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S-matrix Bootstrap

Theory =)  QObservables

1) “Write down” an amplitude based on symmetries, analyticity, unitarity....
Chew, Mandelstam,... 1960s

given a theory, “bootstrap” the observable.

Multiple modern incarnations, e.g. higher-loop amplitudes from mathematical
properties of special functions etc.
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S-matrix Bootstrap

Constraints on

emm  (QObservables
Theory Space

2) Map out theory space based on symmetries, analyticity, unitarity,...
of amplitudes

Use observables to “bootstrap” the space of theories.

Multiple modern incarnations, e.g. weak-coupling / non-perturbative / primal /dual...
applied to pions, super Yang-Mills, gravity, scalars, ...
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This talk

Bootstrap in the context of effective field theories
Weak-coupling
Bounds on the effective couplings (Wilson coefficients) in Effective Field Theory

Constraints on spectrum

Talk has two parts

Part 1: general ideas in bootstrap, some examples, phrased generally, but think of pions

Part 2: constraints from higher-point amplitudes on the bootstrap of 4-point amplitudes
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Scale of new ———

thSiCS A Top quark
What we know iggs
and

W, Z

’
what we don’t know roton, neutron
pions

muon

electron
neutrinos
photon, gluons
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Low and high energy Energy?

Separation of scales High energy 2297?
physics  _J SN
"the UV”
— 77?77
Scale of new
B physics A

Massive spin J,

Low energy physics . _ _
”the IR” Massive spin J;

- Massless particles
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Low and high energy Energy?

Separation of scales High energy 2297?
physics _ SN
"the UV”
— 77?77
Scale of new
B physics A

Massive spin J,
UV physics imprint Low energy physics
on the IR physics "the IR” Massive spin J;
— Low energy
effective field theory (EFT)
description

- Massless particles
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Key Example

Massless Adjoint scalar ¢

Large rank N
Weak coupling
Mass gap, analyticity, unitarity
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Key Example

Energy

Massless Adjoint scalar ¢

Large rank N 7/
Weak coupling
Mass gap, analyticity, unitarity =3

f, (2050 MeV/c?)

Rho3 (1690 MeV/c?)

J=2 2
T T f, (1270 MeV/c?)
J=1 ¢ Rho (770 MeV/c?)
Pions
T mesons T

Leading Regge trajectory

*) N¢ vs. N.: for pions, need large N, limit. Have pion triplet for N¢ =2, octet of pions, kaons, eta for N¢ = 3, etc. Keep N¢ general.
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Mandelstam variables

Amplitudes s =(ps +p2)’
‘ t =(p1 +ps)’
' u=(p1 +ps)°
2 T4 _
Color-ordered scattering amplitudes s+t+u=0

All incoming

Ay(p2¢" — ¢°p%) = A[1234] Te(T*T TT?) + perms(234)

are written in terms of the Mandelstams A4[1234] = A(s, u)

Cyclicity A4[1234] = A4|2341] gives “crossing relation”

A(s,u) = A(u, s)
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Basic scalar exchange = \{ !

Ly =1 Tr(™ 1) ! | !
A(S u) — 112 1 + 1
Energy? e sl M2 u! M?2
Large |"| behavior at fixed u
5 .
! Massive scalar | A(S, U) | O(SO)
Low-energy expansion
A 21 2 | 2
A(S,U) = g + (s + U)
| 12 2 12 3 3
Massless scalar ! +W(S + Uu°) + W(S + Uu)+ ...
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EFT expansion  raswes#easwys,-.1%-.0
The effective couplings #, -4are in one-to-one correspondence with the Wilson coefficients

A(S,U) = ag,o + a1,0(S+ U) + ax0(s” + U?) +az1SU+ ago(s® + U’) + ...

Tr(! 4< ] \ / \ .

W \2n 2
)™ Linear combs of Trf( )2"2}

Tt )R )
Tt ™)) )" ]

Bootstrap => bounds on the 4-point Wilson coefficients ! .4
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H a0 1
Basic scalar exchange =
di o M
21 2 | 2 | 2 | 2 a 1
A = + +Uu)+—(SP+ U+ —(sSS+ ud)+ ... 3.0 _
Fixing an overall smallest ;‘i—’z 2
mass scale Mg,,=1, o » Scalar M*=1
consider scalar with N
M?2=1
Massive scalar M?=1
1 A o a2.0
Massless Scalar ! 0.0 0.2 04 0.6 0.8 1.0 al’o
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Basic scalar exchange

21 2 | 2 | 2

A(s,u) = I + M4(S+ u) +W
Fixing an overall smallest 2.0
ai,o

mass scale Mg,,=1,
consider scalar with
M2=1 and 2.

Massive scalar M2=2

Massive scalar M2=1

1 Massless scalar !
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3.2,0 1

di o M 2
(s? + u?) + i(se’ + ud) + a0 _ 1
M 8 o a;o M*

1.0

0.8

0.6

» Scalar M?=1

« Scalar M2=2

d2 0

0.2

0.4

0.6 0.8 1.0

aj o




Basic scalar exchange

21 2 | 2 | 2

A(s,u) = I + M4(S+ u) +W
Fixing an overall smallest 2.0
ai,o

mass scale Mg,,=1,
consider scalar with
M2=1 and 2.

Massive scalar M2=2

Massive scalar M2=1

1 Massless scalar !
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3.2,0 1

di o M 2
| 2
2 2 - 3 3 a3,0 1
S“"+ U )+ —(ST+U")+ ... =
(8 + U0+ (8% + u?) =
10 Scalar M2=1
0.8
0.6
0.4
Scalar M2=2
0.2
d2.0
0'%.0 0.2 0.4 0.6 0.8 1.0 al 0




. azo_ 1
Basic scalar exchange =
ai,o
21 2 | 2 | 2 | 2 a 1
A(s,u) = + + +_(sP+ U+ ——(sSP+ U+ ... =2 =
. . a:
Fixing an overall smallest g
1,0 10 2
mass scale Mg,,=1, Scalar M*=1
consider scalars with
M2=1 and 2. : 2
g a0 _ @0
ai,o ai,o
Massive scalar M2=2 o
Massive scalar M?=1 . Scalar M?=2
1 A 0.2 0.4 0.6 0.8 1.0 aQ_’O
Massless scalar | a0

JMI UNIVERSITY OF MICHIGAN




Basic scalar exchange

21 2 | 2 | 2 5 2 | 2 3 3
A(s,u) = I + M4(S+ u) +W(S + U°) + W(S +Uu’)+ ...
. . a:
Fixing an overall smallest %

1,0 10 2=
mass scale Mg,,=1, Scalar M7=1
Consider scalars with
M2=1 and 2. : 2

y a0 _ @0
ai,o ai,o
Massive scalar M? o
Massive scalar M2=1 . Scalar M?
1 A 0.2 0.4 0.6 0.8 1.0 aQ—’O
Massless scalar | a1,0
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Basic scalar exchange

2|2 | 2 | 2 | 2

M . . 2 2 M 3 3
= — —_(s° + +
A(s, Uu) M2+M4(S+u)+M6(S +u)+M8(s u’)+ ...
. . a3 o
Fixing an overall smallest o
le M. =1 1.0~ Scalar M2=1
mass scale M,,,=1, L#"%S$' /[ +$$.2'34"
Consider scalars with sl *t,,,"D. ,6+-+&'78.%8&".
M?=1 and 2. : )
aji o ai o
Massive scalar M?=2 o
Massive scalar M2=1 .
1 A 2,0
Massless scalar ! | | | | S a0
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Allowed region

A(S,U) = ago + a1,0(S+ U) + ax0(s” + U?) +az1SU+ ago(s® + U%) + ...

Claim: this is the only
allowed region of any
UV completion with
I Mass gap Mg,,=1
I Positive spectral density
(unitarity)
I “UV boundedness”
A(s, 1) I Ofor |s|!"
S
for $ fixed

a3,0
1,0 Scalar M2=1
0.8
2
o _ o
di o di o
0.4
0.2
d2 0
0.2 0.4 0.6 0.8 1.0 -
aj o
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"#$%&H#" )&%*+,"I'&).".N) k! g" 1
Im

O - Re( ¢ %, )

X dk,q — dy\f! (y) y" kV! <
< =0 1 Y
1 Y,

S.
=$7 #&+-'%5.&'78." y =
0 . ul n IO _Il —
9%)((67"5.'6%</"$%,  guug ¢ guar /678t M2,
A(s,u
(s ) I O for |s|!"
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"HS%&H" ()&% +, " 0Y&)." ) k! q" 1

Im -
>, <FHEE “Spectral density” | Im a, (S'/M gap 1 O
Mgap M2
¢ | re( ¢ %, / N
mg _ " k
\ Ay q = dy\f!(y)y Vig
!:0 1 \/ A
! ) 28 [+&T )5 @1+$,"%$
| ! " o) o) .. 2u"
= K g _ 5 A(s,u) = N a(s) G 1+ —
9%):;".((-67"5.'6%</-"$#, 8?;5'3?;#?5}:‘2‘775& y= MZ, o ! s
A#.$3+<.&
A(s, u) "$'BCD'9.4.$2&
I | . .
s 0 for |s|! ool

E%$$.#+7"5.'6%.(("6".$7,
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Basic consequences 4 ¢ %, N
Ak,q — dy f,(y) y" kV! q
2) ai0! agzo! azo!
3) Hankel matrix constraint det 4.0 20 0
ao aso

a ° a a
It follows that 20 B0, 220

ai,o aio aio

GO FO
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Allowed region

A(S,U) = ago + a1,0(S+ U) + ax0(s” + U?) +az1SU+ ago(s® + U%) + ...

This "#the o.nlv 210 Scalar M1
allowed region of any
UV completion with 08
I Mass gap Mg,,=1
I Positive spectral density °¢ 32,0 2 ;A0 &0
(unitarity) a0 a0 Ao
I UV boundedness
A(s,u
(s ) I 0 for |s|!"
for $ fixed 0.2 0.4 0.6 0.8 1.0 ::2—’0
1,0
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Allowed region

A(S,U) = ago + a1,0(S+ U) + ax0(s” + U?) +az1SU+ ago(s® + U%) + ...

a3,0
a0 Scalar M?=1
Compare with
0.8
other models: ,
06 a0 _ @0
aji o ai o
0.4
0.2
az.0
0.2 0.4 0.6 0.8 1.0 -
ai.o
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Allowed region

A(S,U) = ago + a1,0(S+ U) + ax0(s” + U?) +az1SU+ ago(s® + U%) + ...

a3,0
a0 Scalar M?=1
Compare with
0.8
other models: | 2
06 a0 _ @0
aji o ai o
04
. , -
Spin J=2 exchange Spin 2 M*=1
0.2 Y
d2 0
0.2 0.4 0.6 0.8 1.0
aj o
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Basic spin I exchange Legendre polynomials
— !

’ -
Py 1+38% Py 1+ &%

- 2
Als,u) =11 st M2 Ul M2

Large |"| behavior at fixed u
A(s,u) ! O(s))

Having only spin 0 is OK
Assuming

||

Having only spin 1 is borderline

A(s, u) '
s

O for |s|!"
Only spin J > 1 is not allowed
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But... what about pion scattering (at large " )?

s s

A
H has (S’ U) I O for |S| I
T mesons T >

The rho resonance is a spin 1, next is f, with spin 2,....

The 'good” UV behavior is achieved by having in infinite sum
over spin J states such that all the A(s,u) ! O(s’) re-sum.

" HS%ESD &('&) ")+, $*($-)%)"-
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Energy

f, (2050 MeV/c?)

Rho3 (1690 MeV/c?)

f, (1270 MeV/c?)
Rho (770 MeV/c?)

Pions

Leading Regge trajectory
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But... why then

Energy Energy

f, (2050 MeV/c?) Rho3

Rho3 (1690 MeV/c?) an d n Ot

f, (1270 MeV/c?)
Rho (770 MeV/c?)

Pions

Leading Regge trajectory
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Bound the coupling |! |

If A(s,u)! O for |s|!"
0 0 |

|2 Log-LinearPlot ! =]
max!a.T| g 0 Mip MMy
,0
L R S S A
1=0 |
0-100¢ I =1
f ' ? Spin J = 0 unsuppressed
0.010; P = 2 3
: § =3 : ‘ SpinJ=1,2,3,4... exponentially suppressed
0.001E
é L=q
107
: =5 l'
IIIIIIIIIIIIII 1I2 T 1I4
Lowest massive state has to be a scalar

7 4 6 8 10
He=1.1 Kmax 2k = derivative order
Berman, H.E. 2024




Bound the coupling |! |

!
@! O for |s|!"

If

l Spin J =0, 1 unsuppressed 0 Mip MMy
Spin J = 2,3,4... exponentially suppressed

!

Lowest massive state has to be a scalar or spin 1

J%K'78.'1-+&#.'"E0"™*.,%%$',/.67&<*'6%<-2'$%7'8+5." 7+&7.2")"78",/"$'8"#8.&'78+$'LM
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Analytic spectrum constraints

1) o ° . J=0 for A(s,u)! Ofor |s|!"

0 M 2 UM 2
A(s,u)

gap gap
J=0or1 for O for |s|!"
2) Consecutive spin bound: consecutive spin states can grow by at most 1 in spin at

each mass level, i.e. going up in the mass spectrum, there has to be a spin 1 state
before a spin 2 state, a spin 2 before a spin 3, etc.
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Hence

Energy Energy

f, (2050 MeV/c?) Rho3

Rho3 (1690 MeV/c?) an d n Ot

f, (1270 MeV/c?)
Rho (770 MeV/c?)

Pions

Leading Regge trajectory

JMI UNIVERSITY OF MICHIGAN




Analytic spectrum constraints

1) o O . J=0 for A(s,u)! Ofor |s|!"

0 Mo,  HcM,

A(s, u)

J=0or1 for O for |s|!"

2) Consecutive spin bound: consecutive spin states can grow by at most 1 in spin at

each mass level, i.e. going up in the mass spectrum, there has to be a spin 1 state
before a spin 2 state, a spin 2 before a spin 3, etc.

3) Mass bounds: given the masses,! gand! g4, of a spinJand J+1 states, the spin J+2 state
has to appear before the upper mass bound
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Apply to piOnS (massless pions, large N limit)

3) Mass bounds: given the masses,! gand! g4, of a spinJand J+1 states, the spin J+2 state
has to appear before the upper mass bound

M3
Mjio |
M;

State J | Maximum Mass (MeV) Measured Mass (MeV) B3|

1(770) 1 - 7753+ 0.2 " _
f,(1270) 2 - 1275+ 1 Predicts
1 3(1690) 3 mZ /m, =2098 1689+ 2 2470 MeV! M, ! 2618 MeV
f4(2050) 4 m?,/m¢, = 2237 2018+ 11
15(2350) 5 mZ /m,, = 2411 2330+ 35
f6(2510) 6 m#./m¢, = 2690 2470+ 50

l; 7 mZ /m,; = 2618 ??
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So far

1) Bound the Wilson coefficientsé&; . => CONVEX allowed regions

Dispersion relations _ _
4 2) Derive spectrum constraints

Talk has two parts

Part 2: constraints from higher-point amplitudes on the bootstrap of 4-point amplitudes

"HEU&' () *+,(-.)/'0(12'0.34'5#1(6.)#7 .1*%. 1%&(‘#)&'1*$3.) "% 1-#)
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Setting the stage: Rule out. But not rule in?

In this case, we could span the allowed region
as,0 Scalar M?=1

. by the basic scalar exchange amplitudes.
1,0 1.0

That is not always the case.

0.8

b Spinl M2=1

4N

0.2

1<-.2'N<7

a0

ai o

0.2 0.4 0.6 0.8 1.0
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Rule out. But not ruled in? Infinite Spin Tower

1

AT = (s! M2)(u! M?2)

Positivity => convex allowed regions

a3,0 Scalar M?=1
al,O 1.0 |ST )
21
ai,o ssIST
0.8 3.0F
Lol 1<-.2'N<7
0.6 Spln 1 M2=1 ‘
2ol E%7'1<-.2'N<7
0.4 \ 15} J=1
1<-.2'N<7 10} IST
0.2 o5l
a2,0 . . - . J=0
0.2 0.4 0.6 0.8 1.0 - 0.2 0.4 0.6 0.8 1.0
aio 2.0

ai o
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Infinite Spin Tower

Rule out. But not ruled in?

~ 1
AT = (s! M2)(u! M?2)

In general, we don’t know if a1
aio ssIST
3.0F
I H o" ”n
' asetof WI|SOI.1 coeffs that are “not ruled out 1<- 2'N<T
can be “ruled in” 25¢
- Of ol E%7'1<-.2'N<7
I If any “allowed” Wilson coeffs from the 4-point ol J=1
actually arise in a sensible theory that also '
has 5- and higher-point amplitudes who 1.0 IST
correctly factorize into lower-point amplitudes, 05l
including the 4-point amplitude. _ _ _ _ J=0
0.2 0.4 0.6 0.8 1.0
420
aio
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Higher-point amplitudes
RESSIJ =0 An — Anl I An2

This makes it straightforward to reconstruct higher-point scalar theory
EFT amplitudes from the bottom-up, e.g.

s >+ >+

9.+2"$#'%&2.& =$/<7'(&%B:/7";?0 P./7'6%$7+67'7.&%,

However, a bootstrap directly on higher-point amplitudes is elucive
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Higher-point amplitudes

But!!
If we want the n-point amplitudes to have specific properties

e.g.
supersymmetry, soft theorems, KK & BCJ relations,

. : : 89'54%):";<:'89":%1&%1$,4%%'=>?>>@
special kinematic properties,...

then imposing the symmetries at higher-point may generate nonlinear
relationships among the 4-point Wilson coefficients.

Then simply adding amplitudes may no longer be possible
-- and hence the allowed bootstrap region need not be convex.

JMI UNIVERSITY OF MICHIGAN



>&Q+IR+*.2K'S+%K'CUIHK'?"#<."&.2%'IF1
>&Q+IR+*.2K'?"#<."&.2%'IFTFBC

Hidden Zeros

0/%)#1+,,%&"(2)+3%*",45%#]"))))))))))))))/+6%)+)$% 14*"'+&)$é

19%7)/+6%)9%&'#)" )1%&,+"():"(%3+,"1)1'(-"24&+," (#

-1 1) 1_- t — —
Ag=131 2= +=0 for t=0
— 1 1 — — — 1 n
— — — — $ _
As = s——tcyclic=0 for Si;3=sS14=0 ~+s26467

+(BWH" 3" +&*T)-"&)/"2/%&)$" (,#:
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Hidden Zeros

<'890'6%&=)#,+&," (2)B.)),/%),8%%)+3$*", 45%#)/+6%)
(( 2&"6"+*)@@#$*",,"(2AA)B&'$%&,"%0o#)

As" = A4(S12,S15) # Aa(S23,S34)
nS13 =0

As" = A4(S12,S15) # A4(Sss, S34)
S14=0

+(BWH" 3" +&*T)-"&)"2/%&)$" (#

B$*" #)))CD)))E"55%()F%&'#
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L P . =(D : 2
N\ / Sik =(Pi+ P+ Px)
U"646-"6
=/ | N\

. B si =(pi+p)°

3 3 3 3 3
As = g + g + g + g + g
S125123 S235234 S34S345 S455451 S51S512

S123 S23
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L\ /P Sijk :(pi+pj+pk)2

Ag = U"646-"6
— 2
VA B N sij = (P + )
G
3 3 3 3 3
As = g + g + g + g + g
S12S123 S235234 S34S345 S45S451 S51S512
— |
S123 523
\ \_'_l
S
g°(S12 + S23)
S12S523S123
~—
(S12 + s23) for s;3=0
| 4 4 4 4
gAs! = 9 , 9 , g , 09

s13=0 S12S23  S23S15 S34512 S15534
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L\ /P Sijk :(pi+pj+pk)2

As = U"646-"6
— 2
VA B N sij = (P + )
G
3 3 3 3 3
Ag = g + g + g + g + g
S125123 S235234 S34S345 S455451 S51S512
\_'_I
S123 S23
\ \_Y_l
- |
+ —
g°(S12 + Ses) 9As! = Aa(S12,515)A4(S23, Sa4)
S12523S123 8 =
~—
(S12 + Sp3) for s;3=0
I 4 4 4 4 ) 2 2 2 2
gAs! - 9 4, 9 , 9 , 9 = g_! 9 ! g_! 9
S13=0 S12S23  S23S15 S34512 S15S534 S12 S15 S23 S34
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EFTs with Hidden Zero Splitting

We are going to bootstrap unitary EFTs with Hidden Zero Splits

This is a proto-type example to demonstrate how
information from higher-point amplitudes can further carve out
the allowed space of Wilson coefficients in the 4-point amplitude
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4-point

Impose A4i_ =0 =! [A4(s,u): I tf (s,u) w/ f(s,u)= f(u,s)}

t=0
gZ I* !
Most general EFTansatz  f (s,u) = | =— + ay o S dud
SU o0 0 g k
As(s, U
|||||$() 4(S ) I O aS |S| ' 1]

{ Zero-subtracted dispersion relations for all #e- }
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: . 2
Allowed region in :;’2, 3a2’°a00 A2 -plane As(s,u) =1 tf (s,u)
2 | 2 | 2
f(s,u)="1 J . +

(r ° ]
S i | 92 | 2
= | = =+
'ﬂ? L Convex (as usually) ® Fs,u) su (1! s)(1! u)
* o '
¥* I
e il

' || | I"I# | I$ !"I% | IgL I|

Loy 1y,
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5-point

un > >+ %

9.+2"$#'%&2.& =$/<7'(&%B:/7";?0 P./7'6%$7+67'7.&%,

Imposing hidden zeros (A« vanishes for s¢75¢,=0) does not constrain
4-point Wilson coefficients g, ., but...

Impose the splits Asg"
nS13=0
A5||

S14 =0

A 4(S12, S15) # A4(S23, S34)

A 4(S12,815) # A4(Sas, S34)

order-by-order in the Mandelstam expansion
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5-point

This fixes all the 5-point contact terms completely up to O(s® and in addition
we find nonlinear constraints among the 4-point Wilson coefficients

3 1
[3-2,1 = -~ azpo! aé,o} [33,1 =2a30 ! gizal,Oa0,0}

2 2g?

etc. Infact, only the g, ,remain free.

V.&*+$K'R;K'?"#<."&.2%"1 7%'+// .+
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5-point

This fixes all the 5-point contact terms completely up to O(s® and in addition
we find nonlinear constraints among the 4-point Wilson coefficients

3 1
[3-2,1 = -~ azpo! a%,o} [33,1 =2a30 ! gizal,oao,o}

2 2g?

etc. Infact, only the g, ,remain free.

To implement this into the bootstrap, solve for g' to get
_ 38.2,0 ! 2a2,1
ao,0

l J \ J
| |

0

aio! 2azp0+ az1

V.&*+$K'R;K'?"#<."&.2%"1 7%'+// .+
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: . a . : : :
Allowed region in ao’ , — = -plane, now with nonlinear constraints

As(s,u) = ! tf (s,u) CWLTH,,, WX

Loy 1y V.&*+$K'RK'?"H#<."&. 2961 7% " +//.+
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: . a1 3axo! 2a : : :
Allowed region in a;’o, Z’an 2L _plane, now with nonlinear constraints
,0 ,0 '
A4(S’ U) = | tf (S, u) CWLT® , WX
Ruled OUT!
2 2
f(s,u)="1 g ., 9

su (1! s)(1! u)
HZ IST is !"# ruled out
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: . a1 3axo! 2a : : :
Allowed region in a;’o, Z’an 2L _plane, now with nonlinear constraints
0 0
' ' CWLTEL, WX
A4(S,U) = I tf (S, U) T®&,.x
Ruled OUT!
NGRS IN(EED)
A= T T
Beta fct at a new sharp corner
:—3% | (0.730761.6449
)
2 2
f(s,u)=1 2 + J

su (1! s)(1! u)
HZ IST is !"# ruled out
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Spectrum

Recall from earlier in the talk

2 p— /=0 for A(s,u)! Ofor |s|!"

Q Mgap  HcM Gap

So, for the bootstrap of f(s,u), the lowest mass state can only be a scalar

Let’s assume then that we have a scalar at the mass gap and then a cutoff up to the next
possible massive state.

Inspired by the string, take the cutoff to be 2.
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IA?

2 2
Mgap  HcMgap

20

Already at K, ,,=3
the allowed region

bifurcates (purple) vsl
Kmax=6 is shown in blue %
qq 1.0+
§

0.5}

00} - ; )
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IA?
Y%%*m$

2 2
O M gap IJ-CM gap 1.6470
Already at K, ,,=3 2%
the allowed region
Bifurcates (purple) .
Kmax=6 is shown in blue %
(\ll 1.0
0.5}
0.7290 0.7295 al.o/{lO.:NOO 0.7305
0.0} - ; ) ) ‘ )
0.0 0.2 0.4 0.6 0.8 1.0
ao/an V.&*+$K'R;K'2"#<."&. 2% 7% +//.+
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IA?

o ° - Ue = 2 D =10

0 Mgap ~ HcM Gap

1.6470

Y%%**%&. T otsos

1.2 '",-+$2",IQnaxWZ
3<7I)I'78I2%<3%16+$I7% 1.64500
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2 &
::3: :I-? 16455
S 164495 e
1.6450
m m
A" +$2" QWX
296<3-.,6+$ -
164401
073070 073072 073074 073076 073078
a 0/a0 0 _- 0.7290 0.7295 0.7300 0.7305
— -7 ayo/aop

V.&*+3K'R;K'?"#<."&.2%" 7%'+// .+

JMI UNIVERSITY OF MICHIGAN




2 2
Mgap  HcMgap
15}
o‘\
(=}
S
~
- 1 1
=10 2...x W'BKZK
3
i
on
S
> 05
p—
0.0
0.0 0.2 0.4

aip/apo

JMI UNIVERSITY OF MICHIGAN

0.6

0.8 |

(Bazp-2az1)/a0p

1.65

1.64

1.63

1.62

1.61

1.60
0.71

0.72

0.73

a1,0/40,0

0.74 0.75
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Upshot

The shrinking island indicates that
&&E&RE&E ,-./&H#(01-*$2)&-"&*+)&SP.-3F)&S.-*#,4&56&78(01)*-8.

of the class of EFTs with hidden zero splits
(without an infinite spin tower at the mass gap)

Strong outcome of basic higher-point input

Is something similar perhaps true if instead of hidden zeros we assume supersymmetry?
[$2.&™$5., 7"#+7"%$'IR;K'R.&2.&,68..K"\%&+-.,0

JMI UNIVERSITY OF MICHIGAN



Summary

Two parts
Part 1: general ideas in bootstrap, some examples, phrased generally, but think of pions

Part 2: constraints from higher-point amplitudes on the bootstrap of 4-point amplitudes
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Collaborators
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Extras
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