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Abstract: By considering the photon-graviton scattering amplitude at low-energy including loops from the Standard Model, | will argue how we can
infer constraints on the Regge behaviour of the gravitational scattering amplitude. | will also comment on implications to other gauge fields in four
and higher dimensions and application to the Weak Gravity Conjecture and connections with causality considerations.
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Effective Field Theory

Energy

UV completion of
Quantum Gravity

m

Low-energy EFT

E.g.: GR + irrelevant operators
+ (B)SM fields
+ light degrees of freedom
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High-energy completion

Model may seem consistent at
low-energy
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60 orders
of magnitude

High-energy completion

.

would never EVER be able to enjoy

Yet we know that some models

a standard UV completion y

Its mot that a theory with

[

Model may seem consistent at]

low-energy

parameter & = 0 is ruled out
but |a| > 107°° is allowed
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Assumptions on the UV Completion

§ I Unitarity,\
2. Locality,
3. Poincaré,
\4' Causality =

]\ .

coupling

tra Ton
time-dependent S matrlx POSlthlty]

Tree-level Specific
weak-coupling string theory

l compactification

{2

Swampland

vacuum bootstrapo Bounds

: )

4 |
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Low-energy Scattering

l” \‘
7 - N
17 = i B Q
A
pALIG 2\ o
k';- i 1y
. = + + +...
R Fs
Q Griy - &7
\\‘ i Ko
: : ("
photon photon

A(S) : 2 — 2 elastic scattering amplitude

s: center of mass energy2
t: momentum transfer

LA OO ———m ety
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Low-energy Scattering

A(S ) : 2 — 2 elastic scattering amplitude

s: center of mass energy?
t: momentum transfer

Im(s) Region where
% low-energy
el By EFT is valid
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Low-energy Scattering

A(b ) : 2 — 2 elastic scattering amplitude

s: center of mass energy?
t: momentum transfer

Im(s) Region where Uuv .
% low-energy completion
S EFT is valid
v“v“v*-.—@—%ag%%» Re(s)
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Analyticity - Causality

Causality

— encoded by requirement of analyticity —
is what connects UV to IR

uv
completion
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!

Non-Gravitational EFT

v Unitary (optical theorem)

UV completion S
v' Lorentz irffvariant (crossing symmetry)

! 2 2
A : 2 - 2 elastic scattering amplitude 2 IIHX = Z ;_A\' =
| = |
Im(s)
A
ImA(p) >0 ImA(M) > O
AP0 @——@ oL Re(s)
m? 3m?* 4m?
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Non-Gravitational EFT

v Unitary (optical theorem)

: v’ Lorentz invariant (crossing symmetry)
|
s Soup o v CAUSAL (analyticity)

P -~
ot

{ ImA(p) >0 |
e e g ] b e T S S

/s

o %ﬂ_.\ ‘ . % Re (S)

/ \
Fm—————————] —_—————— e —
\ i
: /
\ /
g /
\ 3¢

\\ 7
N
N
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Non-Gravitational EFT

UV completion

4 Unitary (optical theorem)
v’ Lorentz invariant (crossing symmetry)
v CAUSAL (analyticity)
v’ Local (Froissart Bound)

lim s 2A(s) =0

|s|—oc

. S b
Ao = ‘Amz (1 —(S?’)

+ cross-symimetric

i=0

ImA(p) >0

_________________

Pham and Truong 1985
Ananthanarayan, Toublan and Wanders, 1994
Adams et. al. 2006
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Improved Positivity Bounds

Im(s)

This part of the branchcut is calculable

LEEFT /’ within the LEEFT and can be removed
valid

Bellazzini 1605.06111
CdR, Melville, Tolley, Zhou 1702.08577
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Improved Positivity Bounds

A2

Im.A

sy > / dp = (:LL>3 + cross-symmetric > 0
4m? (:u = S)!

Im(s)
A

This part of the branchcut is calculable

LEEFT /’ within the LEEFT and can be removed
valid
g,
A R(\(s)
A2

Bellazzini 1605.06111
CdR, Melville, Tolley, Zhou 1702.08577
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CoM Energy

_ Non-Gravitational EFT

v Unitary (optical theorem)

v’ Lorentz invariant (crossing symmetry)
v CAUSAL (analyticity)
........................ v Local (Froissart Bound) lim s 2A(s) =0

|s| =00
‘,)” :
------------------------ U ° (‘;f“ ImA(s,t)> 0 1 ]

Uv completlon

positivity bounds
(applied to low-energy scattering amplitude)

LOW energy Pham and Truong 1985 (12 A(S ; t)
EFT Ananthanarayan, Toublan and Wanders, 1994 : > 0
Adams et. al. 2006 (1 92
: $=0

+ infinite number of other bounds

CdR, Melville, Tolley & Zhou, 1702.06134 + ...
+ new fully crossing ones from Arkani-Hamed et.al., Bellazzini et.al. & Tolley et.al.
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3. Dim-8 operators in VBS

The SMEFT Lagrangian is given by

Gi {/ j,//

LSMEFT = JWH-Z —0—2 (3.1)
where A is the cutoff and %5y is the Standard Model Lagrangian. SMEFT shares the same particle
content, gauge group structure and global symmetries as the Standard Model. We focus on vector

boson scattering, and the relevant dim-8 operators are [6]

Oso = [(Du®) Dy ®@|[(D" D) DV P]
Os,1 = [(Dy®)" D ®][(Dy®@) DV D] Oro="Tr

(W WH }T (W W]
Osy = [(Du® ) "Dy ®][(D'®) D D) O, = Tr [Wey WH ]T [W Bw'“}
O =Tt Wy WHY] [(Dp®) DP®]  Opp = Tr [Weu WHB] Tr [ W5, W]
Oy =Tr Wy WYP] [(Dp®) DH®]  Op5 = Tr [WuyWHY] Bop B 62
Oma = [BuyB*Y] [(Dg®@) DP @] Ore="Tr| meﬂﬁ}él,jb’m o)
Oy = [B,WB ﬁ} [(Dp®) DM Orq= Tr\wm,w“/’} Bg,
[(Dw

Oma @)Wy, D @] BPY Ors = BuyB" aﬁB"ﬁ
Oys=1% [(D“ @)’ W, DV®| B +-he  Oro = BoyB P B, BV,
Oy7= [(D“@)"W,3 JWAHDV D)

where WHY = ig

N
broken vacuum ® = (0, ‘*’) .

/>

%’W’“"’ B = lq/ LB*V and the Higgs field should be expanded around the

35.9 b (13 TeV)

I T T T T [ T T T
<

T
— — Expected 68% CL

% 100 r - - Expected 95% A
- e -
= [ ]
[ [ i
< 50 ]
N7 2 ]
o .
-501-
1001~ e s S

50 0 L 50
fg /A% (TeV)
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e.g.

Positivity bounds on
dim-8 SMEFT operators

Regions compatible with data

Regions that can enjoy a standard high energy completion

35.9 b (13 TeV)

e e e e i B
— — Expected 68% CL |
Expected 95% CL

— — Expected 99% CL
—— Observed 95% CL ]|

10
fuo/A* (TeV)

Zhang&Zhou, 2018,
Zhou 2019,2020
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Gravitational EFTs

v Unitary (optical theorem)

v’ Lorentz invariant (crossing symmetry)
v CAUSAL (analyticity)
v’ Local (Froissart Bound)

positivity bounds

Surely all these subtleties are

(sub)luminal
sound speed

suppressed...
Why should I care?
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Consider anew BSM U(1) L = M—}Q)IR — 1F2
2 4= M
Extremal Black Hole ‘
§2e°

6\1"&90 : : :
Q < M (to avoid naked singularity)

Q=M

9,

(in units of V2 Mpl) For every U(1), there must be a
massive charged particle with Q > M

Arkani-Hamed, Motl, Nicolis, Cumrun, 2007
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U(1) EFT

MI2>1 L5 4 2 \2 2q = wovf
A > ——R — ZF/W - (JW (F/,,,) - b F,WF(MW/ o
5 7 4

—

Redresses BH mass and charge

i

i
T MG

New BH extremality condition is: ( C(a,b) + - -

V2|Q) )
M | Mp

Extremal BHs can evaporate

It 6 ((1,, b) > 0 m) without leading to naked singularity and
without postulating a massive charged particle with Q = M
(other than BHs themselves).

Kats, Motl & M. Padi, hep-th/0606100
Cheung & Remmen, 1407.7865

e . ,
Do positivity bounds impose € > 0 Hamada, Novst & Shiv 181003637
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Motivation 2: EFT of Gravity

Interesting GWs constraints in dim-8 EFT

Ser = 2M, f d*x =g (—R +

A

SEOBNRv4

A

fhigh = 715 Hz, TaylorF2

A

fhigh = 253 Hz, TaylorF2

fign = 153 Hz, TaylorF2

frign = 89 Hz, TaylorF2

8.0

frign = 68 Hz, TaylorF2
8.5

chirp mass posterior density distribution

9.0

9.5 10.0
M [M)]

Sennett, Brito, Buonanno, Gorbenko, Senatore, 1912.09917

C2
6+

C»2

~

G

A A6+A§

For GW 170608, with corresponding cutoff of A ~ 10-13¢V

+..., C = Ropys R,

G = Rupyo €, RO,

\J‘A "'-. ‘ W\ | .1‘ /
\ x II‘ “ ,"4
10) \ X 4
\ B S
;—_ = '.'- Ia ,‘ J
fa. " W /
; i /
201 ) A
- \ y
15 4 GW170608, TavlorF2
U 1 t' NE + Fiiat 0.35f,
IVAZ i § 0.25 f,
b it 4 0.20 f
104
500 1Ol A (M) 254) (0
ol y [k
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Motivation 3: Constraining Models of DE

Example of DE/MG: quartic Horndeski with parameters cg p 1

L= M2GAX)R + A*Ga(X) + = (3 % (X} ((j(,»)-) — (VuVu8)?) + Linaster (¥, 9)
2\_ ’ 0 .
Cha— —m (Ga.x + 2‘\'5}1_‘\' x), Effective Planck Mass
cp = —— (G4.x +2XGy xx), “Braiding” (scalar/tensor mixing)
M=Qpr :
_l"\' Y N a Al 7 )
e = .\/")in:(”“\v. Speed of GWs — 1 M? =2(Gs — 2XGyax)
I I
(‘b —
N Constraints from observations
5 maleme 0 T (CMB, BAO, redshift space distortion,...)
/\/ 7
I I | | [
\ — —
=
Q Q =
/\ [ PRI FESCR. . AT RO TUORONY T PRRRRRRRRE SR WTRRRRERES RN SRR {!'w!’
T T T T T T ("‘; @
SSeia vy BN SR e X
cn Cu cr CdR, Melville and Noller 2103.06855
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Motivation 3: Constraining Models of DE

Example of DE/MG:
quartic Horndeski with parameters cp p; 7

Constraints from observations
(CMB, BAO, redshift space distortion,...)

[ Positivity priors

Note: To be taken with a pinch of salt

% —
G -

N ’

/ P B o s

I I T J I I e . "' T

-1 8 e Eif TN
SN { still a lot assumptions been made...

/'\/

Q N Vv /\, QR ) /'\/ Q N
cp cum er CdR, Melville and Noller 2103.06855
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Unitarity + Causality with Gravity

Graviton exchange spoils analyticity

N

i s..E
“;‘f?%gm;g
et WQ — raviton
. = erwitn
“31 mx?x,. i ;
TR N, y
/ S G5
- Mgt  m
no room for '/// 4 Im(w?) \\\\\ s
analyticity C>077
/ \\
i \
R, o bR e S e
e O =t
r __________ x_______________________________]
\ /
\\ //
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Unitarity + Causality with Gravity

Graviton exchange spoils analyticity

s s..E
£

be Mié-mg p.sg" :
[“i...mw»?m )  —  Sgraviton
SEAGHE e

s "‘m{‘ 4

(WA v? (9494
nﬁo-rp‘ * “,,;."é x
3
A

no room for B A 1111<w2> %

analyticity C>0 97
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Gravitational bounds

2

S 82
Ao 2o . W) Uoa”
M£2t+ = >

o

Conjectured (based on QED examples and causality arguments) that
gravity generically allows for some mild negativity

m i7=2 with Alberte, Jaitly and Tolley
C 2 — 2007.12667, 2012.05798
Mp;

Consistent with results from “Sharp Boundaries for the Swampland”
Caron-Huot, Mazac, Rastelli & Simmons-Duffin, 2102.08951

Can be derived using “Infrared Causality”,
Aoibheann oy Q y  Cain A}‘:ﬁiy ? 2112:05031

Margalit @5 Chen
arguments based on “Asymptotic Causality” would fail
see also See also CdR, Tolley & Zhang 2112.05054
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Switch Gravity On

v Unitary

v’ Lorentz invariant (crossing symmetry)
CAUSAL (analyticity)
Local (Froissart-like Bound) }‘1_1:; sT2A(s) =0

More assumptions

Causality €—> Analyticity

Massless loops €= Gaplessness %gé

Massless spin-2 €==>» Froissart-like bound Positivity-like bounds

Massless spin-2 €=—>» t-channel pole%ﬁé

Pirsa: 22030029 Page 28/46



Assumptions

1. There 1s a limit where Massless L.oops can be ignored

- Graviton loops are Mpl suppressed
- Spin< 2 massless loops do not contribute the s? unless non-local IR-UV mixing

2. Amplitude respects Froissart-like Bound  lim s 2A(s) =0

|s|—o00

- Expected to be valid for instance in string theory in D = 5
- For D = 4, IR divergences makes it more subtle

a(t)
s v P ; L 1 .
mmp Regge behaviour lim Disc A(s,t) = r(t)A; ( A2>

- Arises in weakly coupled string theory
- Can be argued for more universally if amplitude satisfies a dispersion relation
in physical region with 2 subtractions

3. Analyticity away from real s-axis, 4. Unitarity, 5. Crossing symmetry, ...
in 1% Riemann sheet
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Branchcut * \Q/ boops o e
J
W V oo ;ﬁfa- ;ﬁf%\«\r%%
g; +
L7 L.
aviton Q.\\\-Pceﬂ e + + Qs
:é\e\.:uvbe, ::0\"-“’3" % K * %\QOOPS

Massive fields

oNNNNNNNANNNNNS
Other Light fields (eg photon)

Re(s)

Graviton loops
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Branchcut 5 KQ/ boops o e

3 Q%L

aviton e.oo\\\' Pieu e % % °6\M t
zc\ah%e ex 0\“-“'3' QOOP.S

>_

Ah\h\,,(s.t)z lim ﬂ[l%lAh\h\(s,f)

;\/p]%‘x

Disc/ihxhx(s, t) > 0 for s,t >0

Massive fields

oNNNNNNNANNNNNS
Other Light fields (eg photon)

Re(s)

Graviton loops

not present in 4
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?‘V&“ Q’”o\“ Pceﬂ \necwx
€ c,\\o.uvbe, ex o\\o.u't— e“' o >
/i/,\,;]\ (s /) = lim ;\[ﬁIA;, vhx (S t)

A\/p| — O

Poles from other (spin< 2) light fields are harmless

Other Light fields (eg photon)
b DAL AODD0D-0-50-000Fugdnys

0 Massive fields
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Branchcut * KQ/ boops o M

T““"“" e-%“ Pnﬂ \r\ecwx +
ex c.\\o.uobe, ex o\.‘_,.t_ e e '2) E)
A/]\h\’(&/f) = lim *1[51“4/1\'/!\((532‘)

A\/m%‘x

Poles from other (spin< 2) light fields are harmless

¢ Loops from other light fields contribute to A but at best as st log t
lim (‘);2. (contributi()ns to A from light ].()()pS) =

s,t—0 °

Other Light fields (eg photon)
[ S A N P DD DD S Bk 2

0 Massive fields
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Branchcut
e

i) = + go + + Q Qooes o \"“"033
/ - é\ /i““x fac. 5
% W \

ex c.\\o.uobe, ex O\u’t—

fi/,\,;,\(s, t) = lim J[l'“))IA/]\,;,\(s. t)

A\/[>| — OC

Discflhxhx(s,t) >0forst >0
QA AAAAAAAAAAE—> R
1 Massive fields )
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Assumptions

1. There 1s a limit where Massless Loops can be 1gnored

- Graviton loops are Mpl suppressed
- Spin< 2 massless loops do not contribute the s? unless non-local IR-UV mixing

2. Amplitude respects Froissart-like Bound  lim s 2A(s) =0

|s|—o00
- Expected to be valid for instance in string theory in D = 5
- For D = 4, IR divergences makes it more subtle

== Regge behaviour lim Disc A(s,t) = r(t)A;

- Arises in weakly coupled string theory
- Can be argued for more universally if amplitude satisfies a dispersion relation
in physical region with 2 subtractions

3. Analyticity away from real s-axis, 4. Unitarity, 5. Crossing symmetry, ...
in 1% Riemann sheet
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Two Subtractions

Amplitude should admit a dispersion relation with 3 subtractions

lim 873,/4 =l o dlEamd b (assuming no massless loops)
|s| =00

In D = 5, we would expect from perturbative string theory

‘ lim s 2A4=0fort <0 take it as an assumption in D = 4
S|—00

~ s2 [ . DiscA,(u,t
s As(s,t) = as(t) + bs(t)s + = / du 1:( s ) + (s +> u) + (s, u poles)
W50 pe(p — s)

Pirsa: 22030029 Page 36/46



Two Subtractions

Amplitude should admit a dispersion relation with 3 subtractions

lim 373,,4 =g a8 (assuming no massless loops)
|s| =00

In D = 5, we would expect from perturbative string theory

‘ lim s*2A4=0fort <0 take it as an assumption in D = 4
S|—00

DH(‘A (1)
*(b — )

s As(s,t) = as(t) + bs(t)s + — / + (s +> u) + (s, u poles)
0
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Regge behavior

N k) A otbls ct?

v _@- ¥ .s"J dJ L Al + S a
Y

2 /“z(/“s)
fi o e jJ/-— N G ) S As)

taw?

a+bs+cs?

Ul /,A'?- (/,._5) wal. bk

Poee MS\ cowme #\OMJ 4/*

*x Fd\. Le wm* JJ/A, st&ﬁ > e.,w\ Lon A < r@ sk,;u\up pewes = Regee

lja‘_voo bvelavcon

] L = - : JL Q.. _ : @ mp et 57
= sy H e SRRy s
(omveree wieth owe |/A| oo
Cx &.o. Su,b.sl:.n.ch'ov\

AS T . 2\ [ L L) ()
) ) R f{ (wl) ¢+ Ecva™T) AR tWn"T)
L ¥ | (e L

obout kA wb P;m I~ A (/‘a L) ~ s : =2

\/ml—vﬁ
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Regge Assumption for massless state

neart = 0

S A /[L aSe'U(t)
i Dise ) = ron O (22)
A Deodadit) o n D | 5

A, > other scales

Ts.u (t) residue of Regge pole t —dependence of Regge residue and slope
typically expected to enter at string scale M.

()zs,u,(t) =2+ og;.ut + - or scale > SM physics

/

Regge slope
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Subtracting Regge - -2+cli

0
—O—— A AAAAAA D - — e
1 A< Re(s)

Dls(.A (p,t)
[—S)

A tid = onol Ok iE o / + (s > u) + (s, u poles)
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Subtracting Regge -2+

0
l A?Qn Re(s)

Dis Ay, t
/1 —)
g

As(5,1) = as(t) + byt s+—/

3 subtractlons N
g% i 175 DiscA, o A B T
— dp—; + — du
0 M 0

Sl p?

2 Jiad

o
i Regge behaviour

Flnl_te.& e 52 /\7) 1 Disc A, - 52 /'X | /1‘”"“) . ()
e du - — dy————r.(t
positive L / e T Ja: / A2 ()1
e o 4
y
2 re(d)
o 2—as(t)
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Subtracting Regge - -2+cli

0
O OAOAAAAAAS, N — e
l A% Re(s)
A0 oD s / Dh(.jl s )f) + (s > u) + (s, u poles)
L — S

9 5 n typically assumed
83 > g 2 (11’1 T) —i_ (1n 8% ) ~ M * <« low-energy physics
=0
- o/
—~
pole subtracted Related to details of Regge behaviour
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hAhA

(graviton-photon scattering in SM)

@ : /\ < >g<

p v

W
W
HE: % + + loops of other SM fields
/\ w \ /\

hoo
A, w L /“
b e : , :
- ‘ ab w + loops of other SM fields

lap

A

iz

h(yg
]\[2 1 ,
Pl 2 vo3
L = 2 I 1}7/11/ =t [)F}zz/E\';"'i R/”/(} e 0(1111128
2 2
Contribution to s? dominated b~ — e (1 EW. ( M >
by lightest charged particle 144072y ng WLIZ{oavior
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hAhA: graviton-photon scattering

A, A, 5
]\[l) 1 2 puva
N L= 9 1? - ZF}W = [)1/11/[(\ 3R i 0(11111>*%
2
q
hozB h o b a3 ()/‘ -
- 144072m?2
i) = 1) = = (1+1), + Sign®) 1-1),)  42) gy

3§A| = —4)b| > —2(Inr)" + (Ina')’
t=0 \

From assumption of Regge behaviour

A g il . hh 2111.09226

Pirsa: 22030029 Page 44/46




Reverse Engineering

A = M > —2(Inr)’ + (Ina)’
1. Causality/Locality
2. Light Loops
3. New Physics?
4. Regge Slope
5. Regge Residue lim Disc A(s,t) = r(t)A

S— 00
2 38
(i )lrd e Ll
T2 2
mg Mg,
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Summary: IR lessons to UV physics

Accounting for SM loops in photon-graviton amplitude leads to
negative amplitude

gl de

=0 360m2m?2
Amount of negativity, is precisely relevant to WGC positivity proofs

Could indicate a violation of Froissart bound or non-local
IR/UV mixing. “Dramatic” outcome in higher-dim.

Assuming Froissart-like bound, UV Regge slope or residue
controlled by scale of IR loops

(higher order corrections cannot be ignored) .

Amount of negativity tightly linked with infrared causality
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