge phenomelonogy

a,(f)=a,0)+a (1)
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Transition soft = hard:
Pomeron intercept

From Regge phenomelonogy

a, )=\, 0)+a (1)
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O—VP—>VP (W) oC (W2)2a,P(t)—2

Relationship between W dependences
of inclusive DIS and vector meson
production in presence of a sufficiently
large scale

a,0)=1+A | Fxg)ex™

%p(0)

.
*Pp—-op a) |
A H1 -
O ZEUS
DVCS
¥ H

. H1
6 8 10
u’ [GeV?]
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¢ Transition soft 2 hard: S [weoee | rweLer @
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Comparison with (pQCD) models

Elastic JAp photoproduction

— 3

.g 10 - ® H1 data HE

— " W H1dataLE T 1

o) - A H1(2005) T

= " ¢ Zeus(2002) s

= - ¥ E401,E516 i‘f"/ J. |

0 » LHCb(2013)

= 102 | = mNATLO)

- =~ MNRT(NLO)

3 B j t Fixed target data [PRL 48 (1982) 73)
- ‘ [PRL 52 (1984) 795)
- i J LHCb data [arXiv:1301.7084]

10 s‘.ﬂf*iﬂ = I 1 .

10°

Fits extrapolated to higher W,
LO fit describes LHCb data

10°

W., [GeV]
LO and NLO fits to previous J/y measurements at HERA [pLs 662 (2008) 252
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Angular distributions

Production and decay angles

hadronic centre of mass

clectron scattering plane production plane

VM direction in
the hadronic centre

of mass system

VM rest frame

Angles parameterized with spin density matrix elements (SDME)
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Angular distributions > SDME
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Angular distributions > o /o~
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[8TT-20 AS3A]
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Vertex factorisation

Test factorization of VM production amplitudes into
- photon vertex governing Q? dependence
- proton vertex governing t dependence

]
o
o0
o
o
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o
o
o
o
)
]
o0
> - »

'''''
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Vertex factorisation : ratio 0, 4 /0, at [t| =0
Test factorization of VM production amplitudes into
- photon vertex governing Q? dependence
- proton vertex governing T dependence
g BT g 03 T
i e Hip ay ] 1 e H1¢ b)
< 02 -# ¢ 1 Zoo2f I'g
g i 1§ | 12
c .l 5. E
~ 01 | B ~ 0.1 5 18
(2] ] w
o - W=75GeV { | W=75GeV {—
o ‘H1 M,<5GeV | ‘H1 M, <5 GeV |
© 0 AT BT AR PR © 0 M BT TP
0 10 20 30 40 0o 5 10 15 20
Q’ [GeV’] Q% [GeV?]
dakhc'iif sVt 0.011
p'd; ./dt (t=0)(p) = 0.159 £0.009 (stat.) ~ s (syst.) £0.004 (norm.) ,
el

dO,MY<5 Cc\f/
p. diss. . . +0.035
el.

No Q? dependence > Vertex

factorisation
Within uncertainties, ratios for p and ¢ are compatible
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Elastic vs pdiss: t-slope dependence
H1 elastic J/y photoproduction H1 p-diss. Jiy photoproduction
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¢ Transition soft > hard: t-slope dependence
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High || vector mesons and photons

Among best processes

to see BFKL pomeron standard DGLAP or BFKL
evolution equations

High t domain little explored so far

Proton dissociative processes dominate at high t

ZEUS and H1 results with light VM, J/psi, exclusively produced photons
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do(yp—J/pY)/ditl (nb/GeV?)

High |t| vector mesons and photons
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Vector meson production at HERA, whatsapp

Rich harvest documented by tens of papers
Large W interval

Wide range of several scales (Q?, T, Myy)
Presently H1 and ZEUS are finalizing analyses of post-upgrade data
- key measurements repeated with full statistics

- runs at reduced center of mass energy originally devoted
to F_ extraction allow studies with different kinematics

- low cross section processes benefit from higher lumi

[1 Recent H1/ZEUS results

= Exclusive dijet production [DEsy 15-070]
= V'/J/psi [zEUS prel-15-002] '
= o0 production with a leading neutron [Hiprelim-14-013]
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[ZEUS prel-15-002]

¢ Motivation and event selection
(a4
=
o
o
w O e s ri0q Y(2s) wave function different
O Ratio F= == o 7/y wave functi
5 T rom J/y wave function
0
A pQCD models predict R = 0.17
(photoproduction) and rise of
e R with Q?
o 1 ———rlfm]
T wEs)
e ZEUS
g 5 Y(2S)> J/ym = J/y > ur y
w . I J.-':'JUS) LI}(ZS) 9 u+ u_
i J/Q >y
10* E— . ’
: t”. " wt ¢ . S
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2' :; ........ (f; ——
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Results

ZEUS

k
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W (GeV)

é_ | ZEUS (prel.) 354 pbl'1 ' ' . —§
=, ol(2s). :
= o(JA(TS)) 3
i ’—H $— ¢ :
o 0.2 0.4 06 0.8 L=
Itl (GeV?)

[ZEUS prel-15-002]

~>Increase with Q2

~>Independent of W

- Independent of |t|
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[ZEUS prel-15-002]
Comparison with H1 earlier measurements

ZEUS
=12 | | | | .
Q g_)/ 1 :_ @ ZEUS (prel.) 354 pb™ _:
e B O H127pb" 1
3 r _
© 08 — -
0.6 - N7 =
0.4 + -
- e ]
0.2 -
I | -

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

~>Much larger luminosity in ZEUS measurement (HERA I + HERA IT)
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O [ ] [ ]

¢ Comparison with models

o

=

10 ZEUS

)

o s T T T T T T ‘

= o i - HIKT: BT R w 2¥(28) B

I 1+ HIKT: Cor Y ally) |

0 - AR: b-CGC @ ZEUS (prel) 468 pb " 1

2 ) AR: IP-Sat + 127 pb i
08 - TR H179: Q" ~ 0 Gov? ‘

'

LT AT

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

| l

HIKT, Hufner 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.: two component Pomeron model

KNNPZZ, Nemchik et al.: color-dipole cross section derived from BFKL generalised eq.
LM, Lappi and Mantysaari : dipole picture in IP-Sat model
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p® photoproduction with a leading neutron
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[Hlprelim-14-01]

< Exclusive p° photoproduction with forward n
§ 0 +\
5 P
2 / Y m/\/v’:.\ ~ \. S_
D ; T | 3 x, = fraction of incoming p momentum
ﬁ/ P, . / carried by n
‘— . !
3 ‘ 7{ | Mean W of 22 GeV > soft regime
| p—eb——n

® The photon emitted from the electron beam scatters elastically
on the pion emitted from the proton producing a p°®

" Theoretically: exchange of two Regge trajectories ina
double-peripheral scattering process
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1
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04
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[Hlprelim-14-01]

Exclusive p® photoproduction with forward n

| @ H1 data (prel.)

0.8 -

Normalised to data:
—— Holtmann
e KPP
Bishari-0

-- MST

o" with Forward Neutrons
T ‘ T ‘ T

H1 Preliminary

0.7

0.8

Models differ in the implementation of the pion flux

- Shape generally well described by predictions
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[Hlprelim-14-01]
Exclusive p® photoproduction with forward n

5 —+— p0 with Forward Neutrons
I e

= ! . | . ] g 10 ¢ ‘ \ ‘ \ ‘ \ ]

,5: ~ @ Hldata (prel) H1 Preliminary | > : H1 Preliminary
e 4 e
o I =
— i =3

A i — §
"E 3L b %
= i =
o) i * o}

20 ! + * . N I |

1L- ] " e HiData (prel.) \

I ] | — Fit: ale""pf + aze'b’"‘2 ]

i i 0.01 - b, =250 + 6.1 GeV>, b,=328 031 GeV”> —

0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ | ‘ ‘ ‘ B | | | | | | | | 1

10 20 30 40 0 02 04 06 08 1

W, [GeV] b, [GeV]

o(yn)/o(yp) = 0.25 +0.06 Two slopes as predicted for
a double-peripheral process

In agreement with a previous
ZEUS result

Lower than expectations
- absorption?
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Exclusive dijet production in DIS

Discussed by A. Valkarova
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ZEUS [pesy 15-070]

5 .
§ Comparison to model 04— I —
= predictions: A parameter I !
Q 02 - _’
S L T e — — - ]
) -t s :
= ok —‘ e o
Lgu jet : * :
= ® ZEUS372pb’
= o2) mm e e I
B o ReschvetiFomeren Fit A I
(P VA =02 04 06
p
Resolved Pomeron model | Two-gluon exchange model
Predictions based on diffractive Predictions based on the GRV
g(x) from fits to the H1 data . .
(H1 Fit A and B) parameterisation of the gluon density
> A varies from positive to negative
- Almost constant positive A
through full B range -~ Qualitative agreement for 0.3 < B < 0.7
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Models of qgbar production in diffractive DIS

Resolved Pomeron model

P

Y

/

])
¥ Gluon emitted from the IP

® qgbar pair produced via boson-
gluon fusion

" Positive A

" Cross section sensitive to the
diffractive gluon distribution in
the proton

Two-gluon exchange model

*
‘\I‘

P
p'
® Virtual photon fluctuates into qqbar,
which then fluctuates to two gluons
from the proton
“ Negative A

" Cross section sensitive to the gluon
distribution in the proton

" Emission of additional gluon also
contributes to qgbar production
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In summary

1 Unique HERA data on exclusive processes providing new insights for the
understanding of QCD and the interplay of soft and hard diffraction

[l Presently H1 and ZEUS are finalizing their analyses of post-upgrade data
= key measurements repeated with full statistics

" low cross section processes benefit from higher lumi

[ First HERA measurement of exclusive dijets in DIS: two-gluon exchange model
agrees with the data within (large) uncertainties

1 @'/J/P measured by ZEUS with full available statistics: ratio grows with Q2 and
is constant with W and t

1 Exclusive p® photoproduction associated with leading neutron, measured by
H1, used to extract the elastic cross section o(yn+ — p%n+) for the first time
at HERA

40



What HERA VM data taught us (and still teach)

[] The cross section rises with W and its logarithmic derivative in W, 9,
increases with Q2

EDS Blois 2015, M. Ruspa

[] The effective Pomeron trajectory has a larger intercept than that
extracted in soft interactions

] The exponential slope of the t distribution decreases with Q?and levels
off at about b of 5 GeV-2

[l Proton and photon vertex factorize

1 Where applicable, perturbative QCD calculations are a complementary
source of information on the gluon content in the proton

] The ratio of cross sections induced by longitudinally and transversely polarised
virtual photons increases with Q2 , but is independent of W and ||
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