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Why study diffraction?

Two reasons: one fundamental / one practical.

1 fundamental

o, measure o1 & p-value at LHC:

I optical theorem check for violation of dispersion relations
m fe,(t.:O) _ _ - sign for new physics

I dlsperS|on relations Bourrely, C., Khuri, N.N., Martin, A.,Soffer, J., Wu, T.T
Re f,,(t=0) http://en.scientificcommons.org/16731756
Diffraction B | > saturation D Ot

O practical: underlying event (UE), triggers, calibrations

=» the UE affects all physics studies at the LHC
NEED ROBUST MC SIMULATION OF SOFT PHYSICS
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MC simulations:
Pandora’s box was unlocked at the L!

U Presently available MCs based on pre-LHC l
data were found to be inadequate for LHC
0 MC tunes: the “evils of the world” were
released from Pandora’s box at the LHC

... but fortunately, hope remained in the box
> a good starting point for this talk

Pandora's box is an artifact in Greek mythology, taken from the myth of
Pandora's creation around line 60 of Hesiod's Works And Days. The "box" was
actually a large jar (1Tm160o¢ pithos) given to Pandora ([Navdowpa) ("all-gifted"),
which contained all the evils of the world. When Pandora opened the jar, the
entire contents of the jar were released, but for one — hope. Nikipedia
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Diffractive gaps
definition: gaps not exponentially suppressed

N n
&
rz,.b\ ( do j do 1 do 1
< ‘ —— | ~constant = ~ — =
NS dAn) dMZ M2 S ¢
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Diffractive pbar-p studies @ CDF

Elastic scattering
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Basic and combined

diffractive processes

acronym basic diffractive processes

— — gap
SDj pp — P+ gap + [p — X, A
SD,, pp — [p — Xp| + gap + p. —
DD pp — |[p— X5l + gap + p — X}, ._-

DPE  jp — p+ gap + Xc + gap + p. A
2-gap combinations of SD and DD

SDD; pp—p+gap+ Xc+gap+ p— X, @— =

SDD, pp— [p— Xplgap + X, + gap + p. @

a 4-gap diffractive process
Amng Anp Ans
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Regge theory — values of s, & g7

KG-1995: PLB 358, 379 (1995) Q
TOTAL CHOSS SESTION ELASTIC SCATTERING = B,(0) 82(0) 5 a(0)—1 = PP s (1)
Bit) 9T =P 2 S0 -0 S0
p—
s doa _ B B3(1) (_3_)2[“(”'” f
Bet » dt 1647 56
SINGLE DIFFRACTION DISSOCIATION (7%- s 2t o %‘ b '{;)r
i () 0 ‘-’..:"‘ >

(3)

Parameters: dtdg

Q s, s, and g(t) _ B 1120 (S )a(O)—l
d set s, =s,(universal IP) 167 ° B2(0) (1)

!/
50
. _ ’? .
O determine s, and gppp — how? = fop (&) PP 1) 1 (4)
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A complication ... = Unitarity!

do‘eg i 2e i € i 2€
dt ) ,_, So ot so) Osd So
d do/dt o4 grows faster than o, as s increases

=» unitarity violation at high s
(similarly for partial x-sections in impact parameter space)

Q the unitarity limit is already reached at Vs ~ 2 TeV
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G"sp vs O (PP & PP)

= suppressed relative to Regge for Vs>22 GeV

10f

Total Single Diffraction Cross Section (mb

< 0.05

X @+ OBRuw

Albrow et al.

Armitage et al.
A4
CCF
EV10
Cool et al./”

540 GeV

v

l— Renormalized flux

1800 GeV

Factor of ~8 (~b)
suppression at
/s = 1800 (540) GeV

€ RENORMALIZATION MODEL
KG, PLB 358, 379 (1995)

s el CDF Run | results
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Single diffraction renormalized — (1)

KG = CORFU-2001: hep-ph/0203141
KG = EDS 2009: http://arxiv.org/PS_cache/arxiv/pdf/1002/1002.3527v1.pdf

tH i Ay

2 independent variables: 1, Ay

P gIP IP— IP(t)
ﬂIP p- p(O)

0.17

d’c ,
:Csz(t){ 5+at)Ay O_ egAy }
dt dAy / . )
gap probability sub-energy x-section

i}

Gap probability =» (re)normalize to unity
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Single diffraction renormalized — (2)

K = gIP—IP—IP (t) ~ 017
ﬂlP—p—p(O)

Experimentally: = JEPP () 1740.02, £=0.104

IP-p

KG&JM, PRD 59 (114017) 1999

2 _
QCD: k=1, x 21 +f, % L Q=1 >z0.75><l+0.25><l
N~ —1 N 8 3

C C
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Single diffraction renormalized - (3)

d?oeq(s, M*.t) [ o JPP] 52€ bt
dM 2 dt 167 N (s, s0) (ﬂ,j?)lJrE
b=by+2a"In Mg sSME — (3.7 +1.5) GeV?
Emax — 0o SQE
N (s, = ST
5o = [ e [ at fgp(en) T st
d?oeq(s, M?,t) ¢—nc elt
AN 2dt S A YENE
(A7) set to unity
5> Ins =» determine s,
O >~ —> const
b—Ins
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Single diffraction renormalized — (4)

2
d o N C F (t) { (e+a't)Ay }2 e {GO eeAY'}
dt dAy ~
Py (AY, 1)
Ng_altp (S)= JAyt gop (AY, 1) dAy dt =t lsn S

2
d’c _ [eg(Ay_lns)_ln S]e(bo+2a'Ay)t

dt dAy /

grows slower than s¢
> Pumplin bound obeyed at all impact parameters

Moriond QCD 2011 Diffraction, saturation, and pp cross sections at the LHC K. Goulianos 14



M2 distribution: data

= do/dM2|,. ;o5 ~ independent of s over 6 orders of magnitude!

KG&JM, PRD 59 (1999) 114017
10 ET T AR IR AR IR T

std. and renorm. @ 14 GeV (0.01 <&<0.03)
flux fits [120 GeV (0.01 <€<0.03) |
A 546 GeV (0.005<E<0.03)
O 1800 GeV (0.003 <&<0.03)

|
> 10 7 A=¢ 7

Py

(q))
(@)
(@)

q))
O
Q)
ﬁ
Q

—o0s (mMb GeV™)

do §%% —1

—— OC ~ o A ,
sz M2 bre 3 10 2? o \ 546 GeV std.
( ) o A=0.15 —_’ T prgdictison' ]
N “Ne 1800 GeV std. |
I d d 1. f S 6 ‘jo 10 8 \\flux prediction
ndependent o over - NS .
orders of magnitude in M? Tt renom fix __9
> M2 scaling
10 Lol el vl vl 5(1\ L 5
10 10

=> factorization breaks down to ensure M? scaling
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Scale s, and triple-pom coupling

Pomeron flux: interpret as gap probability
=»set to unity: determines gppp and s, KG, PLB 358 (1995) 379

IS

:2 d’cg, B ’ .
didé _flp/p(t9 c) G|P—§(S§)

| f S;g/z *Gppp (1)

Pomeron-proton x-section

d Two free parameters: s, and gppp
1 Obtain product gppp*s.é/? from cgp

d Renormalized Pomeron flux determines s,
d Get unique solution for gppp

Jppp=0.69 mb-12=1.1 GeV - S,=3.7+1.5 GeV?2
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Saturation “glueball” at ISR?

. 4+ -
Exclusive '

- < Giant glueball with f,(980) and f,(1500)
107 - RN - superimposed, interfering destructively
E F and manifesting as dips (?77)
_('\:’\ .
"'é 102 =
-
10 =
2
1T E 1 1 |'.I.l E ﬂ‘,[Lnﬂ ||L
0.5 1. 1.5 2. 2.5 3. 3.5 4,
M(rr) GeV

Figure 8: M +,- spectrum in DIPFE at the ISR (Axial Field Spectrometer, R807 [97, 98]). Figure
from Ref. [98]. See M.G.Albrow, T.D. Goughlin, J.R. Forshaw, hep-ph>arXiv:1006.1289
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Multigap cross sections, e.g. SDD

KG, hep-ph/0203141

Yi
5 independent Varlables{ t, t2 color
factor

i:1—5 \ / — J
Gap probability Sub-energy cross section

J ™ s“¢ /Ins (for regions with particles)

Same suppression
as for single gap!
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SDD in CDF: data vs NBR MC

http://physics.rockefeller.edu/publications.html

105 Vs=1800 GeV
g ol —SDD + SD MC
@ S .
10 %
10 %
= Excellent agreement 0% 5
between data and NBR :
(MinBiasRockefeller) MC
0 1 2 3 4 5 6 7
ﬂne:-q:n:nmaa('nmin
5 . . H
d’o _ I:B(r) E[a{:p]—l]ln{lffl}HXK[K[B(U) e[u{:}—l]ﬂﬁ}u H.'|: BE([])(Y_)E}}
dtpdidé ,dAndn, 4/ Nz 5,
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Multigaps: a 4-gap x-section

Presented at DIS-2005, XIII'" International Workshop on Deep Inelastic Scallering,
April 27 - May 1 2005, Madison, WI, U.S A.

Multigap Diffraction at LHC

Any  Anj An, Anj Anj An; An,
n s n n; n;
t ty f ty

10 independent variables 7., 0., n/, and An = Z AN,

dlDGD

) 2 ,
[ 47, = A@*}v F2(f1)F§(f4)H?=1 {e[HmﬁAnf} x Kt [()'0 eszﬁ’_lam]
i—19

e

gap pr(;ir:)ability

Moriond QCD 2011 Diffraction, saturation, and pp cross sections at the LHC K. Goulianos 20



Diffractive and Total
pp Cross Se

s at LHC

13th International Conference on Elastic & Diffractive Scattering
(13th "Blois Workshop")
CERN, 25th June - 3rd July 2009

UUse the Froissart formula as a satumted cross section

http://arxiv.org/
abs/1002.3527

oi(s > sp) = oy(sp) + T3 -

In? =
sF

100

(g < 0.05

Albrow et al.

Armitage et al.

a4 /.—"
CDF

E710 .

Cool etal. -

-
-

-

*x -8+ OO0

=
=
T

Total Single Diffraction Cross Section (mb)

\s-=22 GeV

- ™ Standard  flux

e Renormalized  flux
/l
-
p"/
Iy i

1 L s PR | L L vl
10 100 1000
Vs (GeV)

o000

This formula should be valid above the knee in o.4 vs. /s at /sp = 22 GeV (Fig. 1) and
therefore valid at /s = 1800 GeV.

Use m?

= 5, in the Froissart formula multiplied by 1/0.389 to convert it to mb— 1.

Note that contributions from Reggeon exchanges at /s = 1800 GeV are negligible, as can
be verified from the global fit of Ref. [7].

Obtam the total cross section at the LHC:

SUPERBALL MODEL

gLHC — ;CDF

w

8o

, GLHC
| In
sE

— In?

SC‘-DF

SF

)
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Total inelastic cross section

Renormalization mode

Vs o 0 [Cinel
ATLAS measurement DS Ta T

of the total inelastic x-section 8 TeV 100+ 8 98
14 TeV 100 + 12732 + 4 76 + 8

T TTTTT] I T T TTTT] T T TTTT] I T T TTTI
Schuler and Sjdstrand

—— —— - Schuler and Sjstrand: & > 10°

Block 2010

Data 2010\s = 7 TeV:& > 10°

Data 2010Vs = 7 TeV: extrap. to & > m2/s

pp Data

The o, Is obtained
from o, and the ratio of el/tot

03— L T I

-¢ (b) OPp < pp /

pp Data

o
2
o )
QO
H&" ATLAS Preliminary e
20 - O — CDF
Theoretical predictions and data are shown for & > m¥/s unless specified otherwise ﬁp o — E710
ATLAS data extrapolated using Pythia prediction for do/d& + — UAd4 & UA4/2
O L L II\II\l L L \I\\I\l L L \\IIII‘ L L II\\IIl 01 ool L L ,,,.,,Ir L """'l,
2 3 4 1ol 10° 103
1 10 10 10 10

R. J. M. Covolan, .J. Montanha and K. Goulianos, Phys.

\'s [GeV] Lett. B 389, 176 (1096).
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ost and ratio of a'/g

PHYSICAL REVIEW D 80, [111901(R) (2009)

Pomeron intercept and slope: A QCD connection

Konstanun Goulianos

dagls, M2, t) [ s pp] §2€ 1 b
= i e
dM>dt 1677 Nis) (M*)1Te

2E
I_“"’[ EEJF{E!J.:.J;"E‘HEF] Ins bt

{ME}|+E
— . LEAT
ﬂl;:;n’ﬁp Tot e !

r==—= —[16m% In(2x)]™"
&

o _ 4, Pp eb, pp
U!-ilj — Eﬂ'a EIP[E&"’] = {Ta

— A2
TS Foheno = 3.2+ 0.4 (GeV/c)
P Fexp = 0.25 (GeV/ )72 /0.08 =
Nem1 N 3.13 (GeV/e) ™2

b = R3/2=1/(2m3).
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Diffraction in PYTHIA -1

+ong (s)

olB(s) = X sc L YAB g1 |e = 0.0808
T (8) = 04" (s) + gil?XB)(S) + gil?AX)(S) + oa (s)
dosgxm)(s) g3 5 1
Gap Oap — exp( By t) Fy
dt dAL? 167 4P Poe 3y XPBracxmt) F
dosaax)(s) BP o 1
— G%me Opp —= exp( B, t) F,
dt d)12 16 Cap P 5 exp(Baaaxt) Fa
doga(s) J3p 1 1
= 2= Gap xp(Baat) F
FZAAE 167 AP Uer g g PBaat) Fa

some comments:

= 1/M?2 dependence instead of (1/M?2)1+
» F-factors put “by hand” — next slide
= B,4 contains a term added by hand - next slide

Moriond QCD 2011
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Diffraction in PYTHIA -2

S
BSd(XB) (S’) — 22}‘3 -+ 20{'; In (ﬁ)

{ -, note:
Baax)(s) = 204+ 2a’ln ) | =1/M? dependence
m o4
- o e* factor
Baa(s) = 2a'ln + VERVE

I3 - 1 M 2 1 1 Cres M I‘Qes

Fudge factors: T s M2+ M2
= suppression at kinematic (M, + MQ)Q s m2
. L VL 1V - P
“mk.'t : : : Faa = (1 a . ) ( cm2 - M? 1.[2)
= kill overlapping diffractive S STy T VL IV
systems in dd Cros M2 Cros M2
= enhance low mass region X |1+ VERESTE L+ VPRSI

W res el | Il reg VL9
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CMS: observation of Diffraction at 7 TeV

An example of a beautiful data analysis and of MC inadequacies

= CMS Preliminary 2010
1000 = < —ie p+p (7 TeV) BSC OR and Vertex —]
i /] Energy scale=10% 7
; — PYTHIA-8 ]
i.:.'.:!.:r.:!.: TRREREREtHE escsssssss PYTHIA-6 D6T |
800_ s PYTHIA-6 CW _
-1 mimimimus PYTHIA-6 DW -
— s s PYTHIA-8 Non-diffractive —
600 H wee == PYTHIA-6 D6T Non-diffractive —
— m— = PYTHIA-6 CW Non-diffractive ]
B m— == PYTHIA-6 DW Non-diffractive N
400 — —
200 ; T ——— | ———— e
k —t =]
0 | 1 1 1 1 1 1 L | 1 1 L | 1 1 | L I |
1 10 107

Y (E-pz) (GeV)

13: CMS inclusive single diffraction observation: data vs. MC.

* No single MC describes the data in their entirety
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Monte Carlo Strategy for the LHC

MONTE CARLO STRATEGY

d o' > from SUPERBALL model |,

4 optical theorem = Im f_(t=0) I optical theorem
4 dispersion relations - Re f,(t=0) | Im f.(t=0)

d o¢ I dispersion relations
] ginel Re fg,(t=0)

4 differential oSP - from RENORM
[ use nesting of final states (FSs) for
np collisions at the IP-p sub-energy s'

Strategy similar to that employed in the MBR (Minimum Bias Rockefeller) MC used
in CDF based on multiplicities from: K. Goulianos, Phys. Lett. B 193 (1987) 151 pp

“A new statistical description of hardonic and e*e™ multiplicity distributions “
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Monte Carlo algorithm - nesting

Profile of a pp inelastic collision

1 —Ins' - | evolve every cluster similarly
final state \

from MC ‘ '
w/no-gaps Ay > AY i

Ay‘ < Ay'min

generate central gap

v
repeat until Ay' < Ay’
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SUMMARY

1 Introduction
] Diffractive cross sections
> basic: SDy, SD, DD, DPE }

» combined: multigap x-sections

derived from ND
and QCD color factors

» ND =>» no-gaps: final state from MC with no gaps
¢ this is the only final state to be tuned
1 The total, elastic, and inelastic cross sections

 Monte Carlo strategy for the LHC — use “nesting”
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RISING X-SECTIONS IN PARTON MODEL

gAY’

o.(S)=0,e” =0, 5°

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

= Gt power law rise with energy

(see E. Levin, An Introduction to Pomerons Preprint DESY 98-120)

o' reflects the size of the emitted cluster,

which is controlled by 1 /0., and thereby is related to €

:( o Ay=Ins—

Ty
Im f,(s,t) oc &+t -

Forward elastic scattering amplitude

Moriond QCD 2011
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Gap survival probability

o
o o CDF: one-gap/no-gap 9 9
A e CDF: two-gap/one-gap _ n / n
5 1 | Reggepredicon .- " S - )
S [— Renorm-gap prediction -------- i
I Bl | U
g | /She0-er (1800 GeV) ~ 0.23
}/’/ 2—gap/l—gap
1-ga
\ P grew-sp (630 GeV) ~ 0.29
10 | i 2—gap/1-gap )
10° 10°
sub-energy Vs’ (GeV)
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Diffraction in MBR: dd in CDF

http://physics.rockefeller.edu/publications.html

Vs=1800 GeV

« DATA
DD + non-DD MC
—————— non-DD MC

7

0
An “Nmax Nmin

dB(}rDD

_ dzfrg]_) dz(fgl_}

do,

dtdM? dM3

/

dtdM? dtdM3
_ [k B1(0)B2(0)F

dt

3.26 ef)nnf

167

(M%M%)]+EE

dEt’J"DD

|

dtdAndn,

K B*(0)
167
gap probability

2L~ I]ﬂm} [ xB*(0) (:_;)E }

x-section

* CDF
- o UA5

o
[3+]

o
T

opp (mb) for An > 3.0

r— Regge
[ ---- Renormalized gap

(adjusted)

renormalized

10

3
10

s (GeV)
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Diffraction in MBR: DPE in CDF

http://physics.rockefeller.edu/publications.html

~ 10°k
o
Il
g
4 -
= 10
g
2 3
: =
E 10 7
w
= Excellent agreement E I ]
between data and MBR 2 10°%
= low and high masses are | =
correctly implemented 10 L ;
10° 10° 107 10% 107 107 9
S
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Dijets in yp at HERA from RENORM

K. Goulianos, POS (DIFF2006) 055 (p. 8)

100 . . —
£ <005 A
B Albrow et al. ’f"’
O Armitage et al. /’f
+ UA4 ,f’{ Standard flux
2 oo _ Factor of ~3 suppression
< coeta (. _——— | expected at W~200 GeV

s Henormalized flux

(just as in pp collisions)
for both direct and resolved components

-
=]

Total Single Diffraction Cross Section (mb)

10 100 1000 10000
—
Ws (GeV)
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Saturation at low Q2 and small-x

< 0.05
Albrow et al
Armitage et al.
LAd

CLCF
E710 s
Cool et al.!/’

10f 4

Total Single Diffraction Cross Se

Renormalized flux
f 1

10 100

1000 10000

Vs (GeV)
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