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HERA collider experiments

- 27.5 GeV electrons/positrons on 920 GeV protons —J/s=318 GeV

- data taken in 1992-2007

- HERA I,1I: ~ 500 pb‘1 per experimenc: 27.5 Gev %:{f::}% p 920 GeV
i =

H1& ZEUS - 41t detectors

Why to study diffraction?

Halle NORD (H1) \
Hall NORTH (H1)
Hall nord {HT)

HERA

Hall EAST (HEBRMES)
Hall est (HERMES)

Fundamental aim:

understand high energy limit of QCD
Novelty:

probe partonic structure of diffractive
exchange e
Applications:study factorisation properties,
transport PDFs to pp scattering

(Tevatron, LHC).

Halle WEST (HERA-B]
Hall WEST (HERA-B)
A Hlarl ouest (HERA-B)

Halle SUD (ZEUS)

Hall SOUTH (ZEUS)
Hall sud (ZEUS) /
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Historical reminder

- 21

(-,

Events

Large Rapidity

Gap

years after the observation of diffractive DIS events at HERA!
« HERA opened new era of diffraction studies

ZEUS Collab. Physics Letters B 315 (1993) 481-493 1993-1994

104}

103}

102

10 |

P

XXX-th International workshop on HEP Protvino

H1 Collab., Nucl. Phys. B429 (1994) 477
i~
® H1 data E
------ LEPTO |
E‘-
.
«* -
- 49 900 i
[ *”++” +
* +++++ --------
e T e
T)mux

Proton
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Historical reminder

0.0o¢

0.05¢

0.00!
0

%pe < 0.0008

ZEUS ]

t t t +
0.0008 < xp < 0.003

D(3)
r

X,p0

ZEUS Collab. Physics Letters B 315 (1993) 481-493

CLIrrent H1 status o H1VFPS Preliminary O H1LRG Published x 0.81
o H1 FPS Preliminary H1 2006 DPDF Fit B x 0.81
o H1LRG Preliminary x 081 = = ===== H1 2006 DPDF Fit B x 0.81 (extrapol.)
008 B=0.017 p=0.027|  p=0.043]  p=0.067|  p=0.110]  p=0.170|  p=0.270|  B=0.430 1=0.670)
. . . 0.04f"e0-0003 e ;ﬁ
scaling violation up to 013 2 &
| ; f _HD 0.06%=0-0010
very large =x 0 004 e
y g ﬁ ( ) 0.02 2 ] w M M
0.08f%=0.0030
0.04 M!
oy J& [ [ [0 [ e | )
soek  B=0.002 (=0.004 p=0.007 60011 120,022 =0.045| (1=0,089 =0.178] 10,355 1=0.708
oo4-  %,=0.010 ] __
002 o ot gt ouAP e el BT o ) I AZke
sok  =0.013
0.04-
0.0 Y e N aAd T o P ISl o
ook E=0.017
0.048=
002+ Jm-- e _EW ’ED&’J‘- __..-0-""" __peela| _ _eses | --—tay
oo X002
0.04-
0.0 9"'11‘,3‘ gl{“‘g » swm y ‘Wa ) ‘m.:‘.'.*:. ‘_:..Wj —___‘M L —ered® | = — s
006k B=0.002 6=0.006 B=0.018 B=0.056 p=0.178 p=0.562
.04 %,=0.035 yM_—- ,B’I"‘H'H
0.0z LB . - e | &
008k %=0.050 [
e g p2— _E_’m_.f-'-"“ o_g o235
00k -~ LB _-m e o e——— 8
0.0 '] %p=0.075 //E_
LTY N - o2 g p BB ___'__j___ﬂ_-ﬁ @
[T - - A ——-- e e———
10 1w 10 1w 10 10 10 1w 10 10 w o, 10
Q’1GevA
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J

M
X>W

M, =m, proton stays intact, needs
detector setup to detect protons
M, > m, proton dissociates,

contribution should be understood

Experimental methods:

 selecting LRG events

* measuring p in Roman pots
(60-220m from Int.Point)

g Diffractive kinematics A

Q?~0 GeV?- photoproduction
Q%0 GeV?- deep inelastic scattering (DIS)

HERA: ~10% of events diffractive

_ g @My
TP =& = grwe
momentum fraction of color singlet exchange
__Q* _ _ _
= @z~ Pa/P = ap

fraction of exchange momentum, coupling to v

t=(p— p,)2 — 4-momentum transfer
squared

HFS%,

Electron

Proton LRG

+Z
FPS, VFPS (H1), LPS (ZEUS)




Factorisation properties of diffraction

QCD collinear
factorisation at

fixed x, t X (M,) - P X
P p ﬂ p
P p ~
p el p
(t)
QCD Versus Regge factorisation
D/ * . D 2 oy 2
QCD factorisation |7 VP XP)= 2 (6Qxe 00T (0 Q)
(rigorously proven for =

D
DDIS by Collins et al.) fi - DPDFs - obey DGLAP, universal for diff. ep DIS (inclusive dijet..)

o’ - hard scattering cross section (same as in non-diffractive DIS)

Regge factorisation  f°(x,Q% Xp.t)= fip,, (X, 1)- f," (B =X/ %,,Q%)

(conjecture, e.g. Resolved

Pomeron Model by pomeron flux factor pomeron PDF
Q Ingelmand&Schlein) 24.6.2014
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DPDFs in DIS

DPDFs obtained by H1 and ZEUS from inclusive, dijet (and D* measurements....)

DPDFs used in HERA analyses -

QM

Z=Z1p —

M
——C, jet

———C, jet

g (z)

@ XXX-th International workshop on HEP Protvino

Q2_|_MX2

30

20

10

0

0

H1 fit B,

L.._~.-Il_-!-.‘..1-9-"'-f'""-lu"""'""'T" .|

e

-

s

-
B -

u? =25 GeVy x = 0.01

—— H1FitB -z G(z)
..... H1FitB -z 5(z)

- — — ZEUSSJ-zG(z)x 1.2
......... ZEUS SJ -z Z(z)x 1.2
—--—- H1Fit Jets -z G(2)
----- H1 Fit Jets - z £(2)

0.4

H1l fit Jets, ZEUS fit SJ
Main differences are in gluonic part.

30

u? =25GeV|, x _=0.02

—— H1Fit B -z G(z)
..... H1Fit B -z Z(z)

- —--ZEUSSJ-zG(z)x 1.2
--------- ZEUS SJ-zZ(z)x 1.2
—--—- H1 Fit Jets - z G(z)

- --- H1Fit Jets -z £(2)

24.6.2014 %




Diffractive reduced cross section

« select diffractive events
« correct for detector effects
 derive cross sections -> F,0

2

d a(ep—>eXp) dral ~ y o)
dpdQ’dx,dt  BQ° (1 y+2)GR (B.Q% %, 1)

y - inelasticity > 1-(E',/E, )

D(4 : : i
o-R( ) _, diffractive reduced cross section oW = FPW :lntecli?c‘:’ma;d
5 D(4) _ —D@#) .
D(4) _ EPO) _ y ow Tr = *

2(1—y — y7) FPW =0

Integrate over 7 when proton is not tagged

D(3 2
— OR ( )(BaQ ,Xp)
@ XXX-th International workshop on HEP Protvino 24.6.2014 /




Combined H1 LRG & FPS

x,p=0.01
§ ~  ® H1LRG (MY < 1.6 GeV) =— H1 2006 DPDF Fit B
%y . [ © HIFPSHERAdIX12 (extrapol. fit) EPJC 72, (2012),2074.
a 10 E
X F gpo0os(=i The ratio LRG/FPS :
™ [ O, $=0.008 (1=10) HLLRG
10° 3 1 B=0.013 (1=9) H1 FPS x 1.2 o (My < 1.6 GeV)
C C_!""o_— o Foamr)
- g B=0.02(=8) o (Y =p)
ek T 52003 (=) 1.203 £ 0.019(exp.) + 0.087(norm.)
o,,/'*"‘i R (1.6%) (7.2%)
: g ./._r"ﬂ_-_ e -
10 b _;___9'--‘!'“’ B 2008 (1=5) FPS cross sections are multiplied by factor 1.2
E D/Wp,_ to take into account the dissociation admixture
C _‘_,_;-F'Mbi_ﬁ 013 (=4) in LRG sample
1 :_ ' B =02 (I=3) Agr‘eemen'l' WlTh pr'eViOUS rQSUITS,
e S A no Q? or p dependence for the factor
[ BRI o S P observed |
---------- B =0.5(=1) A em—
1 "
TE e ' ! 2
S T L e S e | =
i 3 ==
- 1 1 1 L1 1 1.1 I 1 1 1 11 111 I 1 1 1 1
107 10 T LPS/LRG=0.76 + 0.01(st) + 993(sy)£9%(norm)
Q2 [GeVZ] 0.02 0.05

24.6.2014
0 XXX-th International workshop on HEP Protvino /




Regge fit to LRG cross sections:

D(: 9 92 | 9
Q% Boap) = Tewl(er) F(Q0) + nm frypler) FH(Q5)
(Fe Bp gt ’
teut :‘I’.IP !
—_ 12— ——rr —
S [ MRS Mecey) expemode) ] The mean value of pomeron intercept
S 148 [ #545=  H1LRG 1997 (M,<1.6 GeV) (exp.+model) ] o
[ [ 1P HERAA (exp.smode) +—>bap(0) = 1.113 £+ 0.002 (exp.) "yois (model)
116 EZXZ ZEUS LRG+LPS (exp.+model) ]
114 _ _
R 1+ no Q? dependence observed
b 1 * consistent with other measurements
: | « supports the hypothesis of the proton
108 1  vertex factorization
: H1
106 B N ~ - - . Il
e ap(0) — consistent with ‘soft
Q? [GeVz]

\@ XXX-th International workshop on HEP Protvino 2462014/




Experimental summary for H1 F,P

to reach this:

0.08
0.04

3
X;pop )

0.08)
0.04)
0.02

VFPS 3

w02

0.08)
0.04)
0.02

0.08
0.04
0.02

H1 VFPS Preliminary

H1 LRG Published x 0.81

.02

0LDE—

0.04
0.02

FPS

0.08
0.04

0.02

H-I PREL'M'NARY O H1FPS Preliminary H1 2006 DPDF Fit B x 0.81
c H1 LRG Preliminary x 081 - -——-—-— H1 2006 DPDF Fit B x 0.81 (extrapol.}
g:%‘fim g=0.027 g=0.043 g=0.067 f=0.110 g=0.170 B=0.270 dﬁ;:usu ﬁﬂ.ﬂ?ﬂ
It took >15 years of analysis s &
0.08}%=0.0010
0. N
LRG ? A P N R Ul el
0.081%,=0.0050
0.04F DO
u.nz-ﬁu-- PRI | .i‘i:.l PRRTETT | ﬂ-— PRERTTET | ﬁ-lﬁ. 1aual ﬁ.m-l T T | FETTT TR RTHTT M ArETrTT | PETETT B EPETTTT BArw T |
- p=0.002 f=0.004 f=0.007 fi=0.011 fi=0.022 fi=0.045 f=0.089 p=0.178 fi=0.355 g=0.708
- x,=0.010 m
o o0 e e ol paos B | nopmen® | _ _ g ee® [ - - B
L xg=0.013
N e _e vV _a-w® LawtT | Lase® | geeve |- SR8
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i @ _a Jmmm"— ’mm‘”ln_ _.-“‘"‘.* e | ese-e e
L oxg=0022
(= 1 glilmml e 1 1 » bl 1 1 -'MI = | "’M oo ’: -_.I Jl
L =0.002 £=0.006 f=0.018 F=0.056 p=0178 g=0.562
- x=0.035
» o _’Jm.*m‘ '_D_W "__E,_E—M’_m _____,_,_,_E,._m-—m— —————
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HERA combined O'r.D(3) - proton spectrometers

H1 FPS H1 Collab., Eur. Phys. J. C71 (2011) 1578

Kinematic range
H1 Collab., Eur. Phys. J. C48 (2006) 749

Q?=2.5-200 GeV?

ZEUS LPS ZEUS Collab., Nucl. Phys. B816 (2009) 1 x-o = 0.00035 - 0.09
ZEUS Collab., Eur. Phys. J. C38 (2004) 43 | IT 0.09 - 0.55
H1 and ZEUS
O H1FPSHERAIl A H1FPSHERAI ® HERA
. O ZEUSLPS?2 ¢ ZEUSLPS1 0.09<[t|<0.55 GeV> _ H1 and ZEUS 0.09<[t|<0.55 GeV?>
= p=0.0018 | p=0.0056 | p-0.018 | p=o0.056 Bz 0.18' B= 0.56 P =0.0018 ] p=000s6 | p=0.018 | p=0.056 p=0.18' B 0.56
= 0025 Xp= + + + + T, i8a® = 00251 Xp= 1 + + + Tiaen
© 0.0009 a ax? 3 ABw bn_ 0.0009 . . " L
*& 0 oo . t . t t t t t t t & O — — —t —t —t
0025 1 1 1 T ovg®3 1 0.025} 1 1 + 1 T vease
N SN PUUN (1) SR (10 AL 000 Lhwad ol LT et ettt TR
0 0'00as ! + 1 t . T t + t+ t t 00085 t + t t + t
0.025 - T + 1 1 + . 0025} T T T 1 T 1
e, ot loemo®  figeesd® | c#%%0o SRS COURNS LU ISTLANE ISTULIE Rt
0 0.016 ' ' ) ' ' ' ) 6.015 ' ' ' ' ' ' ' ' ' '
0.025 - + + + T + . 0025} T T . T 1 T 1
PR u§§9 Eunua" s ,ggodo @ +% Fo o .® oo® TT L & eee® ® LI -
0 ——4—r ——t - — —— —— 0 ——— —t —t —t —t —t
0.025 0.025
0.025 T + 1 1 + . 0.025 + + + + + :
Y I CL a89%° | 1,0808° | cioe00 | fees S NN OO LA (L L LI I
ot —t —t —t — —t o . . —t —t
025 - + + + + + - 0.025f + + . T + + :
0.025 , 0° oo?‘o 0000 °°°°‘a§ . Bg 3 " i". ..'.i ..i..' [] 5 I!i
0 blos T T T T gI T T T T T T 0 IO_OS iI T
025 | + + + + - 025F . T . + R 5 - + .
0.025 a° méaé g..ag AIEEBQ [ aoz80 ¢ s B 0025 = o eet® oo’ ! t ez ! s @
0 ———ri ——t — —t ——t —t 0 ——— —t — - :
.075 $ 0.075 }
0.025 -Dog 1. a8’ T, Eagég + 5E“§g§ { ﬁé 5 } 0.025F 1. Lot T.oes™ T joaeed { pes T {
055 - —t —t —t : 0 et — —t — —t —t
0.025[ 1 o° + ao + LI + . 0.025 T+ s T us 1+ et 1 + .
o o =] a s ' - L 3
ol L A L L o ol . L N L L L
10 10° 10 10® 10 10® 10 10° 10 10° 10 10° 10 102 10 10° 10 10° 10 10° 10 107 210 1022
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Factorisation tests in diffractive dijet production

Measurements compared to NLO QCD predictions,

(using HERA DPDFs). suppression factor | S%= 0 (data)

o (theoryeio ac))

DIS - several measurements

Factorisation confirmed by H1 and ZEUS measurements for
dijets in DIS

P hOTOPf‘OdUCTiOﬂ -three independent measurements @

H1 - LRG method, tagged photoproduction, E{¢t(2)>5(4) GeV,

52=05%0.1 EPJC €51 (2007),549
« H1 - LRG method, tagged photoproduction , E{et(2)>5(4) GeV, @

S? = 0.58 +0.01+0.12(exp) +0.14+0.09(th)

EPJ C68 (2010),381

e ZEUS - LRG method, untagged photoproduction E{e™(2)>7 5(6.5) GeV E
S2 ~ 1 Nucl.Phys. B381 (2010) =

XXX-th International workshop on HEP Protvino
k 24.6.2014




New measurement with 6x larger statistics than previous measurements,
LRG method, Ex” je112°5.5(4) GeV, sophisticated unfolding procedure

{ HlData { HiData
. .
S NLO HI 2006 Fit B © (148 ) e VLOH12006FitB ® (145, )
|
> 102 L = 2F I
> H1 Preliminary = - H1 Preliminary
& a -
= & 150 ?
a 10 —— = L
e E e S - —
. ’;_r— - = 100
L E == | e
=y = 4 -
S 0 50 o
10" &

[}

E 1'2 e
<P;> [GeV]

T

Data/NLO
i
Data/NLO
T F i

(¢2]
o

Measurements in agreement with NLO QCD calculations, factorisation confirmed.

\@ XXX-th International workshop on HEP Protvino 24.6.2014 /
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Diffractive dijet photoproduction & DIS @

New measurement - proton measured in Very Forward Proton Spectrometer
Eet1(@)>5 5(4) GeV, sophisticated unfolding procedure

+ H1 VFPS Data _ $ H1VFPS Data
=== NLO H1 2006 Fit B x 0.83 x (1+haer) === NLO H1 2006 Fit B x 0.83 x (1+3hau)
[ H1 Preliminary Yo | 8 100 H1 Preliminary DIS
= 1000 =
N N
S S
@) - E ©
’ P i
500 i $
0 L 1
0 0.5
Photoproduction Z1p
DIS - measurements described by NLO QCD calculations

Photoproduction - data suppressed in comparison with NLO QCD

XXX-th International workshop on HEP Protvino 24-6-2014/




Diffractive dijet production - double ratio

(Data/NLO)

(Data/NLO) |

(Data/N LO)W

(Data/NLO)

DIS

[(DATA/NLO).,

((DATA/NLO)p1s

— 0.55 4 0.10 (data) + 0.02 (theor.) ]

ll HivFPsData | [

NLO H1 2006 Fit B x 0.83 x (1+3hadr)

H1 Preliminary

Theoretical uncertainties
B DPDFs uncertainty

Overall theoretical uncertainty

For QCD scale uncertainty the
scale varied simultaneously in
in photoproduction and DIS
by factor of 12 and 2

1

DIS II
05

0

1 15

. 12
Suppression factor

Previous H1 measurements confirmed, factorisation breaking
in diffractive dijet photoproduction established

@ XXX-th International workshop on HEP Protvino
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H1 Diffractive Dijet Production H1 Diffractive Dijet Production

2] 22
@) O
_ 1 o ! 1 _
) H1 Preliminary e H1 Preliminary
—l —
z | < |
< £
A a
o 0.5 o 0.5F $
9 $ Double ratio with the data uncertainty 9 $ Double ratio with the data uncertainty
% [ WM DPDFs uncertainty % | BB DPDFs uncertainty
"(.—U' Overall theoretical uncertainty "Ej' Qverall theoretical uncertainty
D 0.|.|.|.|.|.|.|. D OIII
55 775 10 1225 145 0 02 04 06 08
t
E*T [GeV] Zip

Double ratio photoproduction/DIS

Dependence of the suppression on E of the leading jet and zyp
hot observed!

24.6.2014
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Diffractive dijet production in y*IP CMS

How to distinguish between diffractive models???
Two gluon exchange model

] ] . .
e+p>e +p +jet+ jet ) e’
~ e
o lepton plane
jet
\ jet
ot P
je
¢ p’
[P (Pomeron) J.Bartels et Cll.,PhYS.Le'H'.B386,389

® - angle between lepton
and jet planes
© - polar angle of jet

jet plane

2-gluon exchange o BGF
b e o do/do oc 1 + A cos(20)
'{_///,,_,f‘_‘jffffii 12 L 2o’ ]
T~  Two gluon exchange - negative A
e |  Boson-gluon fusion - positive A
T ] 2462014




Diffractive dijet production in y*IP CMS

90 GeV < W < 250 GeV

Kinematic r'egion 25 GeV2 < Q2
xp < 0.01
0.5 < o] < 0.7
Nigts = 2
LRG selection of diffraction 2GeV < P jet

« Jet finder - exclusive k, jet algorithm

« For corrections model SATRAP used (method of singular value
decomposition with regularisation - NIM, A372 (1996),469)

« Unfolded data compared to :

2-gluon exchange model - RAPGAP 3.01/26
Boson-Gluon-Fusion model (resolved pomeron) - RAPGAP 3.01/26

@ XXX-th International workshop on HEP Protvino 24 6 2014
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Diffractive dijet production in y*IP CMS

‘_f"h L] L] L] L] I L L] L] L I L] L] L] L] I B

"-cu 1.2 C e ZEUS (prel.) 372 pb" ] dO' X 1 —~— A COS(2¢)

= : = 2-gluon qq (normalised) :

< R i

:.g 1 == BGF (normalised) — A

© [ e fit < (1 + A c0S(20)) ]

o o8k = fit —0.18 £ 0.06(stat.) 00 (sys.)

2-gluon(qq) MC —0.34 + 0.01(stat.)
BGF MC / 0.21 + 0.02(stat.)

o
o

0.4F -
0.2F -
C A R L]

05 0.5 1 15
¢ (rad)

* Negative A favours two gluon exchange model
* None of the models are able to describe the normalisation of x-section

@ XXX-th International workshop on HEP Protvino 24 6 2014
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Conclusions

* H1 and ZEUS combined inclusive cross section measured with
forward proton spectrometers in DIS published = eric c72 (2012),2175

* HERA data available for comparison with models

* New H1 measurement of diffractive dijet production in DIS >
measurements described by NLO QCD predictions using H1 DPDF

* New H1 measurement of diffractive photoproduction and DIS dijets with
VFPS proton spectrometer -
suppression factor 0.55 * 0.1 in photoproduction observed,
consistent with factorisation breaking!

* The shape of the azimuthal angular distributions of exclusive dijets in
diffractive DIS has been measured by ZEUS for the first time >
the data prefer 2-gluon exchange model of qq production over
Boson Gluon Fusion model.
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