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Review: Three-point

Kerr energy-momentum tensor contracted into on-shell graviton (vines (2017))

e (k) Ty (k) = (k- p)’ exp (kuSgy),  Sgu = (0,0,0, ma)
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Review: Three-point

Kerr energy-momentum tensor contracted into on-shell graviton (vines (2017))

e (k) Ty (k) = (k- p)’ exp (kuSgy),  Sgu = (0,0,0, ma)

QFT — Pauli-Lubanski vector

1 1 4
Sﬂ(p) <%EHVPUPVM;M> = E<Wu>

Massive spinning three-point amplitude:  (arkani Hamed, Huang, Huang (2017)]

p1 P2
= (ex - p1)? (%)25

k
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Review: Three-point

Kerr energy-momentum tensor contracted into on-shell graviton (vines (2017))

€uv(k) Tgﬁ(k) = (e P)2 eXp(kung)v SIlBLH =(0,0,0, ma)
QFT — Pauli-Lubanski vector

1 [
(577 P Mpo) = —(WH)

S*(p) 5m

S

Massive spinning three-point amplitude:  (arkani Hamed, Huang, Huang (2017)]

p1 P2
= (ex - p1)? (%)25

k
= (ex - p1)? exp (k. S$"(p1))l (5122150

[Guevara, Ochirov, Vines (2018); Huang,...(2018); Guevara, Bautista(2019); ..]
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Review: Three-point

Kerr energy-momentum tensor contracted into on-shell graviton (vines (2017))

€uv(k) Tgﬁ(k) = (e P)2 eXp(kung)v SIlBLH =(0,0,0, ma)
QFT — Pauli-Lubanski vector

1 1, .
<7€HVPUPVMpU> = 7<WH>

S*(p) 5m

S

Massive spinning three-point amplitude:  (arkani Hamed, Huang, Huang (2017)]

p1 P2
= (ex - p1)? (%)25

k
= (ex - p1)? exp (k. S$"(p1))l (5122150

[Guevara, Ochirov, Vines (2018); Huang,...(2018); Guevara, Bautista(2019); ..]

Remarkable: Kerr three-point amplitude for s — oo
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Review: Compton

Classical observables in terms of amplitudes:

[Bjerrum-Bohr,...; Guevara,...; Haddad,...; Huang,...; Kosower,...; Luna,...; Mogull,...; O'Connell,..; ...]

O=0
po- &9
@ G
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Review: Compton

Classical observables in terms of amplitudes:

[Bjerrum-Bohr,...; Guevara,...; Haddad,...; Huang,...; Kosower,...; Luna,...; Mogull,...; O'Connell,..; ...]

Aow++...

Compton amplitude needed at NLO. BCFW results:  {arkani-Hamed, .. Johansson..]
12 _ [Alpuf3)*2([41](32) + [42)(31))%
3- 512(513 - mz)(514 - mz)

4+
' & b (12)%[34]*
- — m4s15(s13 — m?)(s14 — m?)

4+
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Review: Compton

Classical observables in terms of amplitudes:

[Bjerrum-Bohr,...; Guevara,...; Haddad,...; Huang,...; Kosower,...; Luna,...; Mogull,...; O'Connell,..; ...]

Aow++...

Compton amplitude needed at NLO. BCFW results:  {arkani-Hamed, .. Johansson..]

12 _ [Alpa[3)*2([41](32) + [42](31))>
.

.+ s12(s13 — mz)(514 - mz)

' & b (12)%[34]*
- — m4s15(s13 — m?)(s14 — m?)

4+

Remarkable:s < 2 matches Kerr, BUT s > 2 has spurious pole
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Review: Compton

Classical observables in terms of amplitudes:

[Bjerrum-Bohr,...; Guevara,...; Haddad,...; Huang,...; Kosower,...; Luna,...; Mogull,...; O'Connell,..; ...]

Aow++...

Compton amplitude needed at NLO. BCFW results:  {arkani-Hamed, .. Johansson..]
12 _ [Alpuf3)*2([41](32) + [42)(31))%
3- 512(513 - mz)(514 - mz)

4+
' & b (12)%[34]*
- — m4s15(s13 — m?)(s14 — m?)

4+

Remarkable:s < 2 matches Kerr, BUT s > 2 has spurious pole
Meaning: BCFW does not work for higher spin.
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Recap

What we know: (potentials)
» O(G?): Hamiltonian up to O(5*), O(5>°) conjectured

[Guevara, Ochirov, Vines; Luna, Kosmopoulos; Porto, Liu; Chen, Chung, Huang, Kim; Aoude, Haddad, Helset; Bern,

Kosmopoulos, Luna, Roiban, Teng]

> O(G3): results at O(S?), O(5%) radiation-reaction

[Jakobsen, Mogull; Cordero, Kraus, Lin, Ruf, Zeng] ~ [Alessio,Di Vecchia]

> probe limit to O(SOO) [Menezes,Sergola; Damgaard, Hoogeveen, Luna, Vines]|
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Recap

What we know: (potentials)
» O(G?): Hamiltonian up to O(5*), O(5>°) conjectured

[Guevara, Ochirov, Vines; Luna, Kosmopoulos; Porto, Liu; Chen, Chung, Huang, Kim; Aoude, Haddad, Helset; Bern,

Kosmopoulos, Luna, Roiban, Teng]

> O(G3): results at O(S?), O(5%) radiation-reaction

[Jakobsen, Mogull; Cordero, Kraus, Lin, Ruf, Zeng] ~ [Alessio,Di Vecchia]

> probe limit to O(SOO) [Menezes,Sergola; Damgaard, Hoogeveen, Luna, Vines]|

Open questions:
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Recap

What we know: (potentials)
» O(G?): Hamiltonian up to O(5*), O(5>°) conjectured

[Guevara, Ochirov, Vines; Luna, Kosmopoulos; Porto, Liu; Chen, Chung, Huang, Kim; Aoude, Haddad, Helset; Bern,

Kosmopoulos, Luna, Roiban, Teng]

> O(G3): results at O(S?), O(5%) radiation-reaction

[Jakobsen, Mogull; Cordero, Kraus, Lin, Ruf, Zeng] ~ [Alessio,Di Vecchia]

> probe limit to O(SOO) [Menezes,Sergola; Damgaard, Hoogeveen, Luna, Vines]|

Open questions:
? Kerr black holes at O(52%)?

sln;o A(¢S(p1)v ¢s(p2)7 h(p3), SRR h(pn))
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9

Recap

What we know: (potentials)
» O(G?): Hamiltonian up to O(5*), O(5>°) conjectured

[Guevara, Ochirov, Vines; Luna, Kosmopoulos; Porto, Liu; Chen, Chung, Huang, Kim; Aoude, Haddad, Helset; Bern,

Kosmopoulos, Luna, Roiban, Teng]

> O(G3): results at O(S?), O(5%) radiation-reaction

[Jakobsen, Mogull; Cordero, Kraus, Lin, Ruf, Zeng] ~ [Alessio,Di Vecchia]

> probe limit to O(SOO) [Menezes,Sergola; Damgaard, Hoogeveen, Luna, Vines]|

Open questions:
? Kerr black holes at O(52%)?

sln;o A(¢S(p1)v ¢s(p2)7 h(p3), SRR h(pn))

Higher-spin theories that give rise to the Kerr amplitudes?

D

m—2s(5k . p1)2[12]25
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Low Spin

Gauge Theory

Generating function for root-Kerr amplitudes:

Awwa — (g1 €2)% Apon
m~“*(ex - p1 [12] = Ason +
Z e (l+e1-e)2+ Ze1-per-pr
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Low Spin

Gauge Theory

Generating function for root-Kerr amplitudes:

Awwa — (g1 €2)% Apon
(l+e1-e)2+ Ze1-per-pr

Z m~“*(ex - p1 [12] = Agpa +

Extract Lagrangians:
» s =0,1/2 minimally-coupled
L% =D, pD"p — m*p¢

Es:l/Q _ ’l/_J(Im _ m),(/}
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Low Spin

Gauge Theory

Generating function for root-Kerr amplitudes:

Awwa — (g1 €2)% Apon
(l+e1-e)2+ Ze1-per-pr

Z m~“*(ex - p1 [12] = Agpa +
Extract Lagrangians:
» s =0,1/2 minimally-coupled
£ =D, ¢D"¢ — m*p¢
L57Y2 =4 (ip — m)y
» s =1 non-minimal

£57Y = 2Dy, W, DI WY — m® W, W+ ieF,, W' WY
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Low Spin

Gauge Theory

Generating function for root-Kerr amplitudes:

Awwa — (g1 €2)% Apon
(l+e1-e)2+ Ze1-per-pr

Z m~“*(ex - p1 [12] = Agpa +
Extract Lagrangians:
» s =0,1/2 minimally-coupled
£ =D, ¢D"¢ — m*p¢
L57Y2 =4 (ip — m)y
» s =1 non-minimal

£57Y = 2Dy, W, DI WY — m® W, W+ ieF,, W' WY

! Lesson: high-energy behaviour important
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Generating function for Kerr amplitudes:

o5}

m~ % (exp1)’[12]* = Mygnt+Awna (A¢¢>A+
0

Awwa — (€1 - €2)% Apsa )
(1+e: '62)2-5-%61'[)282 - p1

=
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Generating function for Kerr amplitudes:

o5}

m~ % (exp1)’[12]* = Mygnt+Awna (A¢¢>A+
0

Awwa — (€1 - €2)% Apsa )
(1+e: '62)2-5-%61'[)282 - p1

=

Extract Lagrangians:
» s=0,1/2,1,3/2 minimally-coupled

L5 =2V, W, VW — m W, W

L5732 = gy, (iV” — %m”)w
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Generating function for Kerr amplitudes:

o5}

m~ % (exp1)’[12]* = Mygnt+Awna (A¢¢>A+
0

Awwa — (€1 - €2)% Apsa )
(1+e: '62)2-5-%61'[)282 - p1

Extract Lagrangians:
» s=0,1/2,1,3/2 minimally-coupled

L5 =2V, W, VW — m W, W

L5732 = gy, (iV” — %m”)w
» s =2 non-minimal
£5=2 = V,H,,V'H" -2V, H VPH! —H Y,V H*
~HoV VA =V H VR HE — mPH , HP
+m?H, HY—2R"*H,,,H, o



High-Energy Unitarity

Example: s = 1 gauge

Massive spin-1 field coupled to photon:

L = 2Dy, W, D WY — m® W, W* + ieaF,,, W' W"
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High-Energy Unitarity

Example: s = 1 gauge

Massive spin-1 field coupled to photon:
L = 2Dy, W, D WY — m® W, W* + ieaF,,, W' W"

Compton Ingredients
Three-point current (P off-shell, p; and k on-shell; fx = ke — exk):

J(P,p1, k) =cp-erex-(pr—P)—e1-exep-prtek-eper-P—aff e ep,
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High-Energy Unitarity

Example: s = 1 gauge

Massive spin-1 field coupled to photon:
L = 2Dy, W, D WY — m® W, W* + ieaF,,, W' W"

Compton Ingredients
Three-point current (P off-shell, p; and k on-shell; fx = ke — exk):

J(P,p1, k) =cp-erex-(pr—P)—e1-exep-prtek-eper-P—aff e ep,

Spin-1 propagator: 1 PP
- nv
B (P) = P2 — m?2 (mw om? )
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High-Energy Unitarity

Example: s = 1 gauge

Massive spin-1 field coupled to photon:
L = 2Dy, W, D WY — m® W, W* + ieaF,,, W' W"

Compton Ingredients
Three-point current (P off-shell, p; and k on-shell; fx = ke — exk):

J(P,p1, k) =cp-erex-(pr—P)—e1-exep-prtek-eper-P—aff e ep,

Spin-1 propagator: 1 PP
. nt v
A,U,V(P) — 4P2 — m2 (7];,“/ _ m2 )

Compton amplitude diverges in the P/m — oo limit, unless

Current constraint
P-J=0(m) =a=1
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High-Energy Unitarity

Example: s = 1 gauge

Massive spin-1 field coupled to photon:
L = 2Dy, W, D WY — m® W, W* + ieaF,,, W' W"

Compton Ingredients
Three-point current (P off-shell, p; and k on-shell; fx = ke — exk):

J(P,p1, k) =cp-erex-(pr—P)—e1-exep-prtek-eper-P—aff e ep,

Spin-1 propagator: 1 PP
. nt v
A,U,V(P) — 4P2 — m2 (7];,“/ _ m2 )

Compton amplitude diverges in the P/m — oo limit, unless

Current constraint
P-J=0(m) =a=1

root-Kerr three-point and Compton matched!
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High-Energy Unitarity
s = 3/2 gauge \§/ .
Massive spin—3/2 field coupled to photon:  [peserwaldron, Pascalutsa(2000)]

7 4 1l v ie 7. v 7 o
L= WW,W,) (’D - 5’"’7 )¢p - ;(/177[};5":# Yy, + /2¢;AFpo’Yp’Y ’lr/)#

+/3FMV(J’,LLFYV”Y'w‘H/;"Y”Y;ﬂ/)u)+/47Z'7Fp07p707’7/’+’./5FHV(J’;L’YV’Y“/)*&"Y’YM/}V))
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High-Energy Unitarity
s = 3/2 gauge \§/ :
Massive spin—3/2 field coupled to photon:  [peserwaldron, Pascalutsa(2000)]
7 14 1l v ie 7. v 7 o
L= w”'}/uup (’D - 5’"’7 )¢p - ;(/177[};5":# Yy, + /277/1;¢Fp07p7 WL
+/3FMV(J’,LL’YV’Y'w+7/;"Y’YM/)u)+/47Z'7Fp07p707’7/1+i/5Fuy(iu’Yu’Y'l/)*J"'Y’Yﬂ/)u))

Spin-3/2 propagator:

2Py~ (= ZEY (B m) (2 ) (P ) (5 %)
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High-Energy Unitarity
s = 3/2 gauge \§/ :
Massive spin—3/2 field coupled to photon:  [peserwaldron, Pascalutsa(2000)]
7 14 1l v ie 7. v 7 o
L= w”'}/uup (’D - 5’"’7 )¢p - ;(/177[};5":# Yy, + /277/1;¢Fp07p7 WL
+/3FMV(J’,LL’YV’Y'w+7/;"Y’YM/)u)+/47Z'7Fp07p707’7/1+i/5Fuy(iu’Yu’Y'l/)*J"'Y’Yﬂ/)u))

Spin-3/2 propagator:

2Py~ (= ZEY (B m) (2 ) (P ) (5 %)

Impose current constraint

P J=0(m)=h=-2hb=1/2k=11=0
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High-Energy Unitarity
s = 3/2 gauge \§/ :
Massive spin—3/2 field coupled to photon:  [peserwaldron, Pascalutsa(2000)]
7 14 1l v ie 7. v 7 o
L= w”'}/uup (’D - 5’"’7 )¢p - ;(/177[};5":# Yy, + /277/1;¢Fp07p7 WL
+/3FMV(J’,LL’YV’Y'w+7/;"Y’YM/)u)+/47Z'7Fp07p707’7/1+i/5Fuy(iu’Yu’Y'l/)*J"'Y’Yﬂ/)u))

Spin-3/2 propagator:

2Py~ (= ZEY (B m) (2 ) (P ) (5 %)

Impose current constraint
P-J=0m=h=-2hL=1/2=1,lk=0

root-Kerr three-point matched!

Paolo Pichini | Black Holes and Massive Higher Spins



High-Energy Unitarity (\
Results \§/ 2

Spin-3/2 Gauge Theory
L =L+ 77;“ (Fﬂu - é’YsleaﬂFa,B) 77[}1/
A, = [41](32)+[42](31) <([41]<32>+[42](31>)2 _ [14][24](}3>(23))

[4[p13) (s13—m?)(s14—m?) m
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High-Energy Unitarity (\
Results \§/ 2

Spin-3/2 Gauge Theory
L= 'Cmin + 77;;1 (FMV - 575€HVQBF0413) ,Qb”
A, = [41](32)+[42](31) <([41]<32>+[42](31>)2 _ [14][24](}3>(23)>

[4[p13) (s13—m?)(s14—m?) m

Spin-5/2 Gravity
£= Lo+ Pup (RF7 = Irse BRI 1) 3
M, = [41](32)+[42](31) (([41](32>+[42](31>)4 _ ([14][24](163><23>)2>

[4|p1]3) s12(s13—m?)(s1a—m?) m
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High-Energy Unitarity

Higher Spins

¢ P-J=0O(m) not enough for s > 2 gauge / s > 3 gravity
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High-Energy Unitarity

Higher Spins

! P - J = O(m) not enough for s > 2 gauge / s > 3 gravity

? What are we missing?
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Massive Gauge Symmetry

Spontaneous Symmetry Breaking

UV theory:

| 1 [P0 20 Az
— _IF Finv = (DMo): - 2 _ 4
£ = —ZFLF™ + (D)D) + 131 = 2191
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Massive Gauge Symmetry

Spontaneous Symmetry Breaking

UV theory:

| 1 [P0 20 Az
— _IF Finv = (DMo): - 2 _ 4
£ = —ZFLF™ + (D)D) + 131 = 2191

Spontaneous Symmetry Breaking (Goldstone ¢):
£ =2Dy, W, DW" + (mW,, — D,p) (mW* — DFy)
+ ieFWW# WY + {Higgs, W*, ...}
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Massive Gauge Symmetry

Spontaneous Symmetry Breaking

UV theory:

| 1 [P0 20 Az
— _IF Finv = (DMo): - 2 _ 4
£ = —ZFLF™ + (D)D) + 131 = 2191

Spontaneous Symmetry Breaking (Goldstone ¢):
£ =2Dy, W, DW" + (mW,, — D,p) (mW* — DFy)
+ ieFl“,W# WY + {Higgs, W*, ...}

Massive (Stiickelberg) gauge symmetry
W, — (W, ) with W, =D\, 6¢ = mA+ ...

Symmetry = no unphysical degrees of freedom
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Massive Gauge Symmetry

Spontaneous Symmetry Breaking

UV theory:

| 1 [P0 20 Az
— _IF Finv = (DMo): - 2 _ 4
£ = —ZFLF™ + (D)D) + 131 = 2191

Spontaneous Symmetry Breaking (Goldstone ¢):
£ =2Dy, W, DW" + (mW,, — D,p) (mW* — DFy)
+ ieFl“,W# WY + {Higgs, W*, ...}

Massive (Stiickelberg) gauge symmetry
W, — (W, ) with W, =D\, 6¢ = mA+ ...

Symmetry = no unphysical degrees of freedom

? Higher-spins? = no SSB, yes gauge symmetry!

Paolo Pichini | Black Holes and Massive Higher Spins



Massive Gauge Symmetry

Spin-2 Example

Fields {H,., Bu,¢}. Gauge symmetry:

5H;LV: ny-l-Dyfﬂ—i-mgm,)\—&—...,
0B, =D, A+mé, +...,0p=mA+....
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Massive Gauge Symmetry

Spin-2 Example

Fields {H,., Bu,¢}. Gauge symmetry:

5H;LV: ny-l-Dyfﬂ—i-mgm,)\—&—...,
0B, =D, A+mé, +...,0p=mA+....

Non-minimal Lagrangian (lowest derivative):
—715,__‘” (D#HagDaHB,, — DoHpgyDyHop + Do Hpp Do Hg,

—2DaHzpDsHaw — DypHopDyHeap + DyHoa D - Ha,
—D-HoDyHyo +D-H,D-H, —D-H,D,H

+D,HD - H,, — Dy Hyo DouH + Do HD, Hyo + D,LHD,,H)

—ie
m2

Fw{m(D “H.B, — B,D- H, — D,HB, +§VDMH>}

_- 27 —
%FM (’% HpoHya + 2m* B,,Bu>

= root-Kerr amplitude!



Massive Gauge Symmetry

Massive Ward identities \§/ A

Massive spin-1:

OW,, = 0y, 6o = mA

0
(ip1 : 67€1A3(WWA) I mAg(chA)> ‘(2 5 0, (i,J) on-shell J
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Massive Gauge Symmetry

Massive Ward identities

Massive spin-1:
OW,, = 0y, 6o = mA

(ip1 : %A3(WWA) I mA3(<,0WA)> ‘(2 5 0, (i,J) on-shell

Massive spin-2:

6HNV - ugu + al/fu + mguz/)‘>
0B, = OuA + m,, 0 = mA

. 0]
<IP1 : a—qu,(HHA) + '"“43(BHA)> )(2,3) -0
9 mao 0
<,p1.8€1A3(BHA) + mAs(pHA) + 2861.861A3(HHA)> ‘(273) —0
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Massive Gauge Symmetry

Arbitrary Spin \§/ P

Arbitrary spin:

0
k 1 861

4 m ﬁk+2( ) ¢k+2¢sAh)

(ke Ah) = ——L(PF DA + may, L(PFD°A")
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Massive Gauge Symmetry

Arbitrary Spin

Arbitrary spin:

(ke Ah) = 0 ——L(PF DA + may, L(PFD°A")
k 1 861

4 m 5k+2( ) ¢k+2¢sAh)

Impose:
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Massive Gauge Symmetry

Arbitrary Spin

Arbitrary spin:

(ke Ah) = 0 ——L(PF DA + may, L(PFD°A")
k 1 861

4 m 5k+2( ) ¢k+2¢sAh)

Impose:

> Ward identities <§k<f>sAh>’(2 ,=0
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Massive Gauge Symmetry

Arbitrary Spin

Arbitrary spin:

(ke Ah) = 0 ——L(PF DA + may, L(PFD°A")
k 1P 06

4 m 5k+2( ) ¢k+2¢sAh)

Impose:
> Ward identities <§k<f>sA”>’ -0
(2:3)
> Current constraint p; - (0/e;) L(D5DSAN) = O(m)

(23)
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Massive Gauge Symmetry

Arbitrary Spin

Arbitrary spin:

(ke Ah) = 0 ——L(PF DA + may, L(PFD°A")
k 1 861

4 m 5k+2( ) ¢k+2¢sAh)

Impose:
> Ward identities <§k<f>sA”>’ -0
(2:3)
> Current constraint p; - (0/e;) L(D5DSAN) = O(m)

(23)

» Lowest-derivative solution:

£(¢51(552Ah) ~ 651+52_h, E(¢51(552<51_hAh) =
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Massive Gauge Symmetry

Arbitrary Spin

Arbitrary spin:

(ke Ah) = 0 ——L(PF DA + may, L(PFD°A")
k 1 861

4 m 5k+2( ) ¢k+2¢sAh)

Impose:
> Ward identities <§k<f>sA”>’ -0
(2:3)
> Current constraint p; - (0/e;) L(D5DSAN) = O(m)

(23)

» Lowest-derivative solution:

£(¢51(552Ah) ~ 651+52_h, E(¢51(552<51_hAh) =

Outcome: Kerr and root-Kerr 3pt amplitude unique for any spin!
Checked upto s =6
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Massive Gauge Symmetry

Compton

Four-point Ward identities (spin-2 example):
.0
/Pl'£A¢$AA + mAggaa =0

.0 m(o\
IP1'87€1AB$AA+IT7.A¢$AA+ 2(661> ‘A¢$AA =0
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Massive Gauge Symmetry

Compton

Four-point Ward identities (spin-2 example):
ip1~aa—€1A¢$AA + mAggan =0
2
fpl.a%AsgAA + A pn+ = (aaq) Aggan =0
Gauge theory Compton

(3[1[41*(T + S)* | (3[1/4](13)[24]Pys
+
m*tyztis m*sty3

+ (13)(32)[14][42]

A(O503A; Af) =

Pas_1

m4s
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Massive Gauge Symmetry

Compton

Four-point Ward identities (spin-2 example):

.0
’pl'aT‘A¢$AA + mAggas =0
1
.0 m(o\°
IP1'87€1AB$AA T mA¢$AA I > (661> A¢$AA =0

Gauge theory Compton

(3[1[41*(T + S)* | (3[1/4](13)[24]Pys
+
m*tyztis m*sty3

+ (13)(32)[14][42]

A(O503A; Af) =

Pas_1

m4s

Contact term C;<; =0,

¢, = BB (12) + 122 + y(a2) - 212} + o0

mb
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Summary and Outlook

\§m

Complete understanding of root-Kerr and Kerr cubic theory

On-shell realisation of massive gauge symmetry = 4pt and higher!
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Summary and Outlook

\§m

Complete understanding of root-Kerr and Kerr cubic theory

On-shell realisation of massive gauge symmetry = 4pt and higher!

? More constraints? e.g. 4pt current constraint, off-shell gauge
invariance

? Higher-derivative terms — neutron stars?

? Apply methods to other massive spinning QFTs?

? Simpler description of massive gauge invariance? (in progress)
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Thank you!
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