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Why massive higher spins?

v

Mathematical interest

» Quantum gravity
(e.g. string theory spectrum contains higher spins)

» Higher-spin resonances exist in nature
(e.g. A-baryons w/ lifetimes ~ 5 x 10724 s)

> Model celestial objects’ dynamics via classical limit
Guevara, AO, Vines '18, '19
Maybee, O'Connell, Vines '19
Bern, Luna, Roiban, Shen, Zeng '20
Aoude, AO '21
» QFT applications to other composite particles

(e.g. atoms, atoms' excited states?)
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Issues with higher spins

Textbook QFT:
> scalars ©, gauge th. ©, gravity ©, higher spins @

1 1 Bergshoeff, Hohm, Townsend '09
Proca th ©' massive graVIty @ de Rham, Gabadadze, Tolley '10

Hassan, Rosen '11

spin s T = unphysical d.o.f.

massless higher-spins: no-go theorems  Weinberg ‘64, Coleman, Mandula 67
massive higher-spins: no no-go theorems

claims of inconsistency, causality violations

(e.g. EM interaction via 0, — 0, — iQA,)

e.g. Johnson, Sudarshan '60; Velo, Zwanziger '69, '72
» artificial in EFT approach (natural for composite particles)

> also related to unphysical d.o.f.
» need a host of auxiliary fields (even in free theory)

Fierz, Pauli '39; Singh, Hagen '74
» tamed by increasing amount of gauge symmetry Zinoviev '01

vVvyvyy

This talk:
» Chiral approach w/o auxiliary fields
(= no massive gauge symmetry needed)
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Outline

B

Why massive higher spins?

Managing unphysical d.o.f.
Amplitudes hint at simplicity
Gauge interactions

Gravitational interactions

Summary & outlook
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Managing unphysical d.o.f.
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Symmetric tensors need transversality

Standard (non-chiral) choice — sym. traceless tensors ®,,, .

Recall Lorentz group homomorphism:
SL(2,C) — $SO(1,3)
* v 1 —
Vaols = Vo = 8a”Vo5(S5")" = VH = LM VY, LY = S te("50,5T)
~—_———

SPINOR MAP

. . J— H1 oo ghs
Also: (Dalv--asﬁlw-ﬁs = (bﬂl---“saalﬁ‘l O

= denote as (s, s) rep. of Lorentz group SL(2,C)

Problem: too many d.o.f.!
i.e. highly reducible under Wigner's little group SU(2) C SL(2,C)
(decomp. into sym. SU(2) tensors of rank 0,2,...,2s)

= transversality constraint for irreducibility (also for energy positivity):
(0 +m?)®,, . =0, "V ppy e =0
indeed, # of d.of:  F(s+2)(s+1)—3s(s—1)=2s+1
—_— —

E sym. tensor components traces
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Auxiliary fields & massive gauge invariance
Lagrangian descr. of constr. eqns (92 +m2)<I>m___MS =0,0"®,,.. 0, =0
requires aux. fields; originally: Fierz, Pauli '39; Singh, Hagen ‘74
sym. traceless @, s Puipe0r Puripie gy, Pp, @

auxiliary

More recently:
sym. double-traceless ®,,, . ,®,,.

Zinoviev '01
o, B,

Hs—10 1-o-Ms—29"

auxiliary

0Py e = 501 8ugecpne) T FHFMN 1o pg.cns) -+
0Ppuycpgy = (5= 1)00u, €pnopi 1) + MEur gy + F#MN g o g 1) - -

80, = 0. +méu + ...
00 =mg, q))\#/\uusmuk =& gy =0

» 2nd-class constraints traded for 1st-class
(more aux. fields streamline analysis)

» allows for systematic introduction of interactions
» still highly non-trivial, order by order

» no results beyond cubic level (trivalent vertices) )2



Spin-1 example

» marginal spin = Lagrangian w/o aux. fields exists
2

1 m
LpProca = _EBWBW + 7BMB“
(0°+m*)B” =0
9,B" +m?B" =010 = {
2 | v aVBl/ -0

» aux. field a la Zinoviev well-known: Stiickelberg 38

1 1
Lomi = = Bu B + S(mBy — 8,0)(mB" — ")

{Bu — By, + 0,¢

massive gauge freedom:
@ p+mé

Familiar setting: complex Stiick. field = 2 Goldstone bosons

after sym. breaking SO(3) — SO(2) and Higgs decoupling
3

1o i, 1 2 A
Laow = Y {~{FF™ + (DD 0): b+ S0l - S 1ol
i=1
1 . v * "
= _QBHVBM + (mB,— Oup)" (mB" — 8" )

1
_ZFWFW +igB,,F"" B, + self- & more EM interactions

8/24



Amplitudes hint at simplicity
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Massless vs massive spinor helicity

Arkani-Hamed, Huang, Huang '17

H . R M
Spinor map: Paj = Puly
MASSLESS MASSIVE
det{paﬁ}r::O det{paﬂ‘}:m2
Pap = IP)alplg Pap = [P*)alPals
) det{|p)a} = det{[p*|a} = m
p* = 5(plo*|p] P = 5(p|o"|pa]
Paglpl” =0 Paglp®l? = m|p®)a

(pg) =—(gp) = (pp) =0 | (p°¢") = —(¢*p*) eg. (p*p°) = —me®
lpal = —lap] = [ppl=0| "] = —[¢"p?] eg. [p*p’] = me®

(pa)lap] =2p-q (p°q")avpa] = 2p-q
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Why does spinor helicity help?

Consider QFT amplitude A(1%,37,4%,...,n™, §b)

. . 4+

Feynman rules give function of

> K 3~ TL+

momenta p;

» pol. tensors ¢/} (p;), '’ (p;) — gauge-dep.!

> external spinors %(p1), u®(p2) 1@ 2b
But all vector, spinor indices must be contracted
Remaining indices & physical quantum numbers:

> helicities + & spins {£1/2},, {£1},, etc.

» SU(2) labels a,b < spins {£1/2},, {£1,0},, etc.

Crucial on-shell notion — LITTLE GROUP
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Little groups

» Quantum fields < reps of SO(1,3)

» Quantum states < reps of LITTLE GROUP
> massless states < SO(2)
> massive states < SO(3)
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Little groups

» Quantum fields < reps of SO(1,3) <  SL(2,C)
» Quantum states < reps of LITTLE GROUP's dbl cover

> massless states < SO(2) C U(1)
> massive states < SO(3) C SU(2)

Minor complication: spinorial reps use groups' double covers

U(1) and SU(2) arise naturally in spinor helicity
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Wavefunctions from helicity spinors

Massless:
o _ {alo"Ip) eXp=crq=0
p+ \/§< 1987 oV
qp) b PP+ a'p
= EprEp_tE /L =N+ ——r
W (p\a“\q] p+=p p—~p+ D-q
"7 V2[pqg] et gy’ = —om )
Xu, Zhang, Chang '85
Massive:
D 521’ =0
i(pou|p”] ab _ PuPv
Eab _ = €pHEpyab = —TNuv + 2
pp
2 m
\[m ab _ 5(a§b)
Ep " Eped = 7O 9y)

Guevara, AQ, Vines '18
Chung, Huang, Kim, Lee '18

and (symmetrized) tensor products thereof

» sym. rank-2s tensors — irreps of SU(2) w/ (2s + 1) d.o.f.
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Off-shell to on-shell: spin-1 in gravity
Expand metric e.g. as \/—gg"¥ = n*¥ — kh*¥
K K
(V—=9LpProca)vvy = 5‘)’“’ (VWVV” — mQVMVy) — gf)V#uV’“’,

b5"” = —iR {((Pl “pa2) + mQ)TI/\(VUp)”
= Al (v, p) woA(v p) A (v p)
VA Vi T NPy Py — PN Py — PNt Dy
i 2
1 v
= 51" (" (pr - p2) = papY)
Plug in pol. vectors:
37 b b
_ <1(a12( 1><1a2)2 2)>M(0’+)
= — 3,
1 {v}
te} . 2 where Méo’i) = —ik(p1-ex)?

/é\ _ (@212 o)

- X S
m

1{a} 2{17}

Physical patterns make sense on shell
e.g. double-copy aspects in Johansson, AO '19 15 /24



AHH amplitudes & black holes

3-pt amplitudes singled out (and misnamed as “minimal coupling”):
Arkani-Hamed, Huang, Huang '17

/é\ e %Mé‘)’”
1, N0 .S
{a} M) exp<$193 >

class. limit

m
(Lo 2b O 0,—
A
1{a} {b} Guevara, AO, Vines '18, '19

Kerr's spin exp. from Newman-Janis shift, e.g. Arkani-Hamed, Huang, O'Connell '19

» high interest e.g. in view of GW applications

» higher-point obstacles (unphysical pole at 4 pts,
identifying BH vs NS etc., NLO grav. interactions of Kerr)

» multitude of genuine higher-spin theories still to discover
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All-plus amplitudes
Some higher-spin amplitudes are not problematic at all!

(healthy from naive on-shell recursion, 2 distinct shifts) g cachazo, Feng, Witten ‘05
w/ masses by Badger, Glover, Khoze, Svrcek '05

» Color-ordered amplitudes in gauge theory:
im? 2| [} 25 {Prz..j By + (s12..5 —m®) }In—1]
[1;=5 415 +1)(s12...5 — m?2)

<1anb>®25
m25

A,25,3%, ..., (n—=1)tn) =

A(lgay,25,3% . (n=1) T, nt"h) = A(1,25,3% . (n—1)",n)

spin-0: Ferrario, Rodrigo, Talavera '06

spin-1/2: Schwinn, Weinzierl '07; AO 18

. . spin-1: Ballav, Manna '21

» EM from QCD-to-QED projection: spin-s: Lazopoulos, AO, Shi '21

A(14ay,2,3,...,n—1,21) = (vV2Q)" > > A(1(ay,0,n'"h)
c€S,_2({2,3,...,n—1})
» Grav. amplitudes either from BCFW or KLT double copy (massive)

1 21) ®2s
M(l{a}72{b}7 3+»' .- 7n+) = %M(LQaSt cee ,’ﬂ+)

Lazopoulos, AO, Shi '21; see also Aoude, Haddad, Helset '20
Double copy: Kawai, Lewellen, Tye; Bern, Carrasco, Johansson;
Bjerrum-Bohr, Donoghue, Vanhove; Naculich;

Johansson, AO; Bautista, Guevara

Hidden gems among massive higher-spin theories? 17,28



Free massive higher-spin theory
henceforth AO, Skvortsov '22

Start chiral, no need to remove d.o.f.!
m2

1
£0 = 5(auq)alma%)(auq)ay..o&s) - ?q)alma%q)al'“a%

Free field expansion for KFG eqn:

Bp [par)y, -« [p22))a,. .
oo 0) = [ [ o, (e

ﬂq%mmjfmme%@ﬂﬂ

pO:‘ /ﬁ2+m2

1
@ = )y [
(-1

D— -0 = P )an e Pasy) e

Massive spinor helicity ideal for ext. wavefunctions

18/24



Gauge interactions
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Gauge interactions

1 2 .
ﬁg = §(D,uq){a})i(D“(I){a})i — %@;{ }(I)i{a} _lpA FA/W’

4w
A A
Dy =0+ gAu, Au= Aﬁ#" [t4, 18] = fABCC, Jr—

A
ﬁ = gt?jts((ffl. .. 55:)(171 _ pg)#
<I>1i{a1.“a25} (I)g_ﬁmﬁzs}
A AB

- 214 A B B.A .
ity Y [Lts + thte 00 - 652
DPiifay.an) e

» Amplitudes are simply (not only all-plus!):

1a2b ©2s ]
A(]‘{a}’ Q{b}7 3’13’ cee 7nh") = %A(I,Q,iﬂhi . 7nh")
d h By <1a2b>®28<3c4d>®25 , -
A(l{a},Q{b}73{c},4{ }75 5’,,.,TL ): p—r ./4(1’27 4,5 5,...,1’1, )
d\©2s b\ ®2s
(e LA B2 a0 5 e
m4s
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Electromagnetic interactions

Restrict to SO(2):  fABC¢ =0, tiAj:l =

olot .= 9l 1 ial?)

_ .- D, = 9, —iQA,
oot .= ol gl

Lo = (D, @{e})(D'D ) — m*ei ey, — iFWF“”

o
A3

/}\\ — Q51 5529) (py — pr )
51{&1,..(125} @;ﬁl»uﬁgs}
Al A
>< = 2iQ%61. .. 52 )y
@%51-..[328}

E)1{(11 25}
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Gravitational interactions
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Gravitational interactions

1 m?
Lo =v=a{ GV - el e + ),

vuq)almoézs = 8M(I)a1--~a2s + 25wu,(a16q}a2...a25)6

Anti-self-dual spin connection wu,aﬁ = %wu’)ﬁaf,,m&gﬁ SD:ER

e.g. Penrose '76

puv
3+

(v) M
= )\ = md&ﬁll- x 6532) [p2“p2 —1—217’“’], etc.
@%ﬂl--»ﬂZs}

(I)l{al.“ags}

» All-plus amplitudes satisfy

b\ ®2s
M(l{a},Q{b}, 3+, .. .,7’L+) = %

—5 M(1,2,3F,...,nT)
23 /24



Summary & outlook

P First consistent interacting higher-spin theories in d = 4
» Straightforward to introduce further interactions,
e.g. in gauge theory:
(1)0171"'l)akﬁkQTXL”azs)eak+1ﬁk+1'"6a25—1525—1}?125523
X(Dﬁlﬁl' .. Dﬁk"}'k@ﬁr--ﬂzs)

» Known chiral action for massive quark in QCD:  Chalmers, Siegel '97
1 2
Laco = Lyw + 5(Du8%) (Do) — 50" B — SBF, By

» Restore parity for higher spins

in progress w/ Cangemi, Chiodaroli, Johansson, Pichini, Skvortsov

» Applications to spinning BHs?

in progress w/ Cangemi, Chiodaroli, Johansson, Pichini, Skvortsov

» Multitude of theories to construct and explore!
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Thank you!
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Backup slides



Spinor map

Basis for spinor helicity

» Minkowski space isomorphism:*

M%ﬁffim < RY
0_ .3 14 502
=ty = (23 e )
det{p, s} = m?
» Lorentz group homomorphism:
SL(2,C) — SO(1,3)
Doy = Sap,5(S8°)" = Pt LMY, L, = %tr(5MSUV5T)




Little group transformations

Consider Lorentz transform p* — L*,p¥ < L“V:%tr((?“Sa,,ST)

50 5z
Qd’) (9, @
MASSLESS:
Ip) — S|p) = €'*/?|Lp) (p| = (p|S~" = "/2(Lp
Ip] — ST p] = e7"/2|Lp] [p| — [p|ST = e™*/2[Lp|

e"? € U(1) encode 2d rotations in frame where p = (E,0,0, E)

MASSIVE:
p") — S|p") = w|Lp?) lp®) — [p")S~ = w|Lp®)
7] — ST p?] = W [Lp°| ] — [p*ST = w[Lp|

w € SU(2) encode 3d rotations in rest frame where p = (m, 0,0, 0)
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Helicity basis

Arkani-Hamed, Huang, Huang '17

Take p* = (E, P cos psinf, Psin¢sin 6, P cosf)

p*) = A @ — vE-— P(3052 —VE+Pe™ W’Sm
P= 2 vVE—Pe Z‘F’smg \/E—chos2

| _ja_ —vVE+Pe wsmg —vE—- Pcos.2
Pr1= Apa = \/E—I—Pcos2 —v/FE—Pe “Psm

Then spin quant. axis:
1
2m

s = %(P, Ecospsinf, Esinpsinf, F cosf)

—lpa Y'Y U = (—1)" s
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Spin quantization

. . . 1
Define Pauli-Lubanski vector operator Xy = Q—eme“”pP
m
Its 1-particle matrix elements are

Séz}{b} = (_1)s€1{7a}. Y, €1{)b}
S

= o (o p ) + [p1 ] [p) etz ozt
m

Spin quantized explicitly:

ssh, a1 =...=az =1,
2
. ofat (s = Dsp, ;i =25+ 1,
Eplay X ep 2s
@ Y (5—2)sy, Djoia5 =25 +2,
Ep{a} Ep
—ssg7 ap = ... = aos = 2,
in terms of unit spin vector
1 _
85:_%{@ﬂgﬂ‘pl}+[p1|0#|171>} p-sp, =0
1 _ 1 2 =_-1
= %Uplfyu’ysuzl, = 7%711;02’)/“’)/5’&12) p
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Kerr <= minimal coupling to gravity (of higher spins)
Guevara, AO, Vines '18

ke, SH
p-e

iy (R)TES () = 8(2)5(p - K) (p - )2 exp<

Compare to

(0,+) +5
Mz(’,s’+) _ M3 [2|®2sexp kME at |1]®23 P2
ma2s Py - et

0,—)
(s,-) _ M ©2s ke, o ©2s
M T (2] exp( 7])1 P ) [1) ”

Matching spin-induced multipole structure!

complementary picture: 1-body EFT of Kerr by Levi, Steinhoff '15
match to Wilson coeffs by Chung, Huang, Kim, Lee "18
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Various spin exponentials

originally in Guevara, AO, Vines '18:

S s k‘ ji“” s v i v
Mé 4 M3 [2|®2 xp(—z n€ U+ >|1}®2 7 Y — %6[“0' ]
m?2 p1-€
covariantly in Bautista, Guevara '19:
k VEHV v,o - o v
Mgs) = /\/lgo) exp( 7”; A ) -€1, T = 2in7 Yl
1 -

w/ spin vector and boosts in Guevara, AO, Vines '19:

M) = M3 . (21)0% = M3 (U (1]} e 1) o
m

M (0 s —2k-a s M ) ©2s —ka s

—m—;m@? e )9 = 2 U1} |1]92

from coherent spin states in Aoude, AO '21:

ki (8155, o) }

ME" (923 Blp1, 05 K7) = MY (02 |1 K¥){Bla) exp {* m{Bla)

. . . 1
Pauli-Lubanski pseudovector is S, = maf‘p) = %e’\’“’pswpp
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