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- Effective Field Theory How it works and why it's useful

- Positivity Bounds Imprints of unitarity/causality/locality/crossing
- Applications Galileons, Massive gravity, Dark Matter
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Low Energy EFT
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Low Energy EFT
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Cosmology

- EFT of Inflation

- EFTs for Reheating

- EFT of Large Scale Structure
- EFTs of Dark Matter

- EFT of Dark Energy
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1. Unitarity STs=1 = ImA(s,t) positive for s > 4m?
(0 <t < 4m?)

2. Causalit [0(x),0(y)] =0 . -
y if (x — y)zys pacelike = A(s,t) analytic in s at fixed t
3. Locality [dk e** A(k) exists < A(s,t) polynomially bounded

4. Crossing 1 )(3 1 >:< 2 1 >:<3

2 4 3 4 4 2
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Kinematics

16 components — 10 (Poincare) — 4 (on-shell) = 2 (w, k, 6)

(w? = k? + m?)
P1 —p3
(@,0,0,k) (w,ksinB,0,kcos )
S = 4‘(1)2 = —(pl + pz)z
t = 2k*(1 4+ cos9) = —(p; + p3)?
u = 2k?(1 — cos0) = —(p1 + p4)?
+t+u=4m?
(w,0,0,—k) (w,—ksin@,0,—k cos9) (s u m#)
P2 —P4

S=1+:T [ A12534 = (P3p4|Tp1p2) = A(s, t)]
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Analyticity
A(s,t) = Xp,q SP t7 + poles + branch cuts
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Analyticity
A(s,t) = Xp,q SP t7 + poles + branch cuts
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Analyticity
A(s,t) = Xp,q SP t7 + poles + branch cuts
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Dispersion Relation
A(s,t) = Xp,q SP t7 + poles + branch cuts

. Subtract poles: B(s,t) = A(s,t) — poles

1

2.
3.
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A(s, t) :/g/R/;;/;?;/Z <4J2+ L )A(s + is, tS) _1;1(5 — g, t) Li i(,si' ?
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Dispersion Relation
A(s,t) = Xp,q SP t7 + poles + branch cuts

1. Subtract poles: B(s,t) = A(s,t) — poles
2. Schwarz Reflection:  A(s*) = A*(s)
3.
4.
2i Im A(s', t)
\
0o =t \ [ |
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Dispersion Relation
A(s,t) = Xp,q SP t7 + poles + branch cuts

1. Subtract poles: B(s,t) = A(s,t) — poles
2. Schwarz Reflection:  A(s*) = A*(s)

3. Crossing: A(s, t) = A(u, t)

4.

- , 1 1 A(s',t)
B(s, t) = f ds'ImA(s’, t) | 5 + - + ;
S—S S —u ct S —S
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Dispersion Relation
A(s,t) = Xp,q SP t7 + poles + branch cuts

1. Subtract poles: B(s,t) = A(s,t) — poles
2. Schwarz Reflection:  A(s*) = A*(s)
3. Crossing: A(s, t) = A(u, t)
4. Froissart: |A(s, t)| ~ slog?s
1 1 A(s',t)
B(s,t) ds'Im A(s',t) [ = + - ;
S —S S —Uu S —S
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Dispersion Relation
A(s,t) = Xp,q SP t7 + poles + branch cuts

1. Subtract poles: B(s,t) = A(s,t) — poles
2. Schwarz Reflection:  A(s*) = A*(s)
3. Crossing: A(s, t) = A(u, t)
4. Froissart: |A(s, t)| ~ slog?s

S0ZB( t)—food’l A(s',t) ! + - +
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Dispersion Relation
A(s,t) = Xp,q SP t7 + poles + branch cuts

1. Subtract poles: B(s,t) = A(s,t) — poles
2. Schwarz Reflection:  A(s*) = A*(s)
3. Crossing: A(s, t) = A(u, t)
4. Froissart: |A(s, t)| ~ slog?s
%
Y
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Scalar Positivity Bounds

- Im A(S t)
f ds 2N+1 (v:S—2m2+£)
4m? ’
[ aSZNB(s, t) > 0 ]
- , Im A(s', t)
(2N+1 + at) o X j ds [at — S’1+t+]\/}2] £\2N+1
4m?2 (S’ T 7)

[(2;V421+a)03NB(v,t)|v=0>o] M2 = (s'+ )

branch point

M/2 M]2

02NB+2 Z]\/Efka 2r65N+2r—2kB>0

Imperial College Positivity Bounds
London



Positivity Constraints for Cosmology Scott Melville

Spinning Positivity Bounds

Kinematic Singularities

wsing=—"r— =5 (s—4m?»)* ( A(O) + A(-9) )
Crossing
Az t,151, (s,t) = ei("')A—rl—rz—rg—n} (u,t)
Helicity Transversity
N — N —
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Shift symmetric scalar
_ 2 4
A(s,t) ~c (s? +t% +u?)
[ c>0 ]

DBl =TT @R = 20 + 200+ o

Anti-DBl  £= 1-(99)% = —1(39)2 — L(0p)* + -- X
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Massive Galileon

2 + 20 (r[(009)?] - tr[000]?)

L =—3(0p)* —3m?¢
+-94_

41A6

ga

@ (2tr

(00¢9)°] — 3tr[d0¢](tr[00¢p])* + tr[0d¢]?)

No analytic UV completion

Potential UV analytic completion
but at low cutoff

No direct obstruction to potential
existence of analytic UV completion
and Vainshtein

No static and spherically symmetric
Vainshtein
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Massive Gravity

L=M§R[n+Mip]—V(h)

V(R = m?[R?] + S[R3 + 4R [hY)

Work in Progress
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Self-Interacting Dark Matter

to resolve small o
scale problems 0.1cm?/g < — < lcm?/g to match observations

in simulations

- cusp-core - bullet cluster

- missing satellite - halo ellipticity

- too-big-to-fail - substructure mergers

- diversity problem - merging clusters
Imperial College Applications

London
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Self-Interacting Dark Matter

to resolve small o
scale problems 0.1cm?/g < — < lcm?/g to match observations

in simulations
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Positivity Bounds
1. Unitarity ) i
2. Causality . z 0;0; (A(s,t) — poles) > 0
3. Locality L
4. Crossing ) (s — 4m2)#(AT1T2T1T2 (60) + A‘clrzrlrz (—6))
Applications
Massive Galileon Massive Gravity Self-Interacting Dark Matter
iy
o1 g3 Work in Progress
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