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HERA ep collider 1992 — 2007, DESY, Hamburg

> The world’s only electron/positron-proton collider
> E,=27.6 GeV, E, =920 GeV (820, 460, 575 GeV)

> total luminosity ~ 0.5 fb-'per experiment
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Diffractive scattering

Deep Inelastic Scattering (DIS)

e(k’)

particle flow

current jet
colour flow
X
} v

n proton remnant

Q2 = -g2 - virtuality of the photon
Q2= 0 photoproduction, Q2 > 0 DIS
W photon-proton CME

x  Bjorken-x: fraction of proton’s
momentum carried by struck quark

y = Pg/Pk inelasticity

Diffractive Scattering (DDIS)

e(k)

e(k) particle flow >
Y (@)
>
B }X > current jet

no colour flow

Y n p -> beam pipe

X;p fraction of proton’s momentum of
the colour singlet system

t  =(p-p’)? 4-momentum transfer
squared at proton vertex

B = x/xp fraction of IP carried by the
quark “seen” by photon
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Experimental Methods

n=1.1 n=-0.75
> Large Rapidity Gap: ‘
= high statistics . o F
= contains proton dissociative background [ v — B caercd ictron
> Proton spectrometer: eciron JH | XN\W o
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pr /[T N —
= no proton dissociative background —
= Measurement of t variable rea e e
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Diffractive cross section

> Inclusive diffractive cross section (analogy to inclusive DIS):

2

d40.ep—>e’Xp’ 27(012
dpdQ*dxipdt — BQA

a2
11— Y+ y_] 07'D(4)(:[3:Q2:$Ipat)

> reduced diffractive cross section is:

2

2
o PO (B,Q% wpp,t) = Fy D (3,Q% xp, t) — ————Fy V(8,Q app, t)
2—-2y+y

> Integrate over t when proton is not tagged — o ") (3,07 x,5)
> 0,PW = F,P® at low and medium vy
> Q'rD(4) = F2D(4) if FLD(4) =0

Alessia Bruni| Areview of diffraction at HERA | 21/04514 | 5



> QCD factorisation - rigorously proven
T T
O-D(’V*p — Xp) ~ fZD(SIZ, QQ,SIZIP, t) . o',y*z-(:zj, QQ)
v v

DPDFs — obey DGLAP, hard scattering
universal for diff. ep DIS cross section

> proton vertex factorisation — experimentally proven
o ) T~ T
fi (e, Q% xp,t) ~ fIP/p(xIPat>fil/)Ip(/Ba Q%))
v v

Pomeron flux factor Pomeron PDF

> Goal: extract DPDFS from inclusive diffr. data and use them together
with NLO calculations to predict diffractive charm and jet production
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Diffractive Structure Function Measurements

> Experimental summary of H1 o® measurements
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> Data consistent in the region of overlap of the different techiques

> The data compare well with DPDF fits




HERA combined inclusive diffractive cross sections -LP

Lo
N
S~ 2 Proton spectrometers to detect H1 and ZEUS
— th I d t O H1FPSHERAINl A H1FPSHERAI @ HERA
N e leading protons 0 ZEUS LPS?2 ¢ ZEUSLPS1 0.09<t|<0.55 GeV?
O 8 - ! ! ! L | ! ! o ! 1
< > Combined inclusive diffractive  8_o25F | _ o -
('E . . b I | ]
G cross sections: & o2 B=0.018 (x6) -
I = H1: EPJ C71 (2011) 1578 0175 -
>
= = H1: EPJ C48 (2006) 749 0151 ]
5 = ZEUS: Nucl. Phys B816 (2009) 1 01251 % ]
- ZEUS: EPJ C38 (2004) 43 “r p=0.056 (x 3)
0.075 i E _
/ \ 0.05 % i -
> The input data are consistent with |o.02s5} P=018 % -
%2 Indof = 133/161 ol --.1|0 - ..-1102
> Total uncertainty on cross section Q* (GeV?)

is 6% for the most precise points
- J
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Inclusive Diffractive DIS at HERA, Large Rapidity Gap

NI _ X;p=0.003
S > Combined H1 measurements & [ ewimem, <6y —— 12006 DPDF FitB
a . . . . b" O ZEUSLRG(M <1.6Gev) === (extrapol. fit)
= > Increase in statistics, reductionof . [ - Dipole Model
N T b 102 = ; B =0.017 (I=8)
— uncertainties s 0E L 20027 (7)
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B : o 2 1. B=0.11(=4)
1 U ~ B=0.17 (I=3)
K the dipole model can describe \ - oo
the low Q2 kinematic domain better [ -
than H1 DPDF fits 10" E P04 (=D
> DPDF fits are more successful F e erere e 2.2 g P08
to describe the region of high Q2 - H1 | |
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> No unique picture for describing Q? [GeV?]

\data
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Diffractive PDFs

> DPDFs obtained by H1 and ZEUS
from inclusive, dijet 40

u? = 25 GeV?, x , = 0.01
—— H1FitB-zG(2)
fSSS H1FitB-z3(2)
- -~ ZEUSSJ-zG(z)x 1.2
o ZEUSSJ-2Z(2) x 1.2
—--—- H1 Fit Jets - z G(2)

==+ H1FitJets -z Z(2)

= Z - the longitudinal four-momentum
fraction of the parton entering the
hard sub-process with respect to
Pomeron

> Gluon exchange dominates

> DPDF fits used in NLO calculations to

predict diffractive production of charm | oL . . .
and jets 0 02 04 06 08 1

R.Zlebcik,K.Cerny,A.Valkarova,EPJ C71, (2011) 1741 I
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Diffractive production of D**(2010) at HERA

> is sensitive to the gluon content of the

diffractive exchange / 004
0.03 -
> Rp=fraction of charm production diffractive/ \ ORI 4l e
. . . . . 0.01F = HI 9697 2 <Q<100 GeV?
inclusive is approximately independent of Q2 / oy

1 10 10’ 10°
Q* (GeV?)

> Charm provides a hard scale, ensuring EON I,
the applicability of pQCD even for low Q2 % ool

D" diffractive photoproduction:

J—

[=2)
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III-
I-

ep—eD*X'p

do/dxg;, (nb)
[u—y
-
=
|
!

e ZEUS 79 pb?’

/> The NLO QCD calculations reproduce the x,P\

120 F .

differential cross section in both shape and i NLO QCD (FMNR) ]

. 0 100 — — H12006Fit A —

normalization. S - H1 2006 Fit B ]

80 . -—  ZEUS LPS+charm Fit ]

> Supports the QCD factorisation theorem in ]
diffraction, implying the universality of

\ diffractive PDFs /

Eur. Phys. J. C 51 (2007) 301-315
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NEW! Diffractive dijets in DIS, Large Rapidity Gap

> High stat. and wide kin. range: 4 < Q2 < 80 GeV? 0.1<y<0.7 P>5.5,>4.0 GeV
> Data compared to NLOJET++ with DPDF H1 2006 Fit

< = NLOHI2006 Fit B ® (1+3, ) === NLO H12006 Fit B ® (1+3 )
3 g *F H1 Prelimi T
= - ciminary % 1oL H1 Preliminary
o S 1501 Q ==
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- - —_—
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e
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Data/NLO
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[> NLO QCD predictions describe data } Q*[GeV’]

> Factorization theorem holds!
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NEW! Diffractive dijets in DIS, leading proton

> Leading proton measured in Very Forward Proton Spectrometer

> Kin. range: 4 < Q2 < 80 GeV? 0.2<y<0.7 E;>4.0 GeV

_ § H1VFPS Data § H1 VFPS Data
5 == NLO H1 2006 Fit B x 0.83 x (1+5nac:) == NLO H1 2006 Fit B x 0.83 X (1+5nac)
< = — & 10 .
- 8, 100~ H1 Preliminary DIS > E H1 Preliminary  DIS
()
P o w
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T © 2 =2
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3 - =%
e [
©

—h
(=]
TTTTT

10

Q? [GeV?]

> NLO QCD predictions describe data
> Factorization theorem holds!
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Diffractive dijets in PhP

ZEUS
* Hidata
> For dijet in DIS: the factorisation holds [datacomslateduncertainty  § F T L Tassnsepmo o
=== NLO H1 2006 Fit B x (1+3hadr) §’- 500 — ;r:lgy;;::;:eenamy
> Fordijets in PhP HERA results not fully =~ Rapep 3 [ . DPOF exp uncotiany
decisive . N v 3 400;
isati i 2 I-i1 ' ' l (a) -
> factorisation breaking observed by H1 but not s 1000 | 1 300F
observed by ZEUS, in slightly different phase " sool
space S -
500
e(k) e(k)
02 04 06 08 1
Xt

Y@ e ;

« remnar.

() i . > in p — p collisions (TeVatron) the factorisation is broken
—jet | |
M X(Px) .
, —jet > real photon (Q? = 0) can develop a hadronic structure
P (v) |
remnani > resolved photoproduction theory predicts suppression
Xip GAR > the suppression is supposed to be stronger at low scales and low x,

> however no dependence of suppression-factor visible
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H1 prel 14-011

NEW! Diffractive dijets in PHP, leading proton

> Leading proton measured in Very Forward Proton Spectrometer

> Kin. range: Q? < 2 GeV? 0.2<y<0.7 E;>5.5 GeV

¢ H1VFPS Data
=== NLO H1 2006 Fit B x 0.83 X (1+3nsa)
------ Rapgap
% —_ o)
> 102 H1 Preliminary YP o 1000
O o a
2 L%
= g
ko - 10
o 500
o
©

55 775 10 1225 145
EX [GeV]

[> Data lower than NLO prediction,

# H1VFPS Data

£== NLO H1 2006 Fit B x 0.83 x (1+3hse)

------ Rapgap

— H1 Preliminary

TP

> No hints for a hlgher Suppression for Xy~1 }revewofdﬁracton at HERA | 21/04514 | 15




NEW! Diffractive dijets whith leading proton, DIS and PHP

> Measurement with VFPS confirms LRG measurement

g H1 Diffractive Dijet Production H1 Diffractive Dijet Production

2] (2]
: [a] - [] - _—
S & ' HiPreliminary & [ H1Preliminary
Q z z
s 3 30
=R i + 5 I +
T S osF - <. 05

o) ; - . o ; - .

o Double ratio with the data uncertainty ol Double ratio with the data uncertainty

% | s DPOFs uncertainty % | B DPOFs uncertainty

'a' Overall theoretical uncertainty "5 ' Overall theoretical uncertainty

Q ob 0 o

0 0.2 0.4 0.6 0.8 g.5 7.75 10 1225 145
Zip ET [GeV]
Data/NLO: suppression factor in PHP ~0.55 )

No hint of a dependence of the suppression on z and E; of leading jet

Apparent difference between H1 and ZEUS not yet understood P
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NEW! Diffractive dijets in DIS

> High stat and wide kin. range: Q2 < 25 GeV? 90<W<150 P; >2 GeV

> Measure of shape of the azimuthal angular distribution of exclusive dijets in DDIS
ZEUS

T
e  ZEUS (prel.) 372 pb”' _
- 2-gluon qq (normalised) ]
- BGF (normalised) —

— fit o< (1 + A cos(20))

> Dijets reconstructed with Durham

-y
N
17

Exclusive kt jet algorithm

ZEUS prel 14-004

1/c do/do (rad™)
|

o
o0}
T T T 11

> Data compared to 0.6F
= 2 gluon exchange model 04 =
= BGF (resolved Pomeron Model 0-2;— —
¥ S Y

o (rad)

[ Data favours 2-gluon exchange model of qq production over BGF }
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Vector Meson production

> Soft physics: Vector Dominace Model, Regge theory

R (P

> In the presence of a hard scale (M,,,, Q?, t) calculations in pQCD are
possible

Alessia Bruni| A review of diffraction at HERA | 21/04514 | 18



Vector Meson production: W-dependence

> The cross section dependence on W can be parameterised as: 0 <« Wyp6

o Y /016
2,20 75 we )  weoep
5 - —~ g [ em | a) |
o e D= | wHisy Q?[GeV?] |
B o
c 9 M°M O 2103 20
S ©0E hont o pp) = 410
S 9 | %4 olyp > wp 2 6 Ll 6.6
8 o'k ° W = 0% e 19
= F Wﬁo 0 o(yp = ¢p) 9 i 5t ]
o) _f a 10 7 s 19.5 7
‘.6 10 3 3 E /!( E
£ 5 o(yp = J/¥p) W = g 56 |
- ] 0 [ ,
2| g | <@ - i/IA/‘/i i
0 ¢ . zevs 't ' o T ‘H1‘ L — fite W |
. :
5[ * HERMES o(yp —> ¥(2S)p) 50 100 200
10 © fixed target W [GeV]
: o(yp - T(1S)p)4jjc/
—4
1 1 1 1 11 1
° W(GeV)

> The rapid rise of cross section with Wyp , is related to the increasing gluon
density with decreasing of fractional momentum x o 1/WY|D2
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o(y p— J/y p) [nb]

oy p — JvY) [nb]

Elastic and p-diss cross sections as a function of Wyp

120
100

80 f

40 |
20t

120
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60 |

80 |

H1 elastic J/y photoproduction

| ¢ HidataHE
[ § HidatalE

[ —— FitHE, LE, H1(2005)

- (@% =0.1 GeV?
- It < 1.2 GeV?

PRI T T RN NN SO N SR NN ST ST S Y
40 60 80 100
W,, [GeV]

H1 p-diss. J/y photoproduction

L ¢ HidaaHE
[ % HidataLE

[ — FitHE, LE, H1(2005)

(Q%» =0.1 GeV?
It < 8 GeV?
My <10 GeV

T

40 60 80 100
W, [GeV]

Phys. J. C73 (2013) 2466
> Fit model:

= Parametrisation (for elastic and p-diss.):
o=N(W,,/W, )® with W, = 90GeV
> Simultaneous fit of elastic and p-diss cross sections:

= including correlations, including previous H1 hep-ex/0510016

> Results:

{> Cross section ratio shows a W, ; dependence }
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Exclusive yp — Jhpp, comparison to other experiments

Elastic J/w photoproduction

—_
(@)
w

) E @ HidataHE
> . = - :H1dataLE t*}
EXCIUSIve Yp — J/wp g B _::(:(E)Of)E H1(2005) +—*‘ft+ +
S - ¢ Zeus(2002) “|
T v E401, E516
a 102 — * LHCb(2013) T
2 TE
© L
> Fit to HERA data extrapolated to i Mg
. . 1 —
higher Wyp describes the LHCb data 0 :..”’* . e
10° 10°
W,, [GeV]
© 5 Elastic J/y photoproduction
(g g 10 E @ Hi data HE e
x S aert
= S - ¢ Zeus(2002) :C,F *
-— S - v E401, E516
& > LO and NLO fits to HERA data T 402 | “wemior
o = : ~ MNRT(NLO)
5 extrapolated to higher Wyp, LO in © f ’
_J'
i better agreement than NLO 0 L **M
> . L |
o 10° 10°
W,, [GeV]
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p-diss cross sections as a function of t

(o] . .
% > The t-dependence of elastic cross section carries o i P efastio Jly photoproduction
—  information about the transverse size of the 3 M,
S interaction region g2 10°F
Q) . . oy
g « elastic: do/dt = N, el s |
N~ 2 10¢F
O > p-diss cross section dominant for [t|> 1 GeV?2 & |
- = [
. . . ; _ ) —n '8|H 2) = 0.1 GeV?
3 p-diss: do/dt = Npg (1 + (bpa/n)]t]) T e e
_C Coovv b v by v by v by v by
o 0 02 04 06 08 1 12
> Results: t[GeV2]
vp — JAyp: bel =(4.88 = 0.15) GeV-2 - H1 p-diss. J/y photoproduction
% X ¢ H1 data HE
O 4ol ¥ H1(03) highlt|
5]? 2 “ Fit HE, H1(03)
P Rl
N 4 :
§ > ZEUS meas. (2002) T 107k
o C
X > p—Jiyp: by = (4.15 = 0.05 = 0.20) GeV2 W=90 GeV Grg10% | (S-01 00
AN TP PpP: D - 19 = U.UD = U 35 : :Zee\é;vx\/;pumeev Y
L <1 e
O > 10-3u-.-l--.-l....l....l\...I\...
5 0 5 10 15 20 25 30
_- -t[GeV?]
>
L]
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NEW! Exclusive PHP of rho mesons with forward neutron

p wntll Forward Neutrons

© = 500 — : - 10 pthhForwardNeutrons —
< = HI P"'hmmary % H1 Preliminary :
< ba 400 - - = i
<~ : - E,’
[ [ 1 =
S 300 - 1 =
T : 18
200 -
[ e HI data (prel) ] [ ® HlData(prel)
10— p ompyt § [ —— Fit: a,e™" +a,e™"
F--o- fit W, 3=-03310.06,, 013 0.01 - b,=250 £6.1GeV”, b,=328 +031 GeV” 3
5 ' ' ' ~ 0 02 04 06 08 1
20 40 60 80 100 2 eV
W,, [GeV] Po

> Kin. Range: Q*<1GeV? |t|<1 GeV-?, E >120 GeV
> Process measured for the first time at HERA

> Differential cross section yp -> p? &* n as in exclusive double
peripheral process
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> Events with a Large Rapidity Gap in DIS observed at HERA since 1993

> Diffraction investigated both with LRG and proton spectrometer
> Hard diffraction is present, dominated by gluons

> Diffractive factorisation confirmed by dijet measurements in DIS and open

charm
> Data described by NLO QCD calculations with impressive agreement

> Apparent difference between ZEUS and H1 in dijet diffractive photoproduction

not yet understood

> Vector meson production provides opportunity to test the property of diffraction

and proton structure
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> This talk is dedicated to the memory of Sasha Proskuryakov, author of
many diffractive analysis: rho and phi VM, inclusive DDIS with LPS and
LRG, QCD fits.

> We sady missed him one month ago. We remember the colleague and
the friend
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