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Diffractive dissociation of the (virtual) photon at HERA
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Inclusive and exclusive diffraction

Inclusive e’ (k) - Exclusive e’ (k)

e(k) / - ek)

Y(q)
VM= P,w,d),J/lIJ,LIJ',Y,y

—» X(X) >
—
» color
P(p) JL " ow 4" P(p)
@ EETEE s e e e Tevs Ron 31560 Everl 3 -
—_—
e

ep>e J/Yp J/Q->pty



Inclusive and exclusive diffraction
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Alternatively: VM decay products and nothing

else in the central detector
" require the large rapidity gap (LRG)

Proton undetected
" tag the proton with spectrometers

—> ZEUS Leading Proton Spectrometer (LPS)
—> H1 Forward Proton Spectrometer (FPS)
- H1 Very Forward Proton Spectrometer (VFPS)
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TInclusive and exclusive diffraction

Inclusive e’ (k’)

e(k)

P(p)

2 = virtuality of photon =
= (4-momentum exchanged at e vertex)?

W = invariant mass of y*-p system

t = (4-momentum exchanged at p vertex)?
typically: |t]<1 GeV?

" Single diffraction/elastic: N=proton

" Double diffraction: proton-dissociative .

Exclusive e’ (k)
e(k)
Y (q)
- VM= p)wld)IJ/"IJILIJ’IYIv
' >
P(p) AL

My = invariant mass of y* -IP system

Xrp = fraction of proton's momentum
carried by IP

B = Bjorken's variable for the IP
= fraction of IP momentum
carried by struck quark

= X/ Xgp
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Photon and proton dissociation processes
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Breit frame (proton very fast)

y" probes partonic content of
the diffractive exchange

->Collinear factorization
Diffractive PDFs
Generalized PDFs

Proton rest frame

y" fluctuates into qqbar,qqbarg
states (color dipoles) of transverse
size proportional to 1//(Q%+M°)

- Dipole models
0 & [xg(x,Q%)]?



Transition soft-hard

Soft - Regge Hard - QCD
VM
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VM

Pomeron

P_—m"P

With increasing scale (Q2, My, 1)

5 | ~ ' 1
O'(W) x W " Expect 0 fo increase from soft (~0.2, 'soft Pomeron’ value)
to hard (~0.8, reflecting large gluon density at low x)

do b

o
dt € = Expect b to decrease from soft (~10 GeV-2) to hard (~4-5 GeV-?)
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Transition soft-hard, energy dependence

Photoproduction, Q% =0

g small M, (~ 1 GeV2): transverse
102 size of dipole ~ size of proton
=
5 %
S | S W
® 0 ™ e /o
” fx% o(yp = pp) |
9 *’\ o(yp —> wp) W large M/: small dipole size
5 1 — WoF :
¢4 6 WP = ¢p) —>cross section much smaller
B » WO* —dipole resolves partons in
10
o(yp => J/¥p) " fhe profon
107 ® ZEUS ””/T / .
® ZEUS (prel.) VM data can help determine

e
+ HERMES o(yp —> ¥(2S)p) gluon density!
w0 o fixed target

(P SIS }i’/ |
2 R

1 W(Ge\/)
~1/Vx

Here scale is My, - same observed when varying Q? for a given VM
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Transition soft-hard,t-slope dependence

p ZEUS 96-00 (120 pb™) 6 ZEUS 94

o 7‘. A
% ® [ ZEUS 94 A 6ZEUS 98-00 j d()' —bt|
o 12 ® pZEUS95 A 6 H196-00 1 - e
~ ; O pH196-00 B J/y ZEUS 98-00 |
o * DVCSZEUSLPS(31pb") W JiyZEUS 96-97 dt
10 ¥ DVCS H196-00 0 Jhy H1 99-00
- % DVCS H1 & T ZEUS (468 pb™)
bVM 8
<
6 i
. IR
— a4l 1 WD i “i """"""""""" 45 GeV
b l 3
P
= 2
0 20 40 60 80 100
Q%+M%y (GeV?)

As in optical diffraction, size of diffractive
cone related to size of interacting objects

bNbVM+bp

10
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VM production at HERA, what's up

Rich harvest documented by tens of publications
Large W interval, wide range of several scales (Q?, T, Myy)

Presently H1 and ZEUS are finalizing analyses of post-upgrade data
- key measurements repeated with full statistics

- runs at reduced center of mass energy originally devoted
to F extraction allow studies with different kinematics

- low cross section processes benefit from higher lumi
NEW: Elastic and proton dissociative J/W photoproduction, [arxiv:13045162]

NEW: t-slope extraction in Y photoproduction (phys. Lett. B 708 (2012) 14]

1
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Elastic and p-diss J/y photoproduction
ENERGY DEPENDENCE

Cross sections for elastic and p-diss processes measured simultaneously

Two energy ranges: HE (/s = 318 GeV) and LE (/s = 225 GeV)
LE data allow extension to lower Wy,

H1 elastic J/y photoproduction H1 p-diss. J/y photoproduction
E 120 - ¢ HidataHE elastic g 120 F $ Hi data HE p-diss.
=y [ HidatalE 8:067 + 003 b [ HidaalE 82042 + 005
= 100 = 100
<= r = Fit HE, LE, H1(2005) R [ = Fit HE, LE, H1(2005)
- - - I
T+ 80F + 80
o C Q [
2= 60 >
© - ©
40 i
r i (@) =0.1GeV?
20 F (@) =0.1 GeV? 20 It| < 8 GeV?
It] < 1.2 GeV? X M, < 10 GeV
0'..1...1...1...1. 0'..1...1..,1.,11,
40 60 80 100 40 60 80 100
W,, [GeV] Wy [GeV]

Simultaneous fit to the form 0 =N (—yp)(S
= 0

x g(x,u?) = N x*
0% 4 N,y

[PLB 662 (2008) 252]

- Ay, agrees remarkably with A,
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Elastic and p-diss J/y photoproduction
ENERGY DEPENDENCE

Elastic J/p photoproduction

3

_8 10 — @ H1data HE
— M H1datalLE 2
a — A H1(2005) ﬂ,«"
> ~ —Fit HE, LE, H1(2005) Ik
S~ | a® ”
- ¢ Zeus(2002) 4
0 E401, E516
o 1 02 | * LHCb(2013)
- —
% - a

L Fixed target data [PRL 48 (1982) 73]

Ilu I [PRL 52 (1984) 795]
B Ll LHCb data [arXiv:1301.7084]
L
| I|| ] |I|
10 = o
_I | 1 1 1 1 1 1 1 1 | 1 1 1 1 1 1 1 1 |
3
10 10° 10

W,, [GeV]

New LE measurements fill the region between fixed target and previous HERA data
Fixed target data: steeper slope, lower normalisation (?)

Fit to H1 data extrapolated to higher W, describes LHCb data s
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Elastic and p-diss J/y photoproduction

ENERGY DEPENDENCE

Elastic J/p photoproduction

— 3
.8 10 ~ @ H1data HE
— ~ M HidatalE
a — A H1(2005)
= I~ ¢ Zeus(2002)
X ~ v E401, E516 4 10F
1 LHCb(2013) b‘ﬁi
o 10° £~ WNRTLO) Q‘ﬁé
. - — MNRT(NLO) 9 bﬂ&‘”
o - P ] @ Fixed target data [PRL 48 (1982) 73]
- i [PRL 52 (1984) 795]
o | :[I!II LHCb data [arXiv:1301.7084]
| R 1
B L
10 £ ™™
B 1 | 1 1 1 | 1 1 1 1 | 1 |
10 10° 10’
W,, [GeV]

LO and NLO fits to previous J/ measurements at HERA [pLs 662 (2008) 252]

Fits extrapolated to higher W,
LO fit describes LHCb data

@D
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Elastic and p-diss J/y photoproduction
t-slope DEPENDENCE

—
=

g—?(y 0 — Jip Y) [nb/GeV?]
S

—h
<
w

H1 p-diss. JAp photoproduction

—_
o

| (Q%)=0.1 GeV?

¢ H1 data HE
¥ H1(03) highltl [PL
— Fit HE, H1(03)

-t [GeV?]

B 568 (2003) 205]

=40 GeV <W,, < 110 GeV T
. M, <10 GeV
| I | | | I | | | I I | | | I I | | | I | | | I |
5 10 15 20 25 30

The new data extend the reach to small values of ||
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s  t-slope DEPENDENCE
-
o
N H1 elastic JAp photoproduction
)
o ‘% fo‘ ¢ H1 data HE
0] | — Fit HE, H1(03)
3 10° ¢
= g
a
<
2 10F
! g
o
= L
3B 1L ©@)=01cev?
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C vl b b b s
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)

—

0 02 04 06 08 1 1.2
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H1 elastic JAp photoproduction

¢ HidataLE

102 B — Fit

49ty p— Jry p) [Nb/GeV?

- (Q%) =0.1GeV?
25GeV <W,, <80 GeV

(v p— Jhp Y) [nb/GeV?

E (Q@%=0.1GeV?
P 25GeV<W,,<80GeV

do
dt

1T |

0O 02 04 06 08 1 1.2

-t [GeV?]

Elastic and p-diss J/y photoproduction

H1 p-diss. JAp photoproduction

E‘ ¢ H1 data HE

— Fit HE, H1(03)

- (Q%=0.1GeV?
F 40 GeV<W,, <110 GeV
[ My<10GeV

| P ST S

0 2 4 6 8

-t [GeV?]

H1 p-diss. JAp photoproduction

a ¢ H1dataLE

— Fit

[ M, <10 GeV

e e e b e e by

0 1 2 3 4 5

@

Simultaneous™ fit to the forms

- do, _\ o elastic

dt

- d—G=(di(1+bL")ltl)‘" p-diSS
dt n

*Fit includes old data H1(03)
[PLB 568 (2003) 205]

> b, = 4.88 + 0.15 GeV-2(HE)
b,g = 1.79 £ 0.12 GeV-2(HE)
b, = 4.3 + 0.2 GeV-2 (LE)
b,e = 1.6 + 0.2 GeV-2 (LE)



EPS 2013, M. Ruspa

Transition soft-hard,t-slope dependence
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As in optical diffraction, size of diffractive
cone related to size of interacting objects

b~bVM+bp

J/P has small size compared to proton
For p-diss proton breaks - b, is smaller than b,

—blt
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dN/dItl (GeV?)

Elastic Y(1S) photoproduction
t-slope DEPENDENCE

ZEUS

-
(=
)

T II|E|I|
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® ZEUS 96/07 (468 pb™")
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Fit to the form
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—=e
dt
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dN/dItl (GeV~2)

Elastic Y(1S) photoproduction
t-slope DEPENDENCE
ZEUS
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Inclusive diffraction at HERA, what's up

Several publication based on the proton spectrometer method (LPS, FPS)
and on the large rapidity gap (LRG) method

H1 LRG H1 Collab., Eur. Phys. J. C48 (2006) 715
H1 Collab., Eur. Phys. J. C72 (2012) 2074 NEW! See next talk

ZEUS Collab., Nucl. Phys. B816 (2009) 1 .
ZEUS LRG Consistent results

from the two methods

H1 FPS H1 Collab., Eur. Phys. J. C71 (2011) 1578 )
H1 Collab., Eur. Phys. J. C48 (2006) 749 Comparison H1-ZEUS
QCD analysis and PDFs
ZEUS LPS ZEUS Collab., Nucl. Phys. B816 (2009) 1 extraction

ZEUS Collab., Eur. Phys. J. C38 (2004) 43

Combining the measurements can provide more precise and kinematically
extended data than the individual sets

Proton spectrometer results now combined
(first combination in diffraction at HERAI)

20
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Data sets for combination

" H1 FPS HERA II
[Eur.Phys.). C71 (2011) 1578]
Luminosity = 156.6 pb-!
Visible range |t| = 0.1 - 0.7 GeV?
Norm unc ~ + 6%

" HIFPSHERATI
[Eur.Phys.). C48 (2006) 749]

Luminosity = 28.4 pb-!
Visible range [t| = 0.08 - 0.5 GeV?
Norm unc ~ + 10%

® ZEUS LPS 2
[Nucl.Phys. B816 (2009) 1]
Luminosity = 32.6 pb-!
Visible range [t| = 0.09 - 0.55 GeV?
Norm unc ~ +11 -7%

®mZEUSLPS1
[Eur.Phys.J). C38 (2004) 43]
Luminosity = 3.6 pb-!
Visible range [t| = 0.075 - 0.35 GeV?
Norm unc ~ +12% - 10%

Diffractive reduced cross sections ¢,b()

dZO' et _ 47[“2 [1 -y + L] . FD(4) (ﬂ QZ X t)
dpdQ’dx,dt  pQ' A1+RP) 2 TR
B 4ra’ 2

v+ 1.6 (8.0
"R [T-y+ 2] o, (£,Q",xp,1)

o7¥(B, Q" xp) = [T (B, Q" Xy, Ot

Combination performed in the ZEUS
visible

Prior to combining, ZEUS cross section
points swam to H1 (Q?, b, xzp) grid

20
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Combination method
= 2 minimization which includes full error correlations
[A. Glazov, AIP Conf. Proc. 792 (2005) 237]
" Used for previous combined HERA results [JHEP 1001 (2010) 109]

= Key assumption is that H1 and ZEUS are measuring the same cross sections at the
same kinematic points

> Model independent check of the data consistency and reduction of the systematic
uncertainty

21
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Combination method

= 2 minimization which includes full error correlations
[A. Glazov, AIP Conf. Proc. 792 (2005) 237]

= Used for previous combined HERA results [JHEP 1001 (2010) 109]

= Key assumption is that H1 and ZEUS are measuring the same cross sections at the
same kinematic points

> Model independent check of the data consistency and reduction of the systematic
uncertainty

[mi —E)/;mlbj _Mi]Z

For a single data set: 2 (T 2
m,b) = — — —+ Y b’
Ko ) e =Sy 4 o'y 27

J

u' measured cross section values

. _ : v, relative correlated systematic unc.
m' combined cross section values

§'  relative statistical unc.

stat

b, shifts of correlated systematic
uncertainty sources in o units 5 relative uncorrelated systematic unc.

uncor

Full X% built from the sum of the x2,,, of each data set, assuming the individual data
sets to be statistically uncorrelated

X%+ Minimized wrt mi and b,
o J 22
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Uncertainties

= Input cross sections published with their statistical and systematic uncertainties;

the latter classified into point-to-point uncorrelated and correlated
= Global normalisations included in the fit

" H1 and ZEUS systematic uncertainties treated as independent

= A few procedural uncertainties considered:
i. additive vs multiplicative nature of the error sources
ii. correlated systematic error sources ZEUS-H]1
iii. swimming factors applied to ZEUS points
iv treatment of the uncertainty on the H1 hadronic energy scale

(in the nominal average taken as correlated separately for xp < 0.012 and x5 > 0.012)

23
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Results

352 data points combined to 191 cross section measurements

Good consistency: x2/ny,; = 133/161

??lir:‘-i:lk T - Shift (o qnus) Reduction lt.aclor % Influence Of Sever'al

‘PS HERA [ hadronic encrgy scale xp - )12 6.! .
FFS HERA [ hadronic energy scale xp > 0012 0.13 s correlated SYSTemC(TIC
FPS HERA I electromagnetic energy scale 0.49 85.9 P

FPS HERA [1 electron angle 0.67 66.6 uncertainties reduced
FP.? HERAII 7 :’cut:g_hnng lll| '}l_::: slgr"flcan'rly forl "-he

FPS HERA II 2 reweighting 0.05 983 .

FPS HERA I t reweighting 0.70 798 combined result

FPS HERA [1 ¢} reweighting 0.09 97.6

FPS HERA [I proton encrgy 0.05 15.6

FPFS HERA [ proton p, 0.62 T4.5 Cr!oss Cahbr-a-hon brlln S
FPS HERA II proton p, 0.27 86.5 9
FPS HERA [I vertex reconstruction 0.07 97.0 average

FPS HERA [I background subtraction 0.84 899

FPS HERA [ bin centre corrections —1.05 87.3

FPS HERA [I global normalisation —0.39 R4

FPS HERA [ global normalisation 0.81 .9

LPS 2 hadronic energy scale 0.02 55.0 (FPS HERA II)
LPS 2 clectromagnetic encegy scale —0.14 62.4

LPS 2 x5 reweighting —0.32 982

LPS 2 ¢ reweighting —0.26 86.4

LPS 2 background subtraction 0.40 319

LPS 2 global normalisation -0.53 67.7

LPS 1 global normalisation 0.86 ¢

Table 3: Sources of point-to-point correlated systematic uncertainties considered in the com-
bination. For cach source the shifts resulting from the combination in units of the original
uncertainty and the values of the final uncertainties as percentages of the original are given.
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Results

352 data points combined to 191 cross section measurements

Good consistency: x2/ny,; = 133/161

Statistical uncertainty: 11%

Statistical + correlated + uncorrelated: 13.8%

Procedural uncertainty: 2.9%

Total uncertainty on cross section 14.3% on average and 6% for most precise points

Normalization uncertainty: 4%

Kinematic coverage extended wrt single input measurements Q2= 2.5 - 200 GeV?
p =0.0018 - 0.816
xp = 0.00035 - 0.09
|t] = 0.09 - 0.55

At low x1p, where the proton spectrometer data are free from proton dissociation
background, these combined data provide the most precise determination of the
absolute normalisation of the diffractive cross section
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Combined ¢,bG)

H1 and ZEUS 0.09<|t|.<0.5|>:'>E2eAV2

a 0 R | 0 R | R | L | R | 1 1 1 1 R | R | 1 1 1 R | 1
o p=0.0018 T p=0.0056 { p=0.018 | p=0.056 1 p=0.18 p=0.56
B 0.025 | Q°=2.5 GeV>t + + + T3 ; .
o !%- !'i.j- ° 0o %o eoe | ‘e o o 1 ¢
¢ 0 — H— } } ————1— } — H—— } }
> 5.1 GeV? ;
0.025 | o1 s + + + .
00“.‘_ . .o... ® oo | * 0,3, ' (]
o -+——+—+H—++—+—+H++—++—+H++—+—
8.8 GeV? ; ] ]
0.025} + }— it + + ., -
Ll 000 ] ° ..‘“- ° ® oo | ° ‘!
0 ~+——+—H—+—+——+—H—————H———H—
15.3 GeV? . i
0.025 | + O it + + -
] hodd L © 0g0® ° ...ii ¢ .i ]
0 [t
26.5 GeV? $ -
0.025 | + + owt it + -
& ....o ] o o .“i{ ] { (] o E
0 —+—+—+—+ } } } } —— —— } } — } } }
46 GeV? o 1
= 41 4 41 ol 4 .
0.025 E I ...o!_ ..‘..s_ ] .oy
o -+——+—+H—++—+—+H++—++—+H++—t—r
80 GeV? ]
0.025 | + + + + + .
E}_ Ly -
0 ~+——+—H—+—+——+—H—+———+H———H
200 GeV? { ]
0.025 + + + + it }
¢ +% { i!:E
0 P | P | 1 P | 1 P | 1 P | 1 P | 1 P |
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Combined ¢,.b®3)

D(3)

£ S

o

o

0.025

0.025

0.025

0.025

0.025

0.025

0.025

0.025

0.025

® HERA
H1 and ZEUS 0.09<[t|<0.55 GeV?
p=0.0018 | p=0.0056 { p=0.018 | P=0.056 B=0.18 B=0.56

[ ooo0s | [ " I, JERRL ]
o — — — — —
o] — — ]

| 1, verr Toveaed® T gecees ]
YT — — —t R —

[ “.° _.". g 00®® “! eoo®® o] LI :_
A — — —
—t —t —t ——t ——t ——t

i o __", | _5"... | .I...il T seet i ‘o .

] .'0.05 ' 1 '. ' _ ' .i' ' §I 1 S 1 S ]

, R 3 B ;3
0.075 _ _

i ‘_‘i.-ii [,oe""t goecd { fri f] {'_
b — — — — —

’ _-_iii L s LR " |
16 162 16 162 16 162 16 162 16 162 1|o 162

Q% (GeV?)

Nice and precise
measurement of the
scaling violation in
diffraction

27



EPS 2013, M. Ruspa

Combined ¢.b(3)

> 0.025

x", O, D(3)
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[ Xp= T i i ° d 8%
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. [0 ZEUSLPS2 O ZEUSLPS1 0.09<[t<0.55 GeV>
0.0085 S o D - T — —
- — | | Q | |
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0.016 ' ' ' ' ' T a B
i 1 L L] 0.2 =0.018 (x 6)
e et Tt L 0475f i
0.025
i T .. [ Lee i sees 0.15 .
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1 1 .I 1 : ..I. 1 .I... 1 I
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10 102 10 10> 10 10° 10 10 10 1%
Q° (GeV?)



EPS 2013, M. Ruspa

In a few words...

In 15 years of running HERA provided unique diffractive data
Presently H1 and ZEUS are

= finalizing analyses of post-upgrade data
- key measurements repeated with full statistics
(J/W production, inclusive diffraction)
- low cross section processes benefit from higher lumi
(Y production)

= combining their data (inclusive diffraction)
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Elastic and p-diss J/y photoproduction
ENERGY DEPENDENCE

@D

Cross sections for elastic and p-diss processes measured simultaneously

Two energy ranges: HE (/s = 318 GeV) and LE (/s = 225 GeV)
LE data allow extension to lower Wy,

H1 elastic J/y photoproduction H1 p-diss. J/y photoproduction
E .. A Jy—ee(HE) W Jy—uu(HE) @ Combined data (HE) E A Jy—ee(HE) W Jy—uu(HE) @ Combined data (HE)
/‘E'\ 100 . Jy—ee(LE) Jiw — uu (LE) Combined data (LE) ’% 100 Jiy—=ee(LE) [7] Jiw— uu (LE) Combined data (LE)
2 >
5 80 - # £ }ﬁ S s I
T l}%& { * T i &
; 60 Tlﬂ** ;? i 60 II ’ lll{s I& ‘A {
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Combination of decay channels separately for elastic and p-diss processes
by X? minimisation with full error treatment
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