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Introduction

Q* e(k')

iq(a)
VM

O Yyp o ¢ Jy y(2s) Y
W

——  p p.diss. (MY)
M, 0-10GeV
Q2 0-80GeV? (photoproduction & DIS)
W 30 -300 GeV
t] 0-30GeV? (small|t]j<1.5GeV? & large [t])

do / dQ?, dW, dt, helicity amplitudes (ang. distrib.)
> 30 H1 + ZEUS exp. papers + several “preliminary results”
mostly HERA-1 O(100 pb-1) — some HERA-2
huge number of theoretical papers

strong theory — experiment interactions

P. Marage VM and DVCS at HERA: from soft to hard diffraction HERA-LHC 28/05:2008



IV.

VL.

P. Marage

Content

Interpretation frameworks

From soft to hard : mass

W, t dependences
Ot P> ©, 0, J/'V,Y
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From soft to hard : t
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p, 0 (DIS), J/¥ (photoprod.), large |t|

Summary and conclusions

VM and DVCS at HERA: from soft to hard diffraction

HERA-LHC 28/05:2008



l. Interpretation frameworks
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QCD factorisation

Large Q?, large energy (LLQ?, 1/x) -> basic ingredients

Factorisation theorem

ROV G I =

p—4q
Sy

L — —q

step 1. y fluctuation into 40 dipole
step 2. dipole — proton interaction A = Idrz dz ¥, o(dip—p) ¥,
step 3. pair recombination into VM

for 5, + heavy quarks
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Y - VM wave functions

1. vy wave function

well known : W¥(z, k)
however : large [t| studies -> chiral odd contributions

3. pair recombination into VM

- VM wave function description ?
- role on 6, / o7 and helicity amplitudes
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Dipole universality

2. dipole — proton interaction

Q* e p. o, J /.y
"\M}'\C i

]

" —q]]
w LO 2 gluons LL1/x ladder

1. universality of dipole cross section

o(r) : “scanning radius” - colour transparency : r decreases with increased Q?, M,,

-> universal scale  Q? =z (1-2) (Q* +M?)

A, + heavy quarks : z01-z01/2 — 1r01/4(Q*+M?2)
(( A; : see below ))
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dependences
2. W dependence

Regge-like parameterisation
high energy h-h interactions :  Gigt(h—h) o< 50
(soft) pomeron trajectory : o(t)=o(0)+a't
«(0)1.08 (1.07...1.11)

o'l 0.25 GeV2
-pQCD VM production: o~W? d=4(a(t)—1)=4(a(0) +a' t—1)
o ~ |x G(x)|? -> hard cf. BFKL, low x DIS DGLAP
- shrinkage of diffractive peak : OL_T(W )= gDt = ghot yy 4(a(0)ra't=1)

b=hy+4ea' In(W /W)

W dependence as a function of t t dependence as a function of W

BFKL : shrinkage expected to be small

— W9 hard, o/(0) large, universal (Q2+M?), o’ small
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dependences

3. Q2 dependence
(in the pert. domain) universal (Q? + M?)

NB formally o, o< Q% | XG(x)|? / (Q* +MJ)* 0 1/Q°
but gluon anomalous dim. slows down ~ XG(x) o< (Q*/QZ)”
(especially at smaller Q?, where vy is larger)

4.t dependence (moderate |t|, < 1.5 GeV?)

do —b|t .
99 e U with b=by, @b, ®h,

— decreases with increasing (Q? + M?)
(in the pert. domain) universal (Q? + M?)

5. vertex factorisation

in part. elastic — proton dissociation universality for Q2, W, hel. amplitudes
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transverse, soft contributions

6. transverse amplitudes
transverse vy (light quarks) : contributions up of end points (z= 0, 1)
— even for large Q?
scale z (1-z) (Q?+M?) can be small
large transverse dipoles, even for large Q?

— soft contributions, delayed pQCD expected

visible in R = ¢, / 67 : R(W), R(t), Re / Im contributions (disp. rel.)

NB : also longitudinal extension of longitudinal wave function at moderate Q?
— possibly finite size effects also in o,

P. Marage VM and DVCS at HERA: from soft to hard diffraction HERA-LHC 28/05:2008
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Beyond LLQ2,1/x

2 mains — complementary — extensions

1. Hard scattering

Beyond LL1/x (where 2 gluons have the same x)
— skewing : Q%2 # M? => x(in) # x(out) (Y, DVCS)
—large Re / Im

GPD (Generalised Parton Distributions)

— large scale requested (Q?, M,))
— relax 1/x requirement : also valid at low energy (Hermes, Compas, JLab); role of quarks

+ NLO

2. Dipole scattering
Large 1/x => factorisation
relax large scale : also valid at low Q?)
6 (dip-p) universal : DIS, DDIS, VM production
+ include saturation

Also other approaches (2 pomerons, GVDM, ...)
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ll. From soft to hard

(Ctors P> @, O, JI'V,Y)

W dependences
t dependences

P. Marage VM and DVCS at HERA: from soft to hard diffraction
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Cross Section (/4D

P. Marage

Photoproduction

N
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- féﬁﬁﬁ%%% KN 7
I 0 F @ Q* o (7 P “p ) |
L W °2,

E o @ 00 o ¢ E

10 - =
o(yp = J/yp) WEE
2 5 .0 // i
10 - ® ZEUS Q E
e ZEUS (prel.) i
0 H1 i
 HERMES o(yp = ¥(25)p) .
0% © fixed target ]
o(yp —> T(1S)p)
T . L L
1 10 10 W(Ge\/)

VM and DVCS at HERA: from soft to hard diffraction
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skewing, Re

Y
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Oitot

—. 190 — — —
= W ZEUS 1996 A H1 (W=200 GeV), 165 £2+ 11 pub
:'._'_:'_ OH1 1994 ; 4
=) * low-energy experiments FYEE ZEUS (W=209 GeV), 174 £1£13 pb
----- DL98 i |
— ZEUS fit 5 . .
mi i ] Large systematic uncertainties
130 |- _.-".. -
+ -
100 ol el
| 10 1010 o
W, (GeV)
ZEUS

+ ratios at different W

>prel. 2008 £ =0.070 £ 0.007(stat.) 4= 0.021(syst.) + 0.050(6mT)

+ use of low energy run
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P. Marage

1.1 From soft to hard : mass
P, ®, ¢

VM and DVCS at HERA: from soft to hard diffraction HERA-LHC 28/05:2008
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soft W dependence

W dependences +t evolution

— intercept + slope (shrinkage) of trajectory

do/dt(yp —> 0"p)

ZEUS

TTTT T
® ZEUS-95

L C1W ZEUS-94 —

T A Hi-os 7

1.20

T ¥ Omego-82

e

—t =0.10 GeV*
1 P

H+ -+

H1 PRELIMINARY

« H1 05 Preliminary :
H1 '05 fit ;
A Fous’'9s i
— Feus "95 fit |

Donnachie-Landshoff

H - [
Sult—1 110 F
S 10 - | = o ETTE -t=0.35CeV* -
?3\ - ::'"*/‘ ‘f T _E_tf—: — [
= —t=10.,15GeV® T  —t=0.2506eV 1T : = 105 !
o 1 = 3 :
,Fh1 Bals : — 1+ HHHH HH ] - |
- * 1.00 -} SO S U SO
L — 1 . B :
S ,/'\*/"f’l x ' - |
51F T X L 3 TG C |
} i % 0.895 |
© —t = 0.45 GeV? —t = 0.54 GeV? —t = 0.64 GeV* - :
1 ] - — 0.90 [ i
E.i%r—— — i ] r Clastic p® Photopraduction
i T — 1l T ) (o LA L v b b L Ly 1
“‘Y—%‘ + _--—*L__ B ]
4 12 10 -08 068 04 02 -00 02
10 —t = 0.74 Ge¥* T -t=0.84ceV T -t=095Gev" ]
sl bl Ll Ll Caianl Ll 'I:[Gevz]
10 10° 10 10° 10 102
W [GeV]
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P, shrinkage

ZEUS ap (1) /AL 0.021) + (0.125|4 0.038) GeV ™~ % - ¢
H1 ap () = [1.093 440.003 T 002) + (0.116 4 0.027 Toose) GeV 2+ ¢

soft intercept
lower slope than h-h (?) «'00.12 GeV™ = 0.25 GeV™

Should we be surprised ?
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P. Marage

II.2 From soft to hard : mass
JIY

VM and DVCS at HERA: from soft to hard diffraction HERA-LHC 28/05:2008
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JW¥,Wd

ence

ep

end

ZEUS, H1 1999-2000 S | oM ]
—~200F A ZEUS .
% ' —2Fit 2
- - (Q%)=0.05 GeV 1
hard slope 1 150 2
& | ]
S 100 ‘
mass = hard scale !
=> comparisons with theory 50F ]
L A _ ]
0 300
ZEUS W, [GeV]
D nsf T ;
5; [ w ZEUS 96-97 Jiy — p'yw ]
S W0 F o ZEUS 99-00 3y - ¢’ E
) ' ]
&I?S: 1 e 1 o R . .
- ] L | B3 Fit+fituncertainty
St 1 i -=-= MRT (H1 QCD Fit)
s b ] --= FMS (CTEQA4L, A=4)
] «-- MRT (ZEUS-S) b)
! e s T e A I
100 3 [ e MrridaRS TS| D bt s
5 —: : :-0.. ----------------------------------------- :
so |- FMS (CTEQAL, 1=4) L BT e T —
Sl B VA MRT (CTEQ5M) e 2
- MRT (MRST99) ! prceatl UALTTHD
25 GBW double Gaussian : R L LT TP P
00 50" 100 150 200 250 300 : WEG (I oa( 10T (450 T A TN IF iS00 (A TN IT = 5g /YT }Ia00
W (GeV) W, [GeV]
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JIY, t dependence

exponential slopes < size of the dipole

heavy charm quark -> small dipole -> flatter t distribution, smaller slope

B[GeV ]

P. Marage

14

12

Lo T L T O

ASLINLINLIL I LN UL LI I L L O
' H1p ---o--
4 ZEUS p ---%-— -
ZEUS prelim. p ---4+---
I H-1 1 =l
p, ¢ ~8-10 GeV? T ae o
g ZEUS JAY o
Y[ J¥~4-5GeV? )
_I 1 I 1 1 I ] | I 1o
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JI¥Y, W dependence, shrinkage

ZEUS 1996-97, 1999-2000

“: f t=0.08 GeV" Inlg‘t'u}lux “Tgs- b) (Q}—OOSGeV H1
> : - 3F
O a2 ,-’"..- 102 I
— l” e =
———— . 12 )
~ [ =028GeV" ] ) —0.35 Ge i
= 107 ‘r,r“"! 4 10 /._rr"’ 1.1 -
S ¢ T2 555 } )
P E 048GV ] E t=0.68 GV L ]
t:j% ,-f"'-.nIt 10 /”“r”f % 05 1 75
= E—— It| [GeV~]
CeeesGe T [0
]
0 = ‘/‘)? . ,.,I’J-'r.'—* — '
ol ] L f\ll'_‘ 6._ I _.
10 — 105GV . :I 134 GeV" %S H1 )=0.05 GeV?
P Al O sl -
] 3.1_' _I I_ i Ill"f' ! Jn lnu , 3&
A W (GeV) 2
. 3f ]
hard intercept o/(0) ~ 1.20 o ]
lower (?) slope o’ ~0.12 - 0.16 GeV-2 W, [GeV]
azp(0) = 1.200 £ 0.000" {15! W | wlGev
ZEUS o7, = 0.115 + 001870008 ey —2 H1 1224+ 0.010 £ 0.012 | 0.164 % 0.028 + 0.030
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P. Marage

1.3 From soft to hard : mass
Upsilon

VM and DVCS at HERA: from soft to hard diffraction HERA-LHC 28/05:2008

22



very hard W dependence
0~1.6

o{yp—Y""p) (nb)

] | 17 | LI LI | L | L] LI 1] I | 1
__ - B 7EUS prel. (240 b"|:
17— MOWKS) [ ﬂusgfr;#gb !
| -eeeee MRT{CTEQG.SM) "
0 3'_- v MMRT ]
] MPSMmb-4.245 -LCG
L MP3M mb=d 245 -RG
0.6 -
= [
! . -
i ..-""#f . ."'
- - o —
0.4 P
I P
i - t’./ =" '...--'.;5; 'J:-:-’.r -
] P
0.2~ /f:"';_...-..'ﬂ = - ]
_I |||||||||||I|I||I||||| |I|I
% 60 80 100 120 140 160 180 200 220

W (GeV)

Great progress !

Upsilon

Number of Upsilon candidates 104 + 21

Ewvents/0.333 GeV

| NLO - Ivanov, Krasnikov , Szymanowski -

hep-ph/0412235
MRT - Martin, Ryskin, Teubner,
(based on CTEQ6.5M gluon)

| MNRT - Martin, Nockles, Ryskin, Teubner

(based on diffractive J/y data alone)

"1 MPS - color dipole approach calculation

Zeus HERA 1+2

I:I Berthe-Heitler
-.l.lkl'\J!..

—— EH + -..-ls:‘:js

Lo PSSR

i il
10 11 1

by Magno Machado (private com.)

skewing and GPD, NLO calculations, dipole calc.

P. Marage

VM and DVCS at HERA: from soft to hard diffraction
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lll. From soft to hard : Q2
(DVCS, p, ¢, JI'V)

universality (Q? + M?)
W dependences
t dependences

P. Marage VM and DVCS at HERA: from soft to hard diffraction HERA-LHC 28/05:2008
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Cross section comparison :

Universality (Q + M?)

support to the dipole approach ideas
(qualitatively) striking !
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VM and DVCS at HERA: from soft to hard diffraction
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l1l.1 From soft to hard : Q2
DVCS
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Deeply Virtual Compton Scattering

DIS domain: e+ p — e + p + y(real)

2 complementary approaches :

GPD Dipole
) Q° . z A
) . Te) y wy u y
Ty )& &
/ } . K.
L+HE x— & 1-z :
|
& ____ N Y : b
0 SN i
3= =g !
t=A"
+ no WF uncertainties in calculations <= light VM i
+ interference with Bethe-Heitler — access to Re contributions 1 ‘ %
< 5
.y C} c_’j
- c} c::u
P 4 p 0, < N 5
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DVCS - W dependence

.8 e ZEUSprd. (61 pb™)
- m ZEUS96-00 (95 pb?)
—
% 6
o 0.5640.32
E3
< Q*(GeV?)
©
10 |- B
: 3.8 0.49£0.25
6.2 0.83£0.24
i 9.9 0.7740.28 |
A /i/Q/j/f |
[ 18.0 1
| L L L L | L L L ]
10 10°
W (GeV)

P. Marage

VM and DVCS at HERA: from soft to hard diffraction

o e
2F @ H1HERA Il ep H1
- O H1HERA |
15
1
05F $
u:llllll|||||||||||||||||||||||||||||||||
0 5 10 15 20 25 30 35 40
Q% [GeV?
0 =0.74 £ 0.11 £ 0.16
hard
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DVCS -t slope

H1 DVCS Analysis HERA Il (e'p)

T b H1 _LPs ZEUS
3 8 > + ZEUS (prel.) 31 pb”’
— (L]
s gE e 2
E ."lm* ---------- ; 10
5 g ST TP PP $ ......... T
4 ? e
3E ® H1HERAIl &p (prelim.) a , ,
2E O HINERAL § [ @
1A [1'5 Iug{GIJE}] | | | , b=(45+1.8+0.4)GeV?
% 5 10 15 20 25 30
2 2 0.1 0.2 0.3 0.4 0.5
b= 54540194031 Gev2 Q@ [GeV] 1t (Gev?)
=> \«p;2>=0.65 fm
» valence quarks value
slope not soft, but steeper than J/'¥ ?
; H1 DVCS Analysis HERA Il (e p)
" 75 ¢ H1HERA Il ep (prelim.) H1
G 7
— 6.5
6
5.5 } ............ R *- ........
No shrinkage observed 42
4
3.5
3 | | 1 | | I 1 | | 1 I 1 1 1 I 1 1 L I 1 1 1 I L 1 L
0 200 40 60 80 100 120
W [GeV]

P. Marage
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DVCS — models

GPD G 6F ® HIHERAllep
: : =~ O H1HERA | T A o)
o _ Im A(y"p — vp)
Kin. skewing SE..... GPD model R = T A ,_A':_._f f
not sufficient 4 f == GPD model (only kinematical skewing) M AP = 7P
3 J— mmr=s o ] \ha_. Tpvos '!H (&)_)]
2 ¢ ------ -¢---'--? ______ ?_.-uii (T'Jr | ﬁ J” — ‘\' ] \x_l 1 L I“_)II
1
u '] 1 1 '] '] 1 1 I 1 1 '] '] 1 1 '] 1
10 10°
Q? [GeV?]
-E i H1 N; [ tiGeV? H1
—_ @ [ 0.1 ¥
. . 10 b CRTN S
Dipoles + geom. scaling bg - 4 2 o 1y
. . : | i L 0.5 hi Y*i..l\** !q.’
good description I L3 8, L ¥-.. 2,‘ f
‘E D:S E “'ﬁ . fﬁ'% A
1L i'ﬁl > - 0.8 1-‘ ‘i\f .‘.’.
no indication of t dependence ) ]tﬂf 10'F I ;
in saturation scale " ® H1HERAllep F ‘i f
- © H1 HERA -®¥ H1HERAllep .
----Dipolemodel | == Dipole model BN
10-1 1 1 IIIIII 1 1 1 IIIIII 10-?_ III 1 1 1 1 IIIII
10 10? 10 10
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[1l.2 From soft to hard : Q-
P and ¢



p and ¢, elastic and p. dissoc.

H1 and ZEUS HERA-1
large data sets

transition region 1.5 < Q2< 50 GeV? (+ ZEUS 0.3 < Q%<1 GeV?)

Q2, W, t measurements

helicity amplitudes (15 SDME + kin. dependences)

o 107 1 2
£ . FPp=pp £
@] - ] H1 HERA-1 I o
10 3 i . ] prel] 10
Z , m H1SV
o ZEUS
2 A
10 E F IE
.‘i'. 10
% i
.
10 F i e E
FPopY <, 1.
& H1 HERA-1 prel. e
1T F (x 0.5) L 2
Af  W=75GeV 1 10
10 = MT < 5 GeV | E
1 10
Q% +M? [GeV?]
P. Marage VM and DVCS at HERA: from soft to hard diffraction

. Fp—=0p
® H1HERA-1 prel.
3 ";‘% B H1SV E
o © ZEUS
*
. -
N ¥
a7
i Ep—=0Y Fy 5 . i
A H1 HERA-1 prel.
(x 0.5) JI_ i%
| W=75GeV E |
3 M, < 5 GeV E
1 | I‘IIr 1 1 1 1 1 11 I
1 10

Q%+M? [GeV?]
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p and ¢, proton vertex factorisation

H1 p electroproduction {preliminary) 1 H1 & electroproduction (preliminary)
% U DL L B % U L L B
1 ¢ H1 HERA-1 prel. T ® H1 HERA-1 prel.
> 08 [ 2 2 08 - s
o $ ©
> 0.6 —* i { 41 > 06 | i
1 ¢ E i i i {
> 04 . T 04 - —
© ©
0.2 FW=75GeV 7 0.2 - W=75GeV -
M, < 5 GeV M, < 5 GeV
0 L1 1 | Ll 1 1l | Ll 1 1 | L1 1 1l 0 L1 1 | Ll 1 1l | Ll 1 1 | | I |
0 10 20 30 40 0 5 10 15 20
Q? [GeV?] Q? [GeV?]

no Q2 dependence (Q2 > 2.5 GeV?)
of proton dissociation (M, < 5 GeV) / elastic cross section ratio
(also t slopes ratios indep. of Q32
matrix elements compatible for elastic and p. dissoc.)

P. Marage VM and DVCS at HERA: from soft to hard diffraction HERA-LHC 28/05:2008

33



p, W dependence

hardening of W dependence with Q2
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some sensitivity to pdf (MRT) — dipole + sat. preferred — no model perfect
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p, t dependence

N%m_— fp—hop ]
t dependence 8 il e ZEUS HERA-1
= 1o} e
hardening with Q2 2 !
8 i
i ", ]
Difficult measurements: i § 4 l ]
background subtraction T ]
other VM and incl. diffr., p. diss. £F ]
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2 e 2
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p, t dependence

— 10° —
> ca) ]y - b) 3
[«}] 104 7 m u
Q - <@ Q
2 103 - [GeV’] = ]
; ; : <Qz>2 ]
S 102 $ e 35(x4) = - [GeVA]
° Ta o ©
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P. Marage VM and DVCS at HERA: from soft to hard diffraction HERA-LHC 28/05:2008 36



p, trajectory

intercept 0(0) hardening
with Q2

slope o’ smaller than h-h,
indication for decrease with Q2
(but similar to photoprod.)

4

N; g C T T T T | T T T '| [ T T T [ T

885~ TPpP :

-~ ZEUS 120 pb™! ]

| 8- 3
75F +/

6.5

5. . .0%=35GeV?
45L ° <Q@*=11 GeV?
TF Regge fit i s 1

20 40 60 80 100 120 140 16

W (GeV)
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p, do/dQ?

ZEUS HERA-1 — B 1 IIIIIII| I |||III| T 1 III'iII I i||IIIi| U T TTTTI Tl |I§ R EEERE T TTTII I!
Y . W=90CeV (a) . __ (b) -
=107 = E
Q + -
o L 4 -

(=8 B Jil
T10°: + |
Q - T :
> T i
°10% = E
10 - Ed 3
- Yp—>0% i :
dipoles models e ZEUS 120 pb"

1 £ o zEUS 1995 = =
-> low Q2 : A ZEUS 1994 é — FSS (Sat-DGKP) E
-> (some) WF sensitivity AF + --- FSS (Sat-Gauss) :
10 - — Kmw — FSS (NoSat-DGKP) -
E s DE + --- FSS (NoSat-Gauss) f ]
2} T | -

10 1 IIIIIII| | IIIIII| 1111 III | IIIIIII| I 111 lII| | III'IIIE | IIIIIII| Ll

-1 2 2
10 1 10 10 10 1 10 10
Q? (GeV?)
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p and ¢, do/dQ? polarised cross sections

Longitudinal Transverse

H1 p and & electroproduction (preliminary) H1 p and & electroproduction (preliminary)
E 10 3 E_I | T T T T T TTT1 I T T T T T I_E E 10 3 E_I | T T T T T T TT1 I T T T T T I_E
E F FLR—= PP 3 E - FrP—= PP 3
l::_' 2 [ ® H1HERA-1 prel] 6_ o [ ® H1HERA-1 prel]
10° ¢ E 10° ¢ E
: ] : — GK(GPD) 3
. . - — INS (K, fact)
10 ¢ E 10 ¢ — MPS (Sat) 3
1 E_ LP—=0p _E 1 E_ TP =GP _E
» E 4 H1 HERA-1 pral. E y E 4 H1 HERA-1 pral. E
10 F — GK(GFD) 10 F =
; _ — INS (K, fact} E _ E
S - W=75GeV — mPs (sat) ] ” - W=75GeV :

1u 1 | 1 1 1 1 1 111 I 1 1 1 1 11 10 1 | 1 1 1 1 1 L1 1 I 1 1 1 1 11

1 10 1 10

Q*+M? [GeV?] Q*+M? [GeV?

both for ¢, and o+
GPD OK for p — less for ¢

k_t fact., dipole + saturation too steep
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l11.3 From soft to hard : Q2
JI¥Y
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JIY, W dependence

J/¥Y hard in photoproduction
With Q?, second hard scale

-> predictions of do/dQ?, W dep.

LELBLEE ']

/yp) (nb)

T

* ZEUS Photoproduction
® ZEUS DIS 98-00

¥

o(y p—J

Q* (GeV)]
<. 0.

0.4

(% 0.2)

3.1

(=x0.1)

6.8
(% 0.05) i
16. ]

(% 0.03)

L L IlJlII

hard (o(0) = 1.20), indep.

P. Marage
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102

10

VM and DVCS at HERA: from soft to hard diffraction
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J/I¥, t dependence, shrinkage

— 8 T T T T g

tSIOPe ‘?'> " e ZEUS DIS 98-00 H1 DIS © ]

- * ZEUS Photoproduction 1

- ZEUS : no Q? dependence 5 6 " ]

2 4 [k ¢ * 4
= -2
Fit b=4.5+0.2 GeV
2 _l 1 | 1 | 1 |
. <l : 0 5 10 15 20
H1 : slightly smaller in DIS Q? (GeV?)
Q) IG(’\'-‘}LL bo | GeV 2 ] a0 o' [GeV "
<1 4.630 £0.06070 % | 1224 £ 0.010 £+ 0.012 -
2 —8( ‘ 3.86 4+ 0.13 £ 0.31 | 1183 + 0.054 + 0.03
::\ 18 l_. LI B B L A O B B T ]
Shrinkage ‘-é [ * ZEUS Photoproduction (e) 1
_ _ _ S 16 Fitog,(H=(1200£0.009)+ (0.115+0.018)t -
o’ smaller in DIS, consistent with 0 o BB (e O > X 6 o) ]
1.4F Fit a,,,(t)=(1.20¢0.@7¢0.05}t >
S ' ] |
>t H1 (0y-89cev? » EH : o | e
S (B)=0.0e A ZEUS : 12 1 __7________+_____'_,E._..___:.._-?;-j-_-;::*t.'.-:-;-‘i" L 2
= 5F b) — 2D-Fit iy e ]
& i R IR, * e ]
S 4F 1 1 I = E o ]
: ! ¥ ! : 0.8 | T (=108 +0.25 ¢ ]
: 1 : 0.6 I = l' Ll v e e by 1y L L L ]
50 100 200 * 2 175 <15 125 -1 <075 05 -025 0

W, [GeV] t (GeV?)
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P. Marage

From soft to hard : Q-

summary

VM and DVCS at HERA: from soft to hard diffraction HERA-LHC 28/05:2008
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universality, onset of hard diffraction

Universality (Q? + M?) and onset of hard diffraction

(small dipoles, hard gluons)

hard energy dependences

s 6 _—
=, | v*P—oPP TEP 0P ]
ESE i ® H1HERA-1prel. A H1HERA-1 prel. |
H H1SV A ZEUS
| O ZEUS _ i
1.4 - v p —=J¥Yp 7]
*  H1 ;L l
- % ZEUS 1[ :
I 3 -
1.2 | i % ?| ]
) (v H1iDVCS = 0,p(0)=1.08 |

10

P. Marage

Q%+M? [GeV?]

VM and DVCS at HERA: from soft to hard diffraction
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>
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hard t slopes
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% ZEUS
il ; DVCS
B $ i E ¥V H1
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Tk e
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‘ | | ‘ | | | | ‘ | | | ‘ | | | | ‘ |
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P. Marage

IV. From soft to hard : t

(p, ¢, JI'Y)

universality (t)
t dependences
W dependences

VM and DVCS at HERA: from soft to hard diffraction HERA-LHC 28/05:2008



Another hard scale

-> pQCD calculations
(BFKL, DGLAP)

P. Marage

VMandDVeo aciimiw

Universality (t)

ZEUS
~ 0.5
He 0.4 _Proton dissoc. vs. —t Elastic vs. Q2
© | @ ZEUS 1996-97 O H1
03 B ZEUS 1995 A ZEUS
e e e 1.2%2/9
o2 g 1e ] g %} “““ e
: ﬁ* (a)
0.1 A
D | 1 1 | 1 1 I 1 I
0 5 10 15
o T T 5659
=10
b _________________________________________________________ 35><81J{g
T
8/9
1 !!! f[f_! m| 3 [ o
(|
10 ; 0 s
-2
10
3 T (b)
10 | 1 1 1 1 I 1 | 1 1 | |
0 10 20 30

—tor Q*? (Ge\/z)

U UVIL LU T TUT U U UV VAN N AV S Y AVIV PR VAV V)
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t dependences

Power like t dependences, exponential excluded at large [t| (p, J/'P)
pQCD calculations

f'i_:}: I“ 2__ . EEUS ".preli} 96-[]0 _ ﬁ.r'-"lh B I LIELILIL! I LIBL LI II LI | | LILIL ;_|I1I LILIL I LI DL II LIIL L LI II_
3 -~ — BFKLLL  (fixeday | = 1E . E
= -, = = BFKLLL + nonL (fixed o) o - BFKL .
2 % +++=+ BFKL LL + nonL (running ) — . two gluon (fixed o) 7
= e === DGLAPLL = - o aluon (running a)
TwooN T 10" R T wo gluon (running o) _
- E - = e Al N =426 o E
2 | A= - :
T' | i.‘ B .
2 | Y JIY e 7 P
g ¢ N = 102 | .
< Ne- : :

o N ]
-1 \t"‘.' B ep—epY .
: aw 3
10 ¢ «2 107 E @?<o0.01cev?
: $ F 75<W < 95 GeV ]
o[ N - M, <5GeV
1"_ 1 | 1 [N NS R ...l"l-:"' -ID""
0 2 4 6 8 10 12 14 16 18 20 1 2 3 4 5 6 7 8 9 10
v wd 2
J/¥ BFKL running o, excluded BFKL favoured

DGLAP OK (t < My?)
see also helicity below
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G(yp—>JAY) (nb)

10

-1
10

JIY, W dependence

LZEUS

:l TTT T LN R L : — 10
- @MAY ZEUS (prel) 9600 - <
. — BFKLLL  (fixedc) | -
~ = = BFKLLL +nonL (fixed o) - =
- —— DGLAPLL 5 5
1t (GeV?) o ®* ox2 ] T 10
12, i %
= By a5 E
510 | 1
- 1020 ¥ -

JI¥ - 10
1 1 1 I 1 I L1l L1l L1 I L1 I 1 1 L1l I 1
20 40 60 $0 100 120 140 160 180 200
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rise of o with W described by BFKL, not by DGLAP

P. Marage

VM and DVCS at HERA: from soft to hard diffraction
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J/¥Y, shrinkage
e ZEUS ZEUS

i r .-: _|||||||||||||||||||||||||||||||||| | L
=40 [ . 4 - s -
2V Heevy ox2 5 ¥ 2L @ ypoJwyp DISZEUS -
7 1-2 0.65+0.08] 1.8 - * yp—Jyp PHPZEUS E
%*--3“ N ] 16 - M yp—oJAY PHP ZEUS (prel.) 96-00 ]
20 :_ 1 1.4 :— + * —:
[ 25 0.95+0.09] 12 = n q,f
0 i — 1 - e
[ 510 ‘_,_..4—”‘ 1.30+0.19] 0.8 - J/¥ s
10-20 . r 0.98+0.45 - -
0 __ SHLTY !["Utj I Qf)l][l i ['.6 NIRRT B SN N S B S A S AN B B A AT A AN R 1 i

! s (prel.) ] 20 -175 -15 -125 -10 -75 -5 -25 0

— z .\

T TN N T P T T P I:(GEVZJ

20 40 60 80 100 120 140 160 180 200
W (GeV)

o’ slope tends to become <0 (and o(0) smaller ?7?)

yp—Jyp (Eur. Pyfs. J. C24(2002)345) = 1.2000.009 + (0.1150.018)¢
ZEUS yp—Jwp  (Nugf Phys. B69S2004)3)  a (1) = 120403 + (0.07£0.05)

vp—Jy Y gAIS2005) o, (1) = 1.153+0.048 — (0.020+0.014 )¢

HA d:-(O) — 1367 £ 0.048 (stat. )+ 0. 024(syst.)

—0.0135+0.0074 (stat.) +£0.0051 (syst.) GeV—2
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V. Helicity amplitudes

(Q%, W, t, m)

p, ¢ (DIS), JI¥ (photoprod.), large |t]



spin density matrix elements

3 angles describe VM production and decay
— 15 spin density matrix elements
related to helicity amplitudes T,

(NPE is assumed)

Scattering

single flip Ty, T4, Plane
double flip T, ,

p QCD hierarchy (|t| < Q?)
all amplitudes suppressed by factors 1/0 w.r.t. T,
single spin flip ~ V[t|
Too > T4> Tor > Tyo, Ty

ZEUS, H1 HERA-1 p, ¢ (Q3, W, t, m)

P. Marage VM and DVCS at HERA: from soft to hard diffraction

Meson
Production
Plane

Decay in Meson
Rest Frame
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V.1 Helicity amplitudes
P and ¢

P. Marage VM and DVCS at HERA: from soft to hard diffraction HERA-LHC 28/05:2008 52



spin density matrix elements (Q?)

5 SCHC elements

compared to GPD calculations

Other elements (dashed lines)

compatible with 0 or small)

except ~To1 Too

several models

(GPD, unintegrated k;,
dipole + saturation)
can reproduce
general features of

SCHC amplitudes + hierarchy

but not details

P. Marage
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Extract amplitude ratios from matrix elements

amplitudes ratios and phases

T4l 7 [Tool [ Toal 7 [ Tool I T10l 7 [ Tool IT.441 7 [Tool
- 0.4 2F 2F
TE 03 | 0.1 0.1 |
0.75 ® 0.2 F - o ] - 3
~ = 0L 0F
0sEF e . 0.1 ::#+ $ 3§ % o ;l‘o g
- = -0.1 |- -0.1 |
0.25 o = = -
. 1 1 1 | | _0-1 - | 1 1 | | _0-2 . 1 1 ‘ 1 _0-2 C 1 1 | | 1
0 20 0 20 0 20 0 20
Q’ [GeV]] Q% [GeV?] Q% [GeV?] Q% [GeV?]

pQCD predictions on Q?, t and M dependences of amplitude ratios

cos (¢'11'¢)00)

+ extraction of phase between Ty,and T, 1 -.T 5 3
0.75 |-
05
0.25
ok ' :
0 20
Q? [GeVA]

more to come from H1 on matrix elements and amplitudes
separate low Q? (< 5) and high Q? (> 5 GeV?) — transition region
(finite size effects also in long. ampl.)
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Under SCHC,

R = O-L/O-T DTOO/T11DI‘

ZEUS uses the SCHC approx.
H1 takes into account hel. flip

R=o0, /07 (QZ)

/(1-150')

LO 2 gluon exchange : R ~ Q?/ M?
clearly modified ! =

0.75

0.5

0.25

- 12 —
Yoo
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10F o zEus 1005
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Q? dependence of gluons
(MRT — parton hadron duality)

04

dipole + saturation oo
T ]
0.8 :_W'_:
H1 : also GPD ; i
06 |® .
Y S
0 20

oft to hard diffraction HERA-LHC 28/05:2008
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R=0_/0; (Q?)

variety of dipole approaches

= [T L I B L = [ L B L
Q]-‘I [ ® ![-l\(pul][lll]pb } ‘.*“" EH L . f[-l."a(|1|'-;~l}{12l]|1h } ]
— | @ ZEUS (PHP 2.2ph } = | ® ZEUS(PHP 2.2ph } ;
'ﬁ‘: o ZEUS (BPC 3.8pb™) 'll'T‘f © ZEUS (BPC 3.8pb™) ]
w12 F— kmw Vi 12 - — FSS(SAT-DGKP) .
- DF ] r .- FSS (SAT-Gauss.) 1

10 1 10 [ -— FSS(NOSAT-DGKP) 5

I ] == FSS(NOSAT-Gauss.) . coarpmm="]

8 C N 8 i -

6 i ] 6 ’ .

4 — - 4 ;|

.2 B = 2 ]

” L e et — . o I_ “ TR T SN N N TN NN NN NN NN TN N NN NN NN N SN N SN AN NN B | |_

0 10 20 30 4“ 0 0 10 20 30 40 S0
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R=06, /o7 (W)

W dependence of R expected :

more large, soft dipoles for o; than o, => 6, harder than o
- predicted by most models (but problems with Q2 absolute normalisations)
- not seen in data (but limited lever arm)

B A T o ey T A —————————
& b () SO>=2400F | () <P>=420 ¢ ; (0) <O*> = 2.4 GeV* (b) <G> = 4.2 GeV?
S ol TP o | YR
0.8+ 4 T 3 © 0.8; :
" e ZEUS 120 pb S iucis I ® ZEUS 120 pb
R i LR SO I 2 807 T
0.6 “""'—_;__1__ _______ fomen ™" - = 06| ¢ +_+ L o nn R E I
0557 : : o ————  —
0.4 FSS (Sat-DGKP) FSS (Sat-DGKP) 0.4 ~ MRT(MRST99) [ - MRT(MRST99)
- FSS(Sat-Gauss) | - FSS (Sat-Gauss) - ' ----- MRT (CTEQ6.5M) ----- MRT (CTEQ6.5M)
035 — kmw T — kmw ] 03F _ pr
s : : 3 - + - ' - 3 1 } } + : : ; ‘
(c) <@*> = 8.8 GeV* (d) <@> = 18 GeV* (c) <@*> =8.8GeV L (d) <@*> = 18 GeV*
09+ 1 e ] 09!} } s
0_8 :ﬂd_____:;-_-_-_-;::';;:-L-;-:;mLm_._._"""“_':-_--_"f-—-'""+____-___“”+“‘“_ 0_8 i - ___::::’—__ ,..—.—.--::--‘-'-*-'--'— S +
S SRS e S Y
0.7 5 1 0.7
06; ... FSS (Sat-DGKP) T e FSS (Sat-DGKP) ] 067 ... MRT (MRST99) I - MRT (MRST99)
- FSS(Sat-Gauss) | - FSS (Sat-Gauss) | | - MRT (CTEQ6.5M) | - MRT (CTEQ8.5M)
0.5 KMw 1 KMw ] 0.5 DF t DF
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W (GeV) W (GeV)

NB phase between T,,and T, , i.e. different Re contributions

possibly related to different W dependences through dispersion relations
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R=oc, /07 (t, m)

t dependence of R expected in dipole approach
transverse dipoles larger than longitudinal dipoles
— b, steeper than b
— R should increase with t

ZEUS : no t dependence of o4, butH1
04
b Koo
:’_. 1 T
n 0.8 — [ i
S LI A B 08F o +_:
T _ - :
0.6 [~ B
YP—=>0% —| | -
ZEUS 120 pb™ = _|
W 0_4 Ll 1 ] [
04 o ;g?-;:?oGG:vz T 0 1
1 | | | 1
0 0.2 0.4 0.6 0.8 1
It] (GeV?)

More to come from HA1,
including effects on SCHC violation
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p, R=0o,/or (M)

- O L I L L L R A B

%455- VP >n'mPp ':I'_ 5 - o Iu- | _wl ~."|I" o .
Ll ZEUS 120 pb' - —_— - P ]
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255 { 3 - ’ ]
S T 2 ; =
1" I 3 . 1F ol P
05" s ] - | | ]

056 o 08 08 111 13 13 O ———

N 06 08 1

m__[GeV]

cf. generic Q?/ M? expected dependence
+ effect a la parton — hadron duality (i.e. weak effect of the resonance) ?
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V.2 Helicity amplitudes
JIY
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R=06, /07

non-relativistic model for J/¥ : z ~ 1/2 — no helicity flip

basic scale for R given by R ~ Q?/ M? — much slower increase of R with Q2 than for p, ¢
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P. Marage

V.3 Helicity amplitudes
large |t|, p and J/'¥Y
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P (photoproduction)

“naive” pQCD predicts large

helicity flip, with long. p dominating

at large |[t| (spin flip ~ t)

But SCHC T — T dominates
+ doubleflipT—>T

Reason :
chiral odd contribution in y
(due to constituent quark mass)

— no orbital momentum needed
for W,

— SCHC

BFKL model describes data weii
(except sign of )
cf. also t and W dependences
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no helicity flip

10
cf. non-relativistic model

P. Marage

JI¥Y (photoproduction)
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VI. Summary
and conclusions
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summary

Enormous progress

- experiments
DVCS, light VM, J/¥, Y

- Q? (but stat. limited Q2 > 20 GeV?2) > HERA-2!?
-W (but limited lever arm)
-t (but p.diss. bg. (LPS/FPS/VFPS) + other VM bg.; stat. limited very large |t|)

-ang. var. (but other VM bg.; DVCS + FPS/VFPS)
- p.diss. / el. (but no clean meast - LPS/FPS/VFPS)
- missing  other VM, in part. p’

- theory
DVCS, J/V, Y, large |t], also light VM
- GPD
-NLO
- dipole + saturation

training ground / tests of several general ideas / techniques
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conclusions

Very rich and varied landscape,

of which semi-quantitative understanding thus achieved,
but detailed quantitative description of data still missing in most corners,
in particular :

- W dependences (esp. light VM)

- t dependences, shrinkage

- detailed description of helicity amplitudes (light VM)

- generally, soft physics interplay

Many thanks to the convenors,
and to all those to whom | borrowed data — plots — ideas
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