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Blg Picture Only some EFTs have sensible UV completions

Positivity Constraints ... and this gives us constraining power!

SMEFT bounds on dimension-8 operators for VBS

Massive Gravity requires enhanced cutoff and weak coupling

Deriving bounds:

hep-th/0602178 Adams et al
1702.06134 SM et al
1706.02712 SM et al

Applying bounds:
1608.02942 Cheung et al
1710.02539 Bellazzini
1710.09611 SM et al
1804.10624 SM et al

1808.00010 Zhang et al
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UV Lyy = ? Unitary, Causal, Local, ...

IR Lppr = — 0,

V{Many operators

=> Many constraints

g[)Can infer UV properties from IR measurements

Big Picture
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Positivity

_t [0')
. du Im Ay, t) du A (wt)
Analyticit oN A ,t) = j j fﬁ
nalyticity s Agpr (s, t) ( +4 2 > m (u— s)N+1 + t[=co 2mi uN+1
— 00 m

(Causality)

Unitarity Im A(u, t) |t_>0 =uo(u) > 0

[ Analyticity connects EFT to the UV J

>< Agpr(s) =s%(cog+cys+cy 8%+ )

N\ N\ N\
UV Theory = g*Z g*Z/M?* g?Z/M*
Unitarity = Z >0
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Positivity

-t 0
- - du Im Ay, t) du A (ut)
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Positivity ) )
.
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Improving Positivity

ON Appr(s) = f du Cy(sip) o(u) > 0
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Improving Positivity
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Improving Positivity
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The Scale of New Physics
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The Scale of New Physics

Analyticity 9N fo (s, t) = f du Cy(s;u,t) ImA(u, t)
(Causality) Lmin

Unitarity aflm A(u, t) > ()

0¢ 0% Agpr(s, t) f du Cyn(s; u,t)0ImA(y, t)J
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\ )
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Not positive, but known
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The Scale of New Physics

Analyticity 9N fo (s, t) = f du Cy(s;u,t) ImA(u, t)
(Causality) Lmin

Unitarity aflm A(u, t) > ()

4 )

- 2N + 1 -
0¢05 Agpr(s,t) + 05 Agpr(s,t) >0
L Hmin y

Can constrain every s and t derivative of Agpr!
Can constrain uy,,, the scale of new physics!

Positivity Constraints
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Positivity In Practice

. | f606 | f808 : f10010
L —Lrenorm ! A2 ! A4 ! A6

AEFT = Cp + C1S + Cz(f62,f8)52 + C3 53 + ...

o |

¢, Bounds ¢, Bounds
g. Coupling g, Coupling
M, Mass of New States

Positivity Constraints
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_ Y
Lgpr = Lsm + ZA4 0; L s

Pyl Dt T Wi gt W W W
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V%N\P,\PV V%NJ\WV V%WV
Zdj\’j/l/‘ﬂz W+»NJ\ w NN’/(/WL

AZZ CAZZ AZZ AW ALY AZW D = > 20 constraints

(on 18 parameters)

SMEFT
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[ 2 H 2 M2 H 2
Fso Tr _(Du‘D)TDVCD] Tr [(D,,LCD)TDVCD] = MZ W, Wt (1 + —) + TZZ#Z\, (1 + ;)

' + 2 1 H
Fs1 Tr |(D,®) D“q’] +50,HOH 1 (Z o,H — Z,0 H)( v)

YA YA
Mg [ Fgo+ Fgq >0 J

ot [ rso )

SMEFT
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- 2
.I.
Fso Tr[(D,®)' D, @] Fgo >0
' toug]’ Feo+Fe; >0
Fs, Tr|(D,®) D*® S,0 S,1
CMS 19.4 fo" (8 TeV)
1000
06 __ \E‘ = B TEV, 202 fb- B
: K-matrix unitarization i — — Expected 95% CL
0.4 i —— Observed 95% CL
- i ' e SM
- i 500
02— [ \UU ., PR L
v e ]
AFrs’ -
02 N TN N Fg1 0
0.4 R
. —— obs. 95% CL, WVjj -
IR == exp. 95% CL, WVjj -500+
- —— obs. 95% CL, W*Wjj : -
SERELEES exp. 95% CL, W'Wjj | i
08— ___ obs. o5% CL, Wzjj B
[ e exp. 95% CL, WZjj -
lllllllllIllllllllIlllllillllllllllllllllllllllll _1000\ I| T |I tlllllllllllllll
-05 04 03 02 -01 0 01 02 03 04 05 -200 -100 0 100 200
4 4
v*Fs /A Fs,0

[Zhang, Zhou, 1808.00010]

SMEFT
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Cosmological Constant

The Universe is accelerating...

[ atx =g (uzrIg1 + 4%
or

| @t FgmERigl -mvig-g» N |
?

Massive Gravity
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Cosmological Constant

The Universe is accelerating...

j d*x =g (MZR[g] + A*)
or
Jd‘*x V=9 M§(R[g] —m?*V (g9 — §)) \ /
||
?

h*+ch®>+dh*+--

Pros Cons
" Small m? technically natural More free parameters
Regulates IR divergences Strongly coupled at Ag = (m*M;)/>
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Massive Graviton Interactions

j d*x =g M2(R[g] — m?V (g — §))

d,o,mr 0J.,A h
huv . uz VT (utv) 4
/\ m Mp m Mp Mp
V(h) = [h?] — [h]? M2m?V(h) = m?h?> + F?2 +9(...)
3 2 CS 3 C3 2
+c,[h°] + c,[h4][h] +F(66n) +A—3(60n) h+ -
5 3
4 212 D-m? D
+d,[h*] + d;[h*] + 510 (007‘[)4 + _2(607.[)3h 4.
A A
5 3
Pros Cons |
" Small m? technically natural More free parameters
Regulates IR divergences Strongly coupled at As = (m*Mp)Y/>

Massive Gravity
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Cs Ds
Lgpr = Lgr + A_503[7T' A h| + Fozy[ﬂ, A, h]
5 5

C3 ’ D3 ’
+A—30 3[7T,A,h] +A—60 4[7T,A,h]

N%N\PH\TC T["lq/\,//wﬂ' ﬂ%{//\‘ﬁ\f\ﬂ'

T ;\!\HK /{/L/VLT[ A f\i\‘d\ '/(/Vl/LA h rxj\l\‘\ '/(/l/‘/Lh
A A A A h h
g™ %‘f\jf PNt
4y, Ry, Ry

Pros Cons
" Small m? technically natural More free parameters
Regulates IR divergences Strongly coupled at Ag = (m*M;)/>

Massive Gravity
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Cs Ds
Lopr = Lon + 120 Ah]+g/0,Mh]
C D

+ A—§ 0'5[m, A h] + A—j 0',[r, A, h]

3 3

T T [ A

” - y,

_ - r \

:K\/"Ni (s =0

A A L y
Pros Cons |
" Small m? technically natural More free parameters

Regulates IR divergences Strongly coupled=atAT ;(7n4'1\'41:)'175

Massive Gravity
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C3 , D3 /
Z:EIPF = Z:CHR 'F';{g‘(? 3[7T,14,]l] + ;(é'c7A4[jT,I4,]l]

2

[Cheung, Remmen 4 41
1601.04068]

s
RO o

Tensor

Vector Scalar

-04 -0.2 0.0 0.2 0.4
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Cg , D3 /
‘CEFT = ‘CGR +A_30 3[7T,A,h] +A_60 4_[7T,A,h]
3 3

(3

Massive Gravity
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Cs . Dy ,
£EFT=£GR+A_303[T[,A,h]+_04_7T,A,h]

g*D /
= 0'4[m, A, h]

C _
> geLarlg.h + 220, 4,0 +

(3

Massive Gravity

— gf — 10_9_

. g = 1078 —

— gf — 10_6_
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1 g.® 0 .y .
g2 LEFT[ YIRS Cn] Positivity Constraints

T oA > e e > 0

Ay 8,0V A(s,t) > ZNHLaN A, 1)

MZ

Summary
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ELEFT[ pynli Cp | Positivity Constraints
T oA > e e > 0
A 0:0N A(s,t) > VLo A(s, 1)

SMEFT foeEEn T
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— Lepr| pynli Cp | Positivity Constraints

T oA > e e > 0

hﬂ\‘\’/{/"‘« 9,0NA(s,t) > 19N A(s, t)

MZ

CcMS 19.4 b (8 TeV)

Massive Gravity

Summary



