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1. Motivation

Test effects beyond GR with gravitational waves
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—| Scattering information can be used for the bound problem! See talks by Fei, Thibault, Zvi!

What is the nature of these compact objects?




1 . MOtiVﬂtiOn Black hole hair?

Spin

Are black holes

characterised by

these quantities
alone?

|

|

Charge, mass, spin + ?



2. Scalar-tensor EFTs

— have long stood as a
promising avenue to study

— They consist of gravity theories with the introduction of
an additional degree of freedom, along

with the Sorl&u] = Ssrl8,s @]

—» The action of scalar-tensor theories can be
systematically studied in the context of effective
field theories ( ); one then builds consistently
the

8@86 " The core idea of EFTs: at various scales
" we use different physical theories to
describe the relevant phenomena.

~ 107 m ~ 10" m ~1m ~ 10718 m



2. Scalar-tensor EFTs R o R =560 "R,,

R*P°R,, - —4R"R,, + R
3EFT=\/_7§{30+ Z} — ~
D>5 |
MPl

1 C C (5) _ Mp, { ) ~ (52 }
Lo = 2R+28¢0¢ 3!¢ !gb ~2¢ GB/ CS




2. Scalar-tensor EFTs R o R =560 "R,,

UUPC _ 7% 2
= { o Z} RMPR, 41; R, +R
D>5

Mpl | C Cy (35) _ _H 2 ~ (2 Cs s
gO_TR_|_2a Hot 3'453 4'¢4 D<4 3 = AR g H AR S!gb
SGB DCS
Ignoring scalar self 6) _ L Crs 3 , CR3 3 2 2 P2 | G 6
interactions ¢" < A2 ) 3! A 31 A+ CWGB% B T Cyacs 6! %

Mp,
gSVT(S) D — e { ,BF2 + ﬁFF} — [or the extension to EMDA see

Experimental window: [26XX. XXXXX]

a
<022km . va < 9.5km
A Phys.Rev.D 107 (2023) 4, 044030 [Silva, Ghosh, Buonanno]

Phys.Rev.D 111 (2025) 2, 024016 [Julié, Pompili, Buonanno]
Phys.Rev.Lett. 126 (2021) 18, 181101 [Silva, Holgado, Cardenas-Avendano, Yunes]

Broad window of resolvability!| '[Eur.Phys.J.C 85 (2025) 1, 74 [Falkowski, PM]

Already GW observations are

Phys.Rev.D 112 (2025) 4, 044004 [Wilson-Gerow Recent activity on the
used to constrain SGB, DCS Y (2025) W ! y

[2601.17503] [Bernard, Jain, Mougiakakos] PM dynamics using
[2602.08876] [AImeida, Du, Liu, Wang] worldline methods!




Scalar hair in scalar-tensor theories:

Compact objects can acquire scalar hair in ST theories = Exactly the case for SGB, DCS

“Monopole hair” “Dipole hair”
\ /'
Far zone
o +*0— . —@
scalar hair qb— 7”+7’2+.”
T N
SGB DCS

Hairy BH solution in ST theory

Most phenomenologically relevant effect

Monopole leads to dipole radiation for
binary inspirals

Shift-symmetry of the SGB theory plays a crucial role
to avoid no-hair theorems for scalar-tensor theories

Effects of higher order terms can be important,
e.g. 4’52‘%%& leads to spontaneous scalarization



Waveforms at leading order with KMOC:

3-point building blocks

Modifications to 4-points
+ Contact terms’ ansatZz!
See Lucile’s talk!

5-points (and waveforms)

Ls, g, 1 Ls, Ls,
h ———— @ ——) h
2s, h h 25, 25,
Ls, 1/51 See talks by Donal and Fei!
hor(t))= h, £ ihy, ~ dee‘iwtjd®(q)e_ibq @ h

25
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Inclusion of scalar-tensor interactions

Universal interactions with the Q%%B and %%S iInvariants come from the dimension-5 operators

M s = M+ M & a+ia
PO) — Pl¢{a9§%}B+&'§?%S} _— > ________ ¢ ~ — =
N? A2 A2

All compact objects will radiate the scalar (and GWs) through this extra coupling

%@ Meading PN order|

1/5 .
. @g ‘ dpP, 0 |Kepler’s law| dP, Heavily suppressed
“Numl Zi 0 Y E — ~ 22 compared to “hairy”
6(a%) d€ | 5.0 compact objects
J i/ (N |



On-shell description of monopole hair o

3641-3647 [Bekenstein]

glect i,

. . . . . . . . Ne
We model the BH as a point-particle interacting with the scalar field in a ST fashion @pressed

Most general effective metric that respects causality is: &,, = exp|C(——) |,
= MPZ -
\—\,—_J
Conformal coupling Disformal coupling
Generate 3-point amplitudes for arbitrary spinning BH: <« eXp[qi)] %1+CMi
¢ (32)1321° - —
M 3 pos (1 4>24:34) = My m25—2 151
32)>7 12132157 12((32) + [32
/%3,ferm_(1¢,2q,,3q,):]\zl< > ]m 25_5( ) + [32])
-------- ¢
m—>eC/2m

T ’

Astrophysical Journal, vol. 196, Mar. 1, 1975, pt. 2, p. L59-L62. [Eardley]
1992 Class. Quantum Grav. 9 2093 [Damour, Esposito-Farese]



On-shell description of monopole hair |pFEsssm

. . . . . . . . Neglect i,
We model the BH as a point-particle interacting with the scalar field in a ST fashion @)pressed

Most general effective metric that respects causality is: §,, = exp|C (Mi)
_ g

\—\,—_J
Conformal coupling Disformal coupling

Generate 3-point amplitudes for arbitrary spinning BH: eXp[in)] %HCMi
c; (32)°[32P° s, 1, P Pl
32 S—1/2[32]S—1/2/ 32) + [32] ®
My oy (123 5) = ]\21 (32) sz-;( ) ) /' 77771
o h h lg, 1, L, I's,
lg, 1,
———————— ¢
T L 4 S
m — e““m
T 251 ¢ h 23, 24, 23, 2
lg, 1

Astrophysical Journal, vol. 196, Mar. 1, 1975, pt. 2, p. L59-L62. [Eardley]
1992 Class. Quantum Grav. 9 2093 [Damour, Esposito-Farese] ¢ o



Waveforms and emitted power

Waveforms for scattering of compact objects ¢; ~ a+ O(a”)
with scalar-hair:

Phys.Rev.D 100 (2019) 10, 104061 [Julié, Berti]

« , x Can be matched to existing
scalar “monopole” charges ¢; = ¢,(1m;, a;, =) —>\_results if it's secondary hair!

oy N

O mym, L [ @7 = Dlegayn)® Heganlly@yn) — @n) + (Gn)T] T
b S - " " = 1 <o 5 Zeroth spin order
327 MPZ\/}/ — l(l/tln) b \/1 4 T12 [ T (uln) + }/(MZn) + (bn)Tl] + (Un) (1 + Tl) contact term
e, (i) + (27 = 3y(gn) — 27 = BT,  (C9)
Y
v < 1 limit _
dP, 1 | dpP, 8 Agre_err_lent with
dQ |, b — > O ~ot T existing PN
0
o results for SGB!
Same for the
gravitational waveforms: Phys.Rev.D 85 (2012) 064022, Phys.Rev.D 93 (2016)
0 2, 029902 (erratum) [Yagi, Stein, Yunes, Tanaka]
dP, v | | dP, o Class.Quant.Grav. 39 (2022) 3, 035002 [Shiralilou,
~ T —- — ~ U Hinderer, Nissanke, Ortiz, Witek]
dQ o b* A2 | (a0
JHEP 05 (2025) 045

[Falkowski, PM]



On-shell description of dipole hair?

However, even after parametrizing our ignorance of the amplitudes we were still not able to
reproduce the on-shell desription of the (spin-dependent) dipole hair!

We can only reproduce part of the result and only in a particular limit. We get:

Pg’) — 0
22
mim
P? - e c;CVa, — c,CMay| - o |07
% 102473M38,b° e

The leading PN formula for DCS reads:

Phys.Rev.D 85 (2012) 064022, Phys.Rev.D 93 (2016) 2,

P;z) ~ ((l . 0)2 #6121)2 029902 (erratum) [Yagi, Stein, Yunes, Tanaka]

We couldn’t reproduce the second term...!

Any new ideas? Please come talk to me!!!
(All communities welcome!)




4. UV completions of scalar-tensor EFTs

Ls, JHEP 01 (2026) 060
[Falkowski, PM]

~Yy
ldea: N ________ & coupling of massive matter
to massless scalar

T
For E < m |
y ~ m A > -—----- ) —mmmm——y S ¢ ~ C¢GB(y, m) & 1C¢cs(y, m)
SGB/DCS interaction




4. UV completions of scalar-tensor EFTs

Parametrisation of all possible interactions with massive particle with spin S = 0,1/2,1

1
M.

LI D - (lﬁ{yomq) @]+ y,(PP) — iy, (¥r°YP)

IYdVﬂyVﬂy R V,m/V/w — VN 2V Vﬂ] }

M(142435] = = Yomg, M1 42435] = — y,[(23) + [23]] — iy, [(23) - [23]]

1
MN142,37] = — {yd[<23>2+ [231%] + iy, [(23)* — [23]7] +ym(23)[23]}

Inclusion of leading EFT quadratic operators, aka contact terms

. 2 Cu - Cu - 1 _ — _
3%“3“3“0 » q’; { ; Mg | D |° A;’(\I!\P) | ij\;’(\yyﬁlf) v cVVWV””+5VVWV””—6Vm2VMV”] }




On-shell matching

General approach:

Compute 1-loop discontinuities, e.q.

Disc’. /12,354, = inHXY%(l 120 (= Ve(=X)) M (3,4 X ¥ 5)

matter running tree-level EFT
inside the loops amplitudes

Heavy mass expansion, m > E




Some results

B Yo 7y, Iy, =2y,
CypcB =
144072mg =~ 2880m2my  24072M.

- OM; )

Shift-symmetric SGB/DCS

Y, v, Interactions

- OM;)

C —
PSS 19222my 2472M.,

W T05-y) Tey 1 (52 2 192 1ley  11gy .
C¢2GB — ) J ) 1 ) I ) J + @(M* )
1440°mg ~ 28807m°mg  2880m-M.my  Mzz- | 96 768 480 240 1920
YsYp EJ‘P 2y,y, + EV _9
i1 C = | | F O(M,
Shift Sy”.‘metry $2CS 067°mg, 19272 M.my 24M327? .5
breaking
Interactions Yo y, 2y, + 7y,

Cins = | - O(M;>
"R 4032072m3  1008072md,  1344072M.m? (M)

C jp> = O(M?)

Cps = : | : - oM72) | Wilson coefts. for R interaction
K 40320m2m3 - 2016072m3,  1344072m3 Crosschecked with

C s = OM2)




Interpretation of the results

1.UV completions with with spin § > 1 seem to be non-informative
Contributions to Wilson coeffs. suppressed by my,/M*

Physics at the scale M* come at the same order

2. SGB generated, but with shift-symmetry breaking operators
May be cancelled but only by fine tuning?

3. DCS can be generated, with a unique shift-symmetric choice,
corresponding to a theory of spin 1/2 fermions and a complex JHEP 01 (2026) 060

scalar with a Peccei-Quinn global symmetry U(1) PO [Falkowski, PM]

Lagrangian term Action of U(1)p,
S;r:;iergy LD =2y, [HP ¥, +h.c.] Ho o, W, ey Wy
o I D P + iy (T b ¢ ;
e ~ LD —y,fleT RV, + VT Wr| = — my(PP) + W) + 0(¢"),




5. Outlook

Conclusions:

- Amplitudes methods can efficiently compute (spinning) classical observables and perform on-shell EFT matching

* The on-shell language significantly simplifies the calculations, especially when spin is involved.

Future opens many questions:

* Employing similar methods to study GR (and beyond) effects, where current PN/NR results are poor, e.g.
Description of dipole hair in DCS from amplitudes, dynamical scalarization from amplitudes (?)

* What is the general guiding principle to generate shift-symmetric interactions?

* What is the fate of black hole solutions in the presence of the higher dimensional operators generated?
- Role of C g for spontaneous scalarization

* |s scalar hair still present?

* Beyond our work on UV completions:
* Do interactions with GB exponentiate?

* Relation with string theory amplitudes and UV completions?
* Does the space of allowed EFT coefficients lie in “islands”? _
 Could one find a more efficient on-shell EFT matching procedure avoiding 4-points and only using 3-point
information? Please talk to me for any new ideas!




A transformative era in astronomy with GWs!
We can learn a lot from each other!
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Causality constraints for SGB and DCS

1. Causality implies that |a + i@| < 1, or A < 1km™! for solar JHEP 08 (2022) 157[Serra, Serra,
‘ a<+ ia ‘ Trincherini, Trombetta]
mass BHs, assuming resolvability in the sense of x ~ R..
—— Raises question for using these EFTs for the merger dynamics, but JCAP 08 (2025) 086
still a broad window where causality is preserved for the inspiral. [Nie, Tan, Zhang, Zhou]
See also: JHEP 10 (2023) 135 [Hong, Wang, Zhoul] JCAP 01 (2025) 102 [Xu, Hong, Wang, Zhoul]
1g,

2. However, our “hairy coupling” never considered before: New
bounds using this coupling? Is this necessary to draw
conclusions for hairy compact objects? Still an open question... > -------- ¢

3. In any case, our discussion for monopole scalar charges is
model-independent, it can be thus used as a useful way to extract
templates for (any) spinning compact object that admits scalar hair.



On-shell techniques:

Basic QFT Principles: Poincaré
invariance, locality, unitarity of the
Scattering Matrix

4

QFT assumptions: Introduction of
auxiliary fields, Lagrangians, gauge
Invariance, Feynman rules...

4

/

Use spinors as variables instead of momenta

Massless spinors: p,o) . = 4,44 | Opey little group

' transformation
Massive spinors: p,c"'. = g, 0 J rules

e aqf el R “;B
() = €454 /1]. : [ij] = €444 /1].

ajy =Gy . il =0




On-shell techniques:

|dea: Build the on-shell 3-point amplitudes of the theory

1 (12)°

e.g.: Spinning matter in GR Ls, M(1},2,.3)) =

My, (13)2(23)2
et ST %
)= e :

25,

—» Build higher-point amplitudes from their residues at kinematic poles in the complex plane
(up to contact terms)

e.g.. lg, 1%,

Z ReS(p1+pi)2_>() ® >WM WAA{ HHiLL » +(t <> l/l)
1=2.3.4 tree




On-shell EFT amplitudes

(12)°

CgbGB + ngbCS

M[172:737] = — M17273.] = 12)4
T (133 S W
[12]° Coo — 1Cpcs
M[1T2F37] = — M[1FT2F3 1 = 121
%] My, [13]2[23]2 G M3, e
Crs + 1 C g3 1 (12)%(13)2
M172737] = 12)2(13)%(23)? MIN2.3.]1=—
h<h2h M3 (12)7(13)7(23) [1,2,43,] M, (23)?
Cos— i C s N 1 [12]7[13]°
M[17T2+3+] = ==& R 11217113712[23]2 MI172,3,] = :
[1;2+34) S (1211137123 W20l = =y
C,nn+i1C 12)413 372
MN1},2;,374 4] = 7z s U275 1pip, 1] + contact,
M3, sty
C; Cpos T 1Cyucs [ 1]
MI72.3.4,]1=(1 1)2{ = + +—| % + contact,
[15, ¢¢¢] (1] p,ps] >{Stu M, u}

ﬂ[1,72,73¢4¢]=<12>4{— YT
Pl

Crs + iFR3 fu N Co26B 1 1Ccs

b

Building
blocks

To be
matched
with the UV



Shift-symmetric limit: y, cy 7 0

1 ly
CoB = 1* 8%
1440memg  2580memy Shift-symmetric SGB/DCS

1 pr* 0 interactions
Ciog = + OM;; C , C —
$CS = 19271'2771\11 > A%W_* (M:")  Cg = my | PPB

—

| @(M 1)

Tc 1 5y vy Dy? 1, 118
Cp2gB = | it | Y _ Y ‘ 4 | 4 4 } + O(M?)
2880ﬂ2m%, 288072M.my  Min* | 96 768 80 240 1920
¢ zyd _
Shift-symmetry C¢2cs:x2 | x %’ - O(M?)
breaking
interactions 2y, ;
¢R3 — x x | ' @(M_ )
40320m°mg, 10 ’my, 1344 NG
C¢R3 = @(M_z)
1 1 1 _ - 3. -
_ | - o2y | Wilson coeffs. for R interaction

C — | | k
B 4032072m3  2016022mg  13440x2m} Crosschecked with

C s = OM2)




Comments

All predictive theories that generate C¢GB also generate

C¢2GB with a patter consistent with exponentiation:
~ eCGB¢‘%GB

Arises from string theory models, with ¢ the dilaton
Does exponentiation indeed (always) arise?

2. One can notice that some of our UV interactions are shift-
symmetric, i.e. lead to vanishing amplitudes for Py — 0, e.g.

M1 24351 = — iy, [(23) - [23]] ~ p,
Ly,
M.

Why aren’t these interactions alone preserve the shift-
symmetry in the IR?

MN1,2,37] =

(23)* - [231%| ~ py




2. Scattering Amplitudes and Observables

Weak field expansion:
2

S = M Mplhﬂy

PM expansion:
R <D

Spin expansion:

S
— K b
nm

* Focus: Classical scattering problem in GR

— (Can we describe this problem using the Scattering Amplitudes used in QFT*? (/ @ @
Yes! — Use of the KMOC formalism .| l_ )



KMOC (Kosower Maybee O’Connell) formalism

JHEP 02 (2019) 137 [Kosower, Maybee, O’Connell]
Phys.Rev.D 106 (2022) 5, 0567007 [Cristofoli, Gonzo, Kosower, O’Connell]

ldea: Relate Scattering Amplitudes directly to classical observables

—» Extract the classical piece of the amplitude through an “A” counting prescription

/
151 S1 two-particle out state Quantum momentum two-particle in state
_ / operator
e.g.: \, /
@ Apl = outlW | P W oue — inWI Py 1 Wiy Classical Impulse:
H — pH — nH
VA P
‘W)out =35 | W)in
/
252 SQ

l A A n .
At leading order: Aplﬂ’LO = Z<<hzjd4q5(q - ppolg 'Pz)e_lbqqﬂ/ﬂLO(Pppz — p1+ hq,p, — hq)>>



Waveforms from amplitudes

Similar approach can be applied to radiation observables

Examples:

Massless scalar theory

Electromagnetism

or gauge invariant

GR

or gauge invariant

Ry = ouldw | P00 [ W)

R,u = 0ut<W|A,u(x) ‘ l//>0ut

R,m/ = out<l//‘ r ,m/(x) | W>out

R//w = 0ut<W‘ h/,w(x) | W)out

R,m/aﬁ = 0ut<W| R,m/aﬂ(x) ‘ W> out

Ry = oulW | A*Q) W) oui€ss

R, = oulw| 170 [ W) g€



Waveforms from amplitudes

Given radiation observable Ry one defines waveform Wy as

W (t
Ry (x) = \);(l) x| = o t=x"—|x|

retarded time

Furthermore one defines spectral waveform fy as Fourier transform:

F(w) = Jdt e' "Wy (1)

KMOC formalism relates spectral waveform at leading order to integral of 5-point amplitude.

At leading order: fX(a)) = dﬂ%d[pl + Wl,pz + Wy = D1, Do, k] |

LN

Matter representing Quantum of particle X

d,u = 54(w1 + w, — k)]‘[i: 1,2[€lbiwid4wi5(uiwl-)] classical bodies

Integration measure



Waveforms at leading order:

JHEP 02 (2019) 137 [Kosower, Maybee, O’Connell]

retarded time Phys.Rev.D 106 (2022) 5, 0567007 [Cristofoli, Gonzo, Kosower, O’Connell]
her(1) "
Rgp(®) ~ x| , |x|—> 00, =x"— Rer = oulw | h (X)\l//>out
- /
stra\ln on-shell measure s Is,
_ : —iwt —ib
= h, +ih, ~ J'da)e Jdd)(q) 7 h
252 2%’2
b\/—i
cl
%5 (q’ k) ‘kﬂ—a)nﬂ
But, why?

%—»-Computations organized in a perturbative expansion using a simple algorithm.
7205 * Analytic results, in places where either PN approximations or NR was used before.
jgj » Can exploit many modern techniques used in particle physics to simplify the problem.
L - Can straightforwardly extend to beyond GR predictions



Resolvability (no-hair compact objects):
v

\)

Scalar radiation for no-hair objects is resolvable if: 7)2 > 1,

For example, for A ~ 2 X 107'%GeV and m ~ M, ~ 10°7 ~ GeV (corresponding to
R, ~15x10°GeV-Y)wehave b . ~ 101R

R, 1 \
Linear in spin order effects for the same observable: ag<7)2A4b4 (%) > 1

For our benchmark point, m ~ M_,A ~ 0.1km™, this implies S > 10°(b/R,)’, with S, ~ 107
for Kerr black holes in GR.



Details on the matching for static SGB BHs

Phys.Rev.D 100 (2019) 10, 104061

d 2 | [Julié, Berti]
ds> = — AN +~— + BO)PA(dO> +5in” 04> (1) = poo + Y €ih(r,m)
A(r) : 1. Build perturbative
2m . BH solution for both
A — 1 | LA , 4 , :
() - 2, €A m) o o Me metric and scalar field
A2m?

B(r)=1+ ) €e'B(r,m)

S=S,.+S, S, = [mA(¢)dSA , ds, = \/—gﬂydx/’fdxg
2. Build skeletonized

5 2my(P,) I _ I dm, I (wordline) action
guy_r]/,w_l_éuv( > >+@(§) ) ¢_¢oo > d¢ (¢OO)+@(F2>
3. Match the two
My(Pg,) =m , My(Pe,) = _ L descriptions:
\ the monopole scalar charge Cp = CA(G)
A modified BHPT framework to match ala Inclusion

Phys.Rev.D 110 (2024) 12,

124016 [Almeida, Zhou] 35

JHEP 05 (2023) 211 [Bautista, Guevara, Kavangh, Vines] ? of spin:




