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The HERA collider

820/920GeV p 27.5GeVe*/e

Vs =300/ 320 GeV
1992 — 2007 ~ 500 pb™"/ exp.
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A QCD laboratory

P. Marage

Introduction
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M, 0-10 GeV
Q%> 0-80GeV? (photoproduction & DIS)
W 30 -300 GeV
ItI 0-30GeV? (smalllt|<1.5GeV? & large |t|)
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l. VM diffractive production

Interpretation frameworks
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QCD factorisation

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

Factorisation theorem

{)if\j\;{ ?'t : l p. o, J .y

| —2

step 1. y fluctuation into q g dipole Yy WF ¥, (z, k)

step 2. dipole — proton interaction A = Jdrz dz ¥, - o(dip—p)- ¥,
step 3. pair recombination into VM

for o, + heavy quarks
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Dipole universality

p. o, Jf~ K v
/ .2_%_
VAN ;.-'_
] 0 ]
y T
S o
e =

pP—q P p
S LO 2 gluons LL1/x ladder

1. universality of dipole cross section, depending on (r, z, b)

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

— in perturbative domain :
universal scale Q? =z (1-2) (Q*+M?)

Actheavyquarks: 71 9-z001/2 — 1/r 01/4(Q*+M?)
(( Ay : see below ))

+ vertex factorisation

elastic — proton dissociation universality for Q2, W, hel. amplitudes
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Energy dependence

2. W dependence
Regge-like parameterisation (high energy) oot (h—h) oc s#O)

(soft) pomeron trajectory : at)=a(0)+a't
«(0)0 1.08 (1.07 ...1.11)
a'00.25 GeV™2
H . ~ O ~ 2 — 9 = f
VM production: o~W |x G(x)| W T v
Y g
Caa2)
E::A.m.{_
P p

Hard scale (large mass, Q?, |t| )
— hard energy (1/x) dependence of x G(x)
i.e.0=4 (a(t)—1)=4[a(0) + o’ t— 1] larger than in soft interactions

(BFKL, low x DIS DGLAP)

hard scale — 8, a(0) large, with universal (Q?+M?) dep.
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t dependences

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

WMV __ “? —
exponential param.: do P ] y o=
dt 22
t—:':L Kot
P P

b:b G_Dbexcha_)t&(

dip

hard scale — b smaller than soft, with universal (Q? + M?) dep.

4. \V-t correlation

shrinkage of diffractive peak :
d_G(W )= Dt — @bty 4(a(0)ra't-1)
dt

b=bg+4a"In(W /Wp)
W dependence as a function of t t dependence as a function of W

BFKL : shrinkage expected to be small

hard scale — o’ small
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Transverse, soft contributions

5. 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 = o, / o7 : 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 5,
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Beyond LLQ2,1/x

2 main — complementary — extensions

1. Hard scattering

Beyond LL1/x (where 2 gluons have the same x)
— skewing : Q% # M2 => 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?
o (dip-p) universal : DIS, DDIS, VM production
+ include saturation

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

(Otots P> ®, ¢, JI'V,Y)

W dependences
t dependences
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all VM photoproduction

o
2
- 1021 7 S
9 0,22E tot
o WL po,d
o " e " Yolyp = op) ]
S o(yp —> wp) WO
b = Omwaﬂ
- o oG (yp —> dp) ] -
I %$$ Wo,sj
10 L . JI¥

o(yp = J/@f_p)

10—2; = 7EUS 5 ¢Q // ; |
S : 1 skewing, Re 2
ez (prel.) | g
- % HERMES o(yp = ¥(2S)p) s Y
10°L  © fixed torget W |
o(yp = T(1S)p)
10_4 : : Ll ! I T O N 5 | | L
| 1 1 W(GeV)
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do/dt (vp — p%p) [ub/GeV?

4 B & HI'M :
"W B ZEUS 94 ﬂ-gﬂ ¢ = i -
O ZEUS'94LPS /\ -
10"k " — A 7EUS 95 'R AR AENNE FENE NN FEEE RN
x

p, ®, W dependence

« H1 05 Preliminary

-+ = 0.010 GeV? 1=10.035 GeV’ -1 = 0.069 GeV’ 1.20 :—
[ —— H1'05fit
16? 3 ] ] [ A Zous'95 |
[ 115 T — Zeus '95 fit ' /|
i | —— Donnachie-Landshoff
. 1.10
107 F i 3 ] . ) : -
F .t=0123 GeV 4= 0.189 GeV 1= 0,26 GeV N
£ 1.05 -
M 5 B
10F 3 3 B
3 M 1.00 f—-meeeeberes
L I + B
10F  tzo3cev? | 4=0858Ge 10 107 N
& H1'05 Preliminary 0.95 // i
— H1 05 fit /!

/" Elastic p® Photoproduction

10 102 10 102 % OMEGA 412 10 -08 06 04 02 -00 02
WS
Ll t [GeV?]

098]+ 0.021) + { + 0.038) GeV ™2 . ¢
0.003 15 007) + 0.027 1088y Gev—2.¢

ZEUS <«p (1) =
H1 xXp (!, —

soft intercept
lower slope than h-h

-> rescattering effects ?
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p, JI'¥, t dependence

exponential slopes <> size of the dipole e —3 —
heavy charm quark -> small dipole -> flatter t distribution, smaller slope ,;_15
p p
rFrrrrjyprrrrjyprrrrjpnrirrnri F:'
1 [T t 15 0
K }H-
12 3 LPS
3

I lIIIII|

p, b ~8-10 GeV2

p

b e b e cdmendh

plegiilocly

JI¥ ~ 4 -5 GeV2

hard t slope

[:] 1

P. Marage

Meson production at HERA

I L - T
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J/I¥Y, W dependence, shrinkage

ZEUS 1996-97, 1999-2000

F =008 GeV® m_E =0.1 GeV'
2| /".‘- 104 ]
e - - . . 3
C =028 GeV' ] F =035 GeV®
10 1 1% E
g‘ 1 : : E - r T I T
. e e — ?3' b) (@%=005Gev" H1°
1 °F T S -

—T—T T
£ =068 GeV

=048 GeV

I}

1 g

do - /dlt| (nb/GeV?)

[ 068GV ] o [ 092GV ]
AL ‘_/--"‘f I P L
pansy S I VA : . - -
T Bl N i ] 0 0.5 1 1.5
el [ et It [GeV]
§ ,tll_}_l_“llllilll} :_- h= _Il”l. I“i“” -~ l ] o E.- r T ——T—r—T1— r —
. e o W (GeV) >t Hl @=00s6e
. gs a)
hard intercept o(0) ~ 1.20 ;& ;
lower (?) slope o’ ~0.12 - 0.16 GeV2 &
3k

W [GeV]
P
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Upsilon

Zeus HERA 1+2

very hard W dependence 2 '
g s
8 ~ 1 6 Number of Upsilon candidates 104 + 21 24” |+|- [:| :I::"\ h
E | ) | L) I 1 LIL] I L] ¥ l LI} LI L) I I 1 | |
n% 1 — NLOUES) A ey o lh
& — MRTICTEQRSM) " wm Mhe
- l l‘-lh-;-" 'l L
L Rt - I - St et PO
% I—].\[I'b-llrl&--it-l.ﬁuu‘ﬁ =5 1< T i ] 9 10 11 12 1;“, '{1;“:1.5
: WMPM mhed 245 -R0 NLO - Ivanov » Hfﬂ.'iﬂl:kﬂlf_. Szymanﬂwskf' -
08 l . hep-ph/0412235
- :,-A { MRT = Martin, Ryskin, Teubner,
atl- | L~ | (based on CTEQ6.5M gluon)
i _,z’fj e 1 MNRT - Martin, Nockles, Ryskin, Teubner
- P P (based on diffractive J/y data alone)
e R T "] MPS - color dipole approach calculation
i o= by Magno Machado (private com.)
i iliiil i i |I || -t: I i i i I||
%0 60 80 100 120 190 160 180 200 220

W (GeV)
Great progress !
skewing and GPD, NLO calculations, dipole calc.
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lll. From soft to hard : Q?
(DVCS, p, b, JIF)

universality (Q? + M?)
W dependences
t dependences
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1. Universality (Q? + M?)

Quark content weighted cross sections
(qualitatively) striking !
universal dipole cross section (Q2+ M?)

1.5

~ (o 4 B ]
g o | ]
- ~35 | H1 ZEUS i
(@) g = B _— 'e) ]
= > B p X ]
5 ol © 3 [ ¢ 2 & .
: 2.5 E » N E
(@] - |
o 1= ) : JV * * ]

2 b -

O en

L= . I
ZEUS (prel.) / ] + & o 12
i prel. ] 1 sk |
: I':;I]ZRMES o(yp —> ¥(2S)p) | ‘XL ﬂﬁﬂhz
10‘3? O fixed target w 3 0.5 5 I E
oy = 1(15)p) % |
10_4 L I R I I R . L Ll
' N W(GeV) ° 10

Q%+M? [GeV?]
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2. Deeply Virtual Compton Scattering

DIS domain :

—
N« 0 =0.74 £ 0.11 :D
2@ HIHERA Il e
e+p—->e+p+y(real) - O H1HERA|
i.e.y"p—yp 15F
I
( no WF uncertainties <> light VM ) E b i
05F |
u:llll|IIIIIIIII|IIIIIIIII|IIII|IIII|IIII
0 5 10 15 20 25 30 35 40
Q* [GeV?|
‘o H1 DVCS Analysis HERA Il (e'p) hard W dependence
Lo H1 R LPS ZEUS
‘3 8 > « ZEUS (prel) 31 pb”
© .. G
s of “de... §o.. £
5 ........ 'i llllll Slisssennann i S — "E“] =
4 s e
3E ® H1HERA Il ep (prelim.) .
2f O H1HERAI % e
1 E*= A(1-B log(Q"/2)) ,  b=(4.5+1.8+0.4)Gev?>
il 1 L L I 1 L L 1 I L L 1 L I 1 L | ] L I Il L 1 1 I 1 L 1 L
O 5 10 15 20 25 3 " o o FR Y
E 2 i ai - u i
b—=545+0.10+031Gev2 Q@ [CeV] 1t (GeV?)
=> \<r;2>20.65 fm slope not soft, but steeper than J/Y ?
>> valence quarks value
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GPD

kin. skewing
not sufficient

R(Q%)

2 = KN W & U O

1 0

P. Marage

DVCS, models

— ® H1HERAllep
F © H1HERAI X Im A(~*p — ~p)
f ===== GPD model R = Tm A — ——
E e GPD model (only kinematical skewing) m A(y*p — 7*p)
N S —— %-"'“ _ 4\/m opves b(Q2)
A Tl an 2 or(v'p — X) VI + P
E L .
10 10°
Q? [GeV?|
skewing
'E i H1 h:"-,. [ tiGev? H1
— @ =11 4
10 Q 10 L
a2 | ‘§ S o 3,
L) - * : : "i-.‘ ~¥.
i O " 0.5 .,1 .I e, *.,
!l g | ?‘ *u ‘1‘
B = 1 E ‘*'s* i‘ ’ ‘1.
‘: a E 'hﬁ'l Y“u
1} i‘ s [ oo i} i
C % . 1 "*.‘ .,
[ f 107°F i
[ ® H1HERAIl ep ", C 1'";
- o H1 HERA | - ®¥ H1 HERAll ep s,
---- Dipole model - ==== Dipole model %,
1“—1 L J.J.IJ.IIJ. L L L IIII!I2 1“'2 J.II 'l 1 I | L J.J.III2
10 10 10 10
N T T 2




3. pand ¢, elastic and p. dissoc.

ZEUS and H1 - HERA-1
large data sets

transition to hard diffr.
(+ soft features)

a
£

o}

104 E

10 °

2

10

10

10

p.diss. / el. : no Q? dep. (Q?> 2.5 GeV?)
proton vertex factorisation

P. Marage

Meson production at HERA

Q%+M? [GeV?]

H1 i electroproduction (preliminary)

4 :

rFp=pPp £ | . FP=0p
i '-. * HIHERA-1prel] © | ® H1HERA-1 prel
3 " m HisSV ] LU 3 ‘;*; m H1SV E
- O ZEUS D ZEUS
L . qhhi . : qi!}
3 Y%, 10 Lt i% %o J

A % ] 3 L= E

» &

E *-l:r P_’PY '. E 1 _|'I p—;i:lY i ig i
& H1 HERA-1 prel. 4 LU & H1 HERA-1 prel,
3 (x 0.5) NEE (x 0.5) Posd
- W=T75GeV w0l w=7s5Gev I
3 I'l.I'IT < 5 GeV | 3 MT < 5 GeV | 3
10 1 10

Q% +M? [GeV?]

H1 & electropreduction (preliminary)

E L L 'g- | ! |
1 & H1 HERA-1 prel. 1 & H1 HERA-1 prel.
& 08 | E 2 08 | .
& % o
> 06 | i { 4 > os | .
1 ¥ } 1 i }
2 04 | = =04 | E .
] ]
0.2 | W=75GeV : 0.2 | W=175GeV :
M, < 5 GeV M, < 5 GeV
0 AT I A B 0 AT I B A B
0 10 20 30 40 0 5 10 15 20
Q? [GeV?] Q? [GeV]]
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p, W dependence

w12

Yr—=>p'p ) e i T’
b El - . . , "-“_-q"
1 ™ hardening with Q2 7 Ea3
| o ZEWS95 . ;ﬁj
0.8 - o : —_—
- L - p p
u.ﬁ ! /.-"'f .;_.-"'-' r E- | T l TTT | LI I LI L I TTT | T T | T T l TTT I T ]
:.::.-’_-/ { 4 [ ‘-;;E 1'2 = (“) =
04 F 11 1 [ 3 i
0.2 ng 1.1 A + i
L -~ FKS I .
0 [ L 1 1 1 . -1 s e v o by bow s s bow s s boyow o loyog s lwwawl |-
0 5 10 15 20 25 30 35 40 0 2 4 6 8 10 12 14
Q* (Gev)) Q? (Gev)
o L L I DL DL AL B
S [ (b) Yo=2o"p ’
g U-dh ® ZEUS 120 pb” ]
o o ZEUS 1995 J

a’ ~0.10-0.15 GeV>2, indep. of Q2?2 0.2 . i ;
D I 1 I L1 I I 11 1 I L1 | I L1 1 I La 1 I 11 1 I 11 1 I 1
0 2 4 6 g8 10 12 14
Q? (GeV?)
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p,tdependence

‘:-“-.‘.:12— .I TP—?PP ---_
t S|Ope 2 + » ZEUS 120 pb" ]
i i 5 “10f  zEUS 1998 :
hardening with Q elastic i
& — - v
. 'u‘\l*::nl"'\'\'. — - :{;._.‘_
e L L] ] =g
Difficult measurements: & o T 1 Ca )
. t 4 :'-":A i-..{
background subtraction ar ; ——i
] P p
other VM and incl. diffr., p. diss. 2
0 05 10 15 20 25 30 35 40 45
o (Gev?)
N; 3 T “H‘e“[‘)‘;“‘)‘y““““e“[})‘;‘q‘)‘?”‘”” QF) 05 L L L
8 @ H1HERA-1 A H1HERA-1 ~~ * Hl p HERA-l
o @ 04 - -
25 i _5
o
} o 03 ¢ -
, | | ) $
A { 0.2 =
15 | 1 | 01 -
b)
0 25 5 7.5 10125 15 17.5 20 22.5 25 0 0 é = ‘1‘0‘ = ‘1‘5‘ 50
Q*M? [GeV?] Q? [GeV
proton dissociation factoris. : p.diss. / el. slope indep. of Q2
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universal dipole
-> small Q?

Longitudinal
H1 jp and & electroproduction (prelliminary}

E 103 | T T T T . E 103
= AL
= ® H1HERA-1 praI; L
o] 102 ] o 102
10 E 10
1 TLP—=¢p E 1
; A& H1 HERA-1 pral. ] 1
10- — GK({GPD) J 10-
_ INS (K, fact}
2 W=75GeV —  MPS (Sat) | 2l
10 el aal i " - 10
1 10
2 2
Q*+M? [GeV?]

r= feeeo. W=90 GeV (a)
=10 A
[=} [
L} |
=8 |
110°
=3 [
=
©10%
10
Yp—>0'p
® ZEUS 120 pb™
o ZEUS 19495 :
[ 4 ZEUS 1994 - — FSS (Sat-DGKP)
1 == FSS (Sat-Gauss)
- FSS (NoSat-DGKP) _
Tranayerge - FS585 (NoSat-Gauss) :
H1 p and & electroproduction (preliminary )
_'I Ll L LI LUy L L LI
b L T
H'ITHERA1pre|I 10 10 1 12“ 12
I * ’ Q° (GeV")
— GK(GPD)
[ INS (K, fact
3 —  MPS {Sat)

polarised cross sections
GPD, unintegrated k,,
dipole + saturation

TP = ¢P

& H1 HERA-1 prel.

W=75GeV

sl i MR |

1 10

2 2 2
Q*+M° [GeV“] MESON 2008 06/10/2008 25



4. JI'¥Y, hard scales

J/¥ hard in photoproduction 2 oL G h
— * - < W == GeV
— Q? =second hard scale =&
=
? m g —
o L —  MRT (ZEUS-S) x 1.49
= == FKS(CTEQ4L) % 1.7
© L L GLLMN % 0.9
(b)
I — il
0 10 0 2 (GeV?D)
= LB T L L LB T ]
= *  ZEUS Photoproduction (e)
© 1e Fit ct,,(t) = (1.200 £ 0.009) + (0.115 £ 0.018) ¢
& FEUS DS 98-00 - : |
L4 Fit ot ) R @ * Hi
. H1 (0= 8.9 GeV s 7S
1.2 r b — 2Dt
; Pt 1 :
b
0.8 1
uﬁ P SCLY SN T T T T N T - i B b ik 3 1 8 b i i 1 4 & & i 1 i i & & 50 15” m
T2 175 -1 W_;13 [GeV)
hard : a(0)=1.20
o’ consistent with
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J/¥, Q2 independence of o(0), b

5 [

1.5} -

NEIRANIAS

0F b) 1
R X z:m ‘ )
Q° |GeV |
— b T T L x
iy & ZEUS DIS 98-00 H1 DIS €}
-; * ZEUS Photoproduction
L 6
3 . :
=] Coke v
4 | o]
b slope - Fit b=4.5+0.2 GeV”
2 .
0 5 10 15 20
2 .2
Q" (GeV")
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5. summary : universality (Q? + M?)
of hard diffraction

small dipoles, hard gluons

T T T T T T T T T
ep—-pp ep—>o0p

™R i i-' [#] Vi p i) p N>
® H1HERA-1prel. & H1HERA-1 prel. 8 12 L : :i gSRM Z géuHsERA'l |
E H1sV A ZEUS . O Hi94
o ZEUS B < O zEus *e21—> J/¥Pp
p=JYp 10 - ¥ ZzEUS n
*  H1 I * DVCS
¥ ZEUS Jr 8 $ } v o 7
? : f
B a% : %ﬁ% o
* x
1. s | ?1 |
L ] a _l_ -l—
- | ] 1TH1DVGS ..... it,(0)=1.08 , L o
o 10 10 0 10 20 30 40
Q*+M? [GeV?] Q*+M? [GeV?] Q*+M? [GeV]
do/dQ? energy dep. b slopes
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IV. From soft to hard : t

(p, 9, JI'Y)

universality (t)
t dependences
W dependences

Meson production at HERA MESON 2008 06/10/2008



1. Universality (t)

ZEUS
= 0.5
= - BT
;% 0.4 | Protondissoc. vs. —t Elastic vs. Q?
Another hard scale . ® ZEUS 1996-97 O Hi1

03 -H ZEUS 1995 A ZEUS

- 1.2%2/9

0.2 ™ }'ﬁ """ I ﬁ """ 2R
large Q? : large virtuality I i%i%ﬁié (a)

0.1 A
at the photon vertex

D I | 1 L 1 L I L 1 L L | L 1 L 1 I

. . 0 5 10 15
large [t| : large virtuality L i itu}titictslii i) )Lt e
at the proton vertex ™. 10
D_} E """""""""""""""""""""""""""""" 3.5=8/9
1 F*f;:; 8/3
pQCD calculations - AF ‘,‘! 5 © .
(BFKL, DGLAP) _25 } o4
10 &
_ggf (b)
10 | 1 1 L 1 | 1 I 1 1 | L L 1 1 |
0 10 20 30

~t or Q% (GeV?)
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2. p, JI'Y, t dependences

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

pQCD calculations

F;-._ T TrTT] L T T
= 10%- e ZEUS (prel.) 96-00 _
L —— BFKLLL (fixed o) '
o= © . == BFKLLL + nonL (fixed o)

s % ++=== BFKLLL + nonL (running c.))
= W % == DGLAPLL

= 10 :

- I ‘.

2

? L il‘
e N JIY
Ll | i
t‘r \i".
= D
Ne.
-1 3o,
1“ : {'1.
E !‘-
s j
‘2. | h:- .-1
1 E—— i
0 2 4 6 8 10 12 14 16 18 20
Itl (GeV?)

J/¥ BFKL running o, excluded
DGLAP OK (t < My?)

see also helicity below
P. Marage

1/6 do / d|t| (GeV™

Meson production at HERA

1F o HI E|
= BFKL 3
i wmeme tWO gluon (fixed o) 7
el . U = two gluon (running o)
E oo A" n=4262%
= p =
- ep — epy i
3 R
107 E a?<0.01Gev?
- 75<W <95GeV ”
= M, <5 GeV
0*
1 2 3 4 5 6 7 8 9 10
2
[t] (GeV ")

BFKL favoured
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c(yp—JiyY) (nb)

JI¥Y, W dependence, shrinkage

@B AY ZEUS (prel) 96-00

IthG

. BFKL LL (fixed o)
m-= = BFKL LI onlL (fixed o)

20 40

S
o

P. Marage

-2, e¢@

DGLAFY LL

cv3 - 3 -
) ----: o

g 2

60 80 100 120 140 160 180 200 1.8
W (GeV) 1.6

. 1.4
hrinkage s
’ slope tends to become < 0 -
(and o(0) smaller ?) 1
0.8

0.6 —
-20 -17.5 -15 -125 -10 -75 -5

Meson producuuii au i icinA

rise of o with W described by
BFKL, not by DGLAP

||||I||. r||| L "'I T
® vp—Jyp DISZEUS ]
* yvp— Jyp PHP ZEUS -
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V. Helicity amplitudes

(Q%, W, t, m)

p, ¢ (DIS), J/'¥ (photoprod.), large [t|

P. Marage Meson production at HERA MESON 2008 06/10/2008
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spin density matrix elements

3 angles describe VM production and decay
— 15 spin density matrix elements
related to helicity amplitudes T, ,,
(NPE is assumed)

SCHCT,, T Lepton

00 M Scattering
single flip T, T4, Plane
double flip T, ,

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

ZEUS, H1 HERA-1 p, ¢ (Q% W, t, m)

P. Marage Meson production at HERA

Meson
Production
Plane

Decay in Meson
Rest Frame
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p and ¢, spin density matrix elements
(O?)

5 SCHC elements

compared to GPD calculations

Other elements (dashed lines)
compatible with 0 or small)

~To1 Too

except

expected V|t| dependence
of spin flip amplitude T,
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pand ¢, R =0, / o7 (Q?)
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S v I

i ok ZEUS 120 pb” ]

"R ~ N2 2 [ o ZEUS 1995 .

LO 2 gluon exchange : R ~ Q</ M Bty ]
clearly modified ! ol ° M1 ]
6 :

4 ! :

. B
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E T | I
£ e :
5 - i .
ﬁ" f Yr—=>5%
e : s ZEUS 120 pb” .
g 205 A ZEUS 1994
o o ZEUS 1995
02510 —— MRT (CTEDG.5M)
MRT (MRST99)
04 4
e ] ] [ ] L e L] i
e |
0.751 e .
. . -
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0.5+ ;' -
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0200 30 40 50
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Q? dependence of gluons

(MRT — parton hadron duality)
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GPD o4bo o L .7
0 20
MESON 2008 06/10/2008 36



J¥Y,R=0c, /oy

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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E * Hi - -E_, | ® FEUS IS 9800 — Fi GO ), L0526 _If.r i
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3 — MRT(CTEQ6M) { =,pemm B

1F - i 1
05 . 1 -
0 =i —_— = :
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large |t|, p (photoproduction)

“naive” pQCD predicts large

helicity flip, with long. p dominating
at large |[t| (spin flip ~ t)

But SCHC T — T dominates
+ double flip T —» T

Reason :
chiral odd contribution in y

(due to constituent quark mass)
— no orbital momentum needed for
Yq
— SCHC

BFKL model describes data wzci

(except sign of )
cf. also t and W dependences

P. Marage
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no helicity flip

cf. non-relativistic model

P. Marage

large |t|, J/'¥ (photoproduction)
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VI. Summary
and conclusions
on vector mesons
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Summary

Enormous progress

- experiments

DVCS light VM (p,¢) J¥ Y
Q> W t hel. amplitudes p.diss. / el.

- Consistent QCD picture

— universal 0 Qdipoles . W< e
i .,
— gluon distribution in p Sy
P p
- theory
- GPD
- NLO

- dipole + saturation

training ground / tests of several general ideas / techniques

BUT beyond semi-qualitative understanding, many quantitative descriptions still lacking
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VIl. Spectroscopy

Meson production at HERA MESON 2008 06/10/2008
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Gluon and Quark States

The best known hadrons are well
explained by the Standard Model

Particles made only from gluons, or from
more than 3 quarks are not excluded

Since gluons carry both color and anti-color,
2 or 3 may form color singlet “glueballs”

Lattice QCD calculations predict:
lightest glueball JP¢ = 0" " in mass range 1450-1750 MeV
next: JPC = 27" in mass range 2300-2600 MeV

KK bound states: JP¢ = 0** (scalar), 27+ (tensor), ..
hence may couple to glueballs

(Slides from F. Corriveau at PHIPSIO8 — Frascati 2008. Many thanks to him !)
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K.°K .2 Resonant States

80T 71 T T T 1 T T T T T Bret-Wigner functions, with
® ZEUS -~ 05fb . : .
4 BW + Background interference terms included
s signal ]
----- background

4000 = fp270)a8(1320) [ l
,(1525)
1,(1710)

Combinations/15 MeV

! { states f',(1525) and

800 |- signal 4 fy(1710) clearly seen

400 L LS
;-a ELH]
=L = ™
2

U g a0
i - L% o0 L
1.1 1.5 1.9 23 27 _ AN
M(K2K?) (GeV PR
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K.°K.2 Resonance Results

Fit
. PDG 2007 Values
State f,(1710): ey
observed at 50 in MeV Mass Width Mass Width
significance f2(1270) | 1268410 | 176 +17 | 12754+ 1.1 | 185.2*3]
CECHSéstEﬂt with a(1320) | 1257+9 114+14 | 1318.3+0.6 | 107+5
=++ - - ,

) f3(1525) | 1512 £33, | 83+£9™% 1525 45 731%
glueball candidate = | 7 (1710) | 170153 | 100+24%5, | 17247 | 1378
f> (1525) summary fo (1710) summary
el e p ZEUS ——t - e p ZEUS  ——

[ S Central p p Production —_—— - e*e” BES Collab. -
-+ e*e” experiments - — e’e other Collab. -
- K-meson experiments .t e P p, T p experiments PP |
CI1PDG 2007
_I_I_I_I__I_ RO _|_L|_J_]_| L l Lali g | [l | LI_!_I_J_I
1510 1520 1530 &0 B0 100 1700 1750 100 150
mass (MeV) width (MeV) mass (MeV) width (MeV)
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