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The two topics seem disconnected, but not so
CEP must take care of gap survival factor S?

Odderon searching must take care of absorptive corr™
Q=Q_ ., +C 4, andofbackground processes




Advantages of CEP

> X

'\/
For example: pp =2 p+X+p ﬂ/\)

® Very clean experimental environment to explore the system X

® Mass of system X can be measured two ways
1. From its decay products (using the central detector)
2. From dedicated forward proton detectors about 200m either side of
interaction point---measuring intact protons with fractional energy
loss 0.015 < & <0.15 correspondingto 0.2 <M, <2 TeV

but there is a price to pay



CEP of X pp 2 p+X+p /7
X may result from gg, yy or (WW if p*) fusion e
\

> X

Survival of LRGs Gaps may be populated by:

Soft multiple inter™ (Ml) of spectator partons: mean no. <n>
exclusive event---no MI----survival prob. S?=P,~ exp(-<n>)
(eikonal suppression)

Hard QCD bremsstrahlung: X accompanied by QCD minijets

. . 2 — ~
exclusive event----survival prob. T¢ =Py~ exp(-<n;y.>)
— (Sudakov suppression)
Gluon neededto ——, 7 ™
neutralize colour e X

4

for gg fusion — Exclusive price = S% T2




Possibilities to populate the rapidity gapsin pp 2 p+X+p
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> /)9




Survival factor S_,? from eikonal parametrization

s-ch unitarity SST =1 (let S=T+1A) — (AT—A) = ATA
> S 1| IS |i >
Work in b space :I) b conserved at HE
<
Unitarity equation 2 TmAa(b) Z| Aisn (D)2 = [Aa(b)]? + Gina(b)
where Ginalb) Z ¥ h_m{e’:r < — probability of inclastic scatt.

=3

Solution 1::.[|:l_mi’[ari’c‘},.r edq. A(b) = Aalb) = i(l —r_ﬂ[m-ﬂ) with ReQ2(h) =

In terms of partial waves [ = bvs/2: exp(2i5)) Probability of no It is really
inelasticinter"at b
exp(-ReQ2),

X /
E‘Tiﬂelu}) — ":T’[Dt(b) —gel(b) — Il-lli’il(b) — |_.i1(b)|2 — ]_ — I?tulzio:el:;olm




At HE the inelastic contribution, G, dominates; €2(s,b) > 1.
In this so-called ”black disk” limit Im7y(s,b) =1

Example: black disc of radius R

Note
T, =A

el

Jor b<R =60 €M=ZKJR(1—2:IL)'bdb = TE'RZ

(Ty =4) ) Eotal absorphion
Jor >R, 2=0 S = TCK {Shadow due to absorption
leads to elastic scattering
(721:: O) 2
Gt = LMR
. dJel | 5 5
Since — = Im74(s.t)|” (14 p°)

/ \ b — T

wide narrow

data  directly determines Im7y(s,b)
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Survival factor S_,? from eikonal parametrization

s-ch unitarity SST =1 (let S=T+1A) — (AT—A) = ATA
> S 1| IS |i >
Work in b space :I) b conserved at HE
<
Unitarity equation 2 TmAa(b) Z| Aisn (D)2 = [Aa(b)]? + Gina(b)
where Ginalb) Z ¥ h_m{e’:r < — probability of inclastic scatt.

=3

Solution 1::.[|:l_mi’[ari’c‘},.r edq. A(b) = Aalb) = i(l —r_ﬂ[m-ﬂ) with ReQ2(h) =

In terms of partial waves [ = bvs/2: exp(2i5)) Probability of no It is really
inelasticinter"at b
exp(-ReQ2),

X /
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First Approx: one-channel eikonal; take average value of S_, 2

» 11

(52} — | d*by d*by |T(s, by, ba)|? exp(—2(s, b))
e [ d2byd2by; |T(s, by, by)|? s

where b = by + by

> P2

I'(s,p1,,p2,)= /dgbl d*by Eipu'IME_#DELIHT(S?blﬁbz)
is the CEP amplitude given by pQCD for high M,

Q(*-T b) is the opacity determined from soft HE pp scattering data

Need to allow for low-mass proton excitations N*, thatis p =2 N* =2 p,
in determining C)(s,b) from pp scattering data



A

Two-channel eikonal (p,N*) determination of S,

GW formalism: e
|p> — Zﬂi‘ﬂ{}f} . |:\T*> = ZCMUR) U
: k fr (2, - )
states |¢1), |@9) only undergo ‘elastic scattering’ (¢;|A|og) =0 for 7 # k
J}.’
> lail? [ax* Mix(b) exp (—Qfgk(s,b)/T] -
ik
Sr?ik(h) = 2

> lail? |ax]> M (b)
1.k

Need hypothesis to distribute global PDFs between components of | ¢, >
Need to do 2-ch eikonal fit to HE pp scatt. data for do(el)/dt, o, ", o(tot), ...



eikonal survival factor  A(0")

s S? integ over p,,<0.35GeV

p, <035 GeV

S.i 2 suppression depends
on matrix element of CEP
hard process and on transverse ..o
momentum of the outgoing
protons. Plots are for ’

S%integ over all p,,

o
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v
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0 0.5 1 '.E-I | 2
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proton transverse momenta _ H(O+) |
: S? integ over p,<0.35GeV |
pp > p+(AorH)+p r;? ] S? integ over all p;,
Q..:.'E | |I|||||2|‘




Part of 2-ch eikonal fit
which determines )(b,s)
--- which is needed to
calculate S_,?

% Tevatron
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CERN (SppS)
. 546 GeV (x10)7
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HE behaviour dominated by leading (highest) Regge-exch. trajectory

o,,:(hadron-hadron) = const. (actually slightly rising as s-=>infinity)

that is T(S, t:O) ~ S (actua”y Sl.08)

Implies Regge-pole exchange with o(0) =1 (1.08 ?)

called the Pomeron

We shall see later that the Pomeron is represented by

gluon exchange — we need two gluons to form colourless
exchange. But, for the moment, let us consider the Pomeron
as a simple (effective) Regge pole

three?



at high energy

Optical theorem

use Regge
2
Ototal = Z ?X — Im ){ = \IA(%\IP(O)
X : I
but screening/s-ch unitarity o B =l
Important so o, Ssuppressed On (3_0)
Elastic amp. T,(s,b) bare amp. Q/2 =i
- -
o ©. @) I I I H—l
Im Ael — — 1 — e /2 Z E i cose EQ/Z (_20%)
e n=1
| (s-ch unitarity) »*
Low-mass diffractive dissociation | ~multichannel eikonal
Introduce diff'¢ estates ¢;, ¢, (comb"s of p,p*,..) which only
undergo “elastic” scattering (Good-Walker)
i —— ; (_40%)

1 _e_Qik/2 — Z

i /2




Ladder structure of the Pomeron after QCD

Shortly after the discovery of QCD it was proposed

that (colourless) two-gluon exch. had properties of

QO

Pomeron exch:

vacuum quantum no’s, singularity close to j=1

--Later, using the BFKL formalism, in which the t-ch gluons
(rather than hadrons) become Reggeized, it was found
possible (for sufficiently large k;) to describe HE (low x)
Interactions in pQCD.

--BFKL sum up the leading (o log1/x)" contributions and build
up the hard/pQCD/BFKL Pomeron.

--The Pomeron, is not a pole, but a branch cut in the complex
angular momentum plane, plus more complicated cuts at HO



[ 1] [ 1]
“‘Soft” and “Hard” Pomerons

W N

A vacuum-exchange object Sum of ladders of Reggeized
drives soft HE interactions. gluons with, in LLx BFKL, a
Not a simple pole, but an singularity which is a cut and
enigmatic non-local object. not a pole. When HO are
Rising o,,, means multi-Pom Included the intercept of
diags (with Regge cuts) are the BFKL/hard Pomeron is
necessary to restore unitarity. Tl H (D) = 1L.E
Oy dog/dt, o1, described, A=0ap(0)-1~0.3
by an effective pole

apf™=1.13 + 0.05t

0t~ 1.13 + 0.05 t G ape~1.3+0t

Accounting for absorptive
(multi-Pomeron) effects



BFKL stabilized

A=0ap(0)-1

A 4 LL1/X: A, = Ol 4In2
0.3 |=— resummed
BFKL
N > Ol

NLL1/x: A=A, (1-650)

Intercept A = a5(0) -1 ~ 0.3
A depends weakly on k;

for low k;

Small-size “BFKL” Pomeron is natural object
to continue from “hard” to “soft” domain




Vector meson prod" at HERA
~ bare QCD Pom. at high Q2
~ no absorption

q
= _ .-"'“-.._ lll"ll
Q? | WA o —
' -
o]
=
-

1.6

hard energy dependences

P —=2pP

ap(()) t H1 HERA-1 prel.

14

B -

1.13 |

H1 SV
| O ZEUS

Y p —=2>JIV¥Yp
* H1

T
YP—2>0p

A H1 HERA-1 prel.
A ZEUS

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

after absorption

aphare(0) ~1.3




Part of 2-ch eikonal fit m;

which determines Q(b,s)

--- which is needed to FOR

calculate S,;°

10 E

1k

11 parameters In total .
to describe all high-energy
dogldt, i, O™ PP data <k

_5_

4 for Pom: op, op(0), ap, ¥

uf

CERN (SppS) ¢
= 546 GeV (x10)*

7 for two GW eigenstates 10 bl

op(0)=1.13




Large number of intermediate partons

enhanced” screening is small for large M, due to strong

In general
k, ordering of intermediate partons
f{/(ll'l- s 2is )
&
[
| |l.
': |
Seik




QCD bremmstrahlung --- Sudakov suppression

flx1,x1,Q,, M)

pp 2Pt htp
Surival prob. of Tap. gabs

w L slTZ
\
no .Sot‘c

Arescalt.

forice for

Not a simple multiplication.
Need to embed the Sudakov
factor in the pQCD integral
over Q, to ensure infrared
convergence




Sudakov factor T(Q,,u) ~ exp(-o.In?(Q,%/M?)
ensures no gluon emission from the fusing
gluon as it evolves from Q, to hard scale p.

It ensures infrared convergence of Q, integral

R i cafoudable
Skewed, eftect
(R=12 at LHC)

N M2
|: Qt/ ;") f(zi,-'x;_/ Q:) z'l'

11(@.., J)=ep (—Lj%z % j

o

4"&0://"

oy 2L .

0

B

no emission when (A ~1/k) > (d~1/Q,)
i.e. only emission with k. > Q



107" L—

Exclusive dijet production

=
LI
-
-_

-~ ..
o
-

jet1, 2 .
El_'?t > E?II‘I
|njet1, 2| < 2-5
3.6 <ng,, < 5.9
0.03< EE <0.08

Data corrected to hadron level
with Sudakov

without Sudakov

-
-
-
-
- -
= -
LS
-
-----
- -
= -
-
- -
-
- -

f

stat. @iI stat. ® syst. uncertainty :F

Factor 25
Sudakov
suppression

10 15 20

25

Jet E

1
30

min
T

| 3|5. |
(GeV)

Even better descrip”
data—>higher E;




Odderon

Very nice review by Carlo Ewerz

The Odderon in QCD
hep-ph/0306137 (2003)




Properties of odd-signature high-energy amp studied in early 70’s

Odderon first promoted in 1973 (Lukaszuk, Nicolescu) by Regge exchange
for high-energy cross sections; for example pp and pp

Ay = A(pp) £ A(pp) simple poles  0,4(0) ~ 1
v
A (pp) = Af(pp) C=+1 Pomeron --- dominately imag
A (pp) = A_(pp) C=-1 Odderon --- dominately real
Maximal Odderon (MO) ImA; < cln’s (Froissart)
allowed by asymptotic theorems ReA_ < ¢ In*s (MO analogy)

1. Pomeranchuk theorem Ao = o(pp) —o(pp) ~ ImA_ — 0 as s — 00

o(pp)

1 as s — 00
o(pp)

2. Generalized Pomeranchuk th:

~



1. Pomeranchuk theorem Ao = o(pp) —o(pp) ~ ImA_ — 0 as s —» 00

o(pp)
o(pp)

2. Generalized Pomeranchuk th: — 1 as S — 00

1 and 2 are not equivalent

if B # B' then satisfy 2, but not 1

a2 L O F
o(pp) = Aln"s+ B lns+ C In general Ao <clns

o(pp) = Aln*s + B Ins + '

Little evidence of Odderon from dAc/dt in dip region at 53 GeV ‘
Then in 1980 the Odderon is found to be a firm prediction of QCD \\’/ﬁqﬁﬂ

But no evidence of Odderon exchange from HERA data for exclusive ;
photoprod. of C-even mesons yp =2 n°p, np, f,p... (Nachtmann et al 3 Ocderer

Discuss evidence from LHC later. . A~

First, explain why Maximal Odderon violates unitarity =



Khoze, Martin, Ryskin

Why the Maximal Odderon violates unitarity arXiv: 1801.07065

1. Unitarity SST=T1 (let S=1+iA) — i(AT—A) = ATA
Unitarity equation 2 ImAy(h) = ZlA"'—"”(b)lg = |Aa(D)]? + Gina(b)

where Gialb) = Z |J‘flrj%n(b)|2 <1 = probability of inelastic scatt.

Solution of unitarity eq.  A(b) = Au(b) = i(1 —e ¥/ with ReQ(b) > 0

» No solution of unitarity eq. if Let us calculate «

exp(2io,) in terms of
partial waves [ = bvs/2




2. Finkelstein-Kajantie problem: o(diff'¢) > o(total) dueto[,/dy...~ In's

Simple example: Central Exclusive Prod. pp =2 p+X+p Y=In's ~ P
In the Froissart limit  ocgpp ~ In°s

S0 OCEP > Ot ~ In®s y 4 PS = X
Could the explanation be that vertex V= 07 No

Can show, for example, that the

pp component of X generated by
t-channel unitarity has V # 0, and D

iteration via
t-ch unitarity

cannot be compensated due to the
singularity/pole at t=m 2.

h

So starting from A, we see t-c D
unitarity gives a component of, p ~
increasing faster than [, dy.. Figs: amplitude (left) and cross section (right) of pp

Central Exclusive Prod. generated by t-ch unitarity



3. Solution to the Finkelstein-Kajantie problem

Complete CEP must include rescattering S, (that is the S -
survival probability $2= |S,, | of the rapidity gaps) el FII — X

ACEP(b) = Sel(b) Abare(b)
where  [|Sa(b)]? = |1+ iAa(b)]? = RO
Black disc asymptotics:  ReQ) — oo, Ag(b) =i, S*(b) = 0 for b <R

If 0, Increases, Black disc is the only known solution to the FIX problem
To repeat, if at least one component of Gj,.(b) increases (due to f dy ~ Ins) then
unitarity 1s violated as s — oo. The only way to restore unitarity 1s to hm-'

Maximal Odderon

W
Asymptotially MO means ReA/ImA — constant = 0

In this case  S?(b) = [1L+iA(b)]? > |ReA(b)|*> #0

4. Maximal Odderon contradicts unitarity as s =2 o°

so there is no possibility to compensate the growth of ocgp.




Need the existence of
symmetric tensor d,, . of
non-Abelian SU(3)_, to
form colourless

The Odderon exists in QCD

Pomeron (gg) Odderon (ggg) _
ggg exchange with C=-1
BFKL eq. BKP eq. Bartels; Kwiecinski, Praszalowicz 1980
;':':E resum r=-) | resum . . .
T a,(0) > 1 E“T"E 0(0) = 1 [ Janlk-Wo-5|ek solution |
~ I Bartels-Lipatov-Vacca solution,

2000



Estimate of Odderon contrib"

0.2

QCD lowest a order Ryskin 87
(Fukugita, Kwiecinski ‘79;
Kwiecinski,Motyka.."96 (1. at HERA))

014 |-
enhanced x2 |

0.12

0.1 -

X d

abc

0.06

0.02 —

KMR: 1806.05970

0.18 |-

0.16

0.08 |-

0.04 —

p=ReA/ImA

Odderon added
even-signature

10

Vs (TeV)




do_/dt (mb/GeVZ) Two-channel eikonal fit to high-energy pp scatt. Adata/ crucial data
? do,/dt, G,

cSlow mass Diffraction

Gives acceptable fit to ReA/ImA
without an Odderon
- 7Re/Im
CF p=ReA/ImA
%_ 0.16
__ 0.14
E 0.12
- Tevatron Nq CERN (SppS) i
__ 1.8 TeV Na_ 546 GeV (x10)* o1
; ¢, (x1) ; :
E - 0.08 :—
B 13 TeV :
; 0.06 -
i Al B PP ...PP_. Odderon added
0.02 [ even-signature
10N _IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII 01(;—1 ‘ I IIJ‘II: J I I‘IIII1IO
"0 01 02 03 04 O 06 07 08 09 1 s (TeV)

p—



Including the Odderon gives
only a marginal improvement

Must include full Q2 in amplitude

Ab) = i(1- e—sz.(b)/z)
with O — Q... + Qoua

Automatically accounts for
absorptive effect caused by
elastic rescattering

TOTEM measurement 0.9 TeV

0.08

0.06

0.04

0.02

Re/Im

p=ReA/ImA

..... PP PP Odderon added
even-signature

Vs (TeV)

could be informative?
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do_/dt (mb/GeV?)

- ISR pp at 62.5GeV  (x100)

E N, model 2 (tuned 2018)
N S

= o E“'n

= P

) =

= .*':;‘_1... .

i\ | qj‘%“

Tel‘v atron ®s CERN (SppS) EAN

5y !r\!\ %46 Gev (x10)¥

I 8T

3 & (x1

- ‘ :--’EH T \......f!'__-__._...______:_____:_;_;
N(x0.01)% T —

i o, ot 5206 TeV (0D

i N*ﬁﬁ*’f HHHWW”?‘H‘fﬁ :
i +
_|||||||||||||||||||||||||||||||||||||||||||1T-|-‘T‘|‘LT_
0 0.1 0.2 0.3 0.4 0.5 ,0.6 0.7 0.8 0.9 1

-t (GeV?)

Previous fit, but now red-dotted curves
show the effect of the Odderon fixed
to agree with p=ReA/ImA

Note Odderon increases pp(bar)

decreases pp
Main effect in dip region

- New TOTEM data at 2.76 TeV



Dip region

No conclusive evidence for
a larger Odderon

_do,/dt (mb/GeV?)

- * - t

I ¢ Tevatron

i 4 # 1.8 (1.96) TeV no Odderon
g *- (x1)

o _ A t Cq dcl:l 5 mb
FTN2.76 TeV (x0.0)% |, e

T T T ITTT
o
—
— e H
s o
<
—_
P
<
-]
p—
S
_h

-, ¢ 1 .
e i . o
he' T,
1 S
\(‘ & o L
h‘: ; .
2O
w0
%
£
S
S
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N
1
‘\"\. I\
e
-
-
-
~
-

-

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

----
-

- %
= *’ses_
S 13 TeV (x0.001)
~ ‘“ﬁ«-_'_* _____::__._:_..-—_—_—-.-';'-:"'--'_-': ----------- —
| | | | | | L | !
0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75

pp(bar)
pp
pp

pp



Odderon signals

e ppscatt Odderon exch. is a small correction to even-signature term  (g,0)°

e photoproduction of C even mesons 7% f,, n ... V\\f/wfn::sg
No evidence in HERA data 7 8p0
upper limits o(n®)=39nb, o(f,)=16nb " Jdderon
Need to suppress backs? due to y exchange . ory

e ultraperipheral pp —> Pb /&?
P X

production in

Y
-Pb collision
p-Pb collisions Ceven
2 i . . .
Z* in photon flux Odderon P meson ~ Odderon signal in p-Pb collisions?
a do/dyar|y,=o0 | Expected upper limits [pb]
; 0 74

P B3 ?:; 3.4




14
C-even
Healthy signal, o meson
but backgrounds Odderon
w

are due to
P ‘K{X

production of C-even meson by

. Pb —> Pb
1. yy fusion
2. Pomeron-Pomeron fusion 14
3. Via vector meson / ” Vv C-even meson
V = C-even meson + undetected y Pomeron /7’ V' undetected

r
"

P———‘ng



o(n°) from yy fusion is well known.
Estimwating the cross section due to

Odderon exchange, allowing for 14
the colour factors etc. and integrating
over 0.04<|t| < 1 GeV? we find 7c°
/4
¥/
G (Yp>TO+X) ~ 5(1) nb Y or Odderon »

/4

for the cutoff u =0.3(0.5) GeV. P —6— =3 X

The t cut adequately suppresses
the yy fusion background.

Pomeron-Pomeron background entirely absent by SU(3) flavour

However the reducible background from radiative » decay is very large
® =2 n° + v (undetected)



f,

There is a very low backround due to radiative V decay.
However the problem here is the v.large Pomeron-Pomeron
background. The signal-to-bkgd may be suppressed by
observing central (semi)exclusive production (CEP*)

of C-even mesons in which the proton may break up

but the Pb-ion remains intact. For such events

we expect a larger possibility of break-up for Odderon
exchange --- exptally challenging.

Pb

—> Pb

A\Y
A\
A\
Pomeron \}“
! C-even
 —
/" meson
¥ /4
Pomeron,,

"
7

ey

In any nucleon-proton interaction creating the C-even meson there is a large probability
of inelastic nucleon-proton interactions which will populate the rapidity gaps. Only in
very peripheral ion-proton collisions is there a chance to observe a CEP* event.

Can show the A dependence of CEP* events scales as A3, Recall the photoprod"®
cross section (the signal) scales as 72, so the expected A3 backed scaling is much milder.



N Pom-Pom background is small as n has small SU(3) singlet compt.
However again the reducible backgrounds coming from
¢ 2> mny and n’ =2 nrnl are rather large

Ne  Inprinciple, viable channel but has a much smaller production rate.
C-even Odderon Signal Backgrounds
meson (M) || Upper QCD Pomeron-
Limit Prediction Yy Pomeron |V — M + 1~
70 74 0.1-1 0.044 - 30
f2(1270) 3 0.05 - 0.5 0.020 3-4.5 0.02
n(548) 3.4 0.05 - 0.5 0.042 | neghgible 3 (I) )ny
e (0.1 —0.5)-10=2 || 0.0025 | ~ 103 0.012

0.05 included



signal and background for do(Pb p =2 Pb + M +X)/dY atY=0
do/dYy at Yy = 0 in pb

C-even Odderon Signal Backgrounds
meson (M) | Upper QCD Pomeron- y unobserved
Limit |  Prediction vy | Pomeron |V = M+ /
v 7.4 01-1 0.044 — _ 30 (o 7P %)
f2(1270) 3 0.05 - 0.5 0.020 3 - 4.5 0.02 (J/y|=2 )
n(548) 3.4 0.05 - 0.5 0.042 | neghgible 3 (0|72 MY)
7, — (0.1 —0.5)-1072 || 0.0025 | ~ 10— 0.012 (J/\v =2 M)

Il-x 0.05 for observable BR included

pp2p+M+X
/Pbe%Pb+M+Pb

Pom — Pom background overwhelming

vy background overwhelming

Ronan McNulty: Pb-Pb data could check model for Pom-Pom bke? for f,; BR(f,=2vyy)~10~°




Conclusions

CEP survival factors calculable but depend on kinematics

Theoretically the Odderon exists (pQCD), but the
amplitude is small in comparison with the Pomeron
AOdd N (XSB Rmin2

~ 2 2 proton
A (xS RmaX

Pom

Experimentally the Odderon is
elusive, but with experimental ingenuity
and precision it stands a good chance of being cornered



Use HERA data to predict diffractive dijet production at Tevatron
g = PDFDI‘DtDH(;ﬂl) & |ﬁj|2 X PDFDUH]ETDH(;EE) factor ~ 10 too blg

~ HERAfit 1 —+ CDF data

c;i(B)
PDF .. HERAfit 2 E#E”rz > 7 GeV

proton 100

0.035 < £ < 0.095

Y f 't]<1.0 GeV®
1 O :_ LT .-..Juu.nr.l'ld'.ﬁh.'-ﬂﬁr.-r-‘;'.-!'.z?.:r.!.r.:.:
p 1E |
P l - | | . .
} .
tg P

0.1F

p— — P p




