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What is
Particle Diffraction?




Elastic Scattering
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Diffraction Dissociation
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Why Study
Particle Diffraction?
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- a In this illustration, an arrow points to the doomed star. Part of its mass, shown by the white stream, was swallowed by the black hole.
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Diftractive Particle Interactions
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Blow-hole at Grand Cayman
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Why should I care

about
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What is Dark Enerqgy?

Composition 3 | Heavy
of the _ &%) | elements:
Cosmos .t

0.03%

Ghostly
neutrinos:
0.2%

Stars:
0.5%

Free hydrogen
and helium:
4%

Dark

matter:
30%

Dark
energy:
65%
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A short tour of particle physics

NYC, 1994 Five Borough Bike Tour
Next tour: May 1, 2005

-
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SU3

The Standard Model
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SU3: Law and Order in the Particle Zoo

udd /uud

/UUS
Z-I—
(1193)

u :I,- 1/2 5= 0 Q= 2/3
d :I3= -1/2 5= 0 Q= -1/3 Isotopic spin:
Strangeness: S s :I;= 0 S=-1 Q=-1/3 I,-Q-(B+S)/2
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Elementary Particles
o H C t g
"l\é up chatm top glucn
o d s b y 2=
dowm strange bottom photon E
Ll
2 Ve || Vu | Vg || WO 8
O ¢ neutrino g néutring ¢ neutrino | B boson O
E‘ (2
o e H T A
electron qLh Lo} a1 tau £ boson _ _
— (G LAR +G,Lg.R + hermitian conjugate
3= I II III < Generations

MY, g-= 0 MW, z~ 80 Mp MTOPNMgold
Force Strength
: : g > strong 1
Higgs field generates Mass | : >
Y > electromagnetic  10-
W,Z > weak 10-14
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A good theory should
fit on a T-shirt!

Brown U, 11 April 2005

Leon & the SM

Diffractive Particle Interactions

But what about

intferactions?

e 1 Y
/ (laﬂ —ggr.Wﬂ—g 2B/,JL

+ y"’(i@ﬂ - g'gB‘”jR

o)
(o053 g ] -

- ~ Peon
- (G LR +G,Lg R + hermitian conjugate)

AND WHAT ABOUT
GRAVITY?
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String Theory, then?

Particles correspond to o
the vibration modes of Gravity is included!
a string in 10 dimensions

Pythagoras
applied it to music
in 400 BC:
1+2+3+4=10

And it surely makes an interesting T-shirt!
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QCD - Quantum Chromo-Dynamics
The Theory of Strong Interactions

proton
(color singlet)

COLOR FORCE

1 asymptotic : .
freedom <

Wn
—

Strong coupling &

O Distance 1 fermi
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David Politzer

Diffractive Particle Interactions
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Collisions and Explosions

Fireworks - Central Park 2004

Brown U, 11 April 2005 Diffractive Particle Interactions K. Goulianos 21



Diffractive
Interactions

Suren Andrei Kenici |
Bagdasarov  Solodsky  Hatakeyama

Non-diffractive:

X X f f color exchange

Diffractive:

colorless exchangs

(VaVaV oV
Protons retain their Protons acquire color
quantum numbers and break apart
ENERGY ESCAPES CONFINEMENT
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Asymmetric explosion
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Rapidity

Pt ~limited transverse momentum

E+pL: E+p,
E-p. \/p%+m2

pseudorapidity : (m =0 ) n=-In tan%

rapidity: y= %ln
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Rapidity Gaps

Bj, PRD 47 (1993) 101: regions of (pseudo)rapidity devoid of particles

p = < p

X > p

Particle production Rapidity gap

do do 1
— ~conctant = >~
dM™ M

t=0
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Forty Years of Diffraction

http://physics.rockefeller.edu/dino/my.html
1960's BNL: first observation of pp -> pX

1970's Fermilab fixed target, ISR, SPS
- Regge theory & factorization

Review: KG, Phys. Rep. 101 (1983) 169

1980's UAS8: diffractive dijets = hard diffraction

1990's Tev Run-I:  Regge factorization breakdown
Tev/ HERA: QCD factorization breakdown

21st C Multigap diffraction: restoration of factorization
Ideal for diffractive studies @ LHC

Brown U, 11 April 2005 Diffractive Particle Interactions K. Goulianos
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Theory of Diffraction

» Important for understanding hadron structure and quark confinement.
> QCD can only be solved perturbatively for cases in which O <« 1.

> Need to develop new mathematical methods to deal with diffraction.

LX) pure thinking

~ | ROCKEFELLER,

phenomenology
URIVERSITY |2 t
s
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Run-T A B: Rapidity Gap Studies

CDF
Detector

[ [ foxrkayin

CES
CPR

INTERACTION POINT

Forward Detectors
BBC 3.2<n<5.9
FCAL 2.4<n<4.2
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CDF-IC

Run-IA,B

o767
Ry —
CDF
; Detector

III-' - s |
! Recoll B Track Bellows . __& 7‘\/‘ BO
To MCPMTY, Fiber

Forward
(Not-To-Scale)

DIPOLE MAGNErS p CDF INTERACTION POINT
X ROMAN POTS
at 57 m Forward Detectors
Scintillator fiber xy-tracker
x<0.97 [27011 pitch, 2 m lever armj BBC 3-2<n<5-9

FCAL 2.4<n<4.2

x=1 [Acceptance: 0<|t] <1, 0.03<f < 0.1]
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CDF-TI

B3 Tag leading p-bar @ 0.02 < &< 0.1
e\ mma
oman .--r ‘
Pots 1"-. KSEmmCI}F
Acceptance |
n.nzf‘gu.-l Ll -
D<lt|<2 GeV
Dipoles
- BSC —&—_
| {  5.5<[1|<7.5
P - -f-— MiniPlug -«
Dl B s
— CLC
P 3.7<|n|<4.7
DIF || +— central
— Plug
P l
l; MiniPlug detect
forward
= articles
- -3 BSC P
- —
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Diffractive Particle Interactions
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About 1500 wavelength shifting fibers of 1 mm dia. are 'strung’ through holes
drilled in 36x%" lead plates sandwiched between reflective Al sheets and guided
into bunches to be viewed individually by multi-channel photomultipliers.
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Artist's View of MiniPlug

384 towers

Brown U, 11 April 2005 Diffractive Particle Interactions K. Goulianos
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Diffraction@CDF 1in Run I |16 papers

1 Elastic scattering  PRD 50 (1994) 5518
d Total cross section PRD 50 (1994) 5550

1 Diffraction . _ _ = -
p s - = " P P
P P P 0 1 o 1P

SOFT diffraction *[Control| * ¢ ¢ ¢
sample |y, n n n 1
Non-Diffractive  Single-Diffractive Double Diffractive Double Pomeron Single + Double
{ND) (SD) (DD) Exchange (DPE) Diffractive {SDD)
PRI PRL. PRI PRI

50 (1994) 5535 87 (2001)141802 932004141601 91(2003)011802

HARD diffraction ‘EA@ {“:i «© }%

-----------------

PRL references _*-iap H et rlet o |t Jet ii| Gap: Jet i | Gap|iettlei| Gap
n 7 M

with roman pots W 78 (1997) 2698 | JJ 74 (1995) 855 JJ 85 (2000) 4217

JJ_ 84 (2000) 5043 11 79(1997)2636 | JJ 80 (1998) 1156

JJ 88 (2002) 151802 b-quark 84 (2000)232 | JJ 81 (1998) 5278
Jhg 87 (2001) 241802
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Elastic & Total Cross Sections

Total and Elastic Cross Sections
REGGE THEORY Coveldan, Montanha and Goulunes, Plys. letl, B 350 (1095 176
g om Lo o= 0 L04] &+ 0,250 &g O & ERE = OG-+ I'I_':I'_'.'l
B1t) | - -

i

By(t)

W O °pp

@)
©)

©
©
resonances

s . :

2
T(s,t) =1§[31(t)[32(t)80((t) q)_am GT — B(0) g®(0)-1

REGGEON
Regge trajectories

Ol(t)=0.5+0.9t
f4,[a4] PION

OL(1)=0+0.7t
OL(t)
3

POMERON

OL(t)=1.1+0.25t

R
P
~1.1---73 Lo A
Fa
;.-""
t=M * (GeV ?) e e e _— e
- ST i “ 1 T 1
Vi [Cef} vz (Gef)
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The QCD Connection

The exponential rise of G(Ay') is due
to the increase of wee partons with Ay’
(see E. Levin, An Introduction to Pomerons Preprint DESY 98-120)

Total cross section:
power law rise with energy

«—~l/o—>»

:i: N Ay =Ins—»

Im f,(s,t) oc el

y

----------------------------
-----------------------------
----------------------------

Elastic cross section
forward scattering amplitude
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:I; Single Diffraction

2
d“og,

dtd¢

= fIP/p (t,S) e Opr_p M i)

I 1

Pomeron flux ~ Pomeron-proton
total x-section

Ogp ™~ S

Grows faster than O T Sg
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Renormalization

d°c 2¢
dtdsﬁD = fIP/p (t, <) .GIP—ﬁ(M;) GSD ~ S
» Unitarity problem: 100 , I
With factorization S <005 VA&
Clnd STd POmZI"OH ﬂUX © Amitage et al. z’#i‘St dard flux
d + UA4 o an
Cgp eXceeds ot at o cx ~10
\/g ~ 2 TCV X Cool etal. -
yd Renormaliked flux
o f |

% Renormalization:
normalize the pomeron
flux to unity

KG, PLB 358 (1995) 379
0.1 0

[ ] fept.e)dede=1 ,

amin t=—0

Total Single Diffraction Cross Section (mb)

10 100 1000 10000
Vs (GeV)
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A Scaling Law in Diffraction

Factorization breaks
down in favor of
M?-scaling

renormaliza’rionE\\

\V4
do 51

dM 2 x (M 2)1+6‘

Brown U, 11 April 2005

d?c/dtdM? | _ 05 (mb GeV ™)

KG&JM, PRD 59 (1999) 114017

10 ¢

0.01 <£<0.03) -

std. and renorm. @ 14 GeV  ( 1
1L fluxfits [120 GeV (0.01 <£<0.03) |
g A 546 GeV (0.005<&<0.03) -
i O 1800 GeV (0.003 < & < 0.03) |
=1
1 O F »  ooooo 1 E
FA=¢ (M2) 1+
—2 A =0.05
10 & i
. — 546 GeV std. 1
r i flux prediction
100 " . 1800 GeV std. |
8 . flux prediction -
—4) renorm. flux
10 F prediction E
,IO_57 ‘H‘ 1 11 ‘ 2\ Il \H‘ Il L1l L J5’ NN 6
1 10 10 10 10 10 10
M2 (GeV?)
K. Goulianos 38
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QCD Basis of Renormalization

(KG, hep-ph/0205141)

tH g Ay

2 independent variables: 1, Ay
d’c

dt dAy

K = gIP—IP—IP (t) ~ 017
ﬂlP—p—p(O)

CuR e fel I ko]

\ / - /)
Gap probability

N eZEAy —

Renormalization removes the s-dependence = SCALING
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Central and Double Gaps

_l\l [ d [d (3 [ d [ d
5 My Lo Q Double Diffraction Dissociation
P y
P <In M2> Mz
M, " _Ins 2 » One central gap
) P—p O Double Pomeron Exchange
p p
Y N
h on— T » Two forward gaps
e e d SDD: Single+Double Diffraction
P\b
A cinM2-’  —InMZ—
P <In1/g; —ns » One forward + one central gap
2 ns
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Multigap Renormalization

(KG, hep-ph/0205141)

“

_CxF 2(t1)H {e(e+a’ti )Ay; |2 % Kz {(7 eg(Ay{+Ay'2)}

H dVi " i=1-2 i

i=1-5 N _ - _
Gap probability Sub-energy cross section
626‘ Ay (for regions with particles)

ay=lns 2EAY  2gl|| Same suppression
_[ S as for single gap!
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Central & Double-Gap CDF Results

Differential shapes agree with Regge predictions
J CDF Preliminary ~ M% (Gev?)
—_ 3 4 5 6
2 5 . DATA o —SDD + SD MC 109 Data
10 — DD + non-DD MC & [ e, S [ 7 DPEMG
T non-DD MC 104 M f -~ sbMC ﬂ
104l é’m‘g DPE+SD-M I.
‘::Lj""iﬂ g F Eroeves,
1080 £ 10 L T ‘% 10 3§ Jf
B M
10%F 103 g% p
,,,,,,,, € b
DD : | DPE
10 3 i | | 3
0 1 2 3 4 5O 6 7 0 1 2 3 4 o 5 6 7 10°% 10° 10* 10% 107 10" 1
An Nimax Mmin Anexp=nmax-nmin &p
> One-gap Cross sections are Suppressed
\ » Two-gap/one-gap ratios are ~x =0.17
p « CDF po o CDF: one-gap/no-gap 8 f
é 102; o UA5 (adjusted) A . %DF: tw0-g§1p/one-gap S, 05[ e CDF Data: DPE/SD ratio (Preliminary)
F—R |- Regge predicton /.- 2l AN . -
§ [ Rggg?malized gap g ! [— Renorm-gap prediction __.==# ] N Regge + Factorization
= L 5 r § 04 Gap Probability Renorm.
g 8 2 “““ eron Flux Renom.
810 § ;ﬁ 0al
5 |
-------------- 5
"""" 8
[T
-1
1 b 10 r
0.1 r
10 10 10° 10 0’ i o s
s (GeV) sub-energy Vs’ (GeV) s (GeV)
Brown U, 11 April 2005 Diffractive Particle Interactions K. Goulianos 42






Diffractive Fractions @ CDF

pp — (Hd + X)) + gap

Hd | Fraction(7%)

SD/ND ratio W | 115 (0.55) All ratios ~ 1%
at 1800 Gev |11 10.75 (0.10) =~ uniform suppression
b |0.62(0.25) ~ FACTORIZATION

J/v | 1.45 (0.25)

Did the person who ate the missing

piece of pie remove any fruit from
the rest of the piel
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Diffractive Dijets @ Tevatron

Factorization breaks down: but how?

jet
P
p

reorganize

jet

FD(SZ,X,Qz)OCélJ}zg F(x/£,Q%)
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Diffractive DIS @ HERA

Pomeron exchange  Color reorganization

p—> LY
L N
e x reorganize

Factorization holds
(John Collins)

Brown U, 11 April 2005 Diffractive Particle Interactions K. Goulianos
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Tevatron vs HERA:
Factorization Breakdown

Predicted in KG, PLB 358 (1995) 379

e HTit2 ~+ CDF data _
T HAfit3 Ej;,ﬂ:zz 7 GeV p

E(Q%=75GeV?) 0.035 < £ < 0.095
; |t]<1.0 GeV?

P

e "
. Y
L
%
b
y
¥
=
.
a
.,
S

0.1
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Restoring Factorization

C§:= —4 from DPE/SD, 0.0¥<£<0.03
100L -4 flom SD/ND, 0.Q85 <& <0.095
10 |
1L
0.1¢

Brown U, 11 April 2005

jet 5
“0 p:
SD jet _
i jet b
b P
0 p

DPE jet ot 5
5 P
" @,
P
- p
np n— np
=
e - H1 fit-2 -+ CDF data
- - H1fit3 EE"2>7 GeV
o0 (Q%=75GaV?) 0.035 <& < 0.095
[t]<1.0GeV?
10 |
1 L
0.1} G
E . g
01 1
§

Diffractive Particle Interactions

—

—
—

)

D
FJ'J'

100}

= R(SD/ND)

— R(DPE/SD)

DSF from two/one gap:
factorization restored!

0.1}

- CDF data, based on DPE/SD

T
—+—

— H12002c,P QCD Fit (prel.)

0.1

K. Goulianos
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Diffractive Higgs Production

Interest in diffractive Higgs production

Exclusive Inclusive

Khoze, Martin,
Ryskin

Eur. Phys. J.
C23, 311 (2001),
€26, 229 (2002)

gg”" - H gg"—-H+X

Calibrate on exclusive dijets

< O
A O

n
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Gap Between Jets

p+p — Jet+Gap + Jet

Q@@@@@@@@@@@@@:’
<4 A y gap —P»
Ay

Question

Aygap E 7? AY

jet

Brown U, 11 April 2005

i
o
—— In(s'=1800% 1 cDF
In (s=14000
a0 “~LHC

RIC7(s") =RES7/S #1%/0.2 ~ 5%

Diffractive Particle Interactions

K. Goulianos
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4

P

quarks

: _.é'ﬁ

Derive diffractive
from inclusive PDFs
and color factors

—_— —_—
= =
— SOFT Q% =1 GeV? w— 102
> >

— gluon

10 valence quarks

sea quarks

8. Diffraction in QCD

antiproton

proton

HARD Q® = 75 GeV?

gluon
valence quarks
sea quarks
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I't surely makes an interesting T-shirt! .
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