Hard Diffraction at ep and pp Colliders
(HERA, TEVATRON, LHC)
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Recent results from HERA and the TEVATRON ...

... and an outlook to the plans at the LHC
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QCD as the theory of the strong force

Quantum chromodynamics QCD established as theory of

strong interaction

Nobel price 2004:
Asymptotic freedom:
Coupling small
at short distances
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*Quark- and gluon exchange
*Gluons carry colour charge!
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Proton scattering at high energies

B) Soft processes, in particular elastic scattering:
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A) Hard QCD processes:

Jet, W, Z, t production 0
Perturbation theory successful

But: just small fraction of o,
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Proton scattering at high energies

t-channel exchange of mesons and their radial excitations:
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2 ey 2 Mdsse’ E->20 GeV: Pomeron
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Proton scattering at high energies

t-channel exchange of mesons and their radlal eXC|tat|ons
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Diffraction in deep-inelastic
scattering (DIS) at HERA



Diffractive DIS: Kinematics
Deep-inelastic scattering with elastically scattered proton ...
HERA advantage: point-like photon as a probe in DIS

e Q2,x: standard DIS variables Y = Q?/sx
e—m X,;p: momentum fraction of diffractive

exchange wrt incoming proton (typically <0.05)

s
M« B: fractional momentum of quark struck by the
X, photon, i.e. X=Xpf3
P A P t=(p-p’)%: 4-momentum transfer at p vertex
i/

W: yp centre-of-mass energy

Diffractive structure function:
d4 D

D 4
dzp dto;iﬁ dQQ — %784 (1 —Y g ) ( )(CUIP:t B:QQ)
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Diffractive DIS at HERA

Nmax PIStribution Leading proton spectrometer:
Direct measurement!
10° ¢ .
] E . | H1 data |
5 PYTHIA nd ] A7
u:j 104 = ; PYTHIA sd - ]
= PYTHIA nd+sd = "
Proton |l
2 0 2 L'4 e ‘Roman Pot’ Detectors
. ° — . |
Nmaz = — INtan Q%Q&L M imax z=~100m; very close to beam!

 Machine dipoles as spectrometer
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QCD factorisation in DIS

Standard DIS gma_ ——|y| < 0.5, Cone R=0.7
é ) - I:’ Systematic uncertainties
S 10E —NLO (JETRAD) CTEQ6M
= - Rsep=1 3, lg=pg =05 p_rlpax
210 E
o u
— 1 =
8 F
10k
N 1
10'2 =E Lil’lt = 143 pb
Factorisation theorem: w0’L
= D@ Run Il preliminary
2\~* X 2 ~ 4 A B R B B B
o(z,Q°)T P74 ~ f(z,Q°)®0 10 300 200 300 400 500 600
pr [GeV/c]

e.g. Successful prediction of the
TEVATRON jet cross section based
on HERA parton densities!
—Parton densities are universal!
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QCD factorisation in diffractive DIS
Standard DIS Diffractive DIS

(X/p,1)

Factorisation theorem: Factorisation theorem (Collins '97):
. 2 2 v p—p' X .
(e, @)X~ f@ @) w5 THEIEET T~ fP(2,Q% ap, ) ©6
fP(x,Q%,x 1) diffractive PDF:
Standard DIS— Proton structure! Probab. to scatter off parton i with
Diffractive DIS— Diffractive structure! | | add. constraint that p stays intact

NB: Factorisation in diffraction ONLY proved in DIS!
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Alternative view:
DIS In the proton rest frame

Photon y* fluctuates into partonic states qq,qqg,...
long before the interaction with the proton:

s P .

wWww——_17) | r~1/Q

q
0P (x,Q%) ~ [ d?r [ do|V(a,r)|? 5(x,r?)
t,~ 1/x L, ~ 50fm! 7 i

Dipole wave function Dipole-p CS

*DIS at low x is the total cross section of a qq colour dipole with
the proton at high energies

*The size of the dipole can be varied with Q2
(‘self made hadron’)

*For small dipoles (large Q?): perturbation theory applicable!
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Diffraction In the proton rest frame

Proton rest frame Infinite momentum frame
Diffraction: that part of the

total cross section in which
V"‘N\-—%ﬁ\ dipole emerges as colour
singlet from interaction!

w,,l%l(xk

S

q
Y a ‘ q

e -
VAV 777N < Zp
g
P P

Calculation of the diffractive dipole cross section?

a) Perturbative: simplest partonic configuration: 2-gluon exchange

b) Non-perturbative: colour neutralisation through the soft gluon field of the
proton

Die ‘truth’ should be somewhere these two extremes ...
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HERA Diffractive DIS Cross Section
# Hi (LRG, prel]

o e e . Fo.P Measurements
SOl e e S
2 o 3-dimensional structure function F,P®)
R (subset)
—precise measurements
1™
Full kinematic range:
L 1.5<Q2<2000 GeV?
oo 10%<B<0.9
’ 4*10°<x,p<0.05
il & el ol 4
n 10 —4 1073 1072 10! Good agreement between ‘roman pot’

— | e =~ = and ‘rapidity gap’ measurements!

oS- ﬁi dﬁ % ‘-ﬂ M iﬁi P{' 20
L R I 1 E\ L-.. w. | Characteristic rise with

D_ | Mo }"ul' 35 SY*p:WZ» 1 XIP
IS - 0 e o From fit: oyp(0)~1.2 > 1.08

a 10 qll:l gl:lq.l:l qll:l ?Uqﬂ -qll:l #l:l #l:l-qll:l gl:l #Uqll:l
Xip
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Comparison F,° with F,: B-dependence

Diffractive vs [3:

X;p =0.01 H1 preliminary
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X;p G,PC)

Comparison F,P with F,:
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Xp=0.01 H1 preliminary
x=3.2E.05, B=0.0032 x=0.0008, 5=0.0800
— 'y [
I;+ .!"{‘{W
x=5E-05, p=0.0050 x=0.0013, =0.1300
S
R
x=8E-05, =0.0080
S
I“
x=0.00013, 3=0.0130
— W ,&‘f‘f"i—_‘--' h
e .
x=0.0002 , 5=0.0200 x=0.005 , p=0.5000
B RS2 S
i _u‘%i—
i
x=0.00032,, =0.0320 x=0.008 , p=0.8000
L »
i &}V?‘? T e
.
. 1 II\IIII| 1 IIIIHI|§ 11111
x=0.0005 , ;=0.0500 10 102
- Q? [GeVY
L 1 e H197 (Ys=301 GeV, prel.)
Tza 4 H199 (Vs=319 GeV, prel.)
111 IIIII| 1111 Hlll 11111 . H1 99_00 (\,'s=319 GEV. prel.}
10 z H1 2002 &,0 NLO QCD fit

10
Q? [GeV?]

(#/s=319 GeV, prel.)
extrapol. fit

Q?%-dependence

Proton:

& TEUS 0697
O Hl de7
A Fized Target [
NLO QCD Fit
MESTS®

=={.011

w 1w 1w 1 10

dFy
d1og QQ

9 9 G

10

O (Gel”)

~ s X g

D

CERN EP-Seminar

Frank-Peter.Schilling@cern.ch

15



QCD fit and dlffractlve parton densities

Diffractive pdf’s extracted from K )
DGLAP NLO QCD Fit: Gluon dominated!
H1 2002 5,° NLO QCD Fit
H1 preliminary 1.2
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Diffractive final states:
Jets, Charm



Diffractive dijets and charm in DIS

Test of QCD factorisation:
Do predictions based on diffractive pdf’'s also describe final

states in diffractive DIS, e.g. jets, charm?

¥
— Vl/\t; W: v'p centre-of-mass energy
2 = _
@ }:e!t M M,.: Mass of diffractively produced
A R system
Y jet
w 2 %//—J M M, inv. mass of the two jets
Z,r: momentum fraction of diffractive
X T — exchange entering the hard process
IP
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Diffractive dijets in DIS

H1 Diffractive DIS Dijets H1 Diffractive DIS Dijets
e H1 Preliminary H1 2002 fit (prel.) e H1 Preliminary H1 2002 fit (prel )
[ correl. uncert. DISENT NLO*(1+5, _,) correl. uncert. DISENTNLO*(1+5, )
e WRAPGAP o DISENTNLO -~ DISENT LO
5‘- 'E. sok o 45-
2 o ' wf
E 435— 0 -
1 0.7 -q‘._S -2l.2 -2I.1 ‘I'_‘ -1I.S -1I.E -1I.T -1I_-3 15 nﬁ =] r 11 %.? 06 05 04 03 02 01 0o 01,02
z | Priet <N
(a) IP ® 10Q Xip . @ M Tjet (b) Njet
e — L
4<Q?%<80 GeV? Sl 3
=
< > ke 2 |
Kp=0 03 s i
E'rjet(1,2)>5(4) GeV = : A
15 o1 i \\?
NLO calculation based on ° -
H1 diffractive pdf’'s S O I

CERN EP-Seminar Frank-Peter.Schilling@cern.ch 19



Diffractive charm production in DIS

Charm structure function F,Pc D* cross section
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NLO calculations based on diffractive pdf’'s
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Diffraction at the Tevatron



Roman Pots at the Tevatron Run 2

o CDF

Roman = \

pﬂ'tS XEEmtﬂ COF
Acceptance II'-, -
0.02<E<0.1 | oY
D<lt}<2 GeV k
Dipoles
- BSC
— h.h=M=T.5
P MiniPlug
| |l li 3.5<n {5 1
—CLC
P J.7=n|=4.7
DF |l +— Central
— Plug
P |l l
MiniPlug
_—y
-3 BSC
- —

* Dipole Spectrometer
* inside the beam ring

D2 D1 m] Az s A1 Q. Q. a ]).ﬂ Q,a Q F1 = PE
: 15? : : } : }
iwﬂ___ﬂ-—’ = ! . \_:!3 Z(m)

* Quadrupole Spectrometers

» surround the beam: up, down, in, out

* use quadrupole magnets (focus beam)

+ also shown here: separators (bring beams
together for collisions)

in the horizontal plane
+ use dipole magnet
(bends beam)

A total of 9 spectrometers composed of 18 Roman Pots

DO: New Roman Pots for Run 2

CDF: Roman Pots as for Run |

New: ‘Beam Shower Counters’ (BSC)
and ‘MiniPlug’ calorimeter for
Increased fwd. aceptance: 5.1<n<7.5
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d¥ Diffractive dijets at the TEVATRON
pp —pt+ijet+jet+ X

Effective structure function Fij
FP(8,p%) = 5 |a(8,p7) + 4(8,p7)| + 9(8,p7)

call - CDF Run Il Preliminary
Du_’= I A1 fit-2 _+_ CDF data g - TETIIIT g Q% 100 GeVP (E; e [8, 12] GeV)
"""" H1 fit-3 E‘}Q’“‘z >7 GeV = N 1—m— Q% 400 Ge\V (E; = [18,25] GeV)
mDE_ ( sz 75 GeV? ) 0.035<£ <0.095 g _% ! i_________}__—n—aza 1600 GeV? (E; e [35,50] GeV)
| t | <1.0 Gevz g 10-1 _:::::i §
i o R
10 £ @
10°
T Q :%:Eféﬁzg::::::5::::f::::f: L
i?.&%hoverallnomunagrtalnty‘
| . 10'3-3 I 1 I 1 : ] |§|||i-2 ; 1 ! 1 I| ] I:III_1
0.1 I — H1 2002 5,0 QCD Fit (prel.) 10 10 xBj 10
t L1

Confirmed in Run-2!

0.1
B B No E, dependence

CERN EP-Seminar Frank-Peter.Schilling@cern.ch 23



Rates of diffractive processes

Ratios diffractive / non-diffractive:

Diffractive W_production

qq — W, gqg — Wy

wl$5] £ [1.15 ) 0.51(stat) £ 0.20(syst)|%

(p% > 20 GeWsedtf | < 1.1, B > 20 GeV, € < 0.1)

Diffractive djjetproduction gg — gg, g9 — qg

Rj; 1§21 4 10.75 3 0.05(stat) % 0.09(syst)]%

(}_?}rfft > 20 G9M< 17| < 3.5,mm2 > 0,& < 0.1)

Diffractive Wuction

gg—:rbf_), qq—>bE

Ry5[%%5] = [0.62

0.19(stat) £ 0.16(syst)]%

(pF > 9.5
Diffractive J /v predyction

/e, |nf| < 1.1,€ < 0.1)

99 — J/v¥(g)

Ryl %3]

[1.45 F 0.25(stat ® syst)|%

(ph > 2 GeV/¢;

<1.0,£ <0.1)

R{SD/ND)

| Comparison
JIVYeDijets |« yypaa
4+ Dijet Data 1
- %, =0.004
_*-'_*_.__*_.I
—4— -+ x =& =001
SN
+| I _i_—l.—
T
| | -
| |

i0°
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Diffractive W3 and Z bosons

Sample Gap Fraction (%)

Probability that Background
Diffractive/All (%)

would fluctuate to the Data in
the (0,0) bin for W and Z Data

W cent 1.08+0.19-0.17
W fwd 0.64 +0.18-0.16
W All 0.89 + 0.20 - 0.19

1 x 10114 7.70
6x 107 5.30
3x 104 7.50

74 1.44 + 0.62 - 0.54

5x10° 440
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Intermediate summary on factorization

e QCD factorization theorem in diffractive DIS

— Diffractive parton densities determined from DGLAP
NLO QCD fit to F,P data

« Successful description of final state cross sections
In diffractive DIS

— diffractive dijets
— diffractive D* production

Factorization works In diffractive DIS!

 Prediction of diffractive rates at Tevatron fails!
— HERA diffractive PDF’s+factorization: C.S. much too high!
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Factorization breaking:
Reasons and models

Basic difference TEVATRON vs DIS:
2 Vs 1 initial state hadrons!

Y g ~ fiD(maf'LanPat) ® 533

o~ fP(z,p?, zp,t) ® 77 ® |S|?

J *Collins’ factorization theorem is not valid
for diffractive hadron-hadron scattering!

*Suppression factor |s|? contains soft

p P physics! — Phenomenological models
exising ...

Additional interactions between the remnants
can destroy rapidity gaps: Survival Probability’ (Bjorken)
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Jets Iin photoproduction at HERA:
Key to the understanding of
factorization breaking?



Jets in diffractive photoproduktion (Q4~0)
at HERA

DIS or direct process ‘resolved’ process

e’ / E’ /

7(*\)?'2 Y Remnant \
Jet
Jet Jet A
Jet }S ’X

P Remnant Remnant ‘
p—-: O—r— Y
Resolved yp similar to proton-proton :

P | p_ P xyzl: direct

«Can '_s,tudy suppression in one x <1: resolved
experiment! !
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= Jets in diffractive photoproduction

ZEUS H1 Diffractive yp Dijets
gor 0 33w ® H1 Preliminary  H1 2002 fit (prel )
= 6‘1’5& TN T [ correl. uncert. FR NLO*(1+5,_.)
-~ R RTRROey % = 10000 had
S ot \2\ R % 5 -~ RAPGAP
00k * ¢ W “‘_ ~ 5000 :n?— §1 oof
i :':'i' ﬁ;..am::
R o 5
y ;.;.;_ E EIIIIZE
\_% S 102 E <nof
E_E' 10 o 200 f —
T of =
...... - -_% 1 I VRN R B e T A D e eT 0e 08
1 1 1 '% F 1 1 1 1
. 15 95 115 135 _I155 175 ZIP (b} X
Ey E Y
¢ s BT | 02<0.01 GeV2: x,,<0.03
Energy scale uncertainty
e NLO (R=1) ET,1(2)>5(4) GeV
“io NLO (R=1) @ had.
-- NLO (R=0.34) ® had. | Q2<1 GeVz; X|P<O.035

H1 2002 fit (prel.) <:: ET,1(2)>7'5(6'5) GeV
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= Jets in diffractive photoproduction @3

ZEUS
_ T T 1C T T
:% 1000 L JF e ZEUS (prel) 99-00
A o i C Energy scale uncertainty 1
°é‘ 800} ------ NLO (R=1) k— - ------NLO (R=0.34)
B S5 NLO (R=1) 1t =—— NLO (R=0.34)
= 600 @ had. 4L @ had.
H1 2002 fit I H1 2002 fit
400F (prel.) JL (prel.)
I e 1t
200 S b ar ]
e * * )| PO e
1 | 1
T T

] T
o #
8 2.0 s
[=] ]
5 N i, # %
B i 4k
< 1.5 N -
- B W .
£ 1.0 = S
~F - I\
2 ey .
8. >~ 05- + 4k
b
=
% [ 1 | [
~ 025 0.5 0.75 0.25 0.5 0.75

What is the dependence on x,?
Are direct processes
suppressed as well?

\A/TA/%R“L
T 0

proton rest frame

Does the suppression at
HERA only depend on the
size of the photon?
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Diffraction at the LHC: Motivation

E 120 il? i Al ”-
« Total cross section S 0] | af
« Elastic scattering mi 74l ,,,_,
 Hard diffraction T % St
— Diffractive structure function and [ R // a il
factorization breaking | ﬁ,//d S :
— Diffractive Jets, W8, J/¥, b, t, y etc. * jﬁf i : !

haj
-
=]

[
-
L=

&)

10

 Diffraction as ‘gluon factory’ /5 [GeV]
 Diffractive Higgs production
e Physics at small x: parton saturation, QCD dynamics etc.
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Diffractive Higgs production

o
0

e Light SM Higgs m_ <130 GeV
experimentally challenging at
LHC:

— Dominant decay H—bb: |
— huge QCD background W ww )/
— H—yy challenging ... (BR,S/B) |

E bb

1
10 |

SM Higgs Branching Rati

N
10

L L L L L L
100 110 120 130 140 150 160

 New possibility: pp—p+H+p with My

double proton tag: ‘exclusive p p
double pomeron exchange’

— (J,=0, P even) selection rule ¢ tJ

suppresses gg->qq QCD 1(L
background! Q,

— Higgs mass can be reconstructed )
from proton 4-vectors (missing mass
mathod) p

—— )
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Diffractive Higgs production

b -Jet
gap / gap
P ﬁl\(_lv\f P
b -Jet

m%, = (p1 + p2 — pj — ph)?

Am = O(1.0 - 2.0) GeV

roman pots ~ roman pots D [ ]
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Diffractive Higgs production

(a) exclusive (b) inclusive (c) central-inelastic

Non-exklusive

T x F—5— channel: larger cross
= section, but also
H —# higher background!
P - ¥ P -

«Calculations of several theory groups
*Main problem: Normalization, ‘Survival probability’

consensus:

Exclusive channelpp>pHp : 3-10 fb
Inclusive channel pp -» p+X+H+Y+p : 50-200 fb

Example: m =120 GeV, L=30fb}, 6=3 fb (Khoze, Martin, Ryskin)
— 90/10 events before/after cuts, signal / background: 3!
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- Calibration of the models at the Tevatron

Cross section factorises — replace h with jj or .,

: . X production
Exclusive dijets cP
CDF Run Il Preliminary = dela
= 4 — FakeBEwt
g A 30y (Prescale 280) g ]
. B[ —a DPE = 0L + BAR, 5.5 <7 5) (Prasaale 5)
% 10 ++ f DP'E-EI:L:+ GAP,3.6<n, <7 5) (Prescale 5) § 35 )
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More data needed ...
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Plans of the LHC experiments:
CMS+TOTEM

« Roman pots at z=150 und 215m

« Additional detectors at large n o Aceptance
N Rl 0500
* A) o, and elastic scattering: . j215+31"+42®m ij
— Data taking in special LHC optics where s | " Um)—’”i’l’i’-i_"-""‘ -
Roman Pot acceptance is high: | s
B*=1540m, L=10%cm?s! (few days!) | & o
. B) Hard diffraction (incl. diffr. Higgs) o T
— Standard LHC operation, L>103cm2s1 | & * 218m
— smaller acceptance for Roman Pots ﬁ ; Hf
— Higgs: Pots at z=300 / 400m necessary  ,, |/, i
(cold LHC section) | F' A J‘frr' o s
— L1 trigger in time only for z<200m! Nis Ti I Rl B Rt
— Selection with rapidity gap: Pileup: . = ! " e
many interactions per bunch crossing! ‘ mh:120 GeV ‘ Mass
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> | CMS+TOTEM detectors L]
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CMS+TOTEM: Detector mit with biggest
ever acceptance at a hadron collider!
Large n important for small x!
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Similar plans for ATLAS ...
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Summary

Diffraction at HERA:

— Pomeron ‘Intercept’ ap(0) ~ 1.2 > 1.08! (different from ‘soft Pomeron’)
— Factorization theorem in diffractive DIS

— Precise F,P data, described by diffractive parton densities

— Successful prediction of diffractive final states in DIS

— Factorization broken in photoproduction (factor ~2)

 Diffraction at the TEVATRON:
— Factorization broken (factor 5-10)

 Diffraction at the LHC
— Rich physics program (e.g. diffractive Higgs production)
— CMS/TOTEM and ATLAS plannings underway

Understanding of soft and elastic hadron scattering also

Important for the Interpretation of LHC results!
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