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Are all EFTs allowed?

EFTs are widely used in physics: gravity/cosmology, particle physics

A boson fermion o
3EFT=ZA ¢; O, A A2 A

A: EFT cutoff  ¢;: Wilson coefficients

Is every set of Wilson coefficients { ¢; } allowed? No!

Lorentz invariance, causality/analyticity,
unitarity, crossing symmetry, ...

; Idea of bootstrapping

UV completion satisfies:




Simplest example: P(X)

L =- —a Do 4 ’14 (0,40"P)* +

2 1o 2 scattering amplitude: A(s,t =0) = --- 4 Lo

“First” positivity bound: 4 > 0

theories with A < 0 do not have a standard UV completion
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Similar to swampland idea
But we take more conservative approach
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Assumptions for positivity bounds (1)

Unitarity: conservation of probabilities S'™S=1=T—-T" =iT'T

Generalized optical theorem

AT F) - A (F 1) =i¥) / AT (27)*6% (pr — px) A(T — X)A*(F — X)

optical theorem (@ = 0): Im[A(I — I)] Za I X)

Partial wave expansion: A(s,t) ~ Y (2¢+ 1)Py(cos 6)a(s)
=0

, , (2-2 scattering, for scalar)
Partial wave unitary bounds:

0 < |as(s)]” < Imay(s) <1



Assumptions for positivity bounds (2)

Causality/Analyticity: A(s, 1) as analytic function
Im(s)
s, 1, u: Mandelstam variables

—t m? 4m?

e rigorously proven in 60’
S Re(s) Martin, ...

Crossing symmetry: A(s, 1) = A(u,t) = A(t, s) (for scalar)

Locality: A(s, ?) is polynomially bounded at high energies

FrOiSSB.rt(-Martiﬂ) bound: Froissart, 1961; Martin, 1962

lim |A(s,t)| < Cs'™), t<4am?, 0<e(t) <1

S— 00



Fixed t dispersion relation

Analyticity in complex s plane (fixed 1)

1 A(s
A(S’t) p— 2_ % dS/ /(8—7 t)
Tt Jce S S

Froissart bound |A(s" — 00,1)| < s
SU Crossing symmetry

12—e

su symmetric dispersion relation

00 d R 2 2
A(s, t) ~ / L2 % m A, t)
e ol lp—s  p—u > A’

EFT amplitude IR/UV connection UV full amplitude



Forward positivity bounds

Forward limit: 8 = 0 (1e,t = 0)
Massless limit (optional): m << A

© ( ) 2 2 7
A(s,0) ~ / £ % | m A(g,0)
A2 TS LB —S Pt S

v

C2,08” 4 c408" 4+ = (/ 2 d?ImA(l% 0)>32 T (/ 2 dl;ImA(Ma 0))34 e
U T
matching 2du
—]- Sum rules: Cno0 = / o Im A(u, 0)
Forward bounds Optical theorem: Im[A(s,0)] = /(s — 4m%)o(s) > 0
Cono > 0

Adams, Arkani-Hamed, Dubovsky, Nicolis, Rattazzi, 2006 + earlier works



Iwo different directions to go

¢ one-field — multi-field for S2 coefficients
2)s° | 2/117-_)”52
A(s,t =0) = I o el Aij—>kl(Sﬂt = () = v T

- lowest order positivity bounds — dim-8 ops
-+ phenomenologically more relevant

¢ higher order coefficients for s and 7 expansion
A(s,t) ~ c08% + C18%t + cons?t® + - -

- to understand naturalness in EFT
- of theoretical iImportance
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Multi-field cone for s coefficients

based on a series of collaborations with Cen Zhang



Our fascinating universe

Universe is more complex than just one identical scalar!

S M EﬁeCtlve F|e|d Th eOry (S M EI:T) Standard Model of Elementary Particlgs

three ger(!feratipns )of matter interactio(rl\)s / forc)e carriers
| Il ]
Cj(6) 0]°(6) C .(8) 0 .(8) mass =2.2 MeV/c? =1.28 GeV/c? =173.1 GeV/c? 0 =124.97 GeV/c?
l l charge j/; j/, j/; :) g
gSMEFTZgSM_F E + z + ... o s U . @& . @ g .H
A2 A4 up charm top gluon higgs
j i =4.7 MeV/c? =96 MeV/c? =4.18 GeV/c? 0
v - -% 0
. . « % « 1 L
SM particle contents and global symmetries down || strange || bottom || photon
=0.511 MeV/c? =105.66 MeV/c? =1.7768 GeV/c? =91.19 GeV/c?
SM gauge group structure ‘@ I0 |[@ [ @
electron muon tau Z boson
»n — — Y ) U
. . Z [< =80.39 GeV/c?
e Parametrize new physics LW W ®|®
L_IJJ n:auttrmo > ) n::::rmo > ) tt no ) W boson

e Popular current approach
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we consider up to dim-8, or § still huge parameter space!

How to obtain the best forward bounds for EFTs with many DoFs?



Generalized elastic positivity bounds

Flastic scattering: i +j — i +J Consider M(s) = A(s, 1 = 0)

1 ’M(ij — ij)
2 0s?

MYV = > ()

s—0

Generalized elastic scattering: a +b — a + b

superposed states  |a) = ) uli). by =) vlj)
i J
Mabab — Z uvu*v*M’f’d Z UV UFVF Lo M(ij — kl) > O
_ijkl Jk o ijkzzasz J

Is this the most general case?



—ntangled states

s It possible such that

Z ,dM’Jkl>O and{ k,} {uvu*v* ?
ijkl

%
Yes, 1;;, is more than uv;u v !

Example: W-boson scatterings in Standard Model EFT
Fro >0, 4F7p;1+ Fro >0
Fro+8Fr190 >0, 8Frg+4Fr1 +3Fr2 >0

12Fr o +4F11 + 5F712 + 4F71 10 > 0
4F7 o+ 4Fr; + 3Fr 2 + 12F1 190 > 0

_ Cen Zhang & SYZ, PRL, 2005.03047
scatterings of entangled states 7, ~ Z, 4,U;Uy,



Convex geometry: 1-slide crash course

Convex cone C:
subset of a linear space that is closed under conical combinations

xeCyvelCa>0,>0 >ax+pyeC

A conical combination of set Y, cone(Y), forms a convex cone.

Extremal ray (ER):
element of a convex cone that cannot be split into 2 other elements

Dual cone of C:
C*={yly-x>0, x e C}, (C*H*=C

Positive semi-definite matrices &, :

P = cone({m'm’ | m' € R}), m'm’ are ERs of P,



Amplitude (convex) cone

S2 sSuUm rules

Mk = |2 (Disc(My,) + Disc(My,) )

ij. ki il kj
m,my, +me )

X X

r OO0 d//t (

. in absence of UV model, mY = )’g(,u) are arbitrary numbers
+ positive sum of m' UKD

2

Amplitude cone (or s~ coefficient cone)

6 = (M} = cone ({mi(jm|k|l)‘m’7 S R})

€ is cone of all amplitudes with UV completion



Dual cone I

T}, forms dual cone of €
T = {Tiﬂd‘T-ME 2 TjM7™ > O}
ijkl
9 contains the same information as &
Crossing symmetries of amplitude
MUKl — pfilki — pghiil — pgiilk — = Tijkl = Tilkj — Tkjil = Y}ilk
—gp- T, €S = {Tijkl | Tjre = Tig = Thjir = Y}ilk}

AISO, 7. M > 0= % Tymim" = m.T.m > 0
positivity semi-definite (PSD) matrix

=g Ty €T = {szkl | Tiju = O}



(+Jl)l
Q.
N

Best bounds from

= ‘67+E{Tijkl|sz,klZO}
* ikl eI =9"N8S .
S = {Tijkl | Tiigg = Ty = Thju = Y}ilk}
lekl forms spectrahedron I Li, Xu, Yang, Cen Zhang & SYZ, PRL, 2101.01191
(spectrahedron) = (convex cone of PSD matrices) N affine-linear space

To find best bounds, find all ERs of &

. _ (p)
all elements of 7: T;, = 2, “pTlﬂd a, > 0

p enumerates all ERs

Best positivity bounds:

D TOM > 0
ijkl

ijkl




Semi-definite program (SDP) for € cone

spectrahedron is parameter space of a semi-definite program

Use SDP to check M, is in ¢ cone
minimize ) TM™

ijkl
—

subjectto T,y €T =97 NS
min(7 - M) > 0, then M ikl 1S Within positivity bounds

Compared to elastic approach (uvuvM > 0)

stronger bounds
more efficient (polynomial complexity)

Can also randomly sample and iterate to find ERs of

Li, Xu, Yang, Cen Zhang & SYZ, 2101.01191



€ cone vs I cone

Two ways to describe one convex cone

_—
facets extremal rays
bound representation ER representation

facets of cone <« ERs of dual cone
ERs of cone <« facets of dual cone

Positivity bounds are ERs of  cone or facets of 6 cone

What about ERs of € cone?



Physical meaning of 6’'s ERs
€ = {Mijkl} = Conce ({mi(jmlkll)}) mY ~ MU=X

For mY to be extremal, it can not be split to two amplitudes

* ] N =X
m(ER) Zwirrep
CG coeff’s

*k

) 0 WX T > il — m( m>
ikl _ y K iGIkID pikl = Y cra( cr
M —[ du e P, Z ij \ k[
A Xer o

group projector
G = cone({P,f(jlk”)})

Cen Zhang & SYZ, 2005.03047



—xample: W boson

Symmetries: tensor project of the following

- gauge: 3 of SU(2); with N = 3 33=193d5
. forward rotation: 2 of SO(2) with N = 2 202=10102
Pl = S busbres Py = L baise — a0
Prgy = %(50475/30 + dac0py) — %5045570
ERSs:

Positivity bounds:
Ei1,E13,FE99,FE31,FE33,

Fro >0, 4F7p;1+ Fro >0
E12,E91,E93, 39

Fro+8Fr190 >0, 8Fr9+ 4F71 + 3F12 >0
r 12Fr g+ 4F71 + 5Fp 9 +4F7 19 > 0
- i(j1k10) 0 ’ ’ ’
k5 5is not ER due to P, 4Fyp o+ AFp, + 3Fps + 12Fp 0 > 0



The inverse problem

For weakly coupled UV completion Cen zhang & SYZ, 2005.08047

ER <= UV particle

piGlklD
T . O ) O r
Example: Higgs € cone in SMEFT o
Wilson coeff's fall in blue region © o Eis
Eia
\ o:
E| must exit ® Ezs
* ® E;x
new UV state (SU(2); singlet, Y = 1) O

ERs of & (or positivity bounds) are important
to inverse-engineer UV physics!



From € cone to positivity bounds

ERs of & are easier to identify if enough symmetries!

@ sufficient symmetries = finite # of ERs

easy to obtain ERs of 7, ie, positivity bounds
by vertex enumeration
efficient codes available

¢ Insufficient symmetries = infinite # of ERs

continuous parameters appear in the ERs of €

difficult to obtain ERs of
more efficient to obtain positivity bounds via SDP




Two-sided bounds from full crossing symmetry



What about other coefficients?

(switch back to single scalar) non-forward bounds
forward bounds

A(Sa t) ™~ 62,052 =+ Cz,lszt + 62,282t2 - .-

S-matrix principles of UV theory

New bounds: ‘

All ¢; ;with i > 2, j > 0 have two-sided bounds

J
(in units of ¢, O)! Tolley, Wang & SYZ, 2011.02400
’ Caron-Huot & Duong, 2011.02957

new gradient:
full crossing symmetry




su symmetric non-forward bounds

A(s,t)N/Aoo d“[ s ]ImA(,u,t)

> wu’ [ p—8 p—u
Partial wave unitarity + Positivity of Legendre polynomial
%Im[A(s,t)] >0, s>4m?, 0<t < 4m?
Recurrent Y bOUﬂdS: de Rham, Melville, Tolley & SYZ,1702.06134,1706.02712

M/2
Y(ZN,M) _ Z CTB(2N+2T',M—2T)

r=0
(M—1)/2

Z (2(N 4+ k) 1+ 1)l8ky(2(N—|—k),M—2k:—l) > 0

Ci>p jare typically bounded, but with open sides

Arkani-Hamed, Huang & Huang (EF THedron) + other authors



Su symmetric sum rules

2

o S | 2
Zci,jsztj = A(s,t) ~ / H { ° + “ } Im A(u,t)
A H—S

i, > T p—u
. A(s,t) ~ XyPy(1 + 2t/s)ay(s)
expand dispersion relation and matching s't’ on both sides

6J
Sumrules: ¢;~ / 7 T
A? v
Dl-,j is polynomial of # that is bounded below
. > DZ,](TI) min > ]‘ mln
su symmetric bounds ¢i; ~ [ dp i > Dy du = Do
A

Tolley, Wang & SYZ, 2011.02400 Dmin — min [D (}7)]
, n l,]
these su bounds are like Y bounds

n=¢+1)

reason for su symmetric bounds often being open-sided



New ingredient: sum rules from st symmetry

But we actually also have 2

A(u,t) = A(s, 1) = A(t, 5)
[ 7

Impose st symmetry on su/dispersion relation

00 2 2 00 2 2
/ d [ AR ]ImA(,u,t) N/ d [ t +— ]ImA(,u, s)
A

2 7‘-/1’2 m— S H— U A2 71-“2 ,LL—t w—u

partial wave expansion + matching on both sides for s't/

Tolley, Wang & SYZ, 2011.02400

NU" ConStralntS Caron-Huot & Duong, 2011.02957

0 () (n) - _
” I‘i,j (n) o Fl.,”j are polynomials of y = £(£ + 1)
A2 MHJ' bounded for physical 7



Two-sided bounds

- . (n)
Add null constraints to sum rules: / L' i(n)
A

o Dij(n) + X, el (n)
A? 7

can choose @, to make D; ; + ZHaan’]l) bounded from blow and above

before D; ; only has min
NnOow: D + > a.I'™ can have min and max

nons g

a,, can be positive or negative

= ; .is bounded from both sides!

Tolley, Wang & SYZ, 2011.02400



Two-sided bounds

Tolley, Wang & SYZ, 2011.02400

(m,n) Lower bounds Upper bounds
(1, 1) Cc1,1 > — €1,0C2,0 c11 < SW
(2,1) coq > —im c21 < 32/C2,0630
(2, 2) C22 > —%03,0 C22 < 2221030
(3,1) €3,1 > —5,/C3,0C4,0 c31 < 197 /e30¢a0
(3, 2) C32 > —7C4() c32 < 1050927040
(3,3) ¢33+ a1 > — gL /€40C5 0, c33— Plegy < —B0 feapcsg
c33 — 804 1> —154\/04,0765,0,
c33— Brean > =TT feq0050,
33 — 10464,1 > —3369%
(4,2) C4,2 > —1les cro < By
(4,3) caz+ Ses1 > —22 [e50C60, | a3 — Topecs1 < — 198083 /€5.0C6.0
ca3 — Blesy > 500 /€5,0C6,0;
C4,3 — ﬁc > —M C5,0C6,0,
C4,3 — @ 1> _11_w7 €5,0C6,0
c43 — %c > — 63379 C5,006,0
(4,4) caa+ 22c50 > — e, ca — 15c50 < —1Pcg 0,
caa — resa > — TP, + S5a1 C5,2 < — 28372°C6,0
Cq4 — 758—2505,2 > 831439006,0,
ciq— UBey, > LB,




Tolley, Wang & SYZ, 2011.02400
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Further developments

Linear programming Caron-Huot & Duong, 2011.02957

bounds can be improved by mixing different orders of Fg’?(ﬂ)
use SDPB numerically ’

Fully crossing symmetric dispersion relation
Sinha & Zahed, 2012.04877

Analytical approach It

reduce to bi-variate moment problem @} ”
(GL rotations + triple-crossing slices) | !

Chiang, Huang, Li, Rodina & Weng, 2105.02862

I’
”~
”
/’
f’
\ ’—f
"
\ﬁ--————

Bounds from fixed impact parameter

can deal with Splﬂ-2 t_p0|e Caron-Huot, Mazac, Rastelli, Simmons-Duffin,2102.08951



Applications



Application (1): Ruling out Galileon

T —m+c+b,x", ¢, b, = const

linked to dRGT massive gravity
applications in cosmology

original Galileon marginally ruled out by Adams et al, 2006

Weakly broken Galileon theories

m
2
L~ ['galileon 9 s )
may also add a(d@)”, |a| K 1
; stu symmetric bounds leads to same conclusion

A ~m notavalid EFT

Tolley, Wang & SYZ, 2011.02400



Constraining SM

Standard model EFT

f(6)0(6) FB&O®)

gSMEFT_EZSM'l'Z | Z ZA4Z

j [

huge parameter space!



Application (2): Transversal VBS

, Yamashita, Cen Zhang & SYZ, 2009.04490
Vector Boson Scattering

Vl‘l‘ V2 —> V3+ V4 VZE {W)lc, W)l/’Bx’By}
Oro = Tr[W WHTe[WasW ] Or1 = Tr[Wea, WH | Te[W,s W]
Oro ="Tr WQMW“ﬁ]Tr[W[g WY O = Tr[WWWW]Tr[W s WP
Ors = Tr[W,,WH|B,zB*" Ot = Tr[Wo, WH5| B, 3 B
OT,7 = Tr WQMW“B]B&/BVO{ OT 11 — TT[WMVW“V]B Béaﬁ
Org = B, B" B,z B Org9 = Ba,B"? Bg, B

already 10D parameter space

They lead to anomalous Quartic Gauge Couplings (aQGCs)



“Rs of amplitude cone &

Mixing W and B leads to projectors

(
1 1 ()5:5:1,2,3 O 010
1 _
P! )(T)aﬂva — §da5(r)dva(7°) dop(r) =< r a=p=4 fap(ri,r2) = 0—-100
| . |0 otherwise \7“2 000
Py (r1,72) 4pys = 5E;f{am(ﬁ,m)f{w}(rla??) (00 -10) (0100)
i= 00 0 —100 O
3 fag(ri,re) = w(r1,m2) =
(2) 1 i i Teplt 10 0 0 Tep 000~
P r 7T o 0': o (87 r 7r g r ,r 1
4 (T1572)ap, Z;f[ 8L 72) f; 5 (r1, 72) \07r 0 0 \ 0 0720

1

—0080~0

3

1
3
Pogﬁ)vo— ) (6av00 + Oacdpy) —

é;(r) = (0,0,0,0,1,r,72,0,0,0,0,0,0)

: & = (1,0,0,0,0,0,0,0,0,0,0,0,0 B
ERs: (1,0,0, ) é&(r) = (0,0,0,0,0,0,0,1,7,72,0,0,0)

& = (0,1,0,0,0,0,0,0,0,0,0,0,0) :

& = (0.0,1,0.0,0.0.,0.0,0.0.0,0) éo(r) = (0,0,0,0,0,0,0,0,0,0,1,r,r%)

7 = (0,0,0,1,0,0,0,0,0,0,0,0,0) Z10(7) Ll drar 1, 2lg,e L, 4
,0,1,0,0,0, ,0,0, =\-s5—5,5,—5,0,—7%,5,0,r%, —-,0, ——

“ T c1017 33 373 3 3’ 373

€5 = (——,— 0,0,——,0 0,—,0,0,—,0,0) . 11 7% r? 3r? 372 1 2

— (o 1, 0,1, -0, o —

66 33 33 6 e11(r) 515 5 g g 0l = 0 =g =

% = (0,0,-1,1,0,—2,0,0,2,0,0,0,1 312

6 ( SR CVERCR AR ) 512(r):(1,0,r2,0 —2,—%,0,0,0,0,1,—%,#)



Convex cone bounds on transversal aQGCs

Conservative analytic ~ Fro(Fra+4Fru) = Fra

_t _t b d _ 16 (2(Fro + Fr1) + Fra) (2Frg + Frg) > (4Frs + Frz)?
POSIVILYy DOUNGS: 32 (2Frs + Fry) (3Fro + Fr + 2Fr + 4Fr0) > 3 (4Frs + Fr;7) ?

2\/5\/FT,9 (Fro+ 8Fr10) > max (4Fre + Fr7 —4Fr11, Fr7 +4Frq11)
Fro >0

4FT’1 -1~ FT’Q >0
Fro+8Fr19 >0

4\/(8FT,() +4F1 + 3Fro) (2Frs + FT,g)
> max (—8FT’5 — FT,7, 8FT,5 -+ 4FT,(5 -+ 3FT,7)

8Fr o+ AFr + 3Frs > 0 4\/Frg (12Frg + 4Fr, + 5Fp2 + 4Fr0)

12F o + 4Fp, + 5Fpo + 4Fp 9 > 0 > max (4Fpe + Fr7 — 4Fpr11, Frr + 4Fr 1)
APrg+4Fpy +3Fpy +12Fp19 > 0 4V6,/(2Frs + Fry) (12Fro + 4Fny + 5Fra2 + 4Fr 10)
4Fpre¢+ Fr7 >0 > max [—3(8Frs5 + Frz),3(8Frs + 4Frg + 3Fp7)]
Frz >0 V6\/(4Frs + 3Frg) (6Fro + 2Fr1 +3Fra + 6Fr0)
2Frs+ Fro 20 > max (-3 (2Frs5 + Fra1),3 (2Frs + Fry + Fra))
Frg >0

2\/(12FT,8 + TFry9) (12Fro +4Fry + 5Fr2 + 4Frq9)

> max (—12Fp5 — Fr7 — 2Fp 1, —12Fps5 + 4Fr 6 — Fr7 — 2Fp 11,

Yamashita, Cen Zhang & SYZ, 2009.04490 —12Fp s — Frq +2Fp11,12F 5 + 4Fpg + 5Fr 7 + 2Fr 1)



How effective are the bounds”?

0.7% of total

_

10D sphere

NOT satisfies
positivity

Conservative analytic
positivity bounds:

0.687 %

Full numeric
positivity bounds:
0.681 %

only ~0.7% of transversal aQGC
parameter space Is physicall



Application (3): 4-gluon SMEFT operators

ngz (GﬁVGAMV)(GEUGBPG) Q(GQ dABEdCDE(GﬁVGB“V)(GgUGDPU)
2 ~NApv ~Bpo ~ ~

Qéz (G,ﬁ‘,,GAu )(GEUGBP ) ng dABEdCDE(GﬁVGBW)(GgGGDpa)
(3) A Buv A YBpo

QG4 (GWG )(GPUG ) Q fABCGAyGBpGCM

Q4 (G1, G (G, GPP7) y b

(dim—6)2 contribute negatively to bounds

c=|cl) ¢ o8 cf) ¢l )

Positivity bounds region: 1.6628% = 0.0007%

obtained bounds both in € and & cones
Li, Xu, Yang, Cen Zhang & SYZ, PRL, 2101.01191

Rough estimate: ~ 1/ N , N = parameter space’s dimensions



More applications:

-+ Cosmology

Tolley, Wang & SYZ, 2011.02400
de Rham, Melville, Tolley & SYZ,
1702.08577, 1804.10624

Wang, Zhang & SYZ, 2011.05190

+ Chiral PT

Wang, Feng, Zhang & SYZ, 2004.03992
Tolley, Wang & SYZ, 2011.02400

- SMEFT

Li, Xu, Yang, Zhang & SYZ, 2101.01191
Yamashita, Zhang & SYZ, 2009.04490
Fuks, Liu, Zhang & SYZ 2009.02212

Bi, Zhang & SYZ, 1902.08977

/hang & SYZ, 2005.03047, 1808.00010

+ many works by other authors

5,«4-350

m All forward
O 9¢ bound

® SSSS

ABT

S GKMS

Y bounds

~ D* bounds

— Manohar&Mateu

[
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[TeV!]
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low

120

1001

Bl CEPCN
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Summary

Positivity bounds from fundamental principles of QFT

e positivity bounds for multi-fields form a convex cone.

2

Extreme rays of the s~ cone correspond to UV states.

- Wilson coeff’s are bounded from both sides: ¢; ~ O(1)
used to be a folklore, but now is a theorem!

- Scalar theories with soft amplitudes can not have standard UV
completion.

- SMEFT’s parameter space is highly constrained.



Backup slides



An Infinite number of positivity bounds

RGCU rrence relatiOﬂ: de Rham, Melville, Tolley & SYZ, arXiv:1702.06134

M/2
Y(2N,M) _ z CTB(2N+27“,M—2'P)
r=0

(M—1)/2
Z (2(N + k) + 1)/3ky(2(N+k),M—2k—l) >0

sech(z/2) ch:c and tan(z/2) = Zﬁkx%“ M? = (t +4m?)/2



Dispersion relation

1 A(s,0) Cauchy’s theorem

fi==—

= s
2ri J (s —p?)’

Frossart bound: as s — oo, |A(s,0)| < CsIn?s

0 +00 -
e L J J i Disc A(s,0)
271'1 0 Y (S T /’t2)3

Crossing and Disc A(s,0) = 2i ImA(s,0)

f | q _IIIlA(S,O) ImA®(s,0)
= — S |
Ty (s —pu??  (s+ pu?—4m?)3




Positivity bound

Optical theorem: Im[A(s,0)] = /s(s —4m?)o(s) > 0

0 s(s — 4m?) s(s — 4m?)
Y /
4m?

(s — p?)’ o (s + p* — 4m?)? e26)

For s > 4m?, 0 < u? < 4m?* .

r
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/
r

Nicolis, Rattazzi, 2006

- A(s,0)
f= Z Res 3
- (s =471 Calculable within low energy EFT!




