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What is the Structure of Gravitational EFTs?

Can we exploit the multi-scale structure to bound
gravitational Wilson Coefficients?
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The structure of gravitational EFTs

Matter
(spectrum, masses,
charges, couplings...)

Einstein-Hilbert action
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The structure of gravitational EFTs
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The structure of gravitational EFTs

d-2
MPI,d d .
SEFT.a = 5 dx\/—g R+ ZL e T+ higher curvature
. / A
Einstein-Hilbert action EFT breaking Scale

» What is the structure of the gravitational part of the action?
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The structure of gravitational EFTs

d-2
MPI,d d .
SEFT.a = 5 dx\/—g R+ ZL e T+ higher curvature
. / A
Einstein-Hilbert action EFT breaking Scale

» What is the structure of the gravitational part of the action? > Double EFT Expansion
— M 0,(R) — ¥ OB
_ | g, /=5 "Pld n d, /= n
SEFT,d - Jd X g 9) R+ Z An=2 T Jd A 5 Z Mnr—d
n>2 QG n>d =

[Calderén-Infante, Castellano, AH “25]
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Quantum Gravity cutotf
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The structure of gravitational EFTs

d-2
MPI,d d .
SEFT.a = 5 dx\/—g R+ ZL e T+ higher curvature
. / A
Einstein-Hilbert action EFT breaking Scale

» What is the structure of the gravitational part of the action? > Double EFT Expansion
. i Mii (o 5 OB [ 0,(R)
EFT,d — Xy T8 > + Z An=2 T A VARt Z Mn—d
n>2 QG n>d t
/ \'/
L Mass of a (tower of) state(s)
Quantum Gravity cutoff outside original EFT

[Calderén-Infante, Castellano, AH “25]

The Double ExPansion in gravitational EFTs Corfu Summer Institute, Sept. 10, 2025



Two kinds of EFT breaking;:
Field-theoretic vs. Quantum Gravitational
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Two kinds of EFT breaking;:
Field-theoretic vs. Quantum Gravitational

 Reaching the mass of a state that was not included in the EFT > Can be cured by
integrating it in and going to a (possibly higher-dimensional) local EFT

0,(R)

dy [—
SEFT,d 2 Jd X/ —8 Mi—d
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Two kinds of EFT breaking;:
Field-theoretic vs. Quantum Gravitational

 Reaching the mass of a state that was not included in the EFT > Can be cured by
integrating it in and going to a (possibly higher-dimensional) local EFT

0,(R)

dy [—
SEFT,d 2 Jd X/ —8 Mi—d

 Reaching the scale where genuine Quantum-Gravitational effects kick-in > Intrinsic

non-localities, no local EFT framework [van de Heisteeg, Vafa, Wiesner,(Wu) '22-/24]
2 [Castellano, AH, Ibafiez 23]
p MPI_ d @n( R) [Bedroya, Mishra, Wiesner '24]
S D | d%x —g R + {Aoufia, Basile, Leone "24]
EFT, d —
2 AQG [Castellano "24]
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Two kinds of EFT breaking;:
Field-theoretic vs. Quantum Gravitational

Reaching the mass of a state that was not included in the EFT > Can be cured by
integrating it in and going to a (possibly higher-dimensional) local EFT

O (R)

d, /= n
SEFT,d 2 jd X/ —8 Mi—d

Reaching the scale where genuine Quantum-Gravitational effects kick-in > Intrinsic
non-localities, no local EFT framework [van de Heisteeg, Vafa, Wiesner,(Wu) 2224

]
» [Castellano, AH, Ibafiez 23]
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Serr,q 2 |d°Xy/— ]
]

{Aoufia, Basile, Leone "24
Agg
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Md—2 @ O (R
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QG ¢
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Two kinds of EFT breaking;:
Field-theoretic vs. Quantum Gravitational

 Reaching the mass of a state that was not included in the EFT > Can be cured by
integrating it in and going to a (possibly higher-dimensional) local EFT

O (R)

d, /= n
SEFT,d 2 jd X/ —8 Mi—d

> Intrinsic

 Reaching the scale where genuine Quantum-Gravitational effects kick-in
non-localities, no local EFT framework [van de Heisteeg, Vafa, Wiesner,(Wu) 2224

]
» [Castellano, AH, Ibafiez 23]

d Pl d @ n(R) [Bedroya, Mishra, Wiesner "24]

Serr,q 2 |d°Xy/— ]
]

{Aoufia, Basile, Leone "24
A'g)—G2

[Castellano "24

. Mpig 0,(R) 0,(R)
* Double EFT Expansion: = Sgpy ;= [ddx, /—8 <R + Z AQG [ X\~ Z M~
n>2 n>d
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= +
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Two kinds of EFT breaking;:
Field-theoretic vs. Quantum Gravitational

Reaching the mass of a state that was not included in the EFT > Can be cured by
integrating it in and going to a (possibly higher-dimensional) local EFT

O (R)

d — n
SEFT,d 2 jd X/ —8 Mi—d

> Intrinsic

Reaching the scale where genuine Quantum-Gravitational effects kick-in
non-localities, no local EFT framework [van de Heisteeg, Vafa, Wiesner,(Wu) 2224

]
» [Castellano, AH, Ibafiez 23]

d Pl d @ n(R) [Bedroya, Mishra, Wiesner "24]

Serr,q 2 |d°Xy/— ]
]

{Aoufia, Basile, Leone "24
A'g)—G2

[Castellano "24

. My 0,(R) 0,(R)
Double EFT Expansion:  Sgpy ;= [ddx, /—8 <R + Z AQG [ X~ Z M~
n>2 n>d

a b

n n

a, = + ...

= +
tONgG Mpe

—> Particularly interesting in the Asymptotic Regime: Mp ; > Ao 2 M,
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The Asymptotic regime I:
The Distance Conjecture

In a theory of QG, moving in moduli space from a point P to a point Q an infinite distance
away, an infinite tower of states become light exponentially in the geodesic distance

M(Q) ~ M(P) e™*54"2)

[Ooguri, Vafa “06]

Scalar manifold with metric g;; (¢;) from kinetic terms
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The Asymptotic regime I:
The Distance Conjecture

In a theory of QG, moving in moduli space from a point P to a point Q an infinite distance
away, an infinite tower of states become light exponentially in the geodesic distance

M(Q) ~ M(P) e™*54"2)

[Ooguri, Vafa “06]

Emergent String Conjecture: The
tower becoming light is either:

Scalar manifold with metric g;; (¢;) from kinetic terms

e (Dual to) Kaluza-Klein tower

* Excitation modes of weakly
coupled string

[Lee, Lerche, Weigand “19]
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The Asymptotic regime II:
The Species Scale

e Maximum UV cut-off in QG in the presence of N light species [Dvali'07] [Dvali, Reedi ‘08]
[Dvali, Liist “10] [Dvali, Gémez "10]

MPl d
_ 4 arlip
MPl,d > AQG - 1 Nsp Mt
NZ>
For N, > 1 ——>  Asymptotic Regime: Mp) ; > Nqog 2 M,
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The Asymptotic regime II:
The Species Scale

e Maximum UV cut-off in QG in the presence of N light species [Dvali'07] [Dvali, Reedi ‘08]
[Dvali, Liist “10] [Dvali, Gémez "10]

MPI d
— 4 arl/
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The Double Exl:)ansion in gravitational EFTs Corfu Summer Institute, Sel:)t. 10, 2025



The Asymptotic regime II:
The Species Scale

e Maximum UV cut-off in QG in the presence of N light species [Dvali'07] [Dvali, Reedi ‘08]
[Dvali, Liist “10] [Dvali, Gémez "10]

MPl d
_ 4 arl/p
MPl,d > AQG - 1 Nsp Mt
NZ>
For N, > 1 ——>  Asymptotic Regime: Mp) ; > Nqog 2 M,

. Tower of states with m = n'"Pm,  (String oscillators: Limiting case p — oo, M, = M,)
d—2 p(d—2)

Mp s \d+p—-2
NN MS NSp ~ —
Mt Mt Ms gS2

[Castellano, AH, Ibanez 21]

42
Mpi g \d+p—2 Mp, 1

Ao = M,

A 4
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The Asymptotic regime II:
The Species Scale

e Maximum UV cut-off in QG in the presence of N light species [Dvali'07] [Dvali, Reedi ‘08]
[Dvali, Liist “10] [Dvali, Gémez "10]

MPl d
_ 4 arl/p
MPl,d > AQG - 1 Nsp Mt
NZ>
For N, > 1 ——>  Asymptotic Regime: Mp) ; > Nqog 2 M,

. Tower of states with m = n'"Pm,  (String oscillators: Limiting case p — oo, M, = M,)

[Castellano, AH, Ibanez 21]

Species Scale of the d-dim EFT C Mp, 41, (decompactification of p dimensions)
ecies Scale of the d-dim
o (weakly coupled string limits)

Str
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The double EFT expansion: Leading Contributions

" 29 e
» R R
SEFT.d = "ddx\/ -8 ~ (R4 2 nn(—Z) T [ddx V& Z n;E—c?
2 n>2 AQG n>d M;
a b

n n

o, = A”_2 + M- d t ... [Castellano, AH, Ibanez "23]
QG 4 [Calderén-Infante, Castellano, AH "25]

What is this scale in the gravitational sector? —> Which term dominates in general?
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The double EFT expansion: Leading Contributions

o (QG) (FT)
Mp 4 0,(R) 0,(R)
SEFT,d = [ddx\/ —8 R+ Z J VT 2 —d
2 A2 Mt
n>2 QG n>d L
a, b n
a, — + + ... [Castellano, AH, Ibanez "23]

no o An=2 n—d
AQG Mt [Calderén-Infante, Castellano, AH "25]

What is this scale in the gravitational sector? —> Which term dominates in general?

EXAMPLE: Maximal 10d supergravity (type I1A) >4 graviton amplitude

* Decompactification limit (g, = o0)

* Weak string coupling limit (g, — 0)

— sugra sugra __ o 08 —4
d, = A f(s,0), AVE = — Ky 108 ~

f(5.0) = 1+ 85 10 Jre(8: D) + Cpp 10 Spags(s: D) + Epr 1o fpore(s: D) + ...

[Green, Gutperle, Kwan, Russo, Tsytelin, Vanhove97-"07]
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The double EFT expansion: Leading Contributions

(Duals of) Decompactification limits NG = M7=
Miid
« oy i n< d+p > UV divergent (Relevant in the decomp. th)
QG
1
* Qg if n>d+p > UV convergent (Irrelevant in the decomp. th)
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The double EFT expansion: Leading Contributions

(Duals of) Decompactification limits NG ~ M7
Miid
« oy i n< d+p > UV divergent (Relevant in the decomp. th)
QG
1
* Qg if n>d+p > UV convergent (Irrelevant in the decomp. th)
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The double EFT expansion: Leading Contributions

(Duals of) Decompactification limits NG ~ M7
Miid
« oy i n< d+p > UV divergent (Relevant in the decomp. th)
QG
1
% pned if n>d+p > UV convergent (Irrelevant in the decomp. th)
t
(@) stu an 2n2 "
fR4 — (271-)6 64 ( é/( )g 3 — 8
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The double EFT expansion: Leading Contributions

(Duals of) Decompactification limits Agg = M7
MPI d : :
« = it n<d+p > UV divergent (Relevant in the decomp. th)
« M;— - if n>d+p > UV convergent (Irrelevant in the decomp. th)
f5.0) = 1+ 85 10 Joe(8: D) + o) 10 Spaga(s: D) + Epr 1 fpore(s, 1) + . g, — o
PP S
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The double EFT expansion: Leading Contributions

(Duals of) Decompactification limits NG ~ M7
Mg
» — if n<d+p > UV divergent (Relevant in the decomp. th)
N
« M if n>d+p > UV convergent (Irrelevant in the decomp. th)

f5.0) = 1+ 85 10 Joe(8. D) + o) 10 Jpage(s: D) + Cplyo foeps(S: D + ..., &g — 0

(4r)>"* stu _ 2 -
fR4 — (271-)6 = 2{;(3)& 3/2 +TgS1/2 > fgl,lo gS1/2 — fgl,ll — AQ?}

A4r)>* stu(s® + 1> + u?) 27

L= 5)0-52 4 2532 )
Towr = "o 210 (5( & 1358 )
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The double EFT expansion: Leading Contributions

(Duals of) Decompactification limits Agg = M7
MPl d : :
« = it n<d+p > UV divergent (Relevant in the decomp. th)
« M;— - if n>d+p > UV convergent (Irrelevant in the decomp. th)
fs.)=1+7 Pl 10 fre(s, ) + 41010 Jpara(s, 1) + 412,10 Jpsg($; )+ ..., g —> OO
JESPEE A S

Any" stu(s® + % + u?) 52 %t o]
= 10 8 M2 # AZL
orre (2m)10 210 <08 T35 |7>%eo 8" = o 10Mkk # Aq

The Double ExPansion in gravitational EFTs Corfu Summer Institute, Sept. 10, 2025



The double EFT expansion: Leading Contributions

(Duals of) Decompactification limits NG ~ M7
Mg | |
* 72 if n<d+p > UV divergent (Relevant in the decomp. th)
QG
1
* Qg if n>d+p > UV convergent (Irrelevant in the decomp. th)

f5.0) = 1+ 85 10 Joe(8. D) + o) 10 Jpage(s: D) + Cplyo foeps(S: D + ..., &g — 0

(4r)>* stu B 21 . 6
Jre = 2" 64 2{(3)g" + 3 —8” > Coio&s = o = A
@A) stu(s® + 1 + u?) s, 27t ., ) )
Jpaps = (2710 210 46 )g 135 ~~z 85 —a—->f1%1 IOgS f1§1 IOMKI%#A 10
4m)” stu(s® + £ +u?) [ 2L(3)° 4£(2)¢(3 8(2)°  4L(6
fD6R4=(”) stu(s u) C()gs_3+ 4,“()5()&_1Jr C()g+5()s3 |
(27)12 212 3 3 5 27
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The double EFT expansion: Leading Contributions

(Duals of) Decompactification limits Agg = M7
MPl d : :
« = it n<d+p > UV divergent (Relevant in the decomp. th)
« M;‘— - if n>d+p > UV convergent (Irrelevant in the decomp. th)
fs.)=1+7 Pl 10 fre(s, ) + Lﬂgl()m Jpara(s, 1) + 412,10 Jpsg($; )+ ..., g —> OO
JESPEE A S

Ar)" stu(s® + 1% + u?) 52 %t o]
= 10 8 M2 # AZL
orre (2m)10 210 <08 T35 |7>%eo 8" = o 10Mkk # Aq

3 o 3 o 5 7 o8
12 3 4 —12
> fPl,lO gs fPl 10Mgx # A

3/2 3 3 3 2 3
P (én)) ’ stu(s ;2 +ud) (25(3) 5, KQXB) | 8@ - 4¢(6) 3> |
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The double EFT expansion: Leading Contributions

=M

ower ~— )

Weakly coupled (emergent) string limits Ao = M,

d-2 _ .2 pd-2
fP] - gs I’ﬂs

> Tree-level string perturbation theory, unles vanishing

> 1-loop contribution in string perturbation theory
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The double EFT expansion: Leading Contributions

AQG ~ M, tower — Ms

Weakly coupled (emergent) string limits
o =gl £

> Tree-level string perturbation theory, unles vanishing

> 1-loop contribution in string perturbation theory

fs.0) = 1+ Lp 1o foils: D) + Ep)o Jpera(s: 0 + Cpyg foori(s: D+ . g — 0
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The double EFT expansion: Leading Contributions

AoG = Migyer = M

ower A

Weakly coupled (emergent) string limits

d-2 — d-2
Md—Z f = gs I,ﬂ
Pl,d ) _ . h "
* An=2 ~ g > Tree-level string perturbation theory, unles vanishing
QG
1 0 . : . : i
Sy ~ g > 1-loop contribution in string perturbation theory
tower

fs.0) = 1+ 85 10 Joe(8: D) + o 10 Spaga(s: D) + Epi 1o fpore(s, D) + ... g.— 0

A7) .
frs = ((272)6 Sg;‘( ()= + ;’ 851/2)
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The double EFT expansion: Leading Contributions

AoG = Migyer = M

ower A

Weakly coupled (emergent) string limits
o =gl £

Mg
% n—,2 ~ g 2 > Tree-level string perturbation theory, unles vanishing
1 0 : : . : :
x T =& > 1-loop contribution in string perturbation theory
M{éwer
O 12
(4m)*" stu -32 2”2 1/2 32 = £6 = AT
= > /S =7, = Ay
Jra 205 64 20(3)g, 8 P110 85
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The double EFT expansion: Leading Contributions

AoG = Migyer = M

ower A

Weakly coupled (emergent) string limits
o =gl £

Mg
% n—,2 ~ g 2 > Tree-level string perturbation theory, unles vanishing
1 0 : : . : :
x T =& > 1-loop contribution in string perturbation theory
Mtr(L)wer
O 12
(4m)*" stu -32 2”2 1/2 32 = £6 = AT
= > /S =7, = Ay
Jra 205 64 20(3)g, 8 P110 85

Jpigs =

A4r)>* stu(s® + 1> + u?) B 27
£(5)g"  +—=g" ),
(27)10 210 135
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The double EFT expansion: Leading Contributions

AoG = Migyer = M

ower A

Weakly coupled (emergent) string limits
o =gl £

Miri
: ) : : C oy
% N2 ~ g > Tree-level string perturbation theory, unles vanishing
1 0 : : . : :
Sy ~ g > 1-loop contribution in string perturbation theory
tower
(4n)" stu _ 27:2 _ _
fR4 — (271-)6 ” C( )g 3/2 3 gS1/2 > Lﬂ i g, 32 _ f6 A 6
@A) stu(s® + 1 + u?) s, 27t ., T
Jpegs = (2710 210 £(3)g, 135 28  |—> fPl 10 s =7, AQG
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The double EFT expansion: Leading Contributions

AoG = Migyer = M

ower A

Weakly coupled (emergent) string limits

d-2 — d-2
Md—Z f = gs bﬂ
Pld -2 . o th b
* An=2 g > Tree-level string perturbation theory, unles vanishing
QG
1 0 . : . : i
Sy ~ g > 1-loop contribution in string perturbation theory
tower

fs.0) = 1+ 85 10 Joe(8: D) + o 10 Spaga(s: D) + Epi 1o fpore(s, D) + ... g.— 0

(4r)** stu B 27? _ -

fR4 — (271-)6 = C( )g 3/2 3 gSI/2 > Lﬂ i g, 3/2 __ f6 A 6
@A) stu(s® + 1 + u?) s, 27t ., T
Jpegs = (2710 210 £(3)g, 135 28  |—> fPl,lOgS =7, AQG

4m)” stu(s® + £ +u?) [ 2L(3)° 4£(2)¢(3 8(2)°  4L(6
fD6R4=(”) stu(s u’) C()gs_3+ C()C()g;1+ C()g+5()s3 |

(27)12 212 3 3 5 27
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The double EFT expansion: Leading Contributions

AoG = Migyer = M

ower A

Weakly coupled (emergent) string limits

d-2 — d-2
Md—Z f = gs bﬂ
Pld -2 . o th b
* An=2 g > Tree-level string perturbation theory, unles vanishing
QG
1 0 . : . : i
Sy ~ g > 1-loop contribution in string perturbation theory
tower

fs.0) = 1+ 85 10 Joe(8: D) + o 10 Spaga(s: D) + Epi 1o fpore(s, D) + ... g.— 0

(4r)** stu B 27? _ -

fR4 — (271-)6 = C( )g 3/2 3 gSI/2 > Lﬂ i g, 3/2 __ f6 A 6
@A) stu(s® + 1 + u?) s, 27t ., T
Jpegs = (2710 210 £(3)g, 135 28  |—> fPl,lOgS =7, AQG

4m)y” stu(s® + £ +u) [ 2L(3)° 4£(2)¢(3 8(2)°  4L(6
fD6R4=(”) stu(s u’) C()gs_3+ C()C()g;1+ C()g+5()s3 |

(27)12 212 3 3 5 27

12 12 _ —12
> Cpi 1o g =12, = Ag
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The double EFT expansion: General Lessons

(QG) (FT)
Md—2 R R
SEFT,d — [ddx /—_g Pl,d R+ Z @nn(_z) 4 [ddx /—_g 2 @nr(l_a?
2 n>?2 AQG n>d Mt

* Decompactification limits: Non-vanishing contribution to an infinite tower of UV
DZL” R4
A4§+2f—d

convergent operators of the form > Field-theoretic series diverges as the

scale M, is approached > Resummed into higher dim. 2-derivative with more dof
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The double EFT expansion: General Lessons

(QG) (FT)
Md—2 R R
SEFT,d — [ddx /—_g Pl,d R+ Z @nn(_z) 4 Jddx /—_g 2 @n’E_a?
2 n>?2 AQG n>d Mt

* Decompactification limits: Non-vanishing contribution to an infinite tower of UV
DZL” R4
A4§+2f—d

convergent operators of the form > Field-theoretic series diverges as the

scale M, is approached > Resummed into higher dim. 2-derivative with more dof

* Emergent string limits: 4-graviton amplitude in string perturbation theory >

D2fR4
M(2f+2)—2
S

Tree-level contribution to an infinite tower of operators of the form
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The double EFT expansion: General Lessons

(QG) (FT)
Md—2 R R
SEFT,d — [ddx /—_g Pl,d R+ Z @nn(_z) 4 Jddx /—_g 2 @n’E_a?
2 n>?2 AQG n>d Mt

* Decompactification limits: Non-vanishing contribution to an infinite tower of UV

DZL” R4
convergent operators of the form > Field-theoretic series diverges as the
A4§+2f—d
scale M, is approached > Resummed into higher dim. 2-derivative with more dof
* Emergent string limits: 4-graviton amplitude in string perturbation theory >
DZK R4
Tree-level contribution to an infinite tower of operators of the form
AN2E+D-2
\)
an bl’l
a + +

tOANgG M

In all observed examples, the double EFT expansion captures the
leading contribution for every (non-vanishing) Wilson Coefficient
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The double EFT expansion:
General Lessons

e AQG
v
d+p—2 @n(R)
Py n>?2 Aré_Gz
A
: Mtower

v 0.R) 0,(R)
Md 2 + Z M{l_d

n>?2 QG n>d

Quantum-gravitational breakdown

Extended EFT, (=EFT,, )

Field-theoretic breakdown

EFT,

[Calderén-Infante, Castellano, AH "25]
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Can we exploit this multi-scale structure to bound
gravitational Wilson Coefficients?
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The Bottom-up Perspective:
Constraints on Wilson Coefficients

¢ Assuming the Double EFT expansion, with the leading piece for a (non-vanishing)
gravitational Wilson coefficient being given by the FT or QG pieces

an b”l
a, = N + M= t .. (In Planck Units)
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The Bottom-up Perspective:
Constraints on Wilson Coefficients

¢ Assuming the Double EFT expansion, with the leading piece for a (non-vanishing)
gravitational Wilson coefficient being given by the FT or QG pieces

@, = A’él:_(}z + M;_ rIREREE (In Planck Units)

« GOAL: Obtain bounds for Wilson coefficients in asymptotic Regime (Mp ; > Nog 2 M,)
and compare with S-Matrix bootstrap

Double EFT
Expansion
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The Bottom-up Perspective:
Constraints on Wilson Coefficients

¢ Assuming the Double EFT expansion, with the leading piece for a (non-vanishing)
gravitational Wilson coefficient being given by the FT or QG pieces

@, = A’f:_(}z + M;_ rIREREE (In Planck Units)

« GOAL: Obtain bounds for Wilson coefficients in asymptotic Regime (Mp ; > Nog 2 M,)
and compare with S-Matrix bootstrap

Double EFT
Expansion

_|_

Emergent String
Conjecture
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The Bottom-up Perspective:
Constraints on Wilson Coefficients

¢ Assuming the Double EFT expansion, with the leading piece for a (non-vanishing)
gravitational Wilson coefficient being given by the FT or QG pieces

@, = A'f:_(}z + M;_ IR (In Planck Units)

« GOAL: Obtain bounds for Wilson coefficients in asymptotic Regime (Mp ; > Nog 2 M,)
and compare with S-Matrix bootstrap

Double EFT S-Matrix
Expansion Bootstrap
_I_
Emergent String
Conjecture
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The Bottom-up Perspective:
Constraints on Wilson Coefficients

¢ Assuming the Double EFT expansion, with the leading piece for a (non-vanishing)
gravitational Wilson coefficient being given by the FT or QG pieces

@, = A'f:_(}z + M;_ IR (In Planck Units)

« GOAL: Obtain bounds for Wilson coefficients in asymptotic Regime (Mp ; > Nog 2 M,)
and compare with S-Matrix bootstrap

Double EFT S-Matrix
Expansion < Inform Bootstrap
_I_
Emergent String
Conjecture
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The Bottom-up Perspective:
Constraints on Wilson Coefficients

¢ Assuming the Double EFT expansion, with the leading piece for a (non-vanishing)
gravitational Wilson coefficient being given by the FT or QG pieces

@, = A'f:_(}z + M;_ IR (In Planck Units)

« GOAL: Obtain bounds for Wilson coefficients in asymptotic Regime (Mp ; > Nog 2 M,)
and compare with S-Matrix bootstrap

Provide Targets for

Double EFT > S-Matrix
Expansion < Inform Bootstrap
_I_
Emergent String
Conjecture
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The Bottom-up Perspective:
Scaling relations between Wilson Coefficients

ay + b, (In Planck Units)

an:An_z Mn—d—l_.” ’ . . S
QG Asymptotic Regime: Mp| ; > Nog 2 M

* We have two scales, Aqg and M and an infinite number of Wilson Coefficients
> Solve for the scales in terms of Wilson coefficients and substitute back

Ao = M 0<y<l
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The Bottom-up Perspective:
Scaling relations between Wilson Coefficients

ay + b, (In Planck Units)

an:An_z Mn—d—l_.” ’ . S
QG Asymptotic Regime: Mp| ; > Nog 2 M

* We have two scales, Aqg and M and an infinite number of Wilson Coefficients
> Solve for the scales in terms of Wilson coefficients and substitute back

p 1
~ MY ESC: =
Aoc =M O<y=l = dsp_2 > A1

<y<l
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The Bottom-up Perspective:
Scaling relations between Wilson Coefficients

ay + b, (In Planck Units)

C(rl:/\n_2 Mn—d—l_.” ’ . S
QG Asymptotic Regime: Mp| ; > Nog 2 M

* We have two scales, Ayg and M and an infinite number of Wilson Coefficients
> Solve for the scales in terms of Wilson coefficients and substitute back

p 1
Agg=M"  Osysl " dvp-2 > 973
e (Consider 10d maximal SUGRA:
Hps = Upa M_6y + bR4 M? + ... Assume Ap4 £ 0 Aps ~ M_6y
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The Bottom-up Perspective:
Scaling relations between Wilson Coefficients

ay + b, (In Planck Units)

C(rl:/\n_2 Mn—d—l_.” ’ . S
QG Asymptotic Regime: Mp| ; > Nog 2 M

* We have two scales, Aqg and M and an infinite number of Wilson Coefficients
> Solve for the scales in terms of Wilson coefficients and substitute back

p 1
AQG_M 0<y<l C: vy iy 2 > 5

<y<l

e (Consider 10d maximal SUGRA:

[ Guerrieri, (Murali,) Penedones, Vieira "21 ‘23]

Qs = ags M~ + br, M *+ ...  S-Matrix Bootstrap aps # 0 Ops ~ M~
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The Bottom-up Perspective:
Scaling relations between Wilson Coefficients

a b :
o n_o O (In Planck Units)

" A'&}z Mnr—d Asymptotic Regime: Mp| ; > Nog 2 M

* We have two scales, Ayg and M and an infinite number of Wilson Coefficients

> Solve for the scales in terms of Wilson coefficients and substitute back
1
9

AQGEAW/ (LSyS]_ ESC: y = P > <y<l1

_d+p—2
e Consider 10d maximal SUGRA: o , N
[ Guerrieri, (Murali,) Penedones, Vieira "21 ‘23]

Qs = ags M~ + br, M *+ ...  S-Matrix Bootstrap aps # 0 Ops ~ M~

BOU.IICIS on aD4R4 — aD4R4 M—lOy + bD4R4 ]W—2 as CZR4 — OO0
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The Bottom-up Perspective:
Scaling relations between Wilson Coefficients

a b :
o n_o O (In Planck Units)

" A'&}Z Mr=d Asymptotic Regime: Mp| ; > Nog 2 M

* We have two scales, Ayg and M and an infinite number of Wilson Coefficients

> Solve for the scales in terms of Wilson coefficients and substitute back
1
9

AQGgAw/ (LSyS]_ ESC: y = P > <y<l1

_d+p—2

e (Consider 10d maximal SUGRA:

[ Guerrieri, (Murali,) Penedones, Vieira "21 ‘23]

Ogs = ags M~ + bg, M *+...  S-Matrix Bootstrap aps # 0 aps ~ M

BOU.IICIS on aD4R4 — aD4R4 M—lOy + bD4R4 ]W_2 as CZR4 — OO0

1
Upper bounds: Ify>—: |Qpips| < @

5 R*
1 13
If}/<§1 |05D4R4| < OCR47/
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The Bottom-up Perspective:
Scaling relations between Wilson Coefficients

a b :
o n_o O (In Planck Units)

" A'&}Z Mr=d Asymptotic Regime: Mp| ; > Nog 2 M

* We have two scales, Ayg and M and an infinite number of Wilson Coefficients

> Solve for the scales in terms of Wilson coefficients and substitute back
1
9

AQGgAw/ (LSyS]_ ESC: y = P > <y<l1

_d+p—2

e (Consider 10d maximal SUGRA:

[ Guerrieri, (Murali,) Penedones, Vieira "21 ‘23]

Qs = ags M~ + br, M *+ ...  S-Matrix Bootstrap aps # 0 Ops ~ M~

BOU.IICIS on aD4R4 — aD4R4 M—lOy + bD4R4 ]W_2 as CZR4 — OO0

1
Upper bounds: Ify>—: |Qpips| < @

? R ESC: > |apigs] < a3,
1/3
If}/<§1 |05D4R4| < OCR47/
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The Bottom-up Perspective:
Scaling relations between Wilson Coefficients

o = A n b, + (In Planck Units)
tONgG M Asymptotic Regime: Mp; ; > Aog 2 M

* We have two scales, Ayg and M and an infinite number of Wilson Coefficients

> Solve for the scales in terms of Wilson coefficients and substitute back
1
9

AQGgAﬁ’ (LSySl. ESC: y = P > <y<l1

_d+p—2
* Consider 10d maximal SUGRA: o , N
[ Guerrieri, (Murali,) Penedones, Vieira "21 ‘23]

Qs = ags M~ + br, M *+ ...  S-Matrix Bootstrap aps # 0 Ops ~ M~

BOU.IICIS on aD4R4 — aD4R4 M—lOy + bD4R4 ]W_2 as CZR4 — OO0

1
Upper bounds: Ify > s | apags | < 05,223 ESC: > apige] <
<t lapupl <l
Lower Bounds: (FT) | Apyaps| = a;f” > 061%23
(QG) | apage| >
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The Bottom-up Perspective:
Comparison with S-Matrix Bootstrap bounds

ay + b, (In Planck Units)

an:An_z Mn—d—l_.” ’ . . S
QG Asymptotic Regime: Mp| ; > Nog 2 M
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The Bottom-up Perspective:
Comparison with S-Matrix Bootstrap bounds

ay + b, (In Planck Units)

an:An_z Mn—d—l_.” ’ . . S
QG Asymptotic Regime: Mp| ; > Nog 2 M

» Bounds on adimensional Wilson Coefficients: @, = a, M"™> < 1

n

n—2 _
i=a (M/AQG> b =b M2
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The Bottom-up Perspective:
Comparison with S-Matrix Bootstrap bounds

ay + b, (In Planck Units)

an:An_z Mn—d—l_.” ’ . . S
QG Asymptotic Regime: Mp| ; > Nog 2 M

» Bounds on adimensional Wilson Coefficients: @, = a, M"™> < 1

n

n—2 _
i=a (M/AQG> b =b M2

* Scaling relations among Wilson Coefficients:
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The Bottom-up Perspective:
Comparison with S-Matrix Bootstrap bounds

ay + b, (In Planck Units)

an:An_z Mn—d—l_.” ’ . . S
QG Asymptotic Regime: Mp| ; > Nog 2 M

» Bounds on adimensional Wilson Coefficients: @, = a, M"™> < 1

n

n—2 _
i =a (M/AQG> b =b M 1
ESC: 5 <7<

* Scaling relations among Wilson Coefficients: ags ~ MUY Aog = M7

[ Guerrieri, (Murali,) Penedones, Vieira '21 ‘23]
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The Bottom-up Perspective:
Comparison with S-Matrix Bootstrap bounds

dy

b .
N I (In Planck Units)

" A'&}Z Mnr—d Asymptotic Regime: Mp| ; > Nog 2 M

» Bounds on adimensional Wilson Coefficients: &, = a, M"™* < 1

n—2
i=a (M/AQG> b =b M2 1
ESC: — <r<1
9
* Scaling relations among Wilson Coefficients: g+ ~ M7 Aog = M7
[ Guerrieri, (Murali,) Penedones, Vieira '21 ‘23]
Bounds on @psp: = dpaps MO 4 bpuns MBS+ ... as @ps— 0
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The Bottom-up Perspective:
Comparison with S-Matrix Bootstrap bounds

ay + b, (In Planck Units)

a, = + ...
ANog M Asymptotic Regime: Mp| ; > Nog 2 M

» Bounds on adimensional Wilson Coefficients: &, = a, M"™* < 1

n—2 "
i=a (M/AQG> b =b M2 1
ESC: — <y <1
9
* Scaling relations among Wilson Coefficients: g+ ~ M7 Aog = M7
[ Guerrieri, (Murali,) Penedones, Vieira '21 ‘23]
Bounds on @psp: = dpaps MO 4 bpuns MBS+ ... as @ps— 0
LA 73
Upper bounds: Ify > 55 [ Opeps <a
Lo~ ~4/[3(1— -
If}/ g aD4R4 < R[ ( 7)] — }, N O |aD4R4| < 4/3
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The Bottom-up Perspective:
Comparison with S-Matrix Bootstrap bounds

ay + b, (In Planck Units)

a, = + ...
ANog M Asymptotic Regime: Mp| ; > Nog 2 M

» Bounds on adimensional Wilson Coefficients: &, = a, M"™* < 1

n—2 _
i =a (M/AQG> b =b M 1
ESC: — <y <1
9
* Scaling relations among Wilson Coefficients: Qs ~ MOUTY) Agg = M7
[ Guerrieri, (Murali,) Penedones, Vieira '21 ‘23]
Bounds on @paps = adpags MO 4+ by M3+ ... as Gpe — 0
1
Upper bounds: If y > 3 Apigs| < @3 ESC: | @pigs| < @7
Lo ~4/[3(1— -
If}/ g aD4R4 < R[ ( 7)] — }, N O |aD4R4| < 4/3
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The Bottom-up Perspective:
Comparison with S-Matrix Bootstrap bounds

ay + b, (In Planck Units)

C(rl:/\n_2 Mn—d—l_.” ’ . S
QG Asymptotic Regime: Mp| ; > Nog 2 M

» Bounds on adimensional Wilson Coefficients: &, = a, M"™* < 1

n—2 "
i=a (M/AQG> b =b M2 1
ESC: — <y <1
9
* Scaling relations among Wilson Coefficients: g+ ~ M7 Aog = M7
[ Guerrieri, (Murali,) Penedones, Vieira '21 ‘23]
Bounds on @psp: = dpaps MO 4 bpuns MBS+ ... as @ps— 0
| A ~ - -
Upper bounds: Ify > 5 | Gpig < a%/f ESC: | @pigs| < @7
1 ~ ~4/[3(1— . -
Ify <7t ldpeg < @ sy 50 |apege] < o
Lower Bounds: (FT) | Opags| 2 &2/ BU-PI' 5 No constraint for y = 1
(QG) | Gpags| > @07
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The Bottom-up Perspective:
Comparison with S-Matrix Bootstrap bounds

ay + b, (In Planck Units)

C(rl:/\n_2 Mn—d—l_.” ’ . S
QG Asymptotic Regime: Mp| ; > Nog 2 M

» Bounds on adimensional Wilson Coefficients: &, = a, M"™* < 1

n—2 "
i=a (M/AQG> b =b M2 1
ESC: — <y<1
9
* Scaling relations among Wilson Coefficients: g+ ~ M7 Aog = M7
[ Guerrieri, (Murali,) Penedones, Vieira '21 ‘23]
Bounds on @psp: = dpaps MO 4 bpuns MBS+ ... as @ps— 0
| ~ ~ ~
Upper bounds: Ify > 5 | Gpig < a%/f ESC: | @pigs| < @7
1 ~ ~4/[3(1— . -
Ify <7t ldpeg < @ sy 50 |apege] < o
Lower Bounds: (FT) | Opags| 2 &2/ BU-PI' 5 No constraint for y = 1
(QG) | Gpaps| = 55%3 Obtained from S-matrix Bootstrap

[ Albert, Knop, Rastelli "24]
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The Bottom-up Perspective:
Comparison with S-Matrix Bootstrap bounds

b .
@ =—1 4 (In Planck Units)

ANog M Asymptotic Regime: Mp| ; > Nog 2 M

» Bounds on adimensional Wilson Coefficients: &, = a, M"™* < 1

n—2 "
i=a (M/AQG> b =b M2 1
ESC: — <y <1
9
* Scaling relations among Wilson Coefficients: g+ ~ M7 Aog = M7
[ Guerrieri, (Murali,) Penedones, Vieira '21 ‘23]
Bounds on @psp: = dpaps MO 4 bpuns MBS+ ... as @ps— 0
1 " “
Upperbounds: Ify>—: |dpigs| < 0% ESC: | @pigs| < @7 Stronger than
5 S-Matrix Bootstrap
[ ~4[3(1- ~ a <a
If y g: s Sath[( 7)] — sy 0 |Apap] < ;13/43 | @paga| < aga _
[ Albert, Knop, Rastelli "24]
Lower Bounds: (FT) | Qpaps| 2 ~2/4[3(1—7/)] —> No constraint fory = 1
(QG) |@pigs| > @)7  Obtained from S-matrix Bootstrap

[ Albert, Knop, Rastelli "24]

The Double Expansion in gravi’cational EFTs Corfu Summer Institute, Sept. 10, 2025



Summary

What is the Structure of Gravitational EFTs?

Can we exploit this multi-scale structure to bound
gravitational Wilson Coefficients?
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Summary

What is the Structure of Gravitational EFT1s?

Mgid 0,(R) 6 (R)
SEFT,d = Jddx\/ —8 9 R+ Z An=2 T [ddx\/ 5 Z Mn—d
t

n>?2 QG

e Ao Quantum-gravitational breakdown
0,(R)

d+p-2 n B

Py 24 Apod Extended EFT, (=EFT,, )
n>?2 G
A
: M yer Field-theoretic breakdown
O, (R 0. (R |

w3 00y O EFT,
n>?2 QG n>d t
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Summary

Can we exploit this multi-scale structure to bound
gravitational Wilson Coefficients?

a b

n n

anzN&}z + Mn_d+...

Provide Targets for

Double EFT -> S-Matrix
Expansion < Inform Bootstrap
+
Emergent String
Conjecture

Explore upper/lower bounds (in combination with emergent string
conjecture) and relative bounds in the asymptotic regime
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Outlook

Study subleading terms and multi-scale structure

Investigate further top-down constructions
* Explore connections with S-Matrix Bootstrap constraints

* Generalize understanding of corrections to minimal Black Holes in neutral case
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Outlook

Study subleading terms and multi-scale structure

Investigate further top-down constructions
* Explore connections with S-Matrix Bootstrap constraints

* Generalize understanding of corrections to minimal Black Holes in neutral case

Thank you!
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Back-up slides
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The double EFT expansion: Decompactification Limits

* 4-graviton amplitude: Non-vanishing contribution to an infinite tower of UV convergent
D2f R4

8+20—d
Mt

operators of the form > Change EFT at scales around M; < Agg

e Massive vs. massless thresholds and different EFTs: &/,(s, 1) = &/;*" (s, 1) + (s, 1)

[Green, Gutperle, Kwan, Russo, Tsytelin, Vanhove97-"07]
[Calderén-Infante, Castellano, AH “25}

n=_0 n+#0
p2¢ps (FT) (QG)

2 p4
M2 +8~d +4 Z g2 DR

de MPLd A26+6
. G
Massive threshold <

d-dimensional 4 Z b,

d-dim EFT: Massless-threshold
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The double EFT expansion: Decompactification Limits

* 4-graviton amplitude: Non-vanishing contribution to an infinite tower of UV convergent
D2f R4

8+20—d
Mt

operators of the form > Change EFT at scales around M; < Agg

e Massive vs. massless thresholds and different EFTs: &/,(s, 1) = &/;*" (s, 1) + (s, 1)

[Green, Gutperle, Kwan, Russo, Tsytelin, Vanhove97-"07]
[Calderén-Infante, Castellano, AH “25}

D = (d + 1)-dim EFT: D-dimensional
A Massless-threshold
: A *.,
R — o ) ’ ' .
n=0 n#£0
p2¢ps (FT) (QG)
d-dimensional Z b, D* R4
_di . 26+8—d d-2—~" "~
d-dim EFT: Massless-threshold T W + Z @M AZG®

Massive threshold
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The double EFT expansion: Decompactification Limits

* 4-graviton amplitude: Non-vanishing contribution to an infinite tower of UV convergent
D2f R4

8+20—d
Mt

operators of the form > Change EFT at scales around M; < Agg

e Massive vs. massless thresholds and different EFTs: &/,(s, 1) = &/;*" (s, 1) + (s, 1)

[Green, Gutperle, Kwan, Russo, Tsytelin, Vanhove97-"07]
[Calderén-Infante, Castellano, AH “25}

(QG)
: D-dimensional D* R*
D = (d + 1)-dim EFT: mb2=_
A Massless-threshold + Z 4MpLp e
: A ~. A
R oo A, =
n=0 0 .
p2eps (FT) (QG)

d-dimensional 1 Z b,
Massless-threshold

20 p4
42 DR

d’dlm EFT: anPl,d W

M2 +8~d +4 Z

Massive threshold
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The Bottom-up Perspective:
Absolute bounds in terms of EFT cutoff

a

o n_ b, + (In Planck Units)

A M Asymptotic Regime: Mp) ; > Nog 2 M

» Upper bounds in terms of M as a,, — o0. Both terms bounded by:

<
a,] S~

e Lower bounds in terms of M as a, — oo (assuming non-vanishing coefficient):

Forn <d Forn > d
>
() la, |27 (QG) la,| 2 —— > O(1)
QG
Emergent String Forn <d+1 Forn>d+ 1
Conjecture (p = 1):
THp=2 (FT) la,| 2 QG) |a,| =
M 2 A Mp—d ] =
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The Bottom-up Perspective:
Comparison with S-Matrix Bootstrap bounds

ay + b, (In Planck Units)

an:An_z Mn—d—l_.” ’ . . S
QG Asymptotic Regime: Mp| ; > Nog 2 M

» Bounds on adimensional Wilson Coefficients: @, = a, M"™> < 1

n—2 _
i =a (M/AQG> b =b M

* 1) Absolute bounds in terms of EFT cutoff:

[Caron-Huot, Mazac, Rastelli, Simons-Duffin "21] [Bern, Kosmopoulos, Zhiboedov "21]
2x[Caron-Huot, Li, Parra-Martinez, Simons-Duffin '22] [Albert, Knop, Rastelli 23] [Caron-Huot, Li "24]

Compatible with Double EFT bounds upon
identification of EFT cutoff with M (or M, )
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