Diffractive and electromagnetic processes
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2 HERA: The World’s Only ep Collider

HERA-1 (1993-2000) ~ 120 ph~!
HERA-2 (2003-2007) ~ 380 ph~!

Final Data samples
H1+ZEUS: 2 x 0.5 fb~!
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Deep-Inelastic Scattering at HERA

Neutral Current DIS: ep — ¢'X

Electron

(i1

0/ GeV’

X

1k

B HERA Kinematics

- -
I £1]

Kinematics: (Momentum transfer)?: Q? = —¢?

Bjorken z: r=0Q%/(2p-q)

Inelasticity: y=@-q/(p-1)

(Total hadronic energy)?: W2 = (p + q)?
W? >~ Q?/x



Two approaches to Strong Interactions

1. Regge Pole Model = RFT 2. Quark-Parton Model = QCD
t

m1 ¢9 1 M

mo 92 M- 2

A(s,t) = Oab —

Sa(t):lz —g)a(t) ~
g1(my, My, t)g2(ma, M>, t) sin(ﬂ('a(t))) f fi/a(mia N2) : fj/b(wﬁ U2) : O"ij(miv L, “2)

hadronic language sub-hadronic language

Ultimate goal: derive (1) from (2)



s RFT: soft hh scattering vs QCD: deep inelastic ep scattering

e Hadronic degrees of freedom e Partonic degrees of freedom
e Validity: large s > ¢ elowz: W2> Q% t(Q*/W*~x < 1)
e [P dominates: ap(0) > apr(0) e gluons dominate: xg(x) > xq,qu(x)
— O X soP0)~1 Fy(2,Q%) o« xzglx) ~ 27
e Unitarity corrections unavoidable e Saturation of the xg(x)
(00t < In*(s/s0) at s — o0) (non-linear effects, shadowing, ...)
e When? Ssat =7 ¢ xsat(@sat) =7

e First to be seen in diffraction: o), o s>~ e First to be seen in diffraction: op o< |zg(z)|>

= Diffraction = Physics of the Pomeron, = Diffraction = Gluodynamics,
the essence of strong interactions the essence of QCD
(in high energy limit)




6 Diffraction at HERA

B Fundamental aim: understand high energy limit of QCD (gluodynamics; CGC ?)

B Novelty: for the first time probe partonic structure of diffractive exchange

B Practical motivations: study factorisation properties of diffraction; try to transport to
hh scattering (e.g. predict diffractive Higgs production at LHC)

Q2+M2
2 (momentum fraction of colour singlet exchange)
o Q
_ Q> — =
A T N
x (fraction of exchange momentum, coupling to v*)
1P
P4 P (My) t=(p—p)*
¢/ (4-momentum transfer squared)
Experimental methods: R LRG HFS Electron
1) selecting LRG events
2) detecting p in Roman Pots s -

(60 — 220 m from IP) (V)FPS



; Selection of Diffractive Events

Measure the leading proton

= Forward spectrometers
(H1 FPS/VFPS)

Forwargd Proton
Neutron Dissociation ||,
Cailorimeter Togoers ‘ | '
Zim) v " Im‘_'_u
= . _— 20
220 106 80 61 24-28 H - :
Viary Forword Forwoirr
Proton Profor
Spachomater Spectomater

e X, and t measurements

® | ess statistics

® p-tagging systematics

Measure a Large Rapidity Gap

n max

Empty gap - 2
T ot T TR o V'

¢ Data integrated over [t] < 1 GeV?
e High statistics

® Contamination from proton
dissociation events

=2 Needs to be controlled

M Different systematics

M Different kinematic coverage



8 Factorisation properties in diffraction

QCD collinear y*
factorisationat @)/ My o
fixed ., t X (M) - P x VTl
IP p D q
p P 9, P
@, —U\
p = P
(t) . .
QCD versus Regge factorisation
QCD factorisation ol & 3. 67z, Q%) ® fP(x, Q% zp,t)

(rigorously proven for
DDIS by Collins et al.):

e 47— hard scattering part, same as in inclusive DIS
e fP - diffractive PDF's, valid at fixed « p, t which obey (NLO) DGLAP

Regge factorisation FY(xp,t,8,Q%) = ®(xp,t) - FF(8,Q?)

(conjectu e, e.9. RPM e In this case shape of diffractive PDF’s is independent of « p, t

by Ingelman,Schlein): while normalization is controlled by Regge flux ®(xp, t)



QCD based approaches to DDIS: Partons vs Dipoles

Infinite momentum frame: partons

N N E———Y ¢

FF(3,Q% EW:E DGLAP

T

Factorization is assumed.

FP = fp(zp,t) FF (B8,Q%)
ebt
fp= F

Diffractive parton densities can be
derived.

Resolved Pomeron model
(Ingelman, Schlein - 1985)

Proton rest frame: dipoles

Long-living quark pair interacts
with the gluons from the proton.

do P jdt «c | dzdr?U*o? z, 12, t)U
a9

dif f

Direct relation to inclusive DIS.
Incorporates saturation dynamics.

No extra parameters for
diffraction are needed.



10 Selected Results
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B Inclusive diffraction and DPDF: Pomeron under the microscope
Bl Diffractive dijets and QCD factorisation tests

B Vector Mesons and DVCS: soft vs hard Pomeron

M Leading neutrons and y7™ cross sections

> forward neutrons and photons and CR models
>> inclusive neutrons in DIS and pion structure function
> exclusive p° with forward neutron in PHP

B Summary and open guestions
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Inclusive diffraction in DIS



12
ZEUS-1993
([)/‘OB T T T T T T T T T T T T T T T T T T T
- RCAL ‘ BCAL ‘ FCAL ‘ (b)
¢ o ZEUS data
© Monte Carlo
102
o p T
/‘ T
| ’_‘ |
-2 0 2 4 6 8
7 mox
0.20 T T T T T T T . :
o < 0.0008
' 0.15 + /ZEUS ]
0.10 + ]
0.0b¢ 1
0.00 P
0.0008 < xp < 0.003
0.15
0.10 + + +
0.05 + +
O'OOO ‘ Z‘O ‘ 4‘0 ‘ 6‘0 ‘ 8‘0 ‘ 100

Q% [GeV]

First observation
of diffraction in DIS
1992 data, 24.7 nb—!

20 years of Diffraction in DIS



20 years of Diffraction in DIS
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First observation e Compelling confirmation of the NLO QCD picture of diffraction

of diffraction in DIS over a wide kinematic range. Clear candidate for the textbook!

1992 data, 24.7 nb—! N _ _ _ _
e Positive scaling violation up to large 3 = gluon dominated IP



13 Compare to scaling violation in Inclusive NC DIS

Small x: Gluons, sea quarks

T e
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Q2T = F, T for fixed x

Large x: valence guarks

{

QT = F, ! for fixed x

e
.
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—— H12007 Jets DPDF Diffractive PDFs extracted from NLO DGLAP fit, using Regge factorisation
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Diffractive PDFs as determined by H1 and ZEUS

nmp DPDFs are consistent in shape, ~ 10% difference in normalisation
nmp Jets help to constrain high z gluons
i Gluons carry ~ (70 — 75)% of the Pomeron momentum



15 Inclusive DDIS: LRG vs p-tagged methods

Xp=0.01 -
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Inclusive DDIS: Confronting Data and Models

16
X,»=0.003
g " ® HLLRG(M_ <16GeV) —— H1 2006 DPDF Fit B COmpare H1 and ZEUS LRG data to
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o [ rEmememmeen e H1 DPDF Fit B and Dipole model
X 102 § B=0017(=8)
_00. - e - B=0027(=D) _ .
L7 Normalisation difference of ~ 10% between
) . & . B=0.043(=6) o o
[ o okttt H1 and ZEUS — within norm. uncertainties
10 _ _ .
: g et PTO0TCD of each experiment
1 Dipole model describes better low Q? trend
[ B =0.27 (1=2) . .
e DPDF is better at higher Q2
101 B =0.43 (I=1)
E B =0.67 (1=0)
T =) Final precise data challenge models
102+ :




First H1 4+ ZEUS combination in diffraction
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iy To do: final QCD analysis of all H1 + ZEUS data (LRG and p-tagged) = DPDF



Diffractive dijets
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QCD Factorisation holds in DIS regime (EPJ, C72, 2012)

da/dlog, () [Pb]

Py

10°

10°

10

QCD Factorisation Tests in Diffraction at HERA

two central jets

H1

| + H1FPS Data
E = NLO Fit 2007 Jets
[ = NLO Fit 2006 B

3 $
i

o

........... gy
-2 -1.5

log, ()

da/dz,, [pb]

o))
o

0]

one central + one forward jet

H1

| + H1FPS Data
[ = NLO Fit 2007 Jets
| NLO Fit 2006 B




QCD Factorisation holds in DIS regime (EPJ, C72, 2012)

19

two central jets

'9: F
oy | + H1FPS Data H1
><E—L 10° E & NLO Fit 2007 Jets
s E = NLO Fit 2006 B
>
o I e
=) L
) 107 F $
S i
10

R a

20 S S—
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log, ()

da/dz,, [pb]

o))
o

0]

) 0.5 1

QCD Factorisation Tests in Diffraction at HERA

one central + one forward jet

| + H1FPS Data H1
[ = NLO Fit 2007 Jets

[ NLO Fit 2006 B

However, it breaks down at Tevatron ...

1
10

Tevatron vs HERA

® CDF
F—— H1200200QCDFit(prel) e
——  QCDfitto ZEUS 97 data

Tl
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19

QCD Factorisation holds in DIS regime (EPJ, C72, 2012)

two central jets

'9: F
oy | + H1FPS Data H1
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s E = NLO Fit 2006 B
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QCD Factorisation Tests in Diffraction at HERA

one central + one forward jet

| + H1FPS Data H1
[ = NLO Fit 2007 Jets

[ NLO Fit 2006 B

However, it breaks down at Tevatron ...
...due to soft remnant rescattering (S ~ 0.15)

1
10

Tevatron vs HERA

® CDF
F—— H1200200QCDFit(prel) e
——  QCDfitto ZEUS 97 data

Tl
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19 QCD Factorisation Tests in Diffraction at HERA

QCD Factorisation holds in DIS regime (EPJ, C72, 2012)

two central jets

one central + one forward jet

g i o 600
Py | + H1FPS Data H1 ‘% - t H1 FPS Data H1
><E—L 103 E = NLO Fit 2007 Jets _g_ M. z::g ?: zgg; ;ets
e [ NLO Fit 2006 B B 400[ I
(@)] o
= . —
s 10°F t
o 1
10 E ) 1 L L R j i\
R 5 ) oF
I ............. e ¥ . [ ‘
> 1% ) Og 0.5 1
l0g, (X,p) “
However, it breaks down at Tevatron ...
...due to soft remnant rescattering (S ~ 0.15)
Tevatron vs HERA
— ™~
[ P
o 3 ® CDF
W ooz H1 20020,0 QCD Fit (prel.) — E R
—— QCD fit to ZEUS 97 data )Cl
J 5
> M
10 ]
B
: -/
P
10 13

=l

= Test it in photoproduction:

e(k) e(k) e(k) e(k’)
Vgéc’)’ el () I~
jet i : remnant
o M )
! ; X
20 B 1 ix(PX) 5 jet |
! jet Mo P
remnant | Zr &° (v) L
Xip
GAP remnant
Xp Gap
p(P) Y (P)
€)) p(P) (b) Y (PY)

direct, =, =1 (DIS-like)  resolved, =, <1 (hadron-like)
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QCD Factorisation Tests in Diffraction at HERA

QCD Factorisation holds in DIS regime (EPJ, C72, 2012)
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one central + one forward jet

However, it breaks down at Tevatron ...
...due to soft remnant rescattering (S ~ 0.15)
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Tevatron vs HERA
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= Test it in photoproduction:

p(P)
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500

e(k) e(k)
Vkécv I
jet |
J M,
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Zip (v) ‘ ( X)
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e [ - T
GAP
Y (P)
(a) p(P)

02 04 06 08 1

jets
XY

S ~ 0.6

e(k)

y* (9)

Ty (u)

Zp

X

(b)

remnant

jet
jet M. XY

W)

remnant

Y(P)

resolved, =, <1 (hadron-like)

e ZEUS diff dijet yp 99-00

ZEUS

energy scale uncertainty @
ZEUS DPDF SJ

DPDF exp. uncert tainty

H1 Fit 2007 Jets x 0.81

04 0.6 08 1

EM® > 5(4)Gev  EN®

> 7.5(6.5) GeV
S~ 1.0




20 New analysis: VFPS Dijets in DIS and PHP

- -HF_

z =222m _EmiE==r
A — ‘ o
Pnum -«;"’:/
: FPS1
Pdiff .
VFPS2

e 2006/07 etp data, £ =~ 30(50) pb~1!
e Leading proton measured by VFPS

e Untagged photoproduction
(e™ escapes in the beampipe)

Photoproduction DIS

Statistics: 3800 dijet events in PHP
550 dijet events in DIS

Event
kinematics

0’ <2GeV?:  4< 0% <100GeV?
0.2<y<0.7

Leading

proton
Data unfolded to the level of stable

0.01 < xzp < 0.024
t| < 0.6GeV?

hadrons using TUnfold program Dijets

Zip < 0.8
EF" > 5.5Gev
EY"* > 4Gev
1 ettt e

Results are compared to NLO QCD

o Scales: p2=p2=(E3%,,) + Q

e DPDF H1 2006 Fit B and GRV-HO ~-PDF used
e Different scale choices and ~-PDF studied

Table 1: Analysis phase space.




21 VFPS Dijets: Data vs NLO QCD

i H1 VFPS data i H1 VFPS data - AFG y-PDF e DIS dljetS in agl’eement with
: NLO H12006 Fit-B x 0.83 ><(1+5hadr) : NLO H12006 Fit-B x 0.83 ><(1+5had') H 1
= = 15007 QCD factorisation
2 4000 H1 ot H1
2 DIS é> i yp
g 3000 S 1000 . .
2 o0 s ¢ |- e Factorisation is broken in PHP
500/ (S%) = 0.51 + 0.09
1000 I
215 215 e This is not related to p diss.
I N N | :
2 2 (p tagged in VFPS)
£ 0.5 £ 0.5
T 001 0015 002 " 0 02 04 06 08 1
X X .
i} " e Independence on z., confirmed
o} H1VFPS data
k3 (H oz 8 08915 No jet E+ dependence observed
CEI) ” Hl I I We=E QP W=(EY+Q7a
g 1.5 DIS I H1 g 21'__ _________ 7‘
g “27a |
! @ R
e -l
osF * D% b% i
<—yw—> <—DIS— yp/DIS | ef- — I~ R
0 S5 T By 6 8 10 12 14
Q* [GeV’]

ratio to NLO Efrie” [GeV]



Vector Mesons and DVCS



23 Vector Mesons at HERA

soft IPomeron exchange : hard IPomeron diagrams
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23 Vector Mesons at HERA

soft IPomeron exchange Hard scales: Qz, My, t - hard IPomeron diagrams
. — S
Predictions iy T ey
v Lq
*
ap(0) ~1.08/1.20 e
ofp  ~0.25/0.0 i ’
LO 2 gluons LL1/x ladder

Universal scale u? = (Q*+M3)/4

o X W;lz(,a”’_l)

o x [zg(z, Q?)]?

Exclusive VM production at HERA — a nice tool to study ‘soft’ vs ‘hard’ Pomeron regimes



23 Vector Mesons at HERA

soft IPomeron exchange Hard scales: Qz, My, t - hard IPomeron diagrams

Predictions

ap(0) ~ 1.08/1.20
op  ~0.25/0.0

LO 2 gluons LL1/x ladder
o o [zg(z, Q%)

. PP ,
o o Wj}()ap_l) Universal scale u* = (Q“+ Mj;) /4

Exclusive VM production at HERA — a nice tool to study ‘soft’ vs ‘hard’ Pomeron regimes
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24 Diffractive scattering of « at large [¢t| and DVCS
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25 Vector Mesons at HERA: t—dependence

do /dt ~ e bt — diffractive peak (approximated from Bessel function)
b= (R/2)> — transverse size of the target (geometric picture)

Predictions: b = by + 4a'p In(W/Wy);
soft IP: shrinkage of diffractive peak (a =0.25); large by = 10 GeV~2
hard IP: no (or small) shrinkage (o <0.1); small by ~ 5 GeV—2
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do /dt ~ e bt — diffractive peak (approximated from Bessel function)
b= (R/2)> — transverse size of the target (geometric picture)

Predictions: b = by + 4a'p In(W/Wy);
soft IP: shrinkage of diffractive peak (a =0.25); large by = 10 GeV~2

hard IP: no (or small) shrinkage (o <0.1); small by ~ 5 GeV~2 X=R\!it|r
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25 Vector Mesons at HERA: t—dependence

do /dt ~ e bt — diffractive peak (approximated from Bessel function)

b= (R/2)

Predictions: b = by + 4a'p In(W/Wy);
soft IP: shrinkage of diffractive peak (a =0.25); large by = 10 GeV~2
small by =~ 5 GeV—2

hard IP: no (or small) shrinkage (o <0.1);

Dipole picture interpretation:

b= bVM + bp
bym ~ 1/(Q* + M3 ,,)

b, — size of the gluons area:

(r?) = 2b,-(hc)? ~ 0.6 fm

II» Gluons confinement area (0.6 fm) is smaller than the proton size (0.8 fm)

bV;\I

— transverse size of the target (geometric picture)
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26 Exclusive Photoproduction ofJ /1) Mesons

H1 elastic J/ photoproduction

t{. ¢ H1data HE
I — Fit HE, H1(03)

e Simultaneous unfolding of EL and PD channels

e Use high E, =920 GeV and low E, =460 GeV data
thus extending W,,, range

l

10

D p - I p) [nb/Gev?

1E @=01GeV’
F 40 GeV <W,, <110 GeV

e Both ete™ and p™ ™~ decay channels = TR
0 02 04 06 08 1 12

-t [GeV?]

cross check of systematics, better statistics

H1 p-diss. J/Y photoproduction

e t dependence:
EL — exponential; b,; = 4.9(4.3) GeV—2 for HE(LE)
PD-do/dt < (1 + (bpa/n)|t])™™;

¢ H1 data HE
¥ H1(03) highlt|
— Fit HE, H1(03)

e Energy dependence: o o W2
0er = 0.67 £ 0.03; Jpq = 0.42 1 0.05

(possible explanation: Sy.,(W') <1 for PD case) 0O 5 10 15 20 25 30
-t [GeV?]

Q%= 0.1 GeV?
40 GeV < W,, < 110 GeV

%’(y p - J/WY) [nb/GeV?




27 Exclusive Photoproduction ofJ /1) Mesons

Elastic J/\ photoproduction

10°

® H1 data HE

B H1 data LE

A H1(2005)

— Fit HE, LE, H1(2005)

¢ Zeus(2002) 4 <
E401, E516
LHCb(2013)

10?

oy p - J/g p) [nb]

10

10°

A H1(2005)

4 Zeus(2002) .
E401, E516 } b
LHCb(2013)
MNRT(LO)

~ MNRT(NLO)

10?

a(yp - J p) [nb]

] &
10 & N

® H1 data HE
B H1 data LE NLO ¢”’

10 10°

e Extrapolating HERA fit describes LHCb

e Low x gluon, based on old HERA data
(A. Martin et al, 2008). NLO too steep



27 Exclusive Photoproduction ofJ /1) Mesons
. Elastic J/y photoproduction e Extrapolating HERA fit describes LHCb
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[ et A . e Low z gluon, based on old HERA data
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= - . .
© - e New QCD analysis (A.Martin et al, 2013)
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27
. Elastic J/y photoproduction e Extrapolating HERA fit describes LHCb
o - @ H1data HE
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Leading Neutrons at HERA



Physics with Forward Neutral Particles

29

| [ ] ' 2 -
1.6=0.75 H1 Forward Neutron Detector, FNC
\\ g 90V 81V 8OH
1| |3 proton | 877 B2 B ﬁ‘u]f)l 5558 B47 Q42 Qa0I438 BZ6 BIR22 Q615
B Al ] = w & M | |
NS e }Hﬁ = uTuT| i Y ;@
ENC
j 260 mm (z = 106 m) 56 SS S4 83 82 51
HERA-I
ENC ) e Similar H1 and ZEUS calorimeters, only n,

= located at z = 106 m from IP

MAIN CALORIMETER

e (A) ~ 30% for 6,, < 0.8 mrad

BEAM PIPE

HERA-II
e Improved H1 FNC: distinguish ((P) = 98%)
and measure n and v /w"

600

260
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30 Motivation and Challenges

e Extreme forward region in particle collisions is still poorly understood

> Theory: No (or few) firm predictions from first principles
> Experiment: Difficult to measure due to detector acceptance limitations

e Important for correct analysis of (ultra-high energy) Cosmic Rays

> Two pieces of the puzzle:
— Sources/Propagation (prime interest)
— Interaction/Detection (extensive air shower)

>> To understand the former one needs good MC models for the latter

Extended Heitler Model: G 0 :
: orward) p° Production, QGSJetll.3—QGSJetll.4
Sources / Acceleration [ — . _
; Py Charge Exchange, Leading 7°/p° production:
o i ; R o A s.\} /,‘
.\‘\>®‘/“///‘/ \ ,‘ \.
\ Wn versus \

@ @

5 m4p > p at250GeVie
.g R QGSIET-11-04

Supermassive Black Hole

Solving cosmic-ray puzzle:

o What is the nature and the
sources of UHECR?

( Extensive Air Shower

o How do particles at Aimospher

ultra-high energies interact? 0 02 04 06 08 I

(Ralf U|r|Ch’ PANIC—2014) S. Ostapchenko, ISVHECRI 2012




30 Motivation and Challenges

e Extreme forward region in particle collisions is still poorly understood

> Theory: No (or few) firm predictions from first principles
> Experiment: Difficult to measure due to detector acceptance limitations

e Important for correct analysis of (ultra-high energy) Cosmic Rays

> Two pieces of the puzzle:
— Sources/Propagation (prime interest)
— Interaction/Detection (extensive air shower)

> To understand the former one needs good MC models for the latter

e Current situation (from PANIC summary):

> Recent LHC data are very valuable for CR MC tuning but still no fully consistent picture yet
> UHECR data becomes more precise and require also better precision of hadronic interaction modelling

e Specifics of HERA

>> Additional constraints for different kinematical regimes wrt hadron colliders (smaller collision energy can
be "compensated” by studying scaling properties and transporting the measurements to higher energies)

> Some observables are unique (e.g. possible extraction of 7 cross sections)



31 Inclusive forward -, n production in DIS

e++p—>e+lle
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Data MC models
L =131pb~!, /s =319 GeV DIS: LEPTO/CDM (v, n)
6 < Q? < 100 GeV? RAPGAP-7 (n)
70 < W < 245 GeV CR: EPOS LHC
Mab > 7.9, xp = 2p}/W > 0.1 SYBILL 2.1

~: 83000 ev. n: 230000 ev. QGSJET (3 versions)



W dependence

32
Forward Photons Forward Neutrons
@ H1 2 03 e hipam H1
o005 o correlated uncertainty
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x g Spectra vs CR MC models
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e None of the models describes simultaneousely v and n

e EPOS LHC gives best shape description for v and resonable for n



p
n
ZEUS
w 0.6 -
£, | @=7.06eV [ Q°=\15GeV" | Q’= 30 GeV’
L - \ \ o
0.4 ¢ \\\ + \ ~ 4 \\
I N\ *
02~  *e - e o | \
W 07 L HHH‘ \\HH‘ L HHH‘ L L L \HHH“ L \H\H‘ L \HHH‘ L \HHH7 L \HHH‘ L HHH}\‘ L \HHH‘ Ly
¥, | Q*=600CeV | Q= 130 GeV? [ Q= 240 GeV’
Lo = \ \ = \
0.4~ + \\ L\ Lo\
i . s i 4
0.2 \\ '\ - \
W 07 L H\HH‘ L \HHH‘\ L \HHH‘ Lol L \HHH‘ L - \HH‘\ L \HHH‘ L
¥, | Q'=480GeV* | Q°= 1000 GeV’
L L\ L\ ® ZEUS 95-97
O.4j » \\ i . \\
i N F? scaled
0.2 ¥\
i R < | — F;GRV
07 L HHH‘ \HH‘ L \HHH‘ Lol ‘ L \HHH‘ 11 \HH‘ L
10*  10% 10 10°
Xy X

34

e

— e

+ 7’
.

\

T,
L7 ’ fT[b(X L ’t)

X

Pion structure function from LN DIS
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imp Important to determine absorptive corrections experimentally




35 HERA as a ‘4 P’ facility

HERA enables us to study structure of

Proton — F5, Fy, ...
Photon — g/~
Pomeron — FZD , FIP

Pion — FY
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35 HERA as a ‘4 P’ facility

HERA enables us to study structure of

Proton — F5, Fy, ...
Photon — g/~
Pomeron — FZD , FIP
Pion — FY

Here for the first time we investigate the reaction involving all these objects simultaneously:

y+p—>p°T[+n

2 2 2\ _ P n
Q? < 2 GeV ((Q?) = 0.04) ymrxr’/::.<_ =
t'| < 1GeV2  ({|t']|) = 0.20) ! T2 oy (Wopspst) _
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do,/dx,_[ub]

do,/dx,_ [ub]

Constraining pion flux
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37 Estimate of absorption corrections

5 —~ 40
= rr— - rr T -g e VDM & Pomeron (ref.[621)
= - e Hldata H 1 1 35l —— VDM & Pomeron (ref.[611)
L ] < 35|

= F 1 o |
OI: 4+ | /r r o low energy data

a 30 + ZEUS 1993

o | « H1 1993

0\ K> « ZEUS 1994

B ©

=

o]

N w
T T
| |
- N N
o o (]

10F

o 20 30 40 01: " =
Wyn[GeV] W (GeV)
O O 0.25 £ 0.06 (exp.extracted)
Tel] = 8 pO — ‘ K.,s = 0.44 £+ 0.11
o /P—P°P 0.57 £ 0.03 (theo.expected)

Look into other processes. What do we see there?



38 Cross sections ratio

H1 (2015) ZEUS (2002)

T
7o v
P &) X

g ot

97 Q

VT

O ™ (W=24 GeV) O, (W=107 GeV)
o™ /oP = 0.25 £ 0.06 Exp.result ol™ /)P = 0.32 £ 0.03
OT+-eikonal approach+data: 7, ~ 0.57 Theory AQM: 7ior >~ 2/3

Large absorption effects!

Optical Theorem: % |i—o= be10er ¢ o-t?ot ‘ Tel = ( ) (Opat/Toa)?
Eikonal approach: b= (R?); by=>b+b

World data: (bpp~11.7, br+,~9.6, b,,~9.75) GeV~2



39 Absorptive factors, K 3, Iin different PHP reactions
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" Summary

B Diffraction is an important area of HERA physics landscape.
It represents a complicated interplay of soft and hard phenomena.

B Pomeron is a gluon dominated object.
Diffractive DIS is fairly well described by both RP model and CD approach.

B QCD factorisation holds in DDIS, but is broken in PHP regime.
The exact mechanism still to be revealed (z., independence).

B Very forward neutral particle production is still a challenge for Cosmic Ray
models.

B Absorptive effects in Leading Neutron production are essential both in DIS
and PHP regimes. They have to be taken into account when extracting Fi'
from LN in DIS and for v7r cross section extraction from LN in PHP.



a Open questions

|| F2D(4) from HERA-II VFPS data and final DPDF determination without as-
sumption on Regge factorisation.

B Explain factorisation breaking mechanizm in PHP, in particular indepen-
dence of Gap Survival Probability on x.

B Multiscale problem: (Q?, Er, My, t).
B Where is an Odderon ?

Bl Can one obhserve Glueball in a double Pomeron reaction in PHP?
Yp — (PP) — Mx (MX = \/xplicpzw7p =2-+14 GeV)

HERA has finished, but not DIS physics.
What's next? eRHIC ? LHeC?



Backup Slides



43 Iclusive vs Diffractive DIS

Deep Inelastic Scattering (DIS)

e (d) particle flow

27.5 GeV
| e~
——  cwrent jet

(,

920 Ge
—p

colour flow

e proton
W remmnant

= particle flow

~ — current jet

no colour flow

177 p->beam pipe
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Interplay of soft and hard contributions

q
sz,;:w<ﬁ

szw/

q

Yr 9

vr (2 = 0.5): (r}) ~ (2(1 — 2)Q* + m2)~" =~ 1/[(Q/2)* + m]]
v (2 = 0;1): (r]) ~ (2(1 — 2)Q* + m7) ™' ~ 1/m]

Small dipole

Large dipole

TABLE I: Interplay between the probabilities of hard and soft fluctu-
ations in a highly virtual photon and the cross section of interaction

of these fluctuations.

hard

hard
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e Inclusive DDIS: Extracting Pomeron trajectory

e Regge fit to LRG cross section:

|F°®(@2% 8,2p) = fr(@r) FF(Q2 ) + nrfr/(zr) FF(Q )|

B t
tmin e 1P,IR

teut 2a1P,1R(t)_1
Lp

fP/p,R/p(mlP) = dt

e Mean value of the Pomeron intercept:
ap(0) = 1.113 £ 0.002(exp) 2922 (model)
e No QQ? dependence observed

e Consistent with other determinations

e Supports proton-vertex factorisation hypothesis

ap(0) — consistent with ‘soft IP’
ap < 0.1 is typical for *hard 1P’
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Exclusive dijets in DDIS

LRG: @2 > 25 GeV2, zp < 0.01, Nigy = 2, P > 2 GeV

e using Durham jet algorithm in 4* — IP rest frame in exclusive mode (all
objects are in jets), yeur = 0.15.

e test the nature of the exchanged object in diffractive interactions

e reconstruct ¢ angle between lepton and jet planes

jet plane

do/d¢p ~ 1 + A(PE*) cos2¢ |1 Bartels et al. PLB386,(1996)389]

A > 0 for qq produced from single gluon % %:

A < 0 two gluons exchange. ’W’W?

P
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dal/dd (pbirad)

dofdg (pb/rad)

f=

Exclusive dijets in DDIS
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e do/d¢ fitted in each 3 bin

ZEUS

L W Frecobved-Fomenon Fit B
— - — Resolved-Pomeron Fit A

V402 04 06

® FEUBaT2pe’
_{]2 — I Two-Ghon iT-qT0) B, = 1.75 Bov
————— Twa-Bluon (953001 B, _ = V2 Bev 4
|

e normalisation discrepancy of
factor two (NLO large ?)

e A vs ¢: good description by
the two gluon model for 3 > 0.3
(i.e. towards exclusive dijets).



s Exclusive p° with Forward Neutron

E t’ + t, + t’ -+ i t’
: Lo T e i fom—o— " yrrve—tgr—o—
! Y ?\T[_ . ?<n_ Y po T~TT po ~TI
= P = P |
= P ; P
I + 1
| T n @1 v My
‘ ’ + _—
P ¢ X_= EnlEp : P ® n P < 1 p n
______________ L
(@) (b) (€) (d)
Signal (DHD model) Bgr (DIFFVM MC)
p° with Forward Neutron p° with Forward Neutron
~1200F © © " T T T ] 9 TT T T [T T T T [T T T T[T 1T “;10§ T —T— — —
$ [HL o = 800f 1 3 H1
= — P BWxRS Q | i = 7
2 ool Rt B £ 1
Z L — e L 600 B 18 1? ]
, a A i s
- : | ] ° L
4001 ] 4007 | 0.1} |
I/ « 200 ~ I_——L'_L_ = . H.l datal '
Ot i sstosda - L - — Fit: a,6" + a€”
(a) 1 1l L 0.01¢ b, = 25.7+ 3.2 GeV’, b, = 3.62% 0.32 GeV’ E
analy?is zfegio.n ) ) ] C L 1 L 1 L 1 L 1 L ]
05 1 15 02 04 06 08 0 02 04 06 08 1
M(TTTY) [GeV] -t [GeV]

X



Taking an estimate of K ;¢ seriousely

e Optical Theorem (plus exponential ¢ dependence):
doe/dt |,_,= bei0el 0'1;201;3 = O X a'tzOt /be

e Relations between elastic slopes (b x (R?); b;; = b; + b;):
biz2 b1+ by by + b, b12 1

__ bao—bog

Ty = — = = _ _
’ bis bi+bs (b1 +bz) + (ba+b3) —2bs  bia+bys — by 1 bro

e Data at /s ~ 24 GeV (for vp — p°p an interpolated value of b.,, is given):
P

bpp = (11.7£0.2) GeV™2; b1, = (9.6 £0.25) GeV~?; by, = (9.75 & 0.50) GeV 2

e Ratiory, (1 =7, 2=p, 3 =="):

= () () = (=) (3 =t 0m

b’)’ﬂ' Otot

e Absorption factor:

rei(measured)  0.25 4 0.06
Kaps = = = 0.44 £+ 0.11

ro(estimated)  0.57 4 0.03




