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Color Singlet Exchange

Color exchange = particles between jets

observable fp=Se —E2 i S~ 10%-30%

.......................................




(Chehime et al)
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QCD color-singlet ¢
signal observed in ~

1 % opposite-side
events (pp)

Publications
D@: PRL 72, 2332(1994)
CDF: PRL 74, 885 (1995)
DJ: PRL 76, 734 (1996)
Zeus: Phys Lett B369, §5 (1996) (7%)
CDF: PRL 80, 1156 (1998)
DGJ: PLB 440, 189 (1998)
CDF: PRL 81, 5278 (1998)
H1: hep-ex/0203011 (sub. to Eur Phys J C)
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< Color-Singlet fractions at
1 Vs=630& 1800 GeV

6 Color-Singlet Dependence on:




D@ Detector b%

(n, = # tiles in LO detector with signal
2.3 < |n| <4.3)

™ (ny = # charged tracks with

Hadronic Calorimeter
In| <1.0)
(n., = # cal towers with energy above threshold)
Central Gaps
EM Calorimeter  E; > 200 MeV mli<1.0
Forward Gaps
EM Calorimeter E > 150 MeV 20< i <4.1

Mad. Calorimeter E > 500 MeV 32<h|<5.2)



Measurement of fs bo

Count tracks and EM ¢
Calorimeter Towers
inn|<1.0

fs = color-singlet fraction =(N - Np)/N,,

(includes correction for muiltiple interaction contamination.
8ys error dominated by background fitting.)



icities

JetE, > 12 GeV, Jet[n|> 1.9, An > 4.0

. 1800 Mult

630 vs
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Color Singlet Models bg

If color—smglet couples preferentially to
quarks or %uons raction depends on

initial quark/gluon densities (parton x)
larger x = more quarks

Gluon preference: perturbative two-gluon models have
9/4 color factor for gluons

» Naive Two-Gluon model (Bj)
» BFKL model: LLA BFKL dynamics
Predictions:
fs (Ey) falls, fg(An) falls (2 gluon) / rises (BFKL)

Quark preference:

» Soft Color model. non-perturbative
“rearrangement” prefers quark initiated processes
(easier to neutralize color)

» Photon and U(1): couple only to quarks

Predictions:
fs(E;) & fg(An) rise




Model Fits to Data bo

Using Herwig 5.9
~ Vs = 1800 GeV
® o — Soft Color o
T - T
< 1.5¢ fon e

10 20 30 40 S0 60 70
~ E,. (GeV)




Survival Probability 2%

® Assumed to be independent of parton x (E;, An
T

® Originally weak Vs dependence
Gotsman, Levin, Maor Phys. Lett B 309 (1993)

$(630) _ 52402
S(1800)

¢ Subsequently recaiculated
GLM hep-phv/9804404

*® Using soft-color model

R;fgf,’o:l.SiO.l (uncertainty from MC stats and model difierence)

R 630 630 $(630)
R 1300 (Data) = R g0 (Model) x S(1800)

with R[50 (Data)=3.411.2




Modifications to Theory

> BFKL: Cox, Forshaw (manhep99-7) use a non-

running o to flatten the falling E; prediction of BFKL

(due to higher order corrections at non-zero t)
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» Soft Color: Gregores subsequently performed a

-« bt fixeda,- 10GeV / pythia mi
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more careful counting of states that produce color
singlets to improve prediction.
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CDF Run 1 Diffractive Results

borrowed from K. Hatakeyama
The Rockefeller University
for the CDF Collaboration

Contents:

=% Introduction |
-~ Hard Single Diffraction with Rapidity Gaps:
W, dijet, bb and J/4 Production
-¢ Diffractive Dijets with Leading Antiproton
at /s = 1800 and 630 GeV
-0 Duet Production in Double Pomeron Exchange




| The CDF Detector I

Rapidity Gap Detectors
BBC 3.2<|n <5.9 Charged particles

FCAL 24<|n <4.2 Charged and neutral

Require no hits in BBC and no tower with energy
above 1.5 GeV in the forward region




l CDF Run 1 Results on Diffraction I

SOFT DIFFRACTION
1)Soft single diffraction PRD 50 (1994) 5550
2)Soft double diffraction = PRL 87 (2001) 141802

RAPIDITY GAP RESULTS

3) Diffractive W PRL 78 (1997) 2698
4) Diffractive Dijets PRL 79 (1997) 2636
5) Diffractive Beauty PRL 84 (2000) 232

6) Diffractive J/4 PRL 87 (2001) 241802

7) Jet-Gap-Jet 1800 PRL 74 (1995) 855
8) Jet-Gap-Jet 1800 PRL 80 (1998) 1156
9) Jet-Gap-Jet 630 PRL 81 (1998) 5278

ROMAN POT RESULTS

10) Diffractive Dijets 1800 PRL 84 (2000) 5043
11) Diffractive Dijets 630 PRL 88 (2002) 151802
12) Double Pomeron Dijets PRL 85 (2000) 4215

Darkblue : Today’s Contents
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Diffractive W, dijet and b at /s = 1800 GeV

¢ Diffractive W production qq — W, gg—= Wq

@{%ﬁ;{)’%{: g

it ,um‘x

(pT>20GeV/c,|q|<11 L%>2OGeV€<01)

v/ Diffractive dljet productlon gg — 99, 49 — g9

R

(pT>95GeV/c,|n | < 1.1, §<01)
v Diffractive J / ) productlon

B> 2 GeV/c, |n“| < 1.0, f

£2] is of order 1 % for W, dijet, bb & J/¢
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Hard Single Diffraction

3

/Measure muitiplicity here

Measure min
multiplicity here

OR

-5.2 30-1.n 1. 30 52

Phys Lett B 531 52 (2002)
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630 & 1800 GeV

+ Single diffractive & distribution
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630 vs. 1800 Multipl
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Event Characteristics

1800 Forward Jets
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Solid lines show show HSD candidate events
Dashed lines show non-diffractive events

* Less jets in diffractive events

» Jets are narrower and more back-to-back

» Diffractive events have less overall radiation

» Gap fraction has little dependence on average jet E;



Comparison to MC bo

fvlslble = ew ) fpredlcted

= Egap = Find predicted rate
*Add diffractive multiplicity T OMF YT X 2/ PYTHIA
from MC to background *Apply same jet ) cuts
data distribution as data, jet E;>12GeV
*Fit to find percent of *Full detector simulation

signal events extracted

* Model pomeron exchange in POMPYT26
(Bruni & Ingelman)

* based on PYTHIA
* define pomeron as beam particle
* Use different structure functions
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Pomeron Structure Fits m

Demand data fractions composed of linear
combination of hard and soft gluons, let overall ¥ s
normalization and fraction of hard and soft at each
energy be free parameters

If we have a V¥ s independent normalization then the
data prefer :

— 1800: hard gluon 0.1810.05(stat)+0.04-0.03(syst)

— 630: hard gluon 0.3910.04(stat)+0.02-0.01(syst)

— Normalization: 0.4310.03(stat)+0.08-0.06(syst)

with a confidence level of 56%.

If the hard to soft ratio is constrained the data
prefer:

— Hard gluon: 0.3010.04(stat)+0.01-0.01(syst)

— Norm. 1800: 0.38+0.03(stat)+0.03-0.02(syst)

— Norm. 630: 0.501+0.04(stat)+0.02-0.02(syst)

with a confidence level of 1.9%.

To significantly constrain quark fraction requires
additional experimental measurements.

CDF determined 56% hard gluon, 44% quark but
this does not describe our data without significant
soft gluon or 100% quark at 630



Single Diffractive & bo
Distributions

€ distribution for forward and central jets using (0,0)
bin
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The pomeron (P) structure is not yet understood
which motivates a study that will better clarify
the quark/gluon composition involved. This s
found in the diffractive W, which to leading
order can only happen based on a quark component
in the pomeron.’

P P —(Q )
P
- w
p o/ 6 ./
a) LO: g —-W b) NLO: qgg—q+W

Diffractive process (a) probes the quark content of
the pomeron.
!(Bruni & Ingelman, Phys. Lett. B311(1993)318)



‘ BES
CDF Diffractive W

CDF used asymmetry to extract
diffractive component of the W signal

1) TOPOLOGY

-lepton favors the hemisphere
opposite the rapidity gap

-compare multiplicity for region on
same side of lepton vs opposite side

2)CHARGE

-proton(uud) pomeron(qq) gives
twice as many W+ as W-

-W* production is associated
with gaps in p direction (and W- with p)

Drawback: Asymmetry approach reduces
statistical power of data



B
CDF Diffractive W

CDF {PRL 78 2698 (1997)} measured Ry, = 1.15 £ 0.55%
where Ry, = Ratio of diffractive/non-diffractive W
a significance of 3.8¢
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Figurs 22 (a) Eloctvon angle and chargs doubly-correlated (sclid) and amticorrelated
(dashed) distributioms (see text) versws BBO multiplicikty, and (b)) the carreaponding
saymmetry, defined as the bin-hy-bin difference over sum of the two distributions in (s).
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the ot kin of the individual angle (¢) and charge (d) distributions.
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W Event Characteristics

Standard W Events Diffractive W Candidates
800 |
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W/Z Data Resulits

*Observed clear Diffractive W and Diffractive Z signals
*Measured Diffractive W/AIl W and Diffractive Z/All Z.

Diffractive W ond Z Signols
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Sample Diffractiv;/ Probability Background
All Fluctuates to Data

Central W  (1.08+0.19-0.17)% 1x10 7.0
Forward W (0.64+0.18-0.16)% 6x10% 53¢
Al W 0.89 +0.19-0.17)% 3x10* 17.7c
z (144 +0.61-0.53)% 5x106 4.do

D@ Preliminary




_ BO
Rate Comparison

Correct MC for gap efficiency 20-30% for quark
and hard gluon (soft gluon fractions <0.02%)

FINAL GAP FRACTION

Sample Data Quark Hard Gluon

-enW (1.08 +0.21-0.19Y% (4.1+£0.8)% (0.15+0.02)%
ForW (0.64 +0.19-0.16)% (7.2+1.3)% (0.25+0.04)%
y 4 (1.44 + 0.62-0.54)% (3.8+0.7)% (0.16 £ 0.02)%

NOTE: Observe well-known normalization problem
for all structure functions, also different dependence on
1 for data and MC, as in dijet case

Preliminary



B
Double Gaps at 1800/GeV

[Jet | < 1.0, E>15 GeV

B RN
¢| Gap) *  ° (Gap)
.(:L P]

p T ;

Gap Region
2.5<n|<5.2

casure multiplicity on opposite side.
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B
Double Gaps at 630 GeV

|Jet 1| < 1.0, Ex>12 GeV

\

o G 7+ G Gap Region
O. 2.5<n|<8.2
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Diffractive Dijets with Leading Antiproton
Roman Pot was employed in 1995-96 run

\| Dipole Magnets

Microplug Cal.
| 4.5<n|<5.5

T 3.2<[ |<5.9

«— Central Cal.
Cd?F M <1,

]Iy pugca

# — Forward Cal.
2.4<ini<4.2




Diffractive Dijets with Leading Antiproton I

Physics Motivation:

1. Measure the diffractive structure function
Fje'(ﬂ’ f, Qz’ t)

Fjj(z,6,Q"8) =z [9°(2,6,Q" 1) + §¢°(z,£,Q%,1)]
F;g(x’ e! Qza t) — FJlJ)(ﬂv f, QQ’ t)

& (op — pjiX) _ Fji(zp, Q%) F7 (8,6 Q1) dirggsss
dz, dp dt dt dp3. z, B dp.

2. Test QCD factorization by comparing

(a) Ff,’ (B,€, @2, t) between /3 = 630 and 1800GeV
(b) F,-I,? (B,&, @%,t) with expectation from the
measurements of diffractive DIS at HERA

3. Test Regge factorization
? |
FJ'IJ)'('B’ ¢ Q2’ t) = fP/p(ga t) FJ'I;')(,B’ Q2)

zﬁ = pﬂo?/p,’ zP = py,q/Pp
E=1—zr=pp[ps, B =pgq/rP




| Structure Function Measurement l

Y im1.203) E,_(,f) . e="G)
Tp = Pg,q/Pp = Nz

(if E,_S? )> 5 GeV, include the 3rd jet)

- Rﬁ% (175, E) = F}g(“’ﬁ’ 6)/1;?1.1(317)

(FP @) =25 |57 @s) + § S ) + 27 )| )

* Fjlj?(zﬁ’ 6) = R-ﬁ% (mih g) X I?jj(m'ﬁ)

Fgg(ziag)» — Ff;(ﬂ,{)
B =zp/¢
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Single Diffractive Dijet°Production at /s = 630 GeV -

| Eut(pdcitive-n)

Outgoing p Side = Outgoing p Side

t= —0.092 GeV?

West(negative-n)

§ = 0.085,

00 O

S

v 1 e
Ll L
(3 . XY L N§ _ J

A rIY pate
) e s [
- HR-GP - 00 O SN0

CDF Preliminary

1

CLF: ETEM/ETTOT/ORG/NTM/PPAIS E transverse Ets-Phi LEGO Plot
I Mie tower Feoo0 00N o

6.0/ 10.0/CLF/ 8§ Max ‘rwe: 7=
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Diffractive Dijet and Inclusive Events : 630 GeV

COF Preliminary

-
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e Diffractive dijet events favor larger € values
e The ratio of dijet to inclusive events has a flat

t-dependence
Consistent with 1800 GeV results
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I UAS8 Measurement I

Physics Letters B 297 (1992) 417 -

UAS study of diffractive dijet production in pp collisions
at \/_ 630 GeV at the CERN SppS-Colhder

L T

() 0.90<X,<0.96 :
2 s — x(1—-x) MC
- (1=x)° MC ]
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" —Scattered Partons
----Hadronization + ideal Calorimeter
Full Calorimeter Simulation

A S S

08 1

x(2-jet) = B - x(proton)

W

Pomeron structure derived from UAS8 data :

0(8—1) (super-hard) 30%
BfB)=4 66(1—-B)  (hard)  57%
6(1 - B)° (soft)  13%




Comparison with UA8 : 630 GeV I

Reanalyze CDF 630 GeV data 4 la UAS8

e 0.04<¢<0.10

e Jet cone radius R = 1.0

® No underlying event or out-of-cone corrections
o E¥*'? > 8 GeV

® Injetl,2| < 2

o Ag(jetl,2) > 135°

o |t| < 0.2 GeV? (UAS : 0.9 < |t| < 2.3 GeV?)

CDF Preliminary
- JET Ra1.0 Enines &0
120 No UE and OC corrections o UA8
- EMM228 GeV, ™42 — CDF
- -0.2<t <0. (CDF), {2.5 1 <-1. GeV3(UA8)
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Dijet Production in Double Pomeron Exchange

Test of Factorization

Compare the structure function in

DPE with that in SD
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Cluster Et_min 0.0 GeV

Clusters: ETHAT CLUSTERING
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Double Pomeron Exchange

Dijet Cross Section

0.035 < &5 < 0.095, 0.01 < &, < 0.03

o(Ey*? > 7 GeV) = 43.6 + 4.4(stat) + 21.6(syst) nb
o(E3*? > 10 GeV) = 3.4 +1.0(stat) + 2.0(syst) nb

Exclusive dijet production

Jet Jet

I [

]

' E 0—=+ 1,
p+p—>p + (jetl + jet2) + '

E3eY? > 7 GeV
#(95% C.L) <3.7nb

Predictions:

¢ A. Berera, hep-ph/991045
o ~ O(1 ub)

o V.A Khoze, A.D.Martin, M.G.Ryskin, hep-ph/0007083
g~2nb




Tevatron Summary Bo

» Measurements at two CM energies with séme
detector adds critical new information for examining
pomeron puzzle

— The higher rates at 630 were not widely predicted
before the measurements |

> Pioneering work in Central Rapidity Gaps
— Modifications to theory based on data have occured

» Hard Single Diffraction

— Many processes observed and studied mcludmg
Diffractive W (diffraction is not low p; process)

— Discrepancy in shape and nomalization of
B distribution confirms factorization breakdown

— Results imply a non-pomeron based model should be
considered

» Hard Double Pomeron
— Observation of interesting new process
~ Confirms factorization breakdown



Proliferation of Pots

In late 80’s there were UA8 Roman pots and
temporary CDF pots (total cross section)

Since then ZEUS LPS has been very successful
H1 FPS less succesful due to acceptance, but
VFPS planned.

E811 (total cross section)

CDF (1 spectrometer) end of Run I and Run II
DO FPD Run II

PP2PP (RHIC elastic scatiering)

LHC: CMS, TOTEM, ATLAS



DO Forward Proton Detector

—é- Roman |

Series of 18 Roman Pots forms 9 independent
momentum spectrometers allowing measurement
of proton momentum and angle.

1 Dipole Spectrometer (p) £>E_,.
8 Quadrupole Spectrometers (p orp, up or down,
imorout) t >t .



Diffraction Thesis Topics

Soft Diffraction and Elastic Scattering:
Inclusive Single Diffraction
Elastic scattering (t dependence)
Total Cross Section
Centauro Search
Inclusive double pomeron
Search for glueballs/exotics

Hard Diffraction:
Diffractive jet
Diffractive b,c
Diffractive W/Z
Diffractive photon
Diffractive top
Diffractive Higgs
Other hard diffractive topics
Double Pomeron + jets
Other Hard Double Pomeron topics

\<100 events in Run I, >1000
tagged events in Run II

Rapidity Gaps:
Central gaps+jets
Gap tags vs. proton tags



Castle Status

All 6 castles with 18 Roman pots comprising the
FPD were constructed in Brazil, installed in the
Tevatron in fall of 2000, and have been functlomng
as designed.

Quadrupole castle A2 installed in the beam line.



Detector Assembly

At the University of Texas, Arlington (UTA),
scintillating and optical fibers were spliced and
inserted into the detector frames.




Event Display

P1D PID

beam beam

vp20 . .
X —view (above) Y - view

Il

T
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Data Elastic x,y Correlations

PD1x vs. PD2x (mm)

Good correlation
between x1,x2 and y1,y2
in data but shifted from
MC expectation (3 mm in
x and 1 mm in y)

PD1ly vs. PD2y (mm)




Elastic &t (calibrated)

P1D ot Nowsnal Position — P20 Moved

© 0]
Entries 1000
Mecn  0.5200€-02
“ _ _uS 0.4292€-01

Calibrated € now peaks at 0

P_DOWN (Eost Dete Sempie Fune 74/78)
9 ) 1
[ Enries 1008
® Moen 1483
s 0.47%0




FPD Goals for 2002

+ Finish commissioning Phase I of FPD
(10 pots/5 spectrometers)

- Become fully integrated with D@

« Start with diffractive jets and double
pomeron studies



PP2pp Physics Goals

pp2pp: A comprehensive spin-dependent
proton-proton elastic scattering
experiment at RHIC

¢ Study of total and differential cross-sections
in pp scattering over a large kinematic range
inaccessible to past experiments

50 < Vs < 500 GeV/e
410 < |1 S 1.5 (GeV/c)

e Measurements with transverse and longi-
tudinally polarized protons to determine the
s-channel helicity amplitudes ®;

O ~<+H M |++>
P; ~< M +>
O3 ~<+—{ MH+—>
Q4 ~<+—| M |—+>
Qs ~<+H M H+—>

e Determine the nature of the mediator of the
elastic interaction

e Diffractive physics at high |/




PP2pp Setup

RHIC Intersection Region with PP2PP Basic CB Setup

/lnelastic Detectors
DX
R ,

DX == 3’9
] ]
RP Stations RP Stations
1 ] i 1
I | J | |
-100. m -50.m 0. 50.m 100. m
L ]
On-board
Electronics
Roman Pot Detectors

(Silicon)

—

;_N_:—__B_—*—'Wm

"I

To Readout
and DAQ




PP2pp Run in 2002

-
o Engineering run, p =100 GeV/c
e One Roman pot station on each side of
interaction point (IP)
o Inelastic veto around IP

o Expected kinematics range:
0.005<|t|<0.02 GeV?2

e 4 hours commissioning on 1/19

e 14 hours of data on 1/24: excellent
beam quality

e Collected 974k events - elastic &
inelastic triggers

o Data will primarily be used to study
detector performance and to prepare
for data run in 2003

e Bonus: high quality of data may
provide new physics measurements
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Conclusion

» Diffraction is a complex subject!
> Much new experimental and theoretical

work with promise of new more precise
data to aid understanding

Many open questions:

> Are the hard and soft Pomeron distinct
objects?

» How to combine perturbative and non-
perturbative concepts?

» How to extract unique parton distribution
densities from HERA and Tevatron data?

» How to understand gap survival
probability ?

» s there a particle-like pomeron?




