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Plan of the Talk

1) The Hadronic String

Bounds on the gq potential from Wilson coefficients “ é }

Worldsheet QCD axion Gaikwad, Gorbenko, ALG 2310.20698

2) Glueballs

Rigorous bounds on SU(3) YM Glueball Scattering

Hebbar, ALG, van Rees 2312.0012%7

3) Mesons

The other side of Ning’s story ALG, Haring, Su work in progress

4) Baryons (for the future)



https://arxiv.org/abs/2310.20698
https://arxiv.org/abs/2312.00127
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Bounds on Wilson Coefficients for D=8 flux-tubes

Goal: we bound y; <= we bound Aj

Idea: use the non-perturbative properties of the S-matrix to derive constraints

D=3: 1 Goldstone field, $,_,,(s) is an analytic function of the s = 4E ? complex variable
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Idea: use the non-perturbative properties of the S-matrix to derive constraints
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More Bounds in D=3
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The Hadronic String in 4D

PS term induces universal particle production at 1 Loop:
no hope for large N, integrability, unless we add massless degrees of freedom to the world-sheet

V2

- . )
E.g. we can add an axion S, = / d°o

If we tune O, =
/37

—

1
2

, 1

2

~ (.378, and m, — 0, we can restore integrability

. i — O e 0. 8. X 0N XY+ . ..
o a sa aU~ f

1
— + AR BEOR +
’ (73 = a3 — [3)

D — 26
3847

)



D=4: X 1, X? Goldstones, deviations from Nambu-Goto a5, ,63

New

The Hadronic String in 4D
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PS term induces universal particle production at 1 Loop:
no hope for large N, integrability, unless we add massless degrees of freedom to the world-sheet

If we tune O, =
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Lattice results show the presence of an axion resonance with the
correct coupling, but massive at large /V.
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Flux-Tube S-matrix Bootstrap in 4D
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An EFT for the Bootstrap extremal amplitudes

Can we develop an EFT for the Bootstrap amplitudes?
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Bootstrap Results: m (), (/)

m, x pi? EFT breaks down for
-4 SU(N) axion masses
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The coincidence remains...but...



Axion dominance and approximate integrability

For m*> < § < £*, analyticity locks the axion coupling to cancel the Weyl anomaly a, in the
We expect smaller particle production in the UV (1%)
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Flux-Tube Bootstrap: What’s next?

Our argument relies on the assumption QCD flux-tube S-matrix “close” to the real-world one

Emission/Absorption of Glueballs World-sheet particle production: multi-particle Bootstrap

Hebbar, ALG (to appear)

Naively: Stronger constraints!

ZPz_)n=1 — P2_>2+P2_>4+...S1

Homrich, ALG, Penedones, Vieira (to appear this year perhaps)
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&-particle Jet States
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Regime in which the S-matrix Bootstrap shows its power: cutoff A = 2m, no small parameters.
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Regime in which the S-matrix ]

otable Glueballs spectrum

Glueballs in SU(3) pure YM

JFC Mass
G 0+ 1
H | ot 11.437 £ 0.006 |
& 07" | 1.72 +0.01
H* 27+ | 1.99 + 0.01

Bootstrap shows its power: cutoff A = 2m, no small parameters.

Pole Structure in GG->GG scattering

s-plane, t = ()

IG\“ | HA l ‘{G *  s-channel cut
-1 0 1 2 . 5

u-channel cut

Athenodorou, Teper 2007.06422, 2106.00364

Can we bound these couplings using only general principles?
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Amplitudes in 3+1 D: general properties

Crossing: M(s, t, u) symmetric in the three variables
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Crossing: M(s, t, u) symmetric in the three variables

s=(py+p)5t=(p—p3)5u=(p; — ps)*

- s — 4m? L
Unitarity: 2Imf, > \/ - |/, > fr= 3771J_1 dxP (x)M(s, 1(s, x))

I
/\./ N 4m2
Analyticity: e
Martin ‘66 ¢ = — 28m? \ / f = Am?2 e

For any fixed-t, analytic in the cut plane




Amplitudes in 3+1 D: constraints

S-U crossing + analyticity Doubly-subtracted fixed-t dispersion relations
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S-u crossing + analyticity

M(s, t) — M(sy, 1)) = |
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Amplitudes in 3+1 D: constraints
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s-t crossing (Not manifest)
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+ i Im f, (1’)1?5,”,)(5: So.to)dv,

£.v

)

\

s < 60 according to Martin, but in practice s < 12

a n
<d_> M@ -2t.,t.+7)| _,=0,no0dd
i

Equation that generates the “null constraints” used in the positivity literature

o 1+ Re[S,] Im[S/]
Unitarity ( Inl[ SE] |- Re[Sg]

B ( Ps Re[fé’]

2 — psIm|fy] psRe

pe Im

Je)

el

) £ We can use SDPB!




The Glue-Hedron

In the GG — GG scattering we measure the coupling gXXG2

-

\

max |[gc| || max|gn| | max|ge+«| | max|gn-
213 158 224 2.15
206 156 217 -

SU(3) YM Lattice g; =~ 50 =7

De Forcrand, Schierloz, Schneider, Teper ‘85

JFC Mass
G 0+ 1
H | 277 [1.437 £0.006
G*| 07" | 1.72+0.01
H* QT 1.99 4+ 0.01




The Glue-Hedron

In the GG — GG scattering we measure the coupling gXXG2

-

\&

max |ge| || max|gu| | max|gg+| | max|gm~]|
213 158 224 2.15
206 156 217 =

SU(3) YM Lattice g; =~ 50 =7

AL L

0

-

De Forcrand, Schierloz, Schneider, Teper ‘85

NoO

AL )

a0

L L L

JEE l Mass
G| oFft] 1
H . 2T+ 11.437 + 0.006__
G” ' 0" | 1.72+0.01
H” 27+ | 1.99 4+ 0.01
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Glueballs: What’s next?

Fixed-t dual Bootstrap: amplitude can be reconstructed up tos = 12!
1) We need better dispersion relations

&) We need to include other processes G*G*->G*G*, GG*->GG*, but anomalous thresholds!



Glueballs: What’s next?

Fixed-t dual Bootstrap: amplitude can be reconstructed up tos = 12!
1) We need better dispersion relations

&) We need to include other processes G*G*->G*G*, GG*->GG*, but anomalous thresholds!

" 89.41 125. ?

Elias-Miro’, Gumus, ALG, Zahed (to appear)

(Auberson-Khuri), more recently

Use x = (st + su + tu), y = stu, crossing symmetric variables Gopakumar, Sinha et al
y = ax

Roy-Wanders-Mahoux dispersion relations: y = a(x — x;)

We are on a quest to find which function can get usto s — o Elias-Miro’, Gumus, ALG, Zahed (work in progress)



Precision physics from Bootstrap: QCD Spectroscopy?

LIGHT UNFLAVORED MESONS

Mass
b
Unitarized yPT
07*@3's,) 173%,) g : : :
— | Dispersive Roy Equations analysis
K(1830)
{1760}

Easy to work with physical pion masses
Hard to control systematics

h,(1595)
0**@%,) 1*@'P) 27*1'Dy

Lattice QCD

Hard to study physical pion masses
Clean Systematics

2 3 o
Orbital excitation 6

Bootstrap as a rigorous tool to predict the physics
and extrapolate the spectrum?®

https:/ /pdglive.lbl.gov/ParticleGroup.action?init=0&node=MXXX00S



Non-perturbative properties of amplitudes
o(1)
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https://arxiv.org/abs/2310.06027

Non-perturbative properties of amplitudes
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2->2 Amplitude of U(1) Goldstones in 4 dimensions
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J = a(M?)

Ea

L LTS &

Normal Regge
trajectories

Fooe The vacuum

trajectory (Pomeron)

(1) = 1.08 +0.25

aPomemn

GeV?

a)(1) = 0.52 + 0.9

GeV?

The Birth of



https://arxiv.org/abs/2310.06027

Advancements for Primal I: [, . convergence

Primal Bootstrap: at the moment more flexible, powerful, simpler to code

1) Ansatz for M(s,t,u)

1!
2) Numerically project f, = BTJ dxP (x)M(s, 1(s,x)),for ¢ <L .
TJ_q

2
m 2
‘ff‘ ,fOI’f S Lmax

3) Impose 2Imf, > \/

\)



Advancements for Primal I: [, . convergence
Primal Bootstrap: at the moment more flexible, powerful, simpler to code
1) Ansatz for M(s,t,u)

1!
2) Numerically project f, = BTJ dxP (x)M(s, 1(s,x)),for ¢ <L .
T J_

m2 )
‘ff‘ ’fOPfSLmax

3) Impose 2Imf, > \/

\)

Improved Positivity constraints

2t
ImM(s,0 <t <4) =167 ) (2¢ + 1P, (1 + 4) Imf(s) >0
S_
4

ImM(s,0 < t < 4) — Z/=1672 » (2f+1)Pf<1 = >1mff(s)zo

s—4
KSLWLCZX f>Lmax

For any t necessary positivity constraints on the tail of higher spins!



Advancements for Primal II: V, . convergence

1) Ansatz for M(s,t,u): powerful enough to describe weakly coupled resonances

\/SO—4—\/4—S

p(s, 5p) = Real s — €'
\/S0_4+\/4_S A¢ = Jac X As = Jac X 2mI’
1 ol ; o Plot| = ol /.58, (50, 4, 100}, PlotRange - Al1]

(-8 +s +s0)3?

~B4ses

O 5__ m322.15 ‘ 0.12

\)
4§ | : k , 1 4 0.08
1 3 3 4 0.06
2 0.04
—0.5 H 0.02
B ‘ 20 40 60 80 100
_1l 2m.1". 20.19
I max Jac for s, = m

Resonant structure, coupling &« —
m

We choose different foliations {s, = 6.67,30,50,80,...}



Real world QCD spectroscopy (work in progress)

Goal: Use the Bootstrap to “Fit” .

fiXperi

mental Data

AG, Haring, Su (work in progress)

"\,
Experimental situation incredibly messy! .
Pions are unstable, and we don’t detect the scattering directly. '
L
T .



Real world QCD spectroscopy (work in progress)

Goal: Use the Bootstrap to “Fit” Experimental Data  AG, Haring, Su (work in progress)

"\,
Experimental situation incredibly messy! ."";..
Pions are unstable, and we don’t detect the scattering directly. '
n‘ i
In the £ = 0, = 0 channel data coming from different N i: N’

experiments are incompatible!

30

25

TF 25
1 20

15

20
15
10

05 . y 0S5

20 30 40 0 60

[=2,0=0 I=1,0=1

Before applying the Bootstrap to phenomenology is important we carefully choose the data to use!



The Pion Kink

Idea: construct a class of crossing symmetric, analytic and unitary non-perturbative amplitudes depending

on few parameters to
1) Fit Data
&) Extrapolate

How can we construct such an amplitude?

AQG, Penedones, Vieira ‘18

: 0) _
Moving these ay” =0.22
three. inputs 20 =036
the kink

Low Energy constants in yPT The Pion Kink

- <(0)
I 5()

!

ﬁﬁ“

1.5 +

1.0~

0.5~

I | I I I I | I I I I | I I I I | [
10 20 30 40 ——T




Navigating towards the Kink

Chiral zeros { f(go)(zo) =0, féz)(zz) = 0},

1 scattering length féo)(4) = 2a(§0) -—

AG, Haring, Su (work in progress)

We navigate in the 11 red parameters to find the best values!

L

0 _ 0 _ 0 _ 1 —
(837 1270) = 08370 050) = 0, S70m7 1350)) = 0, 872(m4570) = 03

Discrepancy with Colangelo: we still need to tune better the

5(0)

0
6
5 a3

| =
4 jﬁ
3

KK threshold missing,
. Inelasticity missing
1

: \)

20 ‘ 40\60 ‘ 80 ‘ 100 ‘ 120

parameters!

0.6

0.2 -

- 50)
5()

! \ RBC and UKQCD Lattice

Collaborations

0

& 15 20

- Isospin Corrected Data



(1)
| 51

otep 1 of the navigator algorithm II

4,
3
i -
i /
5
| Line-shape from pion form factor
R 20 40 60 80 100 120
~_20 40 60 8 100 120
N
0.2 RBC and UKQCD Lattice
I Collaborations
_0.4 1 { {
\\\ } { ¢
~0.6 - \
| 5(2) ~
-0.8 0

2.5
1.5

0.5

(0)
52

AG, Haring, Su (work in progress)

We are still using

data people believe
are wrong
2
[]
20 40 60 8 100 120
5(2) “““ 4‘0 | | | 6‘0 | | | 8‘0 | | | 160 | | | ’IéO
2 B o We will not fit
this one, only

-0.02 -

-0.04 -

-0.06 -

-0.08 -

compare




o Including Inelasticity
S(()) — 77(0) 2id

05

0.0 1\

v\

10

(2) e
50 0.1

Improvement!

Without Inelasticity With Inelasticity



Outputs: Scattering Lengths

2
aé ) aM

) l l l N 004 1
-0.0430 - max

: 0.040
-0.0435

E 0.039 -
~0.0440
-0.0445 -
-0.0450 0.037
-0.0455 0.036

With Inelasticity

Without Inelasticity



Outputs: Spectrum

Different determinations of the o since 2001
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How we extract the o ,

2 4 6

Different paths of the Newton Method
to find the zero in Séo), for different

N, (super stable Bootstrap solution)



Plan to finish the paper (8)

1) Not fixing the p, but navigate to a better kink (we know 1t 1s possible, example 1n backup slides)
2) Propagate errors

3) Check different data sets

4) Bonus: extract higher spin resonances



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

o o *

. S _ 1 [ S S2 . 1 3

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!



The dream: multi-particle Bootstrap

The majority of the bounds so far are consistent with any amount of particle production, even zero.

oimplest case: massless Goldstones on Strings in 3D

Idea: project multi-particle states into jet states
No collinear divergences in this theory!

&-particle Jet State
1

n, P) =v2n +1 | da
0

Pn(2a_ 1) |Oé, (1 —&),P>2 J (@) (b)
V8ma(l — a) 3 — 3 2 -4

Problem decomposes into a bunch of 2->2 processes

Homrich, ALG, Penedones, Vieira (working in progress) ¢ o WY q . X g . I ;/
V11—=11 — A\ ! s¥MIn—=>1m — 4 s Mupl—-aml — N 4
S nl==1m — / A S In—=ml — )S \ y 1 l1=-nm — fj_-;._, ' )
¥ ) Ny - Y " \"_ / : .
;S,,,”_.) l ] — /—_'\ &lll(l hll&lll.\' ASI)”—))‘") — /"l\ > (())



The Multi-Particle Matrioska coming soon...

R->&

No contraints 10

Imposing Nambu-Goto




Toy model: max spin-& coupling

The maximum residue at the spin-2 pole is a hard problem ( Z, symmetry, no s = m? pole )

—g? 2t

M D P2 1 + + ...~ tz AG, Hebbar, van Rees 2312.00127

s — my m? — 4m? \
Without Regge it would violate unitarity!

They must restore M(t - o0,s < 0) < tlogzt




Toy model: max spin-& coupling

The maximum residue at the spin-2 pole is a hard problem ( Z, symmetry, no s = m? pole )

— g7 2t
M D : P2 1 + + ...~ tz AG, Hebbar, van Rees 2312.00127
s — my m? — 4m?

Without Regge it would violate unitarity!
They must restore M(t - o0,s < 0) < tlogzt
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Low energy QCD

In QCD dynamical mass generation, non-perturbative RG flow

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

f4

(1
S T e

| . L N e 1 W
001 003 005 007

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
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2 7 -i x/
0 -l“‘/... -~ A d 0 O’r— .‘"‘L ! - 4 A !D
20 o0 100 140 20 o 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



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 S S - oo 1 3
Low Energy Constraints: S(s) = 1 + 14 3 1(1/5 oy )s” + ...
Solution (Schwarz-Pick Theorem) gauge group Lz SU(2) SU(6) [SU(o0)
y> 3 X 768 ||-0.4 []]-0.3 B][0.2 [,B]] 03
768
[4] Baffigo, Caselle ‘@3
3l — §
S (S) — 8 [5] Caristo, Caselle, Magnoli, Nada, Panero ‘21
; ° [1,6] Dubovsky, Gorbenko, et al




A New Kink

Undergoing search in a 4 parameter family of amplitudes AG, Haring, Su (work in progress)

(2)

%

a(gO) =0.22 ~0.04038
(1) 7O

a, = 0.033 0.001630 0.001632 0.001634 0.001636 0.001638 0.001640 2

~0.04042

% =036 ~0.04044

iy = 2.04 —0.04046

~0.04048

~0.04050




A New Kink

Undergoing search in a 4 parameter family of amplitudes AG, Haring, Su (work in progress)
ey
0

a(g()) = (0.22 ~0.04038 157

(1) ‘ ‘ g g g ‘ CZ(O)
al 20038 0.001630 0.001632 0.001634 = 0.001636 0.001638 0.001640 2
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Analytic properties

Example: 1 scalar field of mass m in the IR
t-channel

Mandelstam plane
S+t 4+ u=4m?

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

\ L s=t=u=4/3m?

Crossing symmetric point

t=0

u-channel s-channel



Analytic properties

Example: 1 scalar field of mass m in the IR

t-channel

Mandelstam plane
s+ t+u=4m?

t = 4m?

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

L s=t=u=4/3m>
! Crossing symmetric point

t=0

u-channel N\ ey s-channel

2

T(s,t,u) = — co+ (32 + 12 + it?) + ¢35t + ... * = x—<m

S-matrix Data

The set {¢y, ¢5, C3, ...} parametrizes the space of amplitudes



Analytic properties

t-channel
_ — _ — Mandelstam plane
T(s,t,u) = — co+ (32 + 1% + it?) + c55Til + ... St fdo— Am?
t = 4m? |
Space of amplitudes parametrized by {c,, C5,C3, ...} '
: s=1t=u=4/3m?
O Crossing symmetric point
b t=0
- A . A
u-channel RN /b‘@ s-channel :
= Real axis at fixed-t
Analyticity tells how to go into the complex plane!
Analytic in the s-plane away from the cuts for all —28m?” < t < 4m? Martin, Jin, Froissart, Mandelstam,

Lehmann, and many many others

t Ims




Analytic properties
t-channel

Mandelstam plane

T(s,t,u) = — cy+ (5% + 12 + i1°) + 55T + ... e dm?

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

t=0

% \‘\ "l @
u-channel N O W s-channel

z et L Real axis at fixed-t

Analyticity tells how to 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

Am? t < — 28m?: we hit the double discontinuity!

—1 Res Correia, Sever, Zhiboedov 2111.12100
Tourkine, Zhiboedov 2303.08839




Unitarity

. T(Sa 1 < t()) ) - ) —
Froissartbound  lim =0 M(s,t,u) = —co+Hce (57 + 17 + i) + 55t

s—oo | g]? .
Dispersive parameters = operators of dimension > 8

Non Dispersive




Unitarity

1(s,t < 1) B

Froissart bound  lim : 0 M(s, t,u) = —c, o, (5% + 1% + it°) CySti + ...
§— 00 ‘ g ‘
Dispersive parameters = operators of dimension > 8
Non Dispersive

Cy =

am2 Y Subtraction point £=0

lJ LUK S0 t=so=48m> T =162 Y QF + DImf()PA(1 +21/(s — 4)) 2 0

T

Positivity Legendre positivity
P,(x)>0, x>1



Unitarity

. T(Sa 1 < t()) ) - ) —
Froissart bound  lim — =0 M(s,t,u) = —coHor(S“+ 17+ u”) + xSt + ...
§— 00 ‘ g ‘
Dispersive parameters = operators of dimension > 8
Non Dispersive

Cy =

lJ LUK S0 t=so=48m> T =162 Y QF + DImf()PA(1 +21/(s — 4)) 2 0
T

2 14 Subtraction point — cre .
4 ‘=0 positivity Legendre positivity

P,(x)>0, x>1

0 _ pef(s)—t J Y 16226 + Dimnf, (1)k,(v, 5)dy

1

"NOT POSITIVE!



Unitarity

_ " 1(s,t < 1) _ 0 o I R Sa— ——
roissart bound 1m ‘ ‘2 M(s,t,u) = CO+6‘2(S [ 1) CySTu + ...
§— 00 S
Apersive parameters = operators of dimension > 8
Non Dispersive
¢, = lJ (" 0) >0 fty=s5y=4/3m? T (v,t) = 16722 2 + DImf(s)P(1 + 21,/ (s — 4)) > 0
T % ' ' _
A2 Subtraction point =0 Positivity Legen dre positivity
P Ax)>0, x>1
In}ff(s)
Co 1 [
—— =Refy(s)=— | ) 162(2¢ + D)Imf,(»)k/(v, )dv S
167 \72’520 E 5 2\/ s — 4m?
"NOT POSITIVE!
»Re f,(5)

- Unitarity saves the day!

S — 4m2 o)
Unitarity: 2/mf, > | /7]
)



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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We bound ¢, ¢, using dispersion relations and unitarity! Bonnier, Lopez, Mennessier, “70s
It is an exercise in constrained optimization theory. AQ, Sever 2106.10257
¢,/ (327)
Positivity
1 (% T,v,1)
C2 —_— = 4 — Z O
Tam2 V

— ol (327)



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
Theory the

Work ir

Unitarity
Imf,(s)

»Re f(s)

Elias-Miro, AG, Gumus 2210.01502
Elias-Miro, AG, Gumus (work in prog¢




Methodology: example max ¢,

PRIMAL

N

max

T(s,t,1) = ) AP PP

a,b,c

\/ 4m? — sy — \/m
o \/4m2—so +V4m? —s
MANIFEST CROSSING + MAXIMAL ANALYTICTY

S¢p=1 +i\/S_4ff(S)

\)

p

‘Sf‘z Sl Sg,,id>4m2, f:O, L

>TTmax

Truncated set of semidefinite-positive constraints

N

max OO9L — OO’Sgrid — 3

max

Paulos, Penedones, Toledo, van Rees, Vieira '17

FIXED-t DUAL



Methodology: example max ¢,

PRIMAL

N

max

T(s,t,1) = ) Qe pLPS

a,b,c

\/4m2—so —V4m? -
o \/4m2—so +/4m? — s
MANIFEST CROSSING + MAXIMAL ANALYTICTY

S50, =1 +i\/S:4ff(S)

‘Sf‘z Sl Sg,,id>4m2, f:O, L

> max

p

Truncated set of semidefinite-positive constraints

N

oy —> 00, L, — 00,

max grid — 3

Paulos, Penedones, Toledo, van Rees, Vieira ’17

FIXED-t DUAL

L

max

Wis,t,u) = ) Po(1+ 2t/(s — 4m>)w(s)
l

Lyor ¢pu*<60m?
Co < [ w(s) + \/ v'vf(s)2 + wf(s)2
g J4m?
W (s) <0
Ly Dual positivity
\)
u? < 60m?

ALGORITHMICALLY AND THEORETICAL RIGOROUS
(Bounds follow from Wightman axioms)



BSM Applicaiton: Dimension 6 operators

my & 12535GeV M o 0o

Th t eni tic pi fthe Standard Model!
e most enigmatic piece of the Standard Mode [, ~ 4 MeV r,

ATLAS, CMS 4/7/2012



BSM Applicaiton: Dimension 6 operators

my ~ 125.35 GeV Mg 3% 10-5
I, ~4 MeV Ty

ATLAS, CMS 4/7/2012

The most enigmatic piece of the Standard Model!

Assumptions same as SILH: gq, << ggqy, Custodial symmetry SO(4) ~ SU(2); X SU2)p

Giudice, Grojean, Pomarol, Rattazzi hep-ph/0703164

Py |HP0" [ HI + ..

22



Island of O(4) amplitudes
M

=, 4+ ;) 5H 5 + ch(F2 + it?) + .

Dispersive parameters

Let’s be rigorous, “Wightman axiom style”

/0

~(s—4) = Ref¥ (s) / Oszkgf”é”(s,v)Imfg”(v)

CH
3 4

- NOT POSITIVE!



Island of O(4) amplitudes
M

=, 4+, 5H ¢ 5° + cA(F2 + i) + ..

Dispersive parameters

Let’s be rigorous, “Wightman axiom style”

T o0
cir 7 (s-4) = Ref{®) ()~ L dv k&7 (s, v)Im {7 (v)

NOT POSITIVE!

Higgs coupling expected to be deep inside!

CH

1.5
0(4) Island

1.0

-0.5 _~ 0.5

-1.0

Elias-Miro, AG, Gumus 2311.09283



Bounds on Extremal EFT couplings

SILH Assumptions into the Bootstrap: my; — 0, ¢; — 0
A to sets the units

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

Technical assumption:
We consider only UV dragons (more perturbative analyticity )

gCHS = Ref;” (s) -




Bounds on Extremal EFT couplings

SILH Assumptions into the Bootstrap: my; — 0, ¢; — 0
A to sets the units

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

Technical assumption:
We consider only UV dragons (more perturbative analyticity )

-
o CHS = Ref(3)( ) — 4~ dv k(3 )(s v)Imf(J)( )
f=—A2 7
* Elias-Miro, AG, Gumus 2311.09283
;
4
2
e, ——_——— —— SMEFIT Collaboration 2105.00006
5 —t— 15 20 A2
2 A(1TeV 81 S >
| (17TeV) (1TeV)
_4
.




