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HERA colliding experiments

W 27.5 GeV electrons/positrons on 920 GeV protons »/s=318 GeV

" 2 collider experiments: H1 and ZEUS

" HERA I: 16 pb!e-p, 120 pb! e+p
HERA IT (after lumi upgrade): ~400 pb, polarisation of e+,e-

.

Closed July 2007, still lot of excellent data to analyse...
/‘ |

Halle NORD {H1] \
Hall NORTH (H1)
Hall nord (H1)

// HERA

Halle OST (HERMES)
Hall EAST (HEBMES)
Hall est (HERMES)

Detectors not originally designed
for forward physics, although a
lot of results achieved in
diffraction at HERA!

Forward instrumentation added
later (@ ZEUS for HERA T only)

p (920 GeV)

Halle WEST [HERA-E)
Hail WEST (HERA-B)

Hall ouest (HERA-B) Elektrenen / Positrenen
~=4— Elecirons / Positrons

Synchroironstrahlung
“WUv Syncirotron Radiation
Rayannement Synchratran

Halle SUD (ZEUS)

Hall SOUTH (ZEUS) ?
Hall sud (ZEUS) /

Low-x 2010 S. Fazio, Calabria University 2



Diffraction in ep collisions at HERA

HERA was designed to study Deep Inelastic Scattering

o)

T
* Hidata
PYTHIA nd
""" PYTHIA sd
— PYTHIA nd+sd

e %) QZ
-
X <
,“- §-
. =
ROl S
““‘ GQ
P () { 7 Y, %

Diffractive DIS

@ p escapes in the beam pipe

% no quantum numbers exchanged btw y* and p

— no colour flux — large rapidity gap
# Providing a perturbative QCD motivated

o2 / ,I 0 description of strong interactions
Diffractive events
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Exclusive diffraction

Main kinematic variables

) V_(v) 3 photon virtuality: 9
/ e 0*=—g*=—lk—k ~4E E,sin’

S ‘\ E: photon-proton centre-of-mass energy:

‘. . :g, W= (q+p) , Where: m <W< Vs

(P) v : square 4- momentum at the p vertex:
P t p (P) = p'—p|

> Vector Mesons production in diffraction

> Deeply Virtual Compton Scattering

> W, 0? and ¢ cross section dependence for exclusive processes

» Azimuthal asymmetries in DVCS

> Pomeron trajectory
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Soft and hard diffraction

Vector Meson production (p, @, J/Y, Y, V)
VM VM

IP o b
P 2-gluon exchange _~ B
att "
Pomeron trajectory: o'+ a't Gluon density in the proton

Cross section proportional to probability aoc[x g(x, /12)]2
of finding 2 gluons in the proton #20(:( Q2 i Mf/ )

0 . "
oC 0 Expected to increase from soft (~0.2, "soft
0-< W) W = Pomeron”) to hard (~1., “hard Pomeron")

do —b|¢| b expected to decrease from soft (~10 GeV-2) to
EOCQ - hard (~4-5 GeV-2)
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VM mass distributions
Large variety of processes to study dynamics versus scales: M,?, O°, ¢
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VM photoproduction: W-dependence

Large M, supplies a scale for hard
processes =2 apply pQCD models

Y php (M, =9.46 GeV?)

ZEUS
iy L L L L L L L BRI BN B
_ :l:=_-' - -—- "S.‘s:..(fauss ] ZI':.IIS[:JE-??JAEE]:I:" i
. —o6(Yyp—oVp,Q=0 ____ =" o s
2 | " Sioi(TP) =W T e -
gﬂ;)2 - ;ﬂﬁ — MNRT NLO o
- o = .
2 M’ (Yp — pP) we2?l T i
§10 E +€’ fan OW 061~ o N
17} - - i
o W . Wwo22 e ]
° 1 F ’ qu) c:’j(,p o V\"m22 0.4 d.ﬂlp.’_,--'-"" ‘f-" ]
#’* ° “ o(yp — op) r_r_,.;--"" - :':f:.ﬂ:**"' i
10 - B 02— +::ﬁ ###### - .
MV F o(p — M :T:i._u.ﬂ-e- e T :
102l = zEUs / I | I1IIJDI ' '1éu; | '1:11:; | '-nliu' | '-n;u' | '21.1111 220
. ZEus W (GeV)
o (1p — w(2S)p) 0=1.2+0.8
Lo nrEmes o olP VSR /
s(p — Y(1S)p) @ﬁ@/ # Y sensitive to VM wave function:
" Recentely referr lom
| RUI: adiaranh ed, Gauss prefe ?d to COl_J o b_
; 10 pQCD models: compatible with
FitT O - W6 WiGewn FMS LO (5=1.7) and NLO (5=1.2)
’ Phys. Lett. B 680 (2009) 4-12
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DVCS: W-dependence
Scale: Q'+ M? —cpel—— ()’ zeus Fit: 0 ~W°

2 10° E e Q°=8GeV? H1| 2 - e ZEUS 61 pb” 5
q [ Q% = 15.5 GeV? a - = ZEUS 96-00
> [ A @*=25GeV? I % 9 0.44:0.19
b 10 E 'f"b E
F ’__,/I/.f—r_’f’_ | Q%24 GeV? i
1 L - 0.75:0.17
E 10 —
E 3 / 0.8440.18
'1 1 1 L L L 1 I [
10 230 50 60| 70 80 90 100 . @=6.2GeV?
w ] -
0.76+0.22
o T T T T[T T T T IT T T[T T T T T T T T T[T Io T TT TTTTTTTTTTT [LEARA RN RA RN RN RN M i 02=9.9 Ge\\'z
2 [ e HIHERAI
. 4 A H1 HEFIAIIepE 1 _
15 [ * ZEUS 61 pb™ - - Q%18 GeV?
] L 1 1 1 1 1 1 1 |

ZEUS: JHEP05(2009)108
H1: Phys.Lett.B659:796-806,2008

Low-x 2010 S. Fazio, Calabria University 8



VM electroproduction: W-dependence

ZEUS Liaht VM (rho and phi)
'.lg - ‘ ' ‘ ‘ ‘ ' TP 0P
51032— Q=24 GeV* 7 ire) - e H1 I cl) 1 1.2 ‘I“ZEL,S“‘
I R e e =2 a*loev D eotom:
—6.0 Ce = r - 1 17 . zeusos
%10 25— v"’:‘_:——‘_,.__- 0*=8.3 GeV® 7 T i i/‘/l‘/ri 1 o ZEUS 95
i & I 6.6 | 08 [ l
i ./_,_-——f“‘_—'o‘=15,5cev‘ o) ]
10 1 Q_/Q/{I 06 [
Q=32 GeV 10 - i } {
R | e
1 3 1 I ] 02 #
L YP2e%p i |
101|.Z\Eusrzop?|\\\| H1 5 ™05 0 15 20 25 30 35 40
20 40 60 80 100 120 140 160 180 200 L | — fitec W ] @* (GeV?)
PMC Physics A 1,6 " ©" 50 100 200
DESY-09-093 W [GeV]
Fit: o ~ W° C ook T " e HIHERAI A
sf DVCS s ZEUse1ph ]
. ° ° 0 h n P ]
@ Similar behavior for light VMs : |
(p and @) -> 0 rises with Q* from 3 { I % 1 $ { F
soft to hard regime o5 1 E
a8 DVCS shows a “hard” behavior 0 Sl L
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Fit: o ~ W°

v: W-dependence

W-slope is (Q°+ M,?) scale dependent

e pZEUS 96-00 (120 pb™) # Jiy H1 B T
~ A pZEUS 94 o DVCS H1 96-00
¥ pZEUS 95 - DVCS H1 HERAII N
- | $ZEUS @ Y ZEUS
—* Jhy ZEUS il i

1 DVCS ZEUS 96-00 ]
— + DVCS ZEUS LPS |
2 | o |
- " B E -
? |// Ll
0 5 10 15 20 25 30 35 90 95100

Q*+M? (GeV )
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P’ (M?p

=0.5 GeV?)

02-dependence

¢’ (Mo

=1GeV)

—n

s [l 13 |
£, 4;0H1 rp—pp | = - H1 PP —0p
(o] 0 % @ e H1 © 107 | e Hi E
i O g m HisvV B H1SV 1
103 = u © ZEUS - [ o ZEUS 2 2
B -+ KMW .
02l ,\K:Rn-rw i 10 “ -~ MRT 0 C (Q +M
: | 10 | § ‘%%_ Fit to whole Q? range
10 FpopY Y ] rpooy b & gives bad x/df
4 H1(x05) A‘a’io 1 4 s : iﬁg E
1 M, <5 GeV N ,7 Y ; !§
10 -1 L a) W =75 GeV n 10 ’ 3 b) W=75 Ge\ll I _§
HH1 | 10 1 10
Q%+MZ [GeV?] Q*+My [GeV’]
Good H1/ZEUS agreement
DESY-09-093
o Q% > 0 GeV?, n~2.00+0.01, x°/ndf ~ 10 (n # const)
o Q% > 10 GeV?, n~2.50+0.02, x*/ndf ~ 1.5
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02-dependence

o(y*p - p°p) (nb)

- ¥P—>0p
T e ZEUS 120 pb!
1 - o zeus199s

F A ZEUS 1994 T ESS{Sat-DGKR) w

|0 +M?
Fit to whole Q% range
gives bad x?/df (~70)

4

n increasing with Q? appears

to be favored

A e b Fss(satcauss _ | Z100- ]
RS- P s e H1
2 Ll Hwh‘ig‘h Qﬁm 1 IQW ‘Q%m e e
10 -1 2 -1 2 \9_
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1 A T mode - |
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| a p= + +
O v T T " 1=1.43020.0800.068
010 20 30 40 50 60 70 8 '90 = B 1‘0 ]
For DVCS n= ~1 5 & [GeVJ Q%(GeV?)
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0% t dependence

do/d|t| (nb/GeV?)
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b decreases from soft values to pQCD expected values (~4-5 GeV-?)
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DVCS: ¢t dependence

— 10
Lot H1
Coeeor T 2 of They
¢ 10 s Q°=155GeV? S frormsrene, I -------
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1 “ ef
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DVCS: ¢t dependence

e ZEUSLPS 31 pb’

do"P = jdt (nb/GeV?)

-
o
I

| — &M

L Q%= 3.2 GeV?

| W =104 GeV
b=45%+13+04
01 02 03 04 05

It| (GeV?)

At ZEUS do/dt measured for the first
time by a direct measurement of the
outgoing proton 4-momentum using the
LPS spectrometer

No p dissociation background — Clean measurement

Low detector acceptance — low statistics

— 10
> — Dipole model
& 8 |--- GPDs model H1
T et §\%_¥
— — i
| T'!"‘----------....q:
/’ e H1HERAI
O H1HERAI
] 2 r O ZEUS HERA |
W =82 GeV
0.-..I....I-...I....I....I....
0 5 10 15 20 25 30

Q?[GeV?]

The ZEUS result is compatible with H1

TRIGGER COUNTERS

Si DETECTORS £ %
(80 m.)

S3
(44 m.)

Leading i .
Proton Spectrometer
LPS
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VM and DVCS: 7 dependence

Same slope. for all VM N;” I [ o e Reeus oo ]
vs (Q2 + M?)

@ pZEUS 94 ]
" p ZEUS LPS 94 =
o p ZEUS 95 I
A p H195-96 -
¢ ¢ ZEUS 98-00 -
+ ¢ ZEUS 94 j
* Jhy ZEUS 98-00
* Jhy ZEUS 96-97
x JAy H1 96-00

f

2 | « DVCS ZEUS LPS (31 pb™) |
+ DVCS H1 HERA |

‘ I v DVCS H1 HERA || ep ]
0 L | TR AR Lo vy 00 I S ST AT R N R SR N SR

0 10 20 30 40 50
Gluons confinement area Q*+M*(GeV?)

is smaller than proton

Size of the gluons:
) =2belhel
Falwe = 0.00 fm

Proton radius:
T-p-ll"r_]t |'_:|'|I'||_ : 013 fl-.[l
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VM: ¢ /o

... rTr
VM production

- SEARY T T & 0oF f ‘ ‘
E - p production -1,\\&‘\ ] X ; b
| : ® Hi A : 3‘_8077 " i ]
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o - <= HERMES c? ] ost oo 1
i ] ZEUS 120 pb!
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i § i 0272 60 80 100 120 140
Al ¢ production } W (GeV)
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O H1SV : P ae 0] €O aasen? w ]
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-2 * Hi% ZEUS x | = 6f E
10 ¢ H1 E sk { [ j af 3 E
""'|_1' e — f X . 2?2 o 3,
10 1 10 0“0\0“0.‘0|‘.H\H-.|‘ ob—~ . . | H1
. 2 2 50 100 150 0 1
O'L(’YL) - only small size Q /MV W [GeV] It [GeV?]
configurations R =
: =0 /o
o.(y,) — small and large size _ LT
: . does it depend on Wand t ?
configurations
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The DVCS and GPDs

7

x1 # x2 — Generalized Parton Distributions:
p/X@p sensitive to the correlations in the proton
p
‘%:fz

GPDs are important also for the diffractive Higgs production
at the future LHC experiments at CERN in Geneva

pa—— VYV VR BH ¢
’ —’—e * Y
. g 2 2 2 .- 2t
aé A" =[4 pycs|”+14 gyl _'J|Al|
P P P P
DVCS and BH: identical final state — they Interfere
Interference term: A,;cRe (A DVCS) +Im ( ADVCS)
+. —.
Beam charge asymmetry: A = do n da_ oc Re (A DVCS)
do" +do
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The beam charge asymmetry as a function of phi

@ 00 _ H1 e H1HERAI
004-_ — 0.16 cos ¢
< ° -  mmm GPDs model
0.2 :— _
of T~
02F T
04
_06:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
©0 20 40 60 80 100 120 140 160 180
0| [degrees]
The phi a:‘gle GPDs based model
do —do compatible with data

A

Cc do_-l-._l_do_—.

Low-x 2010 S. Fazio, Calabria University 19



=
JS
=
=

<
Q.,"j 10
3
£
3
s Exclusive process 10
s Hard scale provided by |t
# { dependence no longer ,
10

exponential
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1.9+0.1,2 < |t| < 4 GeV?
-3.0£0.1,4 < |t| <16 GeV?
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Pomeron trajectory in ep collisions

From SOFT to HARD..... P
®
— ' O - - ®
a(t)=a(0)+a't a©) | vt %
a (t) =1.08 +0.25¢ measured.in hh 0.8 W T T TT T ,
P * * scatterlng pP 0 @ J/wp J/l”
0.6 |
In electron-proton interactions: ll l l ll l
As the scale gets harder the intercept 0.4 - .
grows up to 1.2 5
The Pomeron slope is around ~0.1 o | §°7 ol T o E
] H1 PRELIMINARY _5&' I ¢ ]
% 1-1"5 :+0m(§ga+H1+£EUSDala O ; ZEUS 7:
Ao} f'feﬁ:aéifni:m ;.'1':":-- 7“‘\H‘\H‘mH\H‘\H‘\H‘\H‘H’I‘wuf
M e Crion } 02072 4 6 8 10 12 14 16 18 20
1.05 i I = Q*+M,’(GeV?)
; p (light VM); elastic production (low |t|):

oo L, = a(0) = 1.087 + 0.003 % 0.003
| o' =0.126 +0.013 +0.012 GeV~
10 0.8 0.6 04 -0.2 iOi:OG evtz):.l2
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Summary

HERA studied a large variety of VMs in a wide kinematic range

The measurements allow the study the transition from the soft to the hard
regime

Many new measurements: Q2, W, |t| dependencies from real photons and
light VMs up to Ypsilon

pQCD expectations are in general compatible with the data, but still a lot
to be understood.

DVCS asymmetries and |t| slope measurements provide access to GPDs
Effective Pomeron trajectory differs from “soft” Pomeron
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Back up
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Fit: o~ W? with &= 4(a,0)-1)
o (yp— Vp), Q*=0

— F - ] A = 2.
2 [ Go(TP) woe| W-dependence steeper with W 2
2 = — —
'-E' Wo22
o0 L Large M, supplies a scale for
w
E WOz hard
s [ woz| Processes -> apply pQCD
models
P woe NLOMMS) 20 Gev?
10 |
7 GeV>
M1l 0 = zeus
E e ZEUS
C o HA
/ [ * HEBMES
10 O fixed target
10 * -—
v ] . T N - - ——
2
! 10 10 W (GeV) (not the most recent)

W1/ vV x Tt w0 107 1] x
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Deeply Virtual Compton Scatterin

VM (p, o, o, J/w, Y) DVCS (y)
v “\/\/\M VI o Y

P p P — b
Scale: Q*+ M? — ()
DVCS properties:

* Similar to VM production, but y instead of VM in the final state ( 7

3y
GPD

*No VM wave-function involved

* Important to determine Generalized Parton Distributions

sensible to the correlations in the proton

* GPD, are an ingredient for estimating diffractive cross sections
at LHC
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