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Plan of the Talk

1) The Prehistory of String Theory: the Analytic S-matrix

L) Strings from Wightman axioms: SU(3) YM Glueball Scattering

3) Strings from Gravity and no-go theorems

4) Bootstrap the world-sheet of confining Strings?
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The Prehistory of String Theory:

the analytic S-matrix 1

Example: 1 scalar field of mass m in the IR

t-channel

t = 4m?

Mandelstam plane
s+ 1+ u=4m?

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

L s=t=u=4/3m"

Crossing symmetric point

u-channel \

D _ _—_ _ 7
M(s,t,u) = — ¢y + co(5° + % + it*) + c35Tii + ... = x—=m

The set {¢y, ¢y, C3, ..
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s-channel
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Lehmann, and many many others
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The Prehistory of String Theory:
the analytic S-matrix &

t-channel

Mandelstam plane

M(s,t,u) = — ¢y + (5% + 12 + i1°) + 35Tt + ... St ity = Am?

Space of amplitudes parametrized by {c,, C5,C3, ...}
s=t=u=4/3m?
Crossing symmetric point

t=0

u-channel g-channel

Analyticity means we can go into the complex plane!

Martin, Jin, Froissart, Mandelstam,

Analytic in the s-plane away from the cuts for all —28m? < t < 4m?
Lehmann, and many many others

t Ims

4m? t < — 28m?: double discontinuity region!

—1 Res Correia, Sever, Zhiboedov 2111.12100
Tourkine, Zhiboedov 2303.08839
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The beauty of Unitarity

M(s,t,u) = —CoT CZ(S + 12 + I/tz) -+ C3Sl‘b_t + ... Froissart bound

Dispersive parameters = operators of dimension > 8

c, = lJ Tv(f’ W S o o= 0 =4/3m*  T,(v,1) =167 Y (26 + DImfo(s)P,(1 + 215/(s — 4)) > 0
T g2 VY Subtraction point £=0 Positivity Legendre positivity
P,(x)>0, x>1
C
Y _Re ﬁ)(s)——Jz 1672(2¢ + 1)Imf (v)k (v, s)dVv
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NOT POSITIVE!



The beauty of Unitarity

M(S, [, u) — —CO-I- 62(52 + l72 + I/_tz) + C3§fﬁ 4 .. Froissart bound

Dispersive parameters = operators of dimension > 8

Cy = lJ 1,(v, ) >0 ty=s9=4/ 3m? T (v,1y) = 167:2 27 + D)Imf (s)P (1 + 2t5/(s —4)) 2 0
T J g2 % Subtraction point 2—0) o
Positivity Legendre positivity
P,(x)>0, x>1
Im f,(s)
Co 1 > 2\/S — 4m?
—— = Refy(s)—— J z 1672(2¢ + 1)Imf (v)k (v, s)dVv
167 T

=0

»Re f(s)

- Unitarity saves the day!

S — 4m2 o)
Unitarity: 2/mf, > 2
)



The Island of 4d scalar amplitudes

We bound ¢, ¢, using dispersion relations and unitarity! Bonnier, Lopez, Mennessier, “70s
It is an exercise in constrained optimization theory. AG, Sever 2106.10257
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The Island of 4d scalar amplitudes

We bound ¢, ¢, using dispersion relations and unitarity! Bonnier, Lopez, Mennessier, “70s
It is an exercise in constrained optimization theory. AG, Sever 2106.10257

Unitarity
Imf,(s)

»Re f(s)

Elias-Miro, AG, Gumus 2210.01502
Elias-Miro, AG, Gumus (to appear)




The Island of 4d sca.la,y amplitudes

A  AB section . BC section | ' CDA section
| (upper branch) | i (spin-0 dominance) !
150F

—— spin=2

-~ spin=4

—— spin=6

BC section, nmax=14 —— spin=8
J
A

Elias-Miro, AG, Gumus 2210.01502
Elias-Miro, AG, Gumus (to appear)




Glueball Scattering in SU(3) pure YM

Regime in which the S-matrix Bootstrap shows its power: cutoff A = 2m, no small parameters.
(Still Hard after 50 years of QCD)
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Regime in which the S-matrix Bootstrap shows its power: cutoff A = 2m, no small parameters.

otable Glueballs spectrum

(Still Hard after 50 years of QCD)

- Pole Structure in GG->GG scattering
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Athenodorou, Teper 2007.06422, 2106.00364



Glueball Scattering in SU(3) pure YM

Regime in which the S-matrix Bootstrap shows its power: cutoff A = 2m, no small parameters.

otable Glueballs spectrum

(Still Hard after 50 years of QCD)

Pole Structure in GG->GG scattering

s-plane, t = 0

s-channel cut

H s
“/G

JFc Mass
G 0 1
H 277 11.437 4+ 0.006
H* | 277 [ 1.99 £0.01 -1 0 1

u-channel cut
Athenodorou, Teper 2007.06422, 2106.00364

The maximum residue at the spin-O pole is a simple problem

Mo—% 4 78 L 78
Ss—mg  t—mf  u—m}

Paulos, Penedones, Toledo, van Rees, Vieira
1708.06765

AQG, Hebbar, van Rees 2312.00127
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https://arxiv.org/abs/1708.06765

Toy model: amplitudes maximizing the spin-& coupling

1
The maximum residue at the spin-2 pole is a hard problem (Z, symmetry, no 2pole)
Ss—m
—g° 2t ,
M D P 5 I + + ... ~1 AG, Hebbar, van Rees 2312.0012%
s — my m? — 4m?
Without Regge it would violate unitarity! \

They must restore M(s — o0, t < 0) < slog”s



Toy model: amplitudes maximizing the spin-& coupling

1
The maximum residue at the spin-2 pole is a hard problem (Z, symmetry, no 2pole)
S —m
: 2
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The Glue-Hedron

Vo o2 , 1 S+
gGs—m(z; gG*S—mg;* gHs—m%I
max [ge| || max|gy| | max|gg+| | max|gm~|
213 158 224 2.15
206 156 217 -

2
l- + e o o
8 [3* F.o.. AG, Hebbar, van Rees 2312.00127

SU(3) YM Lattice g5 ~ 50 =7

De Forcrand, Schierloz, Schneider, Teper ‘85



The Glue-Hedron

2 2
;1 ;1 JPH L, P
M> —g: - —8G+ ——8H =8 —t.. AG, Hebbar, van Rees 2312.00127
max|ge| || max|gm| | max|gc-|| max|gn-| SU(3) YM Lattice g~ ~ 50 + 7
213 158 224 2.15 G
206 156 217 — De Forcrand, Schierloz, Schneider, Teper ‘85
\ y,
max gy
. 200
200 |-
100
f" =
A ¢ 10f
300 |
ﬁ Rigorous Bounds! ' — gc
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QG Bootstrap and No Go Theorems

D=10, Maximal Susy, turn off all couplings except G,

Apg = j, [=8(R+0XR*+0XR+a,R* +...)
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D=10, Maximal Susy, turn off all couplings except G,
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First quantum correction «,R*



QG Bootstrap and No Go Theorems

D=10, Maximal Susy, turn off all couplings except G,

Apg = J, /[—g(R+0XR*+0XR>+a,R*+ ...)

( 1
Amplitude for graviton scattering in the EFT A(s, t,u) = 8nGp | —+ap? 16, + O(slog S))
St

[
sugra \

First quantum correction «,R*

1) No-go Theorem: If gravity is quantum, it must be corrected at leading order!

Can be violated only if there are new physical principles! e AG, J. Penedones and P. Vieira, 2102.0284%7
e AG, H. Murali, J. Penedones and P. Vieira, 212.00151

a(Bootstrap) > 0.126 £ 0.006
E.g8. D=10

a(String Theory) > 3"¢(3)(¢(5.5) — {(5.2)//2 ~ 0.1389...

The space of deformations compatible with String Theory!


https://arxiv.org/abs/2102.02847
https://arxiv.org/abs/2212.00151

Wilson coefficients as probes of gravity UV completions

Can ap take any value?



Wilson coefficients as probes of gravity UV completions

Can ap take any value?

* ImA(s,t = 0)
ap knows about the theory at all scales! o, « ds > 0

0 \)

ImA(s,t =0) xo,,,

QG regime: /\

otrings®? Other UV Regge Physics
completions?
Black holes at
small impact
parameter

™

EFT behayvior

)
SL”P




QG Bootstrap: Methodology

 There exist a parametrization of the non-perturbative amplitude manifestly crossing symmetric
and analytic

U(a,b,c)ps Pt Pu
X=s.t.u a+b+c<N \
Analyticity

UV completion

e / Crossing
Aty =—>=+ [ (x+ 1 ) ‘Prp;
SIU

Sugra




QG Bootstrap: Methodology

 There exist a parametrization of the non-perturbative amplitude manifestly crossing symmetric

and analytic /

3nGp

| 2 b
A(Sa l, I/i) — St ' H (pX T 1) Z y(a,b,c)pgpt ,0;
. y X=s.,t,u a+b+c<N
SugPa UV completion
Y R S — -
p(s) = S0

- Impose unitarity numerically (the v, , ., cannot vary arbitrarily)

Linear operation: T(s,x) = S.(s) | S/(s) \2 <1, s§>0, £=0,2,...,00

Crossing

\ Analyticity

0
(10D) .
52 ! C, " (x
I5¢(s) =14 i2183ﬂ-4 /1(1 — 51;'2)3 Oé/ziliT(S,f)
_ 14




QG Bootstrap: Methodology

 There exist a parametrization of the non-perturbative amplitude manifestly crossing symmetric
and analytic

Crossing
3nGp
| 2
Aty =—=+ [ (x+17? X wm
— X=s.t, +b+c<N
o e \ Analyticity

UV completion

sugra

- Impose unitarity numerically (the v, , ., cannot vary arbitrarily)

Linear operation: T(s,x) = S.(s) | S/(s) \2 <1, s§>0, £=0,2,...,00

e Bootstrap as a semi-definite optimization problem

FindMinimum ap[v ] subject to unitarity



QG Bootstrap: What we learn 1

Min[ag] Min[ag]
I 1.4 3
I — ag(N) = 9-0‘5‘52;‘;2 +0.2226
1.0 190 N
0.8 1.0+
: 0.8+
0.6 —
06
04
0.2
50 100 150 200 - : 20 25 30

Existence of Universal lower bound depending on low energy SUGRA, analyticity, crossing, and unitarity
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QG Bootstrap: What we learn 1

1. The Bound on «,

min
ap

50 100 150

<ap <o

200

L

Min:(Ig]

14,
1.2:—
1.0:—
0.8:-
0.6:—

04

L _ 9.042x10°
ag(N) = 22 EC- +0.2226

0.2

20

l 1 L 1 L |
25 30

Existence of Universal lower bound depending on low enersy SUGRA, analyticity, crossing, and unitarity

Dimension String/M theory Bootstrap o™
9 >0.2411 0.223 £+ 0.002
10 > 0.1389 0.124 4+ 0.003
11 0.1304 0.101 = 0.005

a) String Theory in 9, and 10 dimensions almost saturates the allowed region for o

b) a for M-theory is close to the boundary of the allowed region

Green, Gutperle
Green, Vanhove

hep-th/9701093
hep-th/9704145

Green, Russo, Vanhove hep-th/0610299



QG Bootstrap: What we learn 2

Im(s) =0 Im(s) /=2

Y Amplitude is huge on the

unphysical left side Re(s8)<0 6.6 6.6
Zeros close to the 3.1 3.1
imaginary s plane/broad More broad resonances
15 sigma-like resonances 1.9 1.9
14 Analogue of the graviball for 14
spin 8. Next resonance in
10 1 that leading Regge trajectory 1
Resonance well converged
inside the physical sheet 0.8 0.8
vibel Resonances entering the
0.6 the physical sheet. 0.6
5

0.4 1 g 0.4
0.3 0.3

Re(s) Re(s)

......................
0 To 20 30 0 10 20 \ 30 /

Unitarity already close to Unitarity will converge to |S|=1 for larger N
saturated here here once the heavier resonances converge

We can reconstruct the solution that minimizes a, and study this non-perturbative amplitude

2 Z / Leading Regge
| e Resonance spectrum organizes in
(curved) Regge trajectories

'
—$—
!
'

' .
s .
o —
B .

P

10

' .
N .
'
.

| SubleadingR . |
ub-leading Heggs Stringy Spectrum although there is no
Yy assumption about the UV completion

g 2
. A
.............. — Slxﬂp




Can we directly Bootstrap the world-sheet of the Hadronic String?

otring Theory from Gravity /

What about the Hadronic String Theory?




Can we directly Bootstrap the world-sheet of the Hadronic String®

otring Theory from Gravity /

What about the Hadronic String Theory?

Simplest case: massless modes of long Strings in 3D \

e AG, A. Homrich, J. Penedones and P. Vieira, to appear

P, Pr,

Idea: project multi-particle states into jet states

(a) (b)
Problem decomposes into a bunch of 2->2 processes 353 2 =4

2-particle Jet State St = [ +Sinoim= L { sSmom= L
]. n T
P,n’ 2 o — 1 m m m n
\n, P> E\/Qn +1 [ do ( ) |Oé, (1 o Oz)? P>2 Snl—)lm o 31 7sln—>m1 T ﬂ 7511—>nm o ):i 9
vV 8ma(l — a)

0 :
S G — }ii and finally Sppn—srm = >< . (6)




The Multi-Particle Matrioska coming soon...

R->&

1.0

No contraints

Imposing Nambu-Goto

3D YM is here

0.5 Sz-4(l)



What’s next%

Q0O: Can we construct non-perturbative scattering amplitudes and understand their properties?

Q1: Is it String Theory the unique UV completion of Sugra?

Q1l.1: What bounds on D*R*, D°R*, ... operators? 0.150
What happens in lower dimensions? Rotating black hole in 10D 018}

0.146

0.144

Q1.2: Is the discrepancy compatible with black
hole production?

T Ty,
2

0.142

0.140

.’.‘\

0.138. — B —0.88c

16 © Nils)
azwg}ﬁ;(zﬂ)é(zzw)/o ds

—0.009‘95 ~0.00994 -0.00993 -0.00992

We need a model: Prob,_,, ~ Exp(—Sgy(Area))

The value of o increases as soon as we have inelasticity

Ainstein Gravity in D > 5 looks like?
AQC = 8nGY / d‘x/—g (R+aR* +asR +oR* +...).

Q<: How the UV completion of pure !

Q3: Can we perform a non-perturbative gravity Bootstrap in 4D%

Q4: Can we put QCD phenomenology on a more rigorous footing?



After dinner suggestion

Cachaga Degustation at Chachagaria.bar

See you there, or 1ook for me or these gentlemen after dinner |
This is a great caipirinha




Backup Slides



An analytic bound on scattering

Goal: we bound ¢, <= we bound A,

What are the non-perturbative properties of the branons scattering amplitude?

]
Unitarity: define S(s) = 1 4 > T,_,(s) then |S(s) \2 < 1 for s>0 S-matrix measures probabilities
)
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Goal: we bound ¢, <= we bound A,

What are the non-perturbative properties of the branons scattering amplitude?

l
Unitarity: define S(s) = 1 4 > T,_,(s) then | S(s) \2 < 1 for s>0 S-matrix measures probabilities
)

Crossing: S(s) = S(u#) where t=0, u=-s In 2d there is no scattering angle




An analytic bound on scattering

Goal: we bound ¢, <= we bound A,

What are the non-perturbative properties of the branons scattering amplitude?

l

Unitarity: define S(s) = 1 4 > T,_,(s) then | S(s) \2 < 1 for s>0 S-matrix measures probabilities
S
Crossing: S(s) = S(u#) where t=0, u=-s In 2d there is no scattering angle
Analytic away from the real axis

Analyticity S* 5=0 S(s), s>0
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An analytic bound on scattering

Goal: we bound ¢, <= we bound A,

What are the non-perturbative properties of the branons scattering amplitude?
l
Unitarity: define S(s) = 1 4 > T,_,(s) then | S(s) \2 < 1 for s>0 S-matrix measures probabilities
S
Crossing: S(s) = S(#) where t=0, u=-s In 2d there is no scattering angle
Analytic away from the real axis

Analyticity S* s=0 S(s), s>0

S
)
Low Energy Constraints: S(s) =1 +1
1
Bootstrap Prediction y; > ~ —0.0013
Solution (Schwarz-Pick Theorem) 768
yy > I Lattice for SU(R) YM y; = — 0.00034(6)
768 Caristo, Caselle, Magnoli, Nada, Panero ‘21
8] — § Lattice for Z, gauge theory y; = — 0.00043(4)
S(S) — R + g Baffigo, Caselle ‘23




A numerical bound

What if we were not good enough to find an analytic solution?



A numerical bound

What if we were not good enough to find an analytic solution?

A

1Sg — S

x(s) =

¢ 1Sy

/.S *(s) | 3(5)

R [ ’

Crossing symmetry

Real analyticity
/T reversal

Ansatz manifestly Analytic and crossing symmetric:

S(s) = ) a,x(s)"

n

We check unitarity numerically:

1S 2 < 1, S(s):1+2iST(s) o

Unitarity imposed on a grid of M points




A numerical bound

What if we were not good enough to find an analytic solution?

A

¢ 18y

_SH6) 56

N, S(s) J " )

Crossing symmetry 5
FindMinimum y,(a,) with 7(s) = Z a, y(s)"and [S(s)|" <1

Real analyticity
/T reversal n
Order of limits for convergence:
Ansatz manifestly Analytic and crossing symmetric: 1) number of constraint large M — o0
S(s) = Z a, y(s)" 2) number of terms large N — oo
n é11116111171111811119111110““11111112
We check unitarity numerically: -0.00120
2 — 14 | ~0.00122
S |7 <1, SE)=1+ > 1(s) L 0.00194 " Bootstrap Prediction
' : miny; ~ — 0.0013
~0.00126 |
Unitarity imposed on a grid of M points | : ~0.00128
- - ~0.00130 |




Flux-Tube Bootstrap: What’s next?

Q1l: The world-sheet QCD axion subject to a triple coincidence, why? (J; ..., ~ QBootstmp ~ Qimegmble

Gaikwad, Gorbenko, ALG (to appear)

QR: Strings interact with Glueballs, can we inject UV using form factors?

Hebbar, ALG (working in progress)

Q3: Can we g0 beyond 2->29

Homrich, ALG, Penedones, Vieira (working in progress)

Naively: Stronger constraints!



String Theory and M-theory Expectations

ap 1s 1-loop exact up to non-perturbative corrections Weak coupling

° Im(r)

T ———
/ o —
’/]’1 ———
e

Min a, realized in type IIB A
A T
1 lE?, (1) ) /f/
_ . B _ ~ 26 M —
lE iT/3\ ~o F
26 3/2(6 ) ~ (0.138949
1 v - 2x? " 0'1% /
D=9: ay(7,v) = — | v E3p(7,7) A ” > 0.2417... 4
0.0 {\‘\_L
74 7/4 o Tl
4 z,ﬂp ) 0.5 N
U = —_ 89 = — 0.0 J\L\L )
(L” S) \/_9 < 7 Y
1.5 Re(7)
(2m)°
D=11: di1 = 3 % 7 = 0.1028... Green, Gutperle hep-th/9701093
X Green, Vanhove hep-th/9704145

Green, Russo, Vanhove hep-th/0610299
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What are the non-perturbative properties of the branons scattering amplitude?

l
Unitarity: define S(s) = 1 4 > T,_,(s) then | S(s) \2 < 1 for s>0 S-matrix measures probabilities
)

Crossing: S(s) = S(u#) where t=0, u=-s In 2d there is no scattering angle
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Goal: we bound ¢, <= we bound A,

What are the non-perturbative properties of the branons scattering amplitude?

l
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S
Crossing: S(s) = S(u#) where t=0, u=-s In 2d there is no scattering angle
Analytic away from the real axis

Analyticity S* 5=0 S(s), s>0
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Low Energy Constraints: S(s) = 1 + 1 YR + 1()5 oy )s” +



An analytic bound on scattering

Goal: we bound ¢, <= we bound A,

What are the non-perturbative properties of the branons scattering amplitude?
l
Unitarity: define S(s) = 1 4 > T,_,(s) then | S(s) \2 < 1 for s>0 S-matrix measures probabilities
S
Crossing: S(s) = S(#) where t=0, u=-s In 2d there is no scattering angle
Analytic away from the real axis

Analyticity S* s=0 S(s), s>0

S
)
Low Energy Constraints: S(s) =1 +1
1
Bootstrap Prediction y; > ~ —0.0013
Solution (Schwarz-Pick Theorem) 768
yy > I Lattice for SU(R) YM y; = — 0.00034(6)
768 Caristo, Caselle, Magnoli, Nada, Panero ‘21
8] — § Lattice for Z, gauge theory y; = — 0.00043(4)
S(S) — R + g Baffigo, Caselle ‘23




A numerical bound

What if we were not good enough to find an analytic solution?



A numerical bound

What if we were not good enough to find an analytic solution?

A

1Sg — S

x(s) =

¢ 1Sy

/.S *(s) | 3(5)

R [ ’

Crossing symmetry

Real analyticity
/T reversal

Ansatz manifestly Analytic and crossing symmetric:

S(s) = ) a,x(s)"

n

We check unitarity numerically:

1S 2 < 1, S(s):1+2iST(s) o

Unitarity imposed on a grid of M points




A numerical bound

What if we were not good enough to find an analytic solution?

A

¢ 18y

_SH6) 56

N, S(s) J " )

Crossing symmetry 5
FindMinimum y,(a,) with 7(s) = Z a, y(s)"and [S(s)|" <1

Real analyticity
/T reversal n
Order of limits for convergence:
Ansatz manifestly Analytic and crossing symmetric: 1) number of constraint large M — o0
S(s) = Z a, y(s)" 2) number of terms large N — oo
n é11116111171111811119111110““11111112
We check unitarity numerically: -0.00120
2 — 14 | ~0.00122
S |7 <1, SE)=1+ > 1(s) L 0.00194 " Bootstrap Prediction
' : miny; ~ — 0.0013
~0.00126 |
Unitarity imposed on a grid of M points | : ~0.00128
- - ~0.00130 |




Flux-Tube Bootstrap: What’s next?

Q1l: The world-sheet QCD axion subject to a triple coincidence, why? (J; ..., ~ QBootstmp ~ Qimegmble

Gaikwad, Gorbenko, ALG (to appear)

QR: Strings interact with Glueballs, can we inject UV using form factors?

Hebbar, ALG (working in progress)

Q3: Can we g0 beyond 2->29

Homrich, ALG, Penedones, Vieira (working in progress)

Naively: Stronger constraints!



Low enersgy QCD

In QCD dynamical mass generation, non-perturbative RG flow

. 2 2, 2 ]
Amplitude = fiz+a;—4+ﬂt Y 110gs + UV completion

f4

Nmax
24

21

18

1 | 1 | ™ | I | 1 | I | L (Y
-0.03 -0.01 001 0.03 0.05 0.07

ALG, Penedones, Vieira 1810.12849 (gapped), 2011.02802 (gapless)

a, f can be only computed using lattice QCD today or extracted from data!!!


https://arxiv.org/abs/1810.12849
https://arxiv.org/abs/2011.02802

Non perturbative S-matrices from Bootstrap

_3n _ax
10 10 10 10
| | | | | | L | L |
30 90 150 210 30 90 150 210
o =L =1 i
ﬂv—
9 s ® - * e & °
.1 11
7| 2
2 7
o.'.
0 oot T ——I
20 60 100 140

Left side of the boundary Right side of the boundary

What can we add to nail down QCD?
Work in progress with H. Murali



D=4 Strings and the Axion

1
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D —26
3847

New Effect in the amplitude: Polchinski-Strominger term « a, =



D=4 Strings and the Axion

1
In D=4 two leading deviations from Nambu-Goto as, f; A oy = sza\/ —h ) + A COKH SR+ L

S
Y3 = Q3 — [
D —26
3847

New Effect in the amplitude: Polchinski-Strominger term « a, =

The extremal amplitude has an axion resonance
The two dimensional bound

— 7 1 r < <+ ‘v T ‘+ ‘v ‘v T [ Tt ‘v T T [ Tt T T T [ T T 1T 1 '2 B Qanti p
Primal allowed
0.0006 |- d -
| 0.0005 / |
] 0.00047 /
0.0004 | ('3 son0ed. i 0.8
0.001 0.06105 0.0E)
0.0002 | d B A
N, 7;? O .4 =2 _---W__
0.0000 [ b
\ o
o, ’ - M anti
N\ Dual excluded 3 /' | l I 1 | | |
.\\, [ T S T SR NN SR T SR T (R S ST SN SRR NN S T .3 | y/ L 1.2 1.6 2 2.4
~0.0010 ~0.0005 0.0000 0.0005 0.0010

Elias-Mir6, ALG, Hebbar, Penedones, Vieira 1906.08098
Elias-Mird, ALG 2106.079587



https://arxiv.org/abs/1906.08098
https://arxiv.org/abs/2106.07957

Bounds on the static gg potential
(toy for quantum gravity)
Application of the S-matrix Bootstrap to fundamental questions about confinement

Distance between quarks R/, — oo

Theory-dependent,
: , , but bounded from first principles
Universal, consequence of non-linearly realized Lorentz

44— /
R =n rn** ¢! A3f6 1

S S T i 572'4
D=3 Target Space Ey(R) = 3 5 | | A, <
/ 6R  72R 432R\ 5400 10368
String tension / \ Ah Elias-Mir6, ALQG,
o = z,”s‘ 2 Liischer Luscher, Weisz, arony, Hebbar, Penedones, and

Komargodsky,
Dubovsky, Flauger,
Gorbenko,...

term ‘80 Drummond ‘04 Vieira, PRL 123, no.22

(2019)



Effective String Theory

R 2d gravity theory

{ < —»
P » . 1
//\ //\// A g = sza\/—h (z,”z V,C*R + 70 R* + ...
World-sheet S

\

Physical Degrees of freedom: X' with i=1,...,D-2, massless Goldstones In D # 26, infinite corrections

We have an action, we can compute the S-matrix, but is this useful?



Effective String Theory

R 2d gravity theory

{ < —»
P » . 1
//\ //\// A g = sza\/—h (z,”z V,C*R + 70 R* + ...
World-sheet S

\

Physical Degrees of freedom: X' with i=1,...,D-2, massless Goldstones In D # 26, infinite corrections

We have an action, we can compute the S-matrix, but is this useful?

Thermodynamic Bethe Ansatz 1 [
EjR)=R+—| dglog(l —e %)
7R J,
2 S2 49 i 6 1 4
— _ ‘ | 1 > 0
T2—>2(S) fs 7 T lfs 16 | fS (2}/3 192 )sT e(p) = pR + —[ dg—0(4pg)log(l — e~€D)
27 ), 0q
y - : 32y.7° Sa*
Finite Volume Energy Levels from Infinite ~_ A — /3
5 =

opace Scattering

225 10368

We solve them in the 1/R expansion



An analytic bound on scattering

Goal: we bound ¢, <= we bound A,

What are the non-perturbative properties of the branons scattering a:

mplitude?

l
T,_,(s) then
2.8

Crossing: S(s) = S(u#) where t=0, u=-s

Unitarity: define S(s) = 1 - 1S(s)|* < 1 for s>0

S s=0

Analytic away from the real axis
S(s), s>0

Analyticity S S*
. — 1 9 S : oo 1 3
Low Energy Constraints: S(s) = 1 + 14 3 1(y/5 oy )s” + ...
Solution (Schwarz-Pick Theorem) gauge group L2 SU(2) SU(6) |SU(c0)
y> s X 768 ||-0.4 [4]]-0.3 [B][0.2 M, 8] 0.3
768
[4] Baffigo, Caselle ‘@3
81 — S
S (S) — 8 [5] Caristo, Caselle, Magnoli, Nada, Panero ‘21
; ° [1,6] Dubovsky, Gorbenko, et al




The S-matrix Bootstrap represent a novel framework connecting different fields in physics and mathematics

Optimization theory 1+1 QFTs and Integrability
Development of new algorithms and Integrable Models as application
strategies and testing ground for the Bootstrap
Analytic solutions and Geometric Approximate integrability
Function Theory to study the QCD String
String and M-theory

Perturbative regimes

Non-perturbative Dualities Large Spin expansion, and Spin analyticity
Nonperturbative properties of String

scattering Amplitudes Loop expansions and match with QFT



S-matrix Bootstrap
o |

@

CFT Bootstrap

1 GeV

£p=1.62x10"2 fm
—>

Celestial Holography Matrix Models Bootstrap

Q: Can we get rid of Lagrangians and reformulate QFTs and Strings
using more general physical principles?



Bootstrap as an Optimization Problem

Goal: Find the optimal value of a physical observables constrained by the laws of nature

Math + Physics

Causality, crossing, and global symmetries

o0
Linear Constraints: M,_,(s|t) = ¢ + [ Disc,M,_,,(z|)K(z, s | 1)dz

4m?

Quantum mechanics
Unitarity Constraints: | — SS' > 0

S DM, _, all possible processes




Bootstrap as an Optimization Problem

Goal: Find the optimal value of a physical observables constrained by the laws of nature

Math + Physics

Causality, crossing, and global symmetries

o0
Linear Constraints: M,_,(s|t) = ¢ + [ Disc,M,_,,(z|)K(z, s | 1)dz

4m?

Quantum mechanics
Unitarity Constraints: | — SS' > 0

S DM, _,, all possible processes

Computer Science

With Standard Optimization Tools (SDPB), we only
explored the Convex Hull

ALG, A. Sever, PRL 127, no.25 (2021)
Dual Methods

S-matrix Space

Pri

imal Methods

We relax Unitarity

— ﬂzn‘dpzénzl — P, , <1 —

Use Al and Deep Learning Algorithms
Unsupervised Reinforcement Learning to explore

the S-matrix Space

Standard Search Algorithms

Combine Gradient Methods with SDPB
(software created by the Bootstrap Collaboration)



Why we need for a theoretical collider

GO
@

S T M, =1.25x 10" GeV
1 GeV | £p=1.62x 1072 fm
| | '

g BSM Quantum Gravity

Particle physics



Why we need for a theoretical collider

GO
@

M Higgs ~ 125 GeV /:z' :

i N Mp=125%x10"GeV
1 GeV | £p=1.62x 1072 fm
| | '

g BSM Quantum Gravity

Particle physics
Theoretical physicists are impatient!

S .

in—out —

< in|out >

The New Bootstrap Manifesto:
find the space of all possible
physical observables assuming
general principles




