Odderon signal from
scaling Iin pp elastic
cross-sections at the LHC

Jesus Alberto Velazquez Corral
PhD Student

University of Kansas
EMMI Workshop: Mining for gluon saturation at

O
EMMI the LHC and the future EIC
Jul 6-10, 2026

GSI, Darmstadt

In collaboration with Christophe Royon, Robi
Peschanski and Bertrand Giraud.



Outline
- Physics motivation

o Elastic collisions in high energy physics
- QOdderon discovery

o Theory characterization

From the scaling framework to the Odderon determination
- Scaling law cross elastic scattering collision system

- Scaling amplitudes and pomeron signature

- Elastic proton-antiproton cross-section prediction

- Odderon exchange predictions

- Summary / Outlook

Jesus Corral EMMI Workshop @




Physics motivation

How to explain the fact that protons can be intact? Quantum Chromodynamics
(Diffractive Events)

— 4 P P P

identically with
particles and —
antiparticles Inter_acts in
opposite ways—|
Pomeron Odderon f
b ° .

p/p p/p  p/p

= Elastic scattering in high energy physics: proton-proton and proton-antiproton

= Colorless exchanges by Pomeron or Odderon
o Pomeron exchange of two (or even number of) gluons
o Odderon exchange of three (or odd number of) gluons
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Physics motivation — .

Which tools and experiment we have?

= We use special detectors to detect intact protons/ anti-protons called mmaﬁmm
Roman Pots - /ﬁ i i
= TOTEM at the Large Hadron Collider and DO at the Tevatron. %mr/ \

= TOTEM -> proton-proton and DO -> proton-antiproton
Leading Protons measured at CMS Exper-imen-ra| Area (IP5)

-220m & -147m from the CAS
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RunI(1992-1997): Main Injector
& Recycler
Vs =1.8 TeV

+147m & +220m From the CAM.S RunII(2001-2):
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Physics motivationg ¢ ¢ ¢

How was the Odderon discovered? @ - @

The ideal process is elastic scattering

= Its so-called diffractive minimum. What is 102
the diffractive minimum? A particular dip b 13 Tev

= Elastic scattering distribution as a function of L0t t 8TeV
the variable transfer of momentum in the | 7Tev
collision (|t|) L 2.76 Tev

* A straightforward way to observe odderon
comparison between colliding systems.

= For different center of mass energies, in the
transfer momentum range of the dip-bump
I'CgiOl’l 102

do/d|t] [mb/GeV?]

= Exhibit a pattern in which the data are shifted
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Physics motivation “ " — 7

How was the Odderon discovered?
Comparison proton-proton and antiproton-proton
e (1 e i EL A B S B e - In December 2020, the discovery of the

o~ [\ _ ] .

= - \: TOTEM-DO 71 Odderon was made public by the TOTEM
<3 X Vs = 1.96 TeV - experiment together with DO experiment
-g Y e pp measurement by D0 i

— ) ‘:* pp extrapolation by TOTEM: 7 APP - Even 4 Odd

b - * A band center at DO bins 1

= \

e _ Ao = Even — Odd

= Difference can only be due to Odderon
exchange.

=Odderon discovery!!!

The article with the discovery was published in Physical
0.5 0.6 0.7 0.8 0.9 1 Review Letters (August 2021)

it| (GeV?)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.062003
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.062003
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Physics motivation @ ¢

Experimentally found nor theoreticaily grounded

Theo Colorless compound of an
ry odd number of gluons
frameworks

Odderon f'
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From the scaling framework to

the Odderon determination @@(‘3#_@@0

hadron Scaling

scattering law in Determination
pp odderon

amplitude

Colorless

exchange Cross-

LHC Scaling section
and amplitudes And Phases

Tevatron

Odderon Proton- GOAL! ik

discovery Proton-antiproton .
: antiproton
preserves scaling amplitude

Characterization law?
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Scaling behavior of elgstic-¢*
cross-section

- A scaling law defined across all the energies
measured by TOTEM at the LHC

- Baldenegro, C. Royon and A. M. Stasto,
“Scaling properties of elastic proton-proton

107 5

. . ” fg
scattering at LHC energies,” Phys. Lett. B 830 & 100
(2022) ) '

. . . €

- Adopting scaling definitions for the transfer -
momentum and cross-section T 0
5
o

]
=
b

0.065 0.72
" s 2]
1 TeV 1 GeV

<da) ( S )_a do s L . . . .
S — — — 0.2 0.4 0.6 0.8 1.0 1.2
dt scaled 1 T€V2 d|t| |t] [GeV?]

e Where the scaling exponent a = 0.305 Source: Phys. Lett. B 830
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Scaling behavior of elgstic-¢*
cross-section

- A scaling law defined across all the energies t 13 TeV
measured by TOTEM at the LHC 107 {8 TeV
- Baldenegro, C. Royon and A. M. Stasto, . | 7 TeVv
“Scaling properties of elastic proton-proton > w0 y 2.76 TeV
scattering at LHC energies,” Phys. Lett. B 830 & '
(2022) S
C 1072
- Adopting scaling definitions for the transfer —
momentum and cross-section el Mo,
) B 107 - »
. ( 4 )0.060 ( ] )0.72 IS *-4._
1 TeV? 1 GeV? 1076 - ) '
B t
<da) ( s ) “ do | , , , 1 , , ?
— —_ e A 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
dt ] .aled 1 TeV? d|t| |t] [GeV?]

e Where the scaling exponent a = 0.305 Source: Phys. Lett. B 830
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Scaling behavior of el%%@
cross-section

- A scaling law defined across all the energies 107 ; t{ 13 TeVv
measured by TOTEM at the LHC TS {  8TeV
- Baldenegro, C. Royon and A. M. Stasto, no: ] } 7 Tev
“Scaling properties of elastic proton-proton o T ¢ 2.76 TeV
scattering at LHC energies,” Phys. Lett. B 830 = i
(2022) =
- Adopting scaling definitions for the transfer E o
momentum and cross-section — 107 .
=N e
0.065 0.72 S — $
t**:< 5 ) ( t ) R T T ——
1 TeV? 1 GeV? 10~ § i
do B s\  do o o 5 7 oo X
dt ) geatea \1TeV? d|t| t™" = (s/1TeV?)°%(|t|/1GeV?)® 72

e Where the scaling exponent a = 0.305 Source: Phys. Lett. B 830
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Scaling behavior of ela&u:_ @@@
cross-section

= Can we use the same scaling law to

13 TeV proton-antiproton collision?
8 TeV

7 TeV
2.76 TeV

-l s e -

do/d|t| - (s/1Tev?)~0-305

05 10 15 2:5

= (s/1TeV?)" 065(|t|/IGeV2)° WE
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Scaling behavior of elgstic ¢ ¢
cross-section © ©

First step : Same scaling - Can we use the same scaling to
proton-antiproton collision?

\W YES !I!

A 10-2 | - Direct comparison between proton-
Wl{ﬁﬂ'ml ilm'fT antiproton data and pp results within same
T kinematic scaling plane.

=
o
N

=
o
(=]

1.0 1.1

- Flat behavior for the scaled elastic proton-

Hhet . . :
ﬂ”**’w antiproton remains.

(s/1 TeVv?)~9305 doyd|t| (mb/GeV?)

1074
t .
I ot g 1€ i ,+ - It gives some preliminary signal of a
| 't TOTEM8Tev . possible negative signature component.

10 {  TOTEM 13 TeV '

DO 1.96 TeV } App —  FEven - Odd
00 05 10 15 20 25 3.0

t** — (5/1 TeV2)°'°65(|t|/1 GeV2)0.72 AP,B — Even — Odd
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Scaling amplitudes @@@s A @@@

= Let consider the pp differential cross-section

] p(p1, hy) p(p3; hs) p(p1,hi) p(p3, hs)
%(5, ) = |A(s.t)?, |
e Defining a pp scaling amplitude P l 0
A(s,t) = i (A1 (s, t) + Aa(s, 1)) € ]
- pp amplitude -> FIT 1 +
p(pa, hy) p(pa, ha) p(pa, ha) p(pa, hy)
Ai(s,t) = Ny(s) e~ B1(s)l¢] -
\
< a/2 [ e
—By(s)|t|+io N12(s) = N?.'Z ( - 2) \:qp[:/' = Even G Odd
Aol s, ) =Nglg) & 2T s A; = Even — Odd

g Howe 0 A70 RO RO
e Where 9 — 0.09 rad h B, 2(s) = BY, (W) free parameters: Ny, Ny, By, B5,¢
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Scaling amplitudes 6 — " ©

» Let consider the|POREIONGONtHDUTIOMORIY
A (s,t) = i (N;r(s)e—Br(s)m

- N;(s)e_B:(”)“'e"‘bT) o ‘

within the general analyticity of the S-matrix phases are
constructed strictly using the parameters of L

p(p1h) p(p3; hs) p(p1. ) p(ps. h3)

S :"s. e_?’ﬂ-/zs 6) — B+|t| ,0.09 tall(o 04577) T . p(ﬁ?shﬂ) (134 h4)

4
IOSHOYIIBSETERON , . (5 ) 0% n00is) | e = (EVeh+ 0dd

I—} 2 o | App = \Even: — Odd

d o
T = WV (@701 4 [N (s)2e2

- Pomeron amplitude -> FIT 2 LONF ()N (s)e-BE (1B @l

COS O
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Fits to TOTEM elastic thad‘*@@

Second step : Comparison FiT1 and FiIT2
» Study discrepancies shown by fits of pp cross-

107 - sections in TOTEM using the positive signature
scaling amplitude
= 100 - pp amplitude -> FIT 1
B do , & B
u}g dit| ~ [N1(s))?e 251N 4 [Ny (s)] =252
2 10-2 — |
T e e +2N; (s)Ny(s)e Brl&)+B2(8)]t e 4
EJ 107*1 — FiT 1 (Full Domain) « Dip/Bump region -> Good description at the
o —— FIT 1 (Dip/Bump Region) region where DO range is present
Q) b 276TeV « Full domain -> Fair description of data
1076 t 7 Tev
{ 8TeV L=~
b 137Tev (A, y= Even + Odd
A

p
0.0 0.5 1.0 1.5 2.0 2.5 3.0 ;ﬁ = Even — Odd

£ = (s/1 TeV?)0065(|¢|/1 GeV?)072
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Fits to TOTEM elastic thad‘*@@

102 J
ey 10-2 4
§' 100 i
o)
©
(Tp]
M 1072 1073
?
N> *”’ f"
& 10~%{ —— FIT 2 (Full Domain) o
— - FIT 2 (Dip/Bump Region)
a {276 Tev
10-6 t  7Tev
{ 8TeVv
t 13 TeV

0.0 0.5 1.0 1.5

2.0

2.5

3.0

= (s/1 Tev2)0.065( | t|/1 Gev2)0.72

Jesus Corral

Study discrepancies shown by fits of pp cross-
sections in TOTEM using pomeron signature
scaling amplitude

Pomeron amplitude -> FIT 2

do

W — [N+(5)]2 —2B1(s)lt] 4 [N+ ]2 —2B>(s)|t|

1 ©
2N (s)N (s)e~ B2 ©)+B3 ()l cos ¢,

Dip/Bump region and Full domain -> Bad
description of elastic pp data.

It signals the existence of an Odderon
contribution

App = lEven\—l— Odd
App = \Even/ Odd

/

\f
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Cross-Section Prediction ¢ ¢

Third step : Confront proton-antinroton @ @
predictions withbOdata | 4»» =24, — A

- Proton-Antiproton (pp) amplitude ->

3 _ .
10 | App(s, t) — 4 [QNfr(s)e_BfL(S)“'ewT
] 4 %1072 i
102 4 3x10°2 1" — ;
\\\ 2 %1072 T Nl(s)e = (S)Itleze}
o 10-2 + 1 [ZNQ“L(S)e_B2 \oHE] 81 0r)
) 0]
O T 6x 1073 —Bs(3s)|t]| ,i(0+¢)
B ) ) — NQ(S)@ e
€ 107! N Two options:
E AN : 1. Dip/Bump region (orange)-> Good agreement with data
5 10774 A 2. Full domain (blue)-> The amplitude act as a positive signature
_E ] \ amplitude, no need for an odderon signature!!!
103 ;S
A, \= Even Odd
10-4 —— pp (Full domain) * P signature (Dip/Bump region) PP ‘l +
—— pp (Only dip/bump) DO Vs =1.96 TeV o
----- P signature (Full domain) \ Apf} 1 — Even - Odd
8 Y J ' ' ’ ’ y y \\ '/ |
0.0 02 0.4 0.6 0.8 1.0 1.2 1.4 1.6 . .
t] (GeV?) Direct attention to 1)
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Cross-Section Predicti&ﬁ .. @@i‘*

Odderon determination | A= A- A,

—— O signature (Dip/Bump only) - Odderon amolitude ->
10-1- ~ Dip/Bump Region (0.34 < t < 1.56) A (o) = & [Nl (S)e_Bl (s)t] ,i0
_ N+ —BF (s)[t] ,i0~

"':_‘i':' 10-2. N{ (s)e ™1 e ]
ﬁ g [N2(S)6—B:z(8)|t|ei(9+¢)
-g 10_3- — N;_(S)G_B;(s)ltleq(oT_‘_(bT):l
=
Zg._ 10-4 \ -
S N~ 1. Prediction of a nonzero differential cross-section

10-5- o Inthe dip and bump region

o 04<|tf<1.1

00 02 04 06 08 10 12 14 1.6
It] (GeV?)
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Cross-Section Predicti&ﬁ .. @@@

Odderon determination | A= A- A,

15 - Odderon amplitude ->
' Vs =1.96 TeV _
Dip/Bump Region (0.34 < t < 1.56) A_(s,t) = i [Nl (S)e—Bl (s)|t] o160
1.0 ,
— N;(S)G—B;Wsnuewf]

= 0.5 A [N2(5)6—32<s)|t|ei(9+¢>
& ot .
< 0.0] R _— — Nj(s)e B (s)|t|ez<97+¢7>]
(@)} \
el \
< |

~0.5- ‘..

\ 1. Prediction of a nonzero differential cross-section
—1.01 = o In the dip and bump region
o 04<|t<1.1
i & 2. An exponentially decreasing modulus in |t| with
00 02 04 06 08 1.0 12 14 1.6 zero phase

|t| (GeV?)
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Summary / Outiook ¢ ©

- Tevatron pp data follow the same scaling law as LHC pp data — single unified framework to search
for the Odderon.

- Two competing pp predictions were tested: (i) From the dip/bump-only fitin pp data, (ii) A,, treated as
an effective positive-signature amplitude over the full range. Option (ii) is excluded, fails to satisfy the
S-matrix energy-phase relation; Discovery of the Odderon exchange.

- Extracted Odderon amplitude: exponentially falling modulus in |t|, phase =0

- Model-independent extraction (modulus + phase) enables direct comparison/selection among existing
phenomenological Odderon models.

In collaboration with Christophe Royon, Robi Peschanski and Bertrand Giraud soon to appear publish
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