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elastic-scattering measurements by TOTEM |

Vs = 2.76 TeV (scaled 0.01x ):
B* = 11 m [CERN-EP-2018-341]

Vs =7 TeV:

B* = 3.5 m [EPL 95 (2011) 41001]
B* = 90 m [EPL 101 (2013) 21002]
v/s = 8 TeV (scaled 10x):

— — — _ B* =90 m [PRELIMINARY]

B* = 90 m [NPB 899 (2015) 527] |
B* = 1000 m [EPJ C (2016) 76:661] |
V/s = 13 TeV (scaled 1000 ): |
B* =90 m [EP] C (2019) 79:861] |
B* = 2500 m [EPJ C (2019) 79:785] |
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Outline

® Overview of old results: Froissart bound, Regge theory and the Pomeron model.
e Applying the modern S-matrix bootstrap in the high-energy soft regime:
1. Bound on total cross-section at finite energy.

2. Study of the “strongest interacting” amplitude.
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Froissart bound
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[Froissart, 1961]
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Froissart bound and Regge theory

Assumptions: ® Mass gap m > () , s’
m,J =
e Higher-spin particles J > 2 t — m?
Froissart bound Regge theory

1oi(s = 00) < — log”s T(s — 00,0) ~ %O, J = a(f)
m

[Froissart, 1961] quick derivation: 1. Optical (s) = Im 7(s,0)/s
tot ’
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Two main consequences of Regge theory:

1. Higher-spin particles align along Regge trajectories

J = a(t)
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Regge phenomenology and the Pomeron

Two main consequences of Regge theory:

1. Higher-spin particles align along Regge trajectories 2. They determine the high-energy behavior.
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Two main consequences of Regge theory:
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Regge phenomenology and the Pomeron

Two main consequences of Regge theory:

1. Higher-spin particles align along Regge trajectories 2. They determine the high-energy behavior.
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The Bootstrap program of the 1960s

The Pomeron: Family of particles (Regge trajectory) responsible for the

universal growth of the hadronic cross-sections. >tatus: Unknown

Froissart bound: o, (s) < log”s

Chew’s Principle of Maximum Strength:

The strong interactions saturate the Froissart bound,
and are thus fixed by bootstrap consistency alone.

[G. Chew, The Analytic S-matrix, 1966]

Geoffrey Chew, 2016

Growing Cross-Section A Analyticity, Crossing, Unitarity.

Concrete first target: Bounding the cross-section at finite energy



Tool we use: Modern S-matrix Bootstrap

INPUT: OUTPUT:
_ —P Bounds on low-energy data
Analyticity — Primal 3
S -M at riX 16.1 excluded

Crossing 4
—l E
Symmetry BOOtStrap Ly o
0.25¢ :
: 8
[Paulos, Penedones, Toledo, van Rees, Vieira; 2016] 0.0625F | /
. . ' * Cordova, MC, Elias Mir6, Giimus, Karateev, | I | I | . | 1 0
U N Itarlty Homrich, He, Kruczenski, Hebbar, Zhou... 1 2 3 4
[Guerrierd, Hiring, Su; 2024] - Consistent Extremal Amplitude

I(s,t) =T, .(s,1)
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Bound on Integrated Total Cross-Section

Scattering of identical scalar
bosons of mass M




Bound on Integrated Total Cross-Section

Scattering of identical scalar
6,,A(s)/s bosons of mass m = 1 GeV
0
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Optimal exclusion bound: 2,(s, #y,1,L) [Yndurain, 1970]
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Strategy of the derivation

167 s — 4m?
4m?

. | s’ — 4m? o
o, (8) = c,,(s") ds

1) Analytical: Bound &,,,(s) in terms low energy coefficient ¢(fy) = 05 T(s, ) |._,_1

2

2) Numerical: Bound ¢,(%;) via the modern S-matrix Bootstrap.




Strategy of the derivation
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1) Analytical: Bound &,,,(s) in terms low energy coefficient ¢(fy) = 05 T(s, ) |._,_1

2

\—v Key idea: Decompose 6,,(s) = Low spins + High spins

obound by unitarity ‘J L’ relate to low-energy data

2) Numerical: Bound ¢,(%;) via the modern S-matrix Bootstrap.
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Computed using numerical S-matrix Bootstrap



Bound on Total Cross-Section at finite energy
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What is the Amplitude that maximizes this coupling?
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Tool we use: Modern S-matrix Bootstrap

INPUT: OUTPUT:
_ —P Bounds on low-energy data
Analyticity — Primal 3
S -M at riX 16.1 excluded

Crossing 4.1
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The “Froissart” Amplitude:

strongest interacting amplitude in 2 - 2 sector

» Maximizes all dispersive low-energy coefficients ¢, > 0

* Maximizes growth of cross-section at high-energies

Amplitude with a growing cross-section compatible with all the principles.



Integrated cross-section
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Total cross-section and resonance peaks

Hadronic cross-section
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Total cross-section and resonance peaks
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Chew-Frautschi plot of “Froissart amplitude”
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Chew-Frautschi plot of “Froissart amplitude”
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Chew-Frautschi plot of “Froissart amplitude”

i visible as peaks & -
Lor | g B .0.5‘2 D
12 o
- -
S Lo
B ®
4 ® , D
B @
| - | l | 1 | -
—-50 100 150 200




Chew-Frautschi plot of “Froissart amplitude”
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Resonances and Elastic Differential

Total Cross-Section Regge trajectories Cross-Section
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Resonances and Elastic Differential
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Recap: Observables in Soft QCD

Resonances and Elastic Differential

Total Cross-Section Regge trajectories Cross-Section
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Elastic Differential Cross-Section:

“Shrinking of the Diffractive Cone”  dou 011 ~eaicgsin
dt

Proton-proton (experiment)

do /dt
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o
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[Donnachie Landshoff 2001] w (Gevz)



Elastic Differential Cross-Section:

“Shrinking of the Diffractive Cone”  dou 011 ~eaicgsin
dt

Proton-proton (experiment)

Froissart amplitude (bootstrap)

dU ol
_ do/dt }_
dt s = 200 (mb GeV~2)
400 s = 50 L e
10 ™. 1800 GeV
2 OO - | mﬁﬁﬁ. X‘XXX |
el - 53GeV . x
100 - \~~~~~~ ' $XX
~~~~~~~~~ 10 |
00T | . . . |
0 0.05 0.1 0.15 0.2

O . 1 O . 2 ‘ l’ ‘ [Donnachie Landshoff 2001 ] w (Gevz)



Elastic Differential Cross-Section: Larger |t|

do/dt (mb/GeV?)
T S G
- -] o o -)

N W W~ 1 @)}

Proton-proton (LHC)

elastic-scattering measurements by TOTEM

Vs = 2.76 TeV (scaled 0.01x):
B* = 11 m [CERN-EP-2018-341]

Vs =7 TeV:

.................................................................................................. 6 — 3:5m [EPL 95 (2011) 41001]
B* = 90 m [EPL 101 (2013) 21002]
................................................................................................ e 81 (somed 105)
- — — — — B* =90 m [PRELIMINARY]
= B* =90 m [NPB 899 (2015) 527]
L B* = 1000 m [EPJ C (2016) 76:661]
? Vs = 13 TeV (scaled 1000 ):
_ B* =90 m [EP] C (2019) 79:861]
- B* = 2500 m [EPJ C (2019) 79:785]
; V5 =276Te : : : : §
1 | 1 | I | | | | ] | | 1 1 I | | 1 | l | | 1 | [ | 1 | | I | | | | I 1 | | |
0 0.5 1 1.5 2 2.5 3 3.5 4
[t (GeV?)

[TOTEM collaboration, 2018]



Froissart amplitude (bootstrap)
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_ =
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s = 50

Froissart amplitude

(@)
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Elastic Differential Cross-Section: Larger |t|

Proton-proton (LHC)

N
my 1

elastic-scattering measurements by TOTEM

Vs = 2.76 TeV (scaled 0.01x):
B* = 11 m [CERN-EP-2018-341]

Vs =7 TeV:

B* = 3.5 m [EPL 95 (2011) 41001]
B* =90 m [EPL 101 (2013) 21002 ]
V/s = 8 TeV (scaled 10x ):

— — — — B* =90 m [PRELIMINARY]
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B* = 2500 m [EPJ C (2019) 79:785]
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[TOTEM collaboration, 2018]
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Conclusion

* Bounded the cross-section at finite energy;

» Explored the Froissart amplitude and compared with proton-proton data;

Future directions
Phenomenological Theoretical

How constraining are growing
cross-sections?

The Pomeron puzzle in QCD

INPUT : High-energy cross-section data (TeV)
= Shrinking diffractive cone

Primal
S-matrix

= Presence of dip-bump structures
Bootstrap

_ _ = Very rich Regge spectrum
OUTPUT : Resonances & Regge trajectories (GeV)

S-matrix bootstrap as a tool to
understand high-energy soft QCD

Precision era of Regge phenomenology?




Are these minima consistent with Regge theory?

dUel

¢ =200 Froissart amplitude Could these welird J[rajeCJ[OrieS
dt be the culprit?

S = 5() Pomeron

0. 05 1. 1.5 2. 25 3. 35 ‘

!

White ring model: Ty x(s, 1) = \S;St [R2 Jl(Rz\ﬁf) — R J1(R1\Ft)] @



White Ring analytical model

.
Toyls, ) = \”FZS Ry J\(Rp\/=1) = R, J,(R\/=1)
—1

s this model consistent with analyticity in spin®

Yes! for R, ~ rylog s, compatible with our numerics.

---------------------------------------------
R DS f
.

)

: Sommerfeld-Watson transform: Regge cut with branch-points: 1 <

1
I(s > 00,0) = ——@ 5" fu() r.=1=x 1’()\/; """ ’

27Tl C

t-channel partial wave:

- - Unusual Possibilities for the Pomeranchon*
. f (Z’) — - JouN H. ScHWARZ |
. f 3/ 2 - Palmer Physical Laboratory, Princeton University, Princeton, New Jersey
- (f —_— 1 )2 — (% Z') - (Received 6 November 1967)
 J
\ ¢ 4



Slope of cone at the LHC
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[TOTEM collaboration, 2018]
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6,.(s)/s from the “Froissart Amplitude”
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Location Iin space of low-energy coefficients

Conjecture:

max o, (s = 00) © (max ¢,, min ¢,)

/-5 non-dispersive! A max o, (s)
o =T(44) |
0 — 3° 3 :

dispersive

The Bootstrap Almond

[Paulos, Penedones, Toledo, van Rees, Vieira]
[He, Kruczenski]

[Chen, Fitzpatrick, Karateev]
[Mir6, Giimiis, Guerrieri]
|Gilimiis, Leflot, Tourkine, Zhiboedov]




Minimum [/ \

quartic coupling
(min c,)

[M. Paulos, J. Penedones, J. Toledo,
B. van Rees, P. Vieira - 2016]

—7.8 S ¢y < 2.6613

“Unfortunately we were not
able to identify the relevant
singularity in this case and
thus were not able to improve
the slow convergence.”

A universal amplitude?

Maximum growth

(“Saturation of Froissart”)

Spin-2 resonance
at threshold

(a;, = o)
It has to Reggeize!

Regge trajectory responsible
for Froissart growth?

max 6,,(s = 00) ?

&)
A

0.8

0.6




Elastic differential cross-section (larger || = |q|" )

dael
dt , s = 200
N\  »—#lq]
€ s = 50
2.0 1.5 1.0 0.5 * 0.5 1.0 1.5 2.0

q| =/t



Fraunhofer diffraction and Airy disk

Airy Disk:

“Diffraction pattern
produced by light
passing through a
circular aperture”.
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dark

Airy Disc Diameter = 440 nm
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[https://www.edinst.com/resource/laser-spot-size-in-a-microscope/]



https://www.edinst.com/resource/laser-spot-size-in-a-microscope/%5D

Eikonal representation and white ring model

T(s,t) ~ Zis/dd_2b e_iq'b(l — S5(s, b))

1 — Re S(s, b)
2

1.0

Eikonal representation (bootstrap)
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Eikonal representation and white ring model

T(s,t) ~ Zis/dd_2b e_iq'b(l — S5(s, b))

1 — Re S(s, b)

| i |A " 1 i il i I il i 4 L " i i | i i i | ﬁ

9

4 6 8 10 12

Eikonal representation (bootstrap)
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R, white ring model:

' +1 ifb< Ry
N S(S,b) — —1 ile < bS R2

+1 it b> Ro

.
Ty (s, 1) = \Fst Ry J\(Rp\/=1) = R, J,(R\/=1)



Elastic differential cross-section

.
Ty(s. 1) = —— Ry J,(R\/—1) = R, J,(R\/=1)
VvV —1

ddel
Froissart amplitude
dt s = 200 1 —Re S(s, b)
__Fomeron 2

IOOO ¢ =50 | 1.0
R2 0.6
— Rl 0.2
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Saturation of the Froissart Bound by Crossing Symmetric
and Unitary Amplitudes.

J. KUPSCH

Fachberich Physik, Untversitit Kaiserslautern - Kaiserslautern
CERN - Geneva

(ricevuto i1l 19 Aprile 1982)

The pox—neron of the constructed mﬁplitu_des is determined by the function
(2.25) F(s, #). Characterized as a singularity in the angular momentum plane,
it consists of two branch cuts

ﬂi(t) — {l =1 4 2?(::“. \/Z), /11<3\<~.22} ’

where (&) is given in eq. (2.15). For ¢ = 0 these branch cuts degenerate to
a pole of third order at the coincidence point { = 1 4 ¢(0) = 1.



“Forgotten treasures” on Froissart-Regge growth

* Froissart growth requires 3rd order Regge pole at intercept.

* Froissart growth is incompatible with linear trajectory: Requires shrinking of cone with
log2 s slope (versus log s slope provided by linear trajectory). [r.Oehme - 1972]

 Froissart growth requires infinitely many zeros near physical regiont < 0 as s — 0.

T A |G. Auberson, T. Kinoshita, A. Martin - 1971]

“Froissart amplitude” / |

BT —————SL A ' Ret
-10 -8 -6 -4 -2 0




“Black ring” effect

Inelastic overlap function

Energy evolution of the overlap functions:
increasing ratio of o.;(s)/o:t(s) and black ring
emergence [2022]

S.M. Troshin, N.E. Tyurin

NRC “Kurchatov Institute”-IHEP
Protvino, 142281, Russia

ImW (r)/ImW(0)

Abstract

We consider two possible options of the energy dependency of the elastic
and inelastic overlap functions. Those correspond to saturation of the black
disk limit (BEL effect) and to the unitarity saturation (REL effect) at s —
oo. Relation of the REL effect to increase of the ratio o¢;(s)/ot0t(s) and
emergence of black ring picture at the LHC 1s underlined.

Keywords: Central collisions; Elastic scattering; Unitarity.

Proton-Proton On Shell Optical Potential at High Energies
and the Hollowness Effect

October 9, 2018



Cross-section maximization point-wise

Goal to maximize: o,,(60)
Croi(S)

(N = 20)
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Yndurain Amplitude (partial waves)

1 —Re S (s) ¢ = 80

2 T e~—— b 18
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Numerical S-matrix Bootstrap

1. Analyticity s — o [P(5)
Nz Sy s p()® pldm?)

p(s) =

V4 = 5o V4 —s

2. Crossing symmetry

N
T(s.t,u) = ) Apey p(5) P (1) p“(11)

a,b,c

S\'TS’ — i M ‘ Sf(s) |2 < 1 imposed numerically using SDPB for all £ < L

[Simmons-Duffin; 20135]



