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we investigate the fundamental forces and particles in e p

collisions at highest energies — quark and gluon interactions,

we verify the Standard Model and seek ,new physics” ...

... among the other - studying diffractive processes ...
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Diffraction in hadron-hadron interactions (1)

Light scattering: Fraunhofer diffraction (1/k <<R)
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Diffraction in hadron-hadron interactions (2)

Inelastic hadron diffractive dissociation <
coherence condition:
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Diffraction in hadron-hadron interactions (3)

Regge model of hadronic interactions: t

two-body reactions: “trajectory” exchange (s — ) !
g - : a(t)=an+a't
|

_—

a(t) = o +a't

do/dt ~ F(t) sV = F(t) s*© exp(2a' log(s) t)

o ~ Sa(O) -1
tot

Elastic scattering (— total cross-section):
exchange of Pomeron IP trajectory (vacuum quantum numbers)

Universal parametrisation of Donnachie-Landshoff (“soft” Pomeron):

a ()= 1.08 +0.25 ¢
IpP

PS: J. D. Bjorken: Regge model foundations are as solid
as those of QCD, DIS1994
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Diffraction Iin e-p interactions

HERA: e* (27.5 GeV) — p (820/920 GeV) -~ y p — hadrons

M wiin Q* — " virtuality (0 - 10° GeV?)
. — “ s~ EE, Vs ~ 300 GeV
v k) W— y p CMS energy (20 -290 GeV)
WV : x ~ Q°/W’— Bjorken x = fractional parton
P P momentum in proton Breit frame
Sdipote y =& Q°/(sx) — fractional energy transfertop »

Coherence condition in proton rest frame:

fluctuation length (y" — dipol qq) = 2E/(m_*+ Q%) > 1fm
- x < 0.01

At HERA diffraction Is low Bjorken-x phenomenon!
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< < ‘
Vector meson production DVCS Inclusive diffraction
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Vector meson production (1)

Vector Dominance Model + Regge

2
* Iy Yyp - VMp = (y">VM)L(VM p - VM p)

VM « VMp -~ VMp O DL IPomeron exchange
(_po w, d) do/dt ~ exp(-b(W)t), b NRimz ~ 10 GeV2
° b(W) = (bVZVI +bp +a' ln(W 2)) (“Shrinkage”)
° o‘VMp ~ W4(a0-1)/b(w) - W(s, 5022

Perturbative QCD

Large Q*, My, or |ff — small qq dipol
« QCD Pomeron exchange:
) > 2 gluons (colour singlet)
g(x) N 2 _ 1707
* O (xg(x))"~ W™ Il

p p * b << 10 GeV~, weak shrinkage

Jy, p

VM at HERA: transition between soft and hard regime; testbed of QCD scales
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H1, ZEUS

Vector meson production (2)
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cross section (ub)
o
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Photoproduction, energy dependence: ¢ ~ W°

Vector mesons: energy dependence
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T g(yp —> ¢p)

o(rp —;g%v/j/f{

a(yp = ¥(2S)p) The heavier vector meson —

— the steeper W-dependence.

* HERMES
o fixed target

VM mass sets QCD scale
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VM and DVCS energy dependence
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VMs: bigger “hard” scale Q“+M* — steeper rise with W,
Q*+M? scale governs “soft” — “hard” interaction transition

DVCS: always steep rise with W — “hard” interaction...
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VM and DVCS: t-slope compilation
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Decreasing slope (and interaction size) with rising scale Q*+M? -

- transition between “soft” and “hard” interaction
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Central, exclusive diffraction in (anti-)pp collisions (1)

Possible exchanges: -_--

Pomeron (C=+1), QCD: 2 gluons, f/0(600), ,(980),x, O

Odderon (C=-1), QCD: 3 gluons PS  m.n, 1/0° 0
vioooph g 10 1
Photon y (C=-1), T N
p
IP g X =
. \
f (980), £ (1270), % \ I
P p \lF;:
|| s .
St HERA
P
: ] - 0 >
Odderong v 1
V PS,T
PN P: Odderon. ., £,(1270)
p
- & -
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Central, exclusive diffraction in (anti-)pp collisions (2)

_P +P _”l_) +ll+l-l_+p 3GeV/c2<M <4 GeV/c?

Many Physics Processes in this = ° X

data: ri o

P rp+ P y+IP>Jly > u u
7 M 7 .
Y o =

P »p P . s

~ Peeirs Y —)(Jyf—l—’}/ .

exclusive y_.in DPE

Observation of exclusive . PRL 102 242001 (2009)

September 5-9, 2011 Christina Mesropian, Summer S5chool Heidelberg 61
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Central, exclusive diffraction in (anti-)pp collisions (3)

Jlw production

243 +21 events PRL 242001 (2003) .
do/dy|,-o = 3.92 # 0.62 nb ' ),
Theoretical Predictions | Fit -

2 Gaussians + QED continuum
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In agreement with HERA: R =0.166 + 0.012 in a similar kinematic region

o
T

September 5-9, 2011 Christina Mesropian, Summer School Heidelberg 63
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Central, exclusive diffraction in (anti-)pp collisions (4)

ke oot s =>» Allowing EM towers (E;>80MeV)
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Inclusive diffraction in e-p interactions (1)

M —mass of diffractive system (without p')
x_ = (Q*+M H/(Q’+W’), relative momentum IP/p
B = QNQ+M ) = x/x_, relative momentum q/IP

t — squared 4-momentum transfer p - p'

Diffractive structure functions -

- (“hard” factorisation + QCD fit) — diffractive, PDFs \\; J
Regge inspired...
d4UD* 2moc (. - ..
L =11y | P27 B, xp 1] D
dO"d Bdxpdt PO _— = A(1/x )y exp(Bt)
If t not measured — F?BI'[QE, B, xﬂ,} F®(z,Q?) = A 2% (1-2)°
. | 2
2
“reduced” cross section g’ =F> — J " F? = FDZ, y <1 (FDL =0 at LO)
- 1+(1—y)

proton vertex factorization (?): Ff{*'(lﬁ, O x o, t|=f (X0, 1)

[Pomeron flux 3mergn structure
(Regge form) function !!!
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Inclusive diffraction in e-p interactions (2)

Diffractive selection:
e proton tagging, LPS(ZEUS), FPS, VFPS(H1)

0 L L L B B BB B

. : . e L (@) S

« Large Rapidity Gap (p-dissociation ..!) G| :
1500 + ZEUS LPS .

L 1000k — SATRAP i

- M, method (p-dissociation ..!)
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Inclusive diffraction in e-p interactions (3)

ZEUS (Nucl. Phys. B800 (2008) 1) FPC Il results (M, method):
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- Diffraction yield (fixed M, Q%) = const (W)

- Diffraction yield (0.28 <M <35 GeV) = a—b In(1+Q?
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Inclusive diffraction in e-p interactions (4)

ZEUS: LRG vs M, method (FPC |, FPC II)
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Different methods are consistent
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Inclusive diffraction in e-p interactions (5)

LPS vs LRG method
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Inclusive diffraction in e-p interactions (6)
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Inclusive diffraction in e-p interactions (7)

GrD(3) : H1 FPS vs ZEUS LPS
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Inclusive diffraction in e-p interactions (8)

D(@3) . - - 11-
o °® : H1 FPS and ZEUS LPS combination... H1 prel-11-111,
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Combined data have ~20% smaller uncertainties than H1 or ZEUS data
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Inclusive diffraction in e-p interactions (9)
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Inclusive diffraction in e-p interactions (10)
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‘f‘; 0.4 ;-ﬂ:ﬂ.nmg.! Fp=000s6 | p=0018 | p=ooss | p=018 | p=o0se
ro}) 0.05 ;_5.1 GeV _ -'..' _ —.___. _.
g D:—.I z::— Iﬁli.gﬁlm.lﬁ .|:-2.|
g, 0i1fsscev’§F " 5 - 5 -
Qoosf E & 3 e
I B o] e e
01F153GeV | - - -
o.ns%— _ : ‘w-j — ¥ [~
D—| |— §|—|eﬁ|— ?Tm|m|ﬁ
0.1 F265GeV | - - -
W i R 1 S ] R
1N Bl oBl coms :ﬂ}i o f.(x,t) = A(L/x Y exp(B t)
0.1 | 46 GeV? - E, - - -
0.05f i 3 2 Regge
| DE_ | | . :_ %I [— ﬁg é_ .ﬁl ig; L B B + 2a ln(l/x )
0.1 FQ’= 80 GeV* | 3 - 3 5
005 2 2 i i i IP 2\ — B C
A g % -3 F, (2Q) =Az(l-z)
10% 10" 102 10" 10 10" 10% 107 102 107 107 107
Xip

proton vertex factorization. Regge flux approximation (?):

D““‘ﬁ O -’ffp:f]_fﬂ? Jfﬂ:,-. ) ‘EF(BJQE) (Sub-leading IR term omitted...)
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Inclusive diffraction in e-p interactions (10)

D4 2
X 0 P@(B,Q2x 1) H1, EPJ C71 (2011) 1578,
IPr IP ZEUS, NP B816 (2009) 1
12 H1 FPS HERA I 02 H1 FPS HERAII H1 FPS HERA I
9’& H1 @ Regge fit in Q? ranges c% . H'I @® Reggefitin o? ranges c: ! [ H1 ® Reggefitin Q? ranges
S : global Regge fit S global Regge fit é I global Regge fit
= 2

| |
A { o {

1.05L———— — i Y | S — gl .
10 10 10 10 10 10°
Q* (GeV?) Q? (GeV?) Q% (GeV))
ZEUS
§ Jmumew ) . a_ (0) = 1.10 in agreement with a _ (soft)~1.08
+'" ! w ] o' =0 - no “shrinkage” < o' , (soft)~0.25 GeV-2
" H J B _ consistent with hard process
] - No strong dependence of a _(0), o', B _on Q°
* Proton vertex factorization holds within uncertainties

10 10°
Q? (GeV))
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QCD factorisation tests

Collinear factorization theorem (lepton-proton, DIS, perturbative QCD)
o’=Xf"0a"

f ® — universal diffractive Parton Distribution Function (dPDF)

1

aiY*— universal (y* parton) cross-section

Basic strateqy:

* Inclusive diffraction:
Measure diffractive structure function FD2

Extract dPDFs (quarks and gluons) from FD2 ;
NLO DGLAP fit to F°,, (polynomials at Q ?),
proton vertex factorisation, Regge approximation, T/ jet

« Semi-inclusive diffractive process:
Calculate partonic ¢, X p

convolute with dPDFs — cross-section

=3 compare the calculations with experiment...
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Diffractive PDFs (1)

H1: 0 "® - NLO DGLAP fits (+proton vix factorisation) — diffractive PDFs

EPJ C48 (2006) 715

X, =0.01
P
&
a,_ ® Hi Data
=} 1 = H1{ 2006 DPDF Fit A
a 10°F = (@Xtrapol, fit)
:‘ F ) X=5E-05
- 005 (=11
CQ B=0.005 (=11}
® A=8E-05
0 o F E=0008{=10)
E . x=0,00013
- e %% & £=0.013 (1<)
. o X (h ¥=0.0002
B=0.02 1<)
10 #
C ¥=0.00032
E . _!3:5 L 8=0032(k7)
) M %=0.0005
; 3=0.05(1=6)
0 &

10

£ X=0.0008

F L2y £=0.08 (=5)
A=0.0013

i !.-VIML B=0.13 (1=4)

a|
L .__."—f'!‘*! L x=0.005
L T X=0.008
-'*—!-Q—E-__.__!___ B=0.8{1=0)

x=0.002
5=0.2(1=3)

%=0.0032
B=0.32 (l=2)

E=05 {I=1)

E]
10

Q? [GeV?

» Gluons weakly constrained, esp. at large z

Singlet

0.2 04 06 0.8
z

H1 2006 DPDF Fit A

== (exp. error)
L1 (exp.+theor. error)

|GeV
85

02 04 06 08
Z

—— H1 2006 DPDF Fit B
----- (exp.+theor. error)

z = fraction of parton momentum
in hard scattering/IPomeron ( = [3)

J. Figiel
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Diffractive PDFs (2)

H1, diffractive di-jets in DIS: JHEP 0710:042,2007 e (k)
e (k)
4<Q°<80GeV? 0.1<y<0.7, x_ <0.03 Y@
— _;._Iet
7,= (@M QMY T
"%~ H1 data 4 Hidata
H1 2006 DPDF Fit A H1 2006 DPDF Fit B !
— 200 — 200
2 g
- 150} i H1 - 150 H1
S p s -
8 100 ~ = 3 100 -
sof N sof [ ]
% 02 04 06 08 1 % 02 04 06 08 1
Zip zp (=2)

 H1 2006 DPDF fit B gives better agreement with the data
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Diffractive PDFs (3)

H1: diffractive di-jets in DIS

Combined QCD fit to dijets and

Inclusive diffraction to constrain

gluon distribution at highz -
H1 2007 Jets dPDFs

) [pb/GeV?|

2
T,jetl

do/dz,p/d(Q°+p

@ H1 data

— H1 2007 Jets DPFDF

%]

—
T

29 < Q%p? < 50 GeV?
T jetl

- H1

Mo

—e
T

.....

70 < Q°+p2 < 100 GeV?
T,jett

100 < Q*+p? < 200 GeV?
T.jett
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Diffractive PDFs (4)

— H1 2007 Jets DPDF

- exp. uncerainty
|:| exp. + theo. uncertainty

......... 11 2008 DPDE fil A H1 2007 Jets dPDFs

== H1 2006 DPOFFit B

% 0.2 % 0.2
- - H1 2007 Jets DPDF
| close to H1 2006 DPDF fit B
u D « Common diffractive DIS
- - and diffractive dijets
§ § PDFs -

— factorisation holds
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Diffractive PDFs (5)

ZEUS DPDF fits (ZEUS-prel-09-004): ZIEUS ”9||U°”S

" L A B L I B B
N Q° = 6 GeV? ] R [ Q*=20GeV? |
H H - — ZEUS (prel Ci 1 H .
LRG & LPS & diffractive Dijet DIS 0sp CeRbaor e | asll ]
---H1-20068 x 0.81 ] L i
J L \\.‘ |
04l s, ]
AT \\ .“ i
ZEUS quarks F N
[ T T T T ] T T T T 0-2__ \\‘\‘.: ]
N gk Q% =6 GeV? 1 N oak Q? = 20 GeV? I )
I —ZEug (prel.]DPDFgmcl . 1 l Cl_ | L L
- - —ZEUS (prel) DPDF C incl FFN 0 02 04 0.6 08 1
0.03 ! == =H1-20068 x 0.81 0.03 b z
<A N o |
0.02 002 - iy — N L
/. E e l“ . 0_5__ [ —
00157 0.01F N ! I
Ly v .
L L L \t‘ i L 3 4
0 ! ! ! ! o ! ! I L 04 N ‘\:‘.‘ 7 0.4 B ", 7
0 02 04 06 08 1 0 02 04 06 08 1 A
Z Z L \\ “'a ] L \\I i
T NP 1 T PCRRSSRARS Y o2r \\::""-... | o2r "“-. j
N oaalt Q° = 60 GeV _ N0-04_ Q° = 200 GeV i e ] i
& 4 n PRI NSRS TN ST SR NS ST S PRI NSRS ST ST S N !
i ] ; ] % 02 04 05 08 1 % o2 04 06 08 1
0.03] : 003 - z z
e ] i W 1 e, ZEUS
oozl S T © M1 20008 ;
[ ] [ ] " © | —— ZEUSDPDF8J -
001F A\ 0.01F n X 0.65 exp. uncertainty —
- 4 . 4 h |- -
ﬂ | | | P u:n | | | | g [ 7
0 02 04 06 08 1 0 02 04 06 08 1 o [ h
z z 2 - .
2] 0.6 — -
c L _
g L _
ZEUS and H1 2006B DPDF fits 0 f
0.55 ~———— ‘ : ""“‘2
10 10

are consistent up to normalisation Q2 (GeV?)

ZEUS,NP B831(2010)1
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QCD factorization test: dijets in D-DIS

H1: 2 jets in diffractive DIS with leading proton VFPS (H1 prel-11-013)

VFPS DIS Dijets VFPS DIS Dijets
- . _—
5 H1 Preliminary -g_ 8ol H1 Preliminary
3 e Hi Data (Prel.) "'-;_ i e Hi Data (Prel.)
' 10 — NLO DPDF Jets 2007 (x 0.83) N - — NLO DPDF Jets 2007 (x 0.83)
o T 60
— B I
A Lo
]
.
a
v 1} _
“E - | 1 | i ] ] ] 1
6 8 10 0 0.2 04 0.6 0.8 1
{Pt*jat: (GEV) Zp

NLO predictions using H1 Jets 2007 DPDFs describe dijet production
In DIS with tagged proton — QCD factorisation holds...
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Diffractive dijets in photoproduction (1)

direct photon (like DIS) resolved photon
c (!’(’:l e (k} ° (k ;I

Jet X = Z(E-pz)jets/Z(E-pZ)hadn

Jet = fraction of photon
mom. in hard scattering

p @) p() p(p) p ()

Resolved photon may behave as a hadron - factorization may be broken
(as in p-p, secondary re-scattering, multi-pomeron exchanges)
— “gap survival probability...”
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Diffractive dijets in photoproduction (2)

ZEUS: diffractive (LRG+LPS) dijets in photoproduction (NP B831 (2010) 1)
ZEUS

ZEUS E_jet>7.5GeV

_—
) - =
S - ZEUS diff dijet yp 99-00 @ S 70 P '

" 500 [ [ energy scale uncertainty ] [] C e ZEUS diff dijet yp 99-00 ()

S . L ZEUS DPDF SJ B g 60 C [ energy scale uncertainty B
_é - DPDF exp. uncertainty . -g_ C ZEUS DPDFSJ ]
= [ mmm=s H1 Fit 2007 Jets x 0.81 . - C DPDF exp. uncertainty .

© 400 — — % L mmme H1 Fit 2007 Jets x 0.81
© - 4 W 50 3
B i o S
- | .g C
300 — — 40 — -
L _ 30 .
200 - -
N ] 20 — —
100 — — .
B ] 10 — —
C I . ! . i o
B [ renorm. scale dependence T
0.5 ] 05 -

0.4 0.6 0.8 1 8 10 12 14
—iet sm un
ZEUS 2 | .
. = . =’ <Nosupression = QCD
9 44l e zeusdidiet ypos-00 (b) - 7z [ e ZEUSdiff dijet p99-00 b)
g T F ZEUS DPDF SJ - E 2 EELS'S:DPDFSJ ( ) i
DPDF exp. uncertain exp. uncertaint i n T
% 1.2 | ==== Hi Fnzoznetsr;o.; _ % -= Hi Fitzognetsxo.s}; i faCtorlzathn hOIdSo
0w T ) .
2 B i ; D 15 -
w - - I w L 4 . .
e F i ! + """""" N T l # l 1 e Inconsistency with
S ol g R S "
£ oarf- - § 'TVTWSSSIITS 0 H1DPDF..
06 0a o8 08 &8 10 12 14
Xy~ E® (GeV)
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Diffractive dijets in photoproduction (3)

H1: diffractive (LRG) dijets in photoproduction (EPJ C70 (2010) 15)

e = E_jet>5GeV
s s
© 1]
T T
0.5 “~ Gap survival probability”
H1-data/NLO = 0.58+£012(exp.)
6 8 10 12 14
xiets E*" [GeV] +0.14(scale)+0.09(DPDF)
P
o 1 (c)
s H1 data / theory
® e NLO H1 2006 Fit B x (1+3na) - Weak dependence on Xy (?)
g [ ] data correlated uncertainty

------ NLO H1 2007 Fit Jetsx (1+3w) ¢ QiNt Of jet E dependence
----------- NLO ZEUS SJx 1.23 x (145w T

. dependence on DPDF...
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 Still new, precise measurements of diffraction at HERA
» Consistent picture of VM production within QCD framework

 New diffractive PDFs from inclusive and semi-inclusive
measurements, with several methods - consistent

 First combination of H1 and ZEUS diffractive data
with tagged proton gives consistent results

* QCD hard factorization holds in diffractive dijet production
iIn DIS but may be broken in PHP, H1 - ZEUS comparisson
iInconclusive

e Theoretical uncertainties of QCD calculations are larger than
experimental errors...

 Diffractive analyses at HERA are still ongoing...
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