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» Selection of Diffraction at HERA
 H1 and ZEUS leading proton data
* LRG cross sections and DPDF fits
 F.° measurement

* Factorisation tests
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Diffractive DIS at HERA

HERA: ~10% of low-x DIS events are diffractive with no color flow
between hadron systems Y(p) and X
=>»Probe structure of color singlet exchange with virtual photon

Standard DIS Diffractive DIS
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o §election of diffraction at HERA

Large rapidity gap (LRG) between  proton Spectrometers (PS)

leading proton p and X y
max IXPI ENC } T - "'|'| I_I|‘I_I‘T T _|&
5
, | H1 FPS + ZEUS LPS  x,=1--%
: =5 =1 il P +H1VFPS Ey
' 1VIY O free of p-dissociation background

4 x,p and t-measurements
O access to high x range (IP+IR)

O high statistics, data integrated over W low geometrical acceptance
t|<1GeV? HERA-2:

[ p-dissociation contribution > H1 FPS detector upgrade
d limited by systematic uncertainties = 20 times higher statistics than

related to missing proton collected at HERA-1

2 LRG and FPS methods have » H1 VFPS has high acceptance
different systematic uncertainties
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Comparisons between Methods

ZEUS
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H1: o(My<1.6 GeV) / o(My=M,)= 1.20 +/- 0.11(exp.)

= LRG data contain ~20% of p-diss contribution
=> no significant dependence on Q?, B, X;p

EPJ C71 (2011) 1578

Inclusive Diffraction at HERA




Diffractive Reduced Cross Section

€ d4O' _ p D(4)
./2/ Qz dﬂszdePdt ,BQ ( "‘ )G (B,0° , Xps1)

e Vs
8 } Relation to £, and F,”:
M
y X UFDM) = F, D(4) _ Y : F 0@
P , 2=y +y°/2)
P P My

®~ F,” atlow and medium y

~ (

R — integrate over |f|<1 GeV?to compare PS
(3) D(4) . . : .
0, = jUr dt| results with LRG and diffractive PDF predictions

* F, directly related to quark density in proton ¢ F, only non-zero in higher
order QCD - independent

. 5 . . ..
dF,/dInQ# (scaling violations) sensitive to access to gluon density

gluon density
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Factorisation in Diffractive DIS

QCD hard scattering collinear factorisation:
" (y'p—>Xp)= Y f (.0 xp0)- 07 (x,0%)

parton _i

07 " universal hard scattering cross section (same as in inclusive DIS)
f - Diffractive Parton Distribution Function =» obey DGLAP,
universal for diffractive ep DIS (inclusive, Dijets, Charm)

1 Extract DPDFs from QCD fit to 1 Test DPDFs in diffractive Final States

inclusive diffractive DIS (Boson Gluon Fusion)

QCD collinear

factorisationat W,/ ﬁ

fixed X t

Rapidity gap
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Factorisation in Diffractive DIS

Assumption of proton vertex factorisation for leading /Pand sub-
leading /R exchanges = hard scattering is independent of x,, and t

FzDH)(/'}~ QZ‘XIP"]‘) = f}p(-"m*")'FzIP(ﬂ Q)+ g '.f}R(xIP”'Fzm(ﬁ*Ql)

* Xp andt dependences are described by Regge
motivated /P and /R fluxes:
Bt
e '
f”)(xlp,[): o ] A ()=, (0)+a't

1P Proton vertex

factorisation

« Dominance of /Ptrajectory with a,z>1 at !
X;p<0.01 and contribution of sub-leading /R P °
trajectory with az<1 at higher x;p cé_a ~ exp Blt|

t

B=B,+2a',In(l/x,)

« Shrinkage of exp t-slope with In(1/x,p) =

=>» Perform ‘Regge’ fits to diffractive
data to extract parameters of /P flux
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Inclusive Diffraction at HERA
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ZEUS LPS |t|=0.13 GeV?
ZEUS LPS |t|=0.3 GeV?
— Regge fit IP+IR
* luminosity 32.6 pb’

« norm. uncertainty of ZEUS
LPS g,P¥ data is 7%

X o-dependence in (B,Q2,t)
bins

= |P and IR contributions

NP B816 (2009) 1




t-slope as a function of Q?,,M, X5
do/dt ~ exp (Bt)
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H1 FPS: IR contribution at large x;p ZEUS LPS: no strong effect
from IR contribution

H1 and ZEUS: t-slope does not change with 3, M, or Q? at fixed x;p
=» data consistent with proton vertex factorisation
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Proton Vertex Factorisation

ZEUS
5 1 ———— ———— w H1 FPS HERA I H1 FPS HERA I
T | zvsuoan | s 1.2 < 02
s O ::j:::::' ] S | H1 ® Reggefitin Q*ranges S [ H1 @ Reggefitin Q*ranges
I > I
[ A zEusLps 33 py I S : global Regge fit O global Regge fit
12| === ReggefitLPS+LRG o \.;

1} =

oss |- i 1.05 b———s — oqb— —
i 10 10 10 10

i I Q? (GeV?) Q% (GeV?)

10 10
Q% (GeV?)

H1 FPS HERA II

=> a, (0) =1.10 in agreement with a5 (soft)~1.08 C Ty e resserinc e
= dp =0~ no “shrinkage” < a’'p(soft)~0.25 GeV2? ¢ | global Regge fit
=> B, consistent with hard process @ 6 } {
=> no strong dependence of a,5(0), a’\p, B;p on Q2 | }
5|
= H1 and ZEUS results are consistent with proton f
vertex factorisation within uncertainties L ‘ ‘

10 10
2 2
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t-slope as a function of xc 2
H1 Regge fitresult: | B(x,,) = fp(x;p) - Bip(X1p) + f1r(Xp) - B (Xp)
N; ® HIFPSHERAIl | e x _-dependence of t-slope,
O — Regge Fit IP+IR dat d Q2 and
Q 10 O H1EPS HERA | ata averaged over Q< and (3
o | | 2 ZEUSLPS? | 9H1 FPS HERA-1 and HERA-2
! data are consistent, B~5-6 GeV-
7.5
7 =>|R contribution at high x;p
i =2>ZEUS LPS2 measures higher
5[ % t-slope: B ~ 7 GeV-2
= are H1/ ZEUS uncertainties
5| dofat ~ exp (BY underestimated ?
e~ 3 H1 VFPS will provide an
10 10 10 independent measurement of t-
EPJ C71 (2011) 1578 XIP SlOpe in X,p range 0.009-0.026
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Proton Spectrometer data in
0.09<|t|<0.55GeV?

Q?-dependence in (B,xp) bins

 H1 FPS norm. uncertainty 4.5%,
ZEUS LPS norm. uncertainty 7%

H1/ZEUS: =0.91 +/- 0.01(stat.)
+/- 0.03(syst.) +/- 0.08(norm.)

=» Reasonable agreement of
H1 FPS HERA-2 and ZEUS LPS
data in shape & normalisation

=» Combine H1 and ZEUS cross
sections to extend phase space
and reduce uncertainties
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Inclusive Diffraction at HERA

First combination of H1 and
ZEUS diffractive data

=>» Combined results from proton
spectrometers

=>» Consistency between data
sets

=» Combination method uses
iterative x2 minimization and
include full error correlations
[A.Glazov]

=>» Two experiments calibrate
each other resulting in reduction
of systematic uncertainties
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« A detailed look to the combined data
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=>» combined data have ~20% smaller uncertainties with respect to H1 data
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0,°®) T VFPS vs FPS vs LRG

VFPS Acceptance
H1 VFPS has high acceptance in range ET
0.009<x,5<0.026, |t|<0.5 GeV/?
= allows a high precision measurement
over this x range
= VFPS t-slope and 0,°* measurements o g e
are on the way
° H1 VFPS Preliminary o H1 LRG Published x 0.81
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0,°®) T VFPS vs FPS vs LRG

° H1 VFPS Preliminary o H1 LRG Published x 0.81
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=» compilation of VFPS, FPS and LRG data vs H1 DPDF Fit B

VEPS

FPS
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=0.96 £0.02(stat.) £ 0.11(syst.) £ 0.08(norm.)
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+++ Dipole model (C. Marquet)
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=» combined 370 pb-' of H1 LRG (HERA-1 and
HERA-2) and 62 pb-' of ZEUS LRG (HERA-1)

=>»data are in general agreement, normalization
difference of 13% is within quoted uncertainties

=>»detailed quantitative comparison shows
differences at low and high 3
Inclusive Diffraction at HERA
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z-singlet(z)
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" Diffractive PC

« Fit B and Q? dependences at fixed xp

» Parameterize quark singlet and gluon PDFs
at starting scale Q, and evolve with Q? using

NLO DGLAP

* Proton vertex factorisation assumption to fit
data from different x, with complementary

B,Q2 coverage

* Inclusive diffractive DIS cross sections constrain quark singlet and gluon
(via scaling violations); Dijet DIS cross sections constrain high z gluon
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"Diffractive PDFs: H1 vs ZEUS

ZEUS
* Recent ZEUS DPDF fits to inclusive LRG S R
& LPS & diffractive Dijet DIS consistent with AN
previous H1 DPDF fits up to normalization Ao
factor in data - e B s
R, @=s0eev® | R I Q'=200Gev* |
ZEUS ' :
'“15 12 - Gluon Momentum Fraction 8 T T T T ] AN
N [ feroouasazans ] o —— ZEUS DPDF SJ I vozt
E : 0.65 - exp. uncertainty 7 “_Mf_ ' 0.015— ]
£osf - {0 N
§ m i ] % o2 04 o 08 ! % 0z 04 06 08 o1
= 04F 006 DPDFFItA I ] ® o Tsoe R - otmoe
i~ [ E (oxp.ermon [ 1 el BRI | ol
8 02 [ (exp.+theor. emor) 0.55 b : > E,
N [ .-- H12006 DPDFFit B 10 10° ) AL N
S oL i Q? (GeV?) N
N 10 10 : 2f o
R Q* MGeV’N e e T ML v e

* Overall ratio of gluon to quark density is 70:30 ® f— «=wewr | ® [ amoont
(H1) or 60:40 (ZEUS) =» similar to inclusive

PDFs at low x NP B831 (2010)1 |
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& "Diffractive PDFs: H1 vs ZEUS

_ X,5=0.003 _ X,5=0.01
® ‘ ®
o ® ZEUS LRG 99-00 (@] & (b)
o —  ZEUS DPDF SJ o )
o - - ZEUS DPDF SJ (extrapolated) e 103l .o $=0.008 (k=10)
X 10°F - Fit B (x0.81) X :
o™ --- H1 Fit B (x0.81) (extrapolated) ™ . =0.013 (k=9)
o ®® B=0027 (k=7) *
=0.02 (k=
,../.' p (k=8)
- B=0.043 (k=6) 10 2| o
1Y, B=0.032 (k=7)
| e o®
v 3 B=0.067 (k=5) "f
= = e -
. ' .~ $=0.05 (k=6)
B} _ 10 | &% 0,08 (ke5)
‘ ®  B=0.107 (k=4) e  (=0.08 (k=5)
L4 .’/ 1 2 -
1 e p=0.167 (k=3) ] $=0.13 (k=4
B=0.267 (k=2) 1 B=0.2 (k=3) ]
p $=0.433 (k=1) B=0.32 (k=2
- o ®
10 10 %0 . W
B=0.667 (k=0) 10 ‘ ces [3_0;5). (k=1) |
— (7YY
soovve 20y $=0.8 (k=0)
- -2
10 - 10 L !
2 2
10 10 10 10
2
Q* (GeV?) Q* (GeV)
M.Kapishin Inclusive Diffraction at HERA

= H1 DPDF Fit B and ZEUS
DPDF Fit SJ predict somewhat
different behavior at low Q2

-=>» fits reflect difference in
normalization of H1 and ZEUS
LRG data

= need to understand
differences in H1 and ZEUS
LRG data sets to combine
them and perform a QCD fit

= most of H1 LRG data
(1999-2000 HERA-1 and
HERA-2) are still preliminary
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Central Jets in DDIS with tagged proton

e T
- ~
N
a2,
\
/ )
! ).
2 y
LA
& e

FPS: xp<0.1, p*1,>5GeV, VFPS: 0.009<x,,<0.024, p*;,>5.5GeV,
*
p T1>4GeV, '1<nlab<2'5 p*T1>4GeV’ —3<r]*<0
2 central jets VFPS DIS Dijets
2 H1 Preliminary '8_ 80 H1 Preliminary
~ 800 ~ i e H1 Data (Prel.)
N t:ipf:p%tzépre") < [ —— NLO DPDF Jets 2007 (x 0.83)
Q 600 “NLO DPDF Fit B / 1.23 ....-Bl_ 60_— '
g | S :
400 | © 40 -
zoo}« : 20: t
: | : $
2 I T B S R
4 151_ P s % | 3 0
offt == ————— 0 0.2 0.4 0.6 0.8 1
0 0.5 1 ZIP
V4
H1 prel-10-013 | " H1 prel-11-013

=>NLO predictions based on DPDFs H1 Jets an H1 Fit B describe
central dijet production in DIS with tagged leading proton
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Forward Jets in DDIS with tagged proton

1 central Jet + 1 forward Jet

2 [ i erotmmay New H1 analysis of Dijet production
N in DIS with leading proton tagged in
i Foe~ FPS:  Hatum
o Tomemem Forward jet: p*;>4.5GeV, 1<n,<2.8 o
Jee 4 Central jet: 1 p*r>3.5GeV, -1<n ¢ <Nfwg :
E : ‘ P
T T { ) Ve
z, ~ /
. \centraljot+ 1 forward jot =»extended x,, and n range compared to LRG dijet
2 H1 Preliminary DIS data
EW’E
%‘ ] : ->dijet selection with DGLAP p, ordering broken
el 1 =>no evidence for configurations beyond DGLAP &
I e DPDF predictions
Ny
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H1 data
e E,=920 GeV
o E,=820GeV
A E,=575GeV
m E,=460 GeV

—— linear fit
---- H12006 DPDF Fit B
- extrapolated Fit B

0.00 1 1 1 1 1 1 1 1
00 02 04 06 08 00 02 04 06 08 O

1 1 1 1 1 1 1 1
.0 02 04 06 08 00 02 04 06 08 10

y21Y,

arXiv: |

07.3420

M.Kapishin

Linear fits to extract o

2

D) _ [z D@ _ Y D(4)

" : 201-y+3y2/2) *

2 measure o,” at fixed
Q?,x,5,8, but different y
using LRG data at different
proton beam energies

=»perform linear fits to
extract F P

=» analysis published for
full range Q%>2.5 GeV?

Inclusive Diffraction at HERA
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D F,Pand F, P structure functions

8 H 1 extrapolated Fit B 7 ‘\ba extrapolated Fit B -
= 008 ! mows | H1 Collaboration _, H1 Collaboration
o Q%=4GeV' o Q%=4GeV R 20
x RD | W L H1 data
oo, 3 — H1 2006 DPDF FitB R | ® x,.=0003
* 4 I extrapolated Fit B L O X = 0.0005
C ___ RE(FitB)
o T 4 1 0_ R(H1 2009)
i - r ®
of FH : i(;; i — \iL
L H1 data 0 -
<« - O x,=0.0005Q° =115 GeV’ L
g o T W x,=0003, Q’=4GeV’ L
5 005 —— 2 o Xp=0.003, Q7=115CeV’ L
x } L [ 4 x,=0003, Q*=44Gev? L @*=11.5GeV? Q* =44 GaV*
N - " L L PR R | L " L L PR T
- o st O 10 1 e S B!
g 10" 1 2510 10° 2x10°

B X

0
X;p = 0.0005
.0.05F Q°=115GeV

4x10* 5x10*

 F,P and F P extracted in bins of Q?, x,, and 3
= F.,P and F P data agree with H1 DPDF Fits

 Ratio of RP to R(incl DIS) =» longitudinal
component is larger in diffraction

Xip FE
e Hldata

H1 2006 DPDF Fit B
------ H1 2006 DPDF Fit A
--='=- Golec-Biernat & Luszczak

D
Xip F2
o Hldata
—— — H1 2006 DPDF Fit B
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Test of Factorisation: Dijet Photo-production

small point-like photon
e
Y+

] Jet
direct Tt
Remnant
IP
P - O—>

(@)

resolved
Inclusive Diffraction at HERA

direct
M.Kapishin

large hadron-like photon

e

Y Remnant l
resolved *Q"
Jet }js\ bx
Jet
Zp )
Remnant i
Xp

p—hth

x <1

d Q2~0, hard scale — E{® process
sensitive to gluon density

O Factorisation in Dijet PhP expected to be
valid in direct photo-production but broken
in resolved photo-production (secondary
re-scattering, multi-pomeron exchanges)
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ratio to ZEUS DPDF SJ

ratio to ZEUS DPDF SJ

o _""\\\.
‘, @bll;
! (% ® )
\.\ T ',/':

ZEUS (E+>7.5 GeV) : no evidence for gap distraction

Biffractive Dijet Photo-production

Gap survival probability:

H1 (E;>5 GeV): survival probability < 1 at 20,
=» QCD factorisation breaking

o(H1 data) / ofNLO) = 0.58 = 0.12 (exp.) = 0.14 (scale) = 0.09 (DPDF)

ZEUS
T T

T T
e ZEUS diff dijet yp 99-00

: :
2 [ ZEUS DPDF SJ (b) ]
L DPDF exp. uncertainty i
== = H1Fit 2007 Jets x 0.81 i
15 * | -
1 i ]
1 1 ]
8 10 12 14
EX (Gev)
ZEUS
14 L e zsljs diff dijet vp 99-0(; (b)
r ZEUS DPDF SJ 1
[  DPDFex p. uncertainty ]
1.2 |- = === HLFit2007 Jetsx 0,81 ]
.t S S
i | T * - 1 ]
0.8 t .-t =
C n 1 n 1 n 1 ]
0.6 0.4 0.6 0.8 1
ngs
M.Kapishi

data/ theory

data / theory

02 04 06 08 1
jet:
X]yes

0.2 0.4 0.6 0.8

jets
ZIP

NP B831 (2010) 1

data / theory

10 12 14
jetl

£ [Gev]

6 8

H1 data/ theory

Bmess NLO H1 2006 Fit B X (1+3ner)
[_] data correlated uncertainty
------ NLO H1 2007 Fit Jets x (1+3ha)
----------- NLO ZEUS SJx 1.23 X (1+3nar)

Rescatter
) with p?
g (x) .
jet
jet
g (zp)
p p

 gap survival has little
dependence on X,

* hint of dependence
on jet E;

EPJ C70 (2010) 15

Inclusive Diffraction at HERA
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_ Summary

 HERA continue to provide unique diffractive DIS data
sensitive to structure of color singlet exchange.

» Agreement in detail between different analysis methods

» Proton vertex factorisation is a good model for diffractive DIS at HERA

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

» High statistics H1 and ZEUS LRG data are in general agreement but
require detailed combination

» Diffractive PDFs are constrained in QCD fits and tested

» F P structure function is measured by H1

» H1 and ZEUS results for gap survival in diffractive dijet photo-production
are not conclusive
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@ Regge fit

« Assume proton vertex factorisation for IP and IR

F2D(4)(ﬂ9Q27xIP7t) = f]P(x]P,t)-lep(ﬂ,Qz)—Fan 'fIR(XIPat)’leR(IBaQ2)

» Parameterization of x,,and fdependences for /Pand /R

f]P(xIP’z)z 20p(1)—1 Ccii_(z ~ €XPp B|t|

IP

apt)=a,p0)+a,'t B=B,+2a',In(l/ x;)

* Fixed parameters for IR (as in H1 DPDF Fits): a,5(0)=0.5, a z=0.3 GeV*?,
Br=1.6 GeV?, F,/R(3,Q?) — x structure function, F,P contribution corrected

using H1 2006 DPDF fit B

* Free parameters: a,5(0), a 5 Bs N, and IP normalization F,/F(8,Q?) in
every (8,Q?) bin
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Results of Regge fits

New H1 FPS _
NERAD eyt | QP(0) = 1.10°0.02 (exp.)  0.03 (model)

a,(O)=a,O0)+a, | p=0.04 0.02(exp.) 2% (model) GeV?

B=B,+2a',In(l/x,) |Bp=5.73 0.25 (exp.) %20 (model) GeV/?

0.90

2> a, (0) = ap(soft)~1.08
2 d',, = 0- no “shrinkage” (d'(soft)~0.25 GeV-?)
> B, consistent with hard process

Compare with published HERA results:
H1 FPS HERA-1 parameterization: ZEUS LPS Regge fit:

,p(0)=1.114+0.022(exp.) 2o (model)  a,,(0) =1.1120.02(stat.) +, o) (syst.) £ 0.02(model)
a',=0.067 GeV? o', =—0.01+0.06(stat.) +( o (Syst.) £ 0.04(model) GeV ™
B, =55, GeV~ B, =7.1+0.7(stat.) £,% (syst) GeV~

M.Kapishin Inclusive Diffraction at HERA 31



©
~
D
DL
©
e
X
~
n
i
~

o
o
G

o
o
N
a1

o

o ©
N O
g O

o

0.05

0.025

0.05

0.025

0.05

0.025

0.05

0.025

® H1 FPS HERAII, MY=mp
— H1 2006 DPDF Fit B

[ X,,=0.0025 [ X,=0.0085 [ x,,=0.016 [ x,,=0.025 [ x,=0.035 [ x,,=0.05 [ x,,=0.075
- p=0.0018 | g E
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| N | | 2
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S T S S R i
| 1 1 | N N N
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B B §
- [ o o o m" ;‘T!—i_
- for® e T o
| | | | | | | | | | | | |
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2 3=0.18 L L L 2 L L
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M.Kapishin

Inclusive Diffraction at HERA

"Ratio 0,00)/ g inel: Q2 dependence

Q?-dependence in (x5,B) bins
M. >2 GeV, |t|<1GeV?

- Ratio is flat or weakly
rises with Q2 except at
highest [3

= similar shape of
diffractive and inclusive
quark PDF in proton at
low X=X,p[3

> extract InQ? derivative
sensitive to gluon PDF
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"Ratio 0,°®) g " InQ? derivative

* Slope D: (1-B)xpo,P /o= A+ DInQ? — InQ*dependence in
selected (x,p,[3) bins

000 H1 FPS HERA Il

g | ® x,-00025 M x,=0016 A x,=0035 | . INQ? slope is consistent

S | O x,=00085 A x,=0025 H1 with zero within 3o of exp.

o — H1 2006 DPDF Fit B uncertainties

§ 0.01f giff

| -)(gluon/qua_rk) ~

< (gluon/quark)ne

= f in proton at low x=x,53

Z o

= % - weak decrease of InQ?2
slope with 3 reproduced by
DPDF / PDF predictions

o004
10 10 1

B
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