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Abstract: <p>There seem to be no good examples of UV complete theories that have low-lying massive higher spin states isolated by a large gap,
despite the relative ease of constructing effective field theories describing such states.&nbsp; We discuss constraints from analytic dispersion

relations and subluminality of elkonal scattering that may help to explain this and provide insight into the possible interactions of massive higher
spins.</p>
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[solated massive spinning particles?

mass
4

Is it possible to have a theory =

with a spectrum like this: _ s
parametrically

large gap M > m

M ———

(0 e—t—

Spin 0, 1/2: Yes (pseudo Goldstones)
Spin 1, 3/2: Yes (spontaneously broken weakly coupled gauge theory/SUGRA)

Spim>=2 7

\

Common lore says No: a massive higher spin always comes

with more states at parametrically the same mass
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[solated massive spinning particles?

Examples:

Imass

Kaluza Klein theory: —

. ¢ - =
towers of spin < 2 T o )\I.-n.plu.ci;m

Confining gauge theory = |

s} N P D . O AT O )ﬁb
towers of all spins m? ~ Adep ~m —— no large gap > m

m

String theory

() —

. 2
towers of all spins m° ~ —
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[solated massive spinning particles?

Can there be “elementary” particles with spin = 2 7
Are there hadrons with Compton wavelength > intrinsic size 7

Could the graviton have a small Hubble-scale mass?

IR modification scale

/

‘;r(,r) Ay _G-m’r : m ~ H

r
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[solated massive spinning particles?

If such isolated massive particles are possible, there must exist an
effective field theory (EFT) for them with a cutoftf parametrically larger

than the mass:

A>m

If such an EFT doesn’t exist: problem solved

If it does exist: must figure out if it can be UV completed

Our approach: look for such EFTs and find obstructions to UV completion.
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Massive spin-2

Massive spin 2 particle: 5 degrees of freedom (as opposed to 2 for massless
helicity 2)

Fierz-Pauli action: Fierz Pauli (1939)

» 1 : A 7, : O LA : jriy: 1, A 1 2 717 2 1 e
L= —gd)\h‘;wd 4+ 0.k, 30" R — 8,h" O,k + ;d)\hd h|— 5 (hu h*" — h*) |+ Eth
Einstein-Hilbert (massless) part. Mass term breaks gauge symmetry.

Gauge symmetry: dh,, = &, + 0,€, Fierz-Pauli tuning ensures 5 D.OF.

Equations of motion: (O - ?'I'lz)h,u,, =0, 0*h,, =0, h=0
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Helicity components
Stiikelberg fields: h;_w > h,w 4 8“‘41, -+ 81,151“ + 2 (‘3”(31,(b
| huy ~ helicity =2  2DOF

by — A, ~ helicity +1 2 DOF
5 DOF relativistic limit m — 0

¢ ~ helicity 0 | DOF

Canonically normalize: A, ~ 5-4“- ¢ ~
massless limit

4 s « - ! i
Diagonalize kinetic terms: hu, = h,,, + ¢ N

~

oT

Lo e
ﬁm:D(h’) i 5}?‘“}}?!“’ i 36;:,4[’ o+ E}L;LUT”U e Mp
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Interaction terms

Af:f' [r‘i‘l.r [(\/’qR) - \/;7i'rr1-21"'(5;.}r) ;

V(g,h) = Va(g, h) + Vs(g, h) + Vi(g, h) + Vs(g,h) + - - -,

Valo.h) = (%) — (h)?

Valg.h) = +er(h) + ealh?)(h) + esihy®

Vi(g, h) +dy (h*) + da(h3)(h) + d5(h*)* + dy(h*)(h)? + ds(h)*,

Vs(g, h) +£1(R°) + fa(h*)(h) + fa(h®)(h)? + fa(h®)(R?) + f5(h?)*(h)
+fe(h*)(h)* + fr(h)®
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The effectlve fleld theory /\rkjm-Hand_(ir‘nrgn and Schwartz (2003)
Aﬂ.-(.‘l' I.(\I)l&l(“.‘lll(\lll- h-’“',‘ ﬁ ’Li“’,’ + (‘)“_;'4;! + (.)qu.“ + 2(’.)‘“(‘:’,/(,{’) + i t‘}l{\['(\ ;II’(\ i[lt'(‘l}lt\,t‘i()ll t‘(‘I'IIlSC

mEMER™ (DA)"A ()" ~ Ay ™ TImATIN fnn (G A) A (52 p)"e

1/A o 3ng +2n4 +np —4

/arious strong coupling scales: Ax = (Mpm*1)™"7,
Ng +Nna+np — 2

The smallest scale is carried by a cubic scalar interaction: Energy scale
A

Mp+

52 73 :
(6°9) As = (Mpm*)1/3

A3
As T
This is the (UV) strong coupling scale of the theory ok
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The effective field theory

2 — 2 amplitudes grows like E'°

5
k) T E : E-
Polarization tensors: Eetnt TR | g:’w - v — Pl e =
: ‘ i =
m m

: 1 pupvppPo E?

Propagator: Pups — ~ 222

p m m

Q . Q@
%% /AL

b,
C
.,

ot
. O

Pl
i S 110 10
~  EW/pL0 ﬁ i o2 E™/Ag

.....
,,,,,,
.....
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The effectlve field theory Arkani-Hamed, Georgi and Schwartz (2003)

Creminelli, Nicolis, Pappuchi, Trincherini (2005)

insight: Can choose the interactions, order by order in h, so that the scalar self-

interactions appear in total derivative combinations.

2 parameter family of ways to do this.

The leading operators are now:

Energy scale

3
;'1[;’ |t
h(d')d))“ ; 2%l /3
~ M 2 A3 = (Mpm~)
] As+
m 4
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The A3 theory de Rham, Gabadadze (2010)

2 parameters
Leading operators: l \

1= cwafi A W)ty , U6z —1) oy 2 16(8d5 + c3) + (3) 2 e
g€ Phag — o1 | —aX Q@) + R XD @) + =g P XD + 3P T

Galileon operators:

4\'-:1111_1) — !h.l_j/ (Hf”" — (J)I“{j 1,(;.‘3_)
./\"(‘L) = [[Mnu -,
,x"gf) = ([11|2 [1[2}) M — 2 [T 11, + 21 1“

X = (P -3 [0%] + 2 [1]) g — 3 ([M)° - [11?]) M., + 6 [T1] T2, — 6112

i
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The A3 theory

2 — 2 amplitudes now grow like:  E°

Cancellation between exchange and contact diagrams:

DAY 7 ety ClEe
‘ + ‘ ~  E°/AS

----
......
o,

ot
.....
......
.......

st 1 E°

i p? Ag

.....
-----

.,
-,
L
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PSQUdO-]ineaI’ lheOI'y KH: 1305.7227

Another way to achieve E°

1 1 2 2
e — féi),\hwj?’\f.t“” + é?,lhu,\(')uh“)‘ - 8,0, h + 5(‘?,\/1('9"‘& - ;m,“(hw,h”” — h*®)

]
m= Hivy-

" p3V3
: A3 N ) h’mvl h—'uzvz h‘#al/;z

Also 2 parameters i
\ m?

0 M1V palg

A4 M2 M h’“ll’l h#zl’z h’#:w:s h’#4£’4
T}
1 ;
H1V1-"jql/gq £ 2
3 N 1 Ovn Posgury Py Py
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Can we do any better?

KH, James Bonifacio (to appear)

Is there any way to do better than E°® ?

L ~ (Oh)*+h?
+h% + 8%h% + A3 + - -
+h* +0%ht + 0*h% + - --

: e : 2
Field redefinitions — put fields on shell:  transverse, traceless, [ — —m

Classify all on-shell cubic and quartic vertices
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cubic vertices

Polarization tensors:
v ~ 2
€ur..pps 7 ZprBug - - Zp, g3 |

No on-shell non-trivial functions of momenta:

1 o e bt
Py+poh+p5=0 = Pi-pa=c (mT +ms — m;;) . etc.

niz2 .13 n23 mi2 Mas N3]
m~ g ~r
Az ~ 21372137 293 2P13  2Pa3 2P3)

ni2 + nNi13 + M2 = 81,
n12 + N23 + Ma3 = Sz,

n13 + Na3 + m3; = S3.

Finite number of solutions. — On-shell cubic amplitudes nailed down by Lorentz invariance.

Pirsa: 18040094 Page 17/41



Best possible scaling

Build the exchange diagrams:

Finite number of cubic vertices — finite number of exchange diagrams —

bounded growth with energy

Aexcl‘mngc B E#
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Best pOSS]bIe Sca]l]‘]g KH, James Bonifacio (to appear)

Classify all analytic quartic amplitudes (contact terms):

2 independent invariants made of momenta (2 Mandelstams)

mi13 ...-T14 ma1 .., 124
2P14  ZPoy 4);4 2Py

mail ... fn;‘,_ m42 . ,, M43

v[)i) 51)4) ZPys

I»‘i'lz, kiz) ,n12 ,n13 ,n14 Jn23 LN24 N34

A2
2 “loCry “14 Fo8 4ogi<agi AP

unconstrained

niz + ni3 + niq4 + miz + myg = 81,
N2 + N2z + nNog + Moy + Moy = So,
n13 + na3 + naq + may + mae = s3,

N14 + Nog + Nag + My + My3 = 84.

This is the contact diagram:

Acontact it
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Best pOSS]bIe Scall]‘]g KH, James Bonifacio (to appear)

Try to cancel off highest energy scaling of exchange diagrams, working down:

A"‘l — -Acxchange T Acontact

e

L Tk

Result: Best possible scaling is £V
Only theories that achieve this are Az theory and pseudo-linear
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Best possible scalings

KH, James Bonifacio (to appear)

Best scaling for spin-1: E4 Ay ~ (A-lp-m,)]/2

allow additional scalar — can achieve EY — Higgs mechanism

. S - : o\ 1/3
Best scaling for spin-2: E° Az ~ (]U'pm )

allow additional scalar+vector — no simple gravitational Higgs mechanism

Christensen, Stefanus (2014)
Nima Arkani-Hamed, Huang, Huang (2017)

Conjecture for higher spins:

E3e s even,
.41 -
Etl g odd.
A Ass s even,
max — b :
I\ = (M JI“nfl 1/n
Asssr s odd. C= e )
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Best possible scalings

Massive higher spins coupled to gauge fields:

m

e Porrati, Rahman (2008)
o1/(2s-1)

Massive higher spin coupled to U(1): Ayqay ~
A ~ E2(25-1)
1/(2s—=1)

Massive higher spin coupled to gravity: Agravity ~ Mas1 = (111?,111.2’_2)

KH,J‘mlus Bonifacio (to appear)

Weak gravity conjecture: P
. ; 1'\[;1
AU (1) R > Agravity
m
€=
Mp
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Dispersion relations
Adams, Arkani-Hamed, Dubovsky, Nicolis, Rattazzi (2006)

UV constraints on EFT coefficients

Forward amplitude: A(s) = A(s,t = 0) o

f= r é ds- Als)

2mi Jp o (s — p2)nt!

Froissart bound kills semi-cirele:

|A(s)] € O(sIn? s)

~

N A 1 1
f=om /; g [(su)“-*' i (~4m~’+n)“+']( it
optical theorem \L

T 1 e 1 _ 4m?
I8 [ - [(s — p)n+l =) (s —4m? + ,u.)”-“} i \/1 s a(s) —y £>0

T Jam?2

| : i J | e )et

positive (for n even) positive
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Dispersion relations

=
Deform contour:
g 1 ] A(.‘;} et I—d
f = % I [Ihm :/’,- \
MWWMWMNVWWVH
f\i_;{m} 4m?
A(s) A(s) A(s)
f = res - ) € 9 res 9
s—pu?(s ,U"}“l 1 s—m2 (s — p‘.")” +1 s—3m? (s ﬂ.")” +1

\ /

exchange poles: tree-level in EFT

1 - A(s) Constrains coefficients of leading E*"
T s 2)n+1 >0 . : . '
s—eo (s — p EFT,tree terms in tree-level of EFT
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dRGT theory allowed island

“ , S Allowed
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Pseudo-linear not allowed

James Bonifacio, KH, Rachel Rosen (1607.06084 )

o] 2
1 m*= TR
Lilﬂ — e T el

AMLos+ A3Lo3 + —=5ALo 4
M, M, ]\-[_5
/ \ % ([h:' li;b‘ﬂhﬂ } :l:b{‘" } H[h|:h"‘ E‘nlhl”

12 6] 8562 5143 8441 (B, 0 b 12) B 20 e

& (10 — 30)0?) + 200%)

E*
Forward amplitude:  Aforwara ~ ]
Mgm?
/\2
(TTTT)- = L
f ) *m'lMi';’
1522 + 132123 + 572 :
VL, = = 1 : 3 No allowed region
A M+ 12m2M?2 -
£(5558) = S 5AT 4603 + A3 + 20

9m2M?2
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Superluminality constraints

Another traditional constraint on EFTs:
Superluminality of small fluctuations on non-trivial Lorentz-violating

backgrounds (e.g. Velo-Zwanziger problem)

Less problematic: superluminality in the S-matrix Carmrho, Edutatuin, Huldscsm, chibosdow (2016)

Eikonal scattering:

high-energy, fixed impact parameter:

s/t = oo
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Eikonal Iimit

Aoikmml — + =7 +

?:"40“{011&1 — 4})7p+ / (12b t??:b‘q ((_,_-15(!:)) = 1) (S(h =
. i i
Time delay: Ax™ = —§
-
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Elkonal Camanho, Edelstein, Maldacena, Zhiboedov (201 6)

Eikonal phase depends only on on-shell three point amplitudes:

1 L de
S5l = : ._,_—-tqu
(b) ap-p+ | @n)2° ola) a

Ao(q) ~ B
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Example: constraints on higher curvature terms
Camanho, Edelstein, Maldacena, Zhiboedov (2016)
1
M?

M3 / d*zv/—g [R A (R* + - )} M < Mp

, T
S | C e S RS
/ g [ R s T

P+ - ]
EFT Strong coupling scale: A ~ ([\-I;rﬂ-[g) b M <A< Mp

Example: tree-level string theory

2 f S E
A[‘T)/(}II\/—(][R‘FF(R“‘F)+W([l’;+)+

N~ (Mp By~ S B8
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Example: constraints on higher curvature terms

Cubic vertices:

i ) 2
A Pr-23 21-224+p3-220 21-23+p2-21 22-23)°
iy V=9R|
: 5 2 2 2
AQ Pl = ::; !J,‘! - :l P-‘! - :2 ([’l - ::‘ :] . :2 + p:; - :2 _:] s ::! + -];2 - :l :2 . ::!) \/_(} (Rﬂlf;’)ﬂ' Ty “l’R“H _+_ R ) [‘”
i 2 2/ 2 e DpoE ol
A; | (p1 - 23)° (P2 - 21)° (3 - 22) L S el

D=4: no Az, 1 additional parity violating amplitudes
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Example: constraints on higher curvature terms

Pl - P3 =

I~ T~ - -

JE i = Py iy
Helicities
L ox M renvS ' < [ L1 b) + : L
-0 eigenvalues (+)A-If, n(b) MEMZR © MEMAb

/ /

Einstein-Hilbert ~ Gauss-Bonnet
0>0 — Gauss-Bonnet and (Riemann)? must vanish

If not — new physics comes in at the scale M

\

(Riemann)?
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Massless higher spins

IKKH, Austin Joyce, Rachel Rosen (1712.10021)
Cubic vertices:

Spin-1 Aym ~ (1 23)(21- 22) + (p3 - 22)(21 - 23) + (p2 - 21)(22 - 23)

Aps ~  (p1-23)(p2- 21)(p3 - 22)

Spin-2 Einstein-Hilbert ~ (Aywm)®
Gauss-Bonnet  ~ (Azp<Azs) vanishes in D=4

(Riemann)3 ~  (Aps)*

Spiws (A\'l\[)x

s—1
YM) }/lw)

vN) / (Aps)”

vanish in D=4

(linear curvature)® ~ (Apa)’
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Massless higher spins

Spin-s vertices: L (Aym) (Aps)
gauge symmetry: - deforms does not deform (linear)
("_Tonsilst.(\lwy /locality ‘at % V4
quartic order (4 particle test)
Benincasa, Cachazo (2007)
Eikonal constraints J 4

KH, Austin Joyce, Rachel Rosen (1712.10021)

-~ 2 9
i(b) = ta o
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Cubic massive spin-2 vertices

.- P T oo PR 3
A L e A e A Ay | i h;m

\/TQR‘(;;}

2 2 ¢ 20 2 2 2 2 Tl 4] £ fay? 0 q 1 .
(p1-23)° (21 -22)° + (p3- 22)° (21 - 23)° + (p2 - 21)° (22 - 23) 5,[_1‘:‘(S}I_f,jdff::éff_l']()pl() "h};’hm’hm‘
F 2 2 2
Pr-zsp-aps-z (M-zszn-z2+ps-z22n-23+p2-2 2 23) ; \/—(}(Rﬂwm ——"IR;,,-FR*) ‘ :
é (3

iz po a
V=5 R, R0 R%, |

#1(3)

D=4: no Ay, 2 additional parity violating amplitudes
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Cubic massive spin-2 vertices
2] 292 22+23 23 2] hin J

3-22 21-73+P2-2 z2-2) —gR)
V=9ht

SN2 (11 Sp2 spua spal g Ay vap vap va
3, | atele o 0, Ok Sk Tl

—_
(3]
p—
(]
%)
—

L )
—
~
P 4

&
%)
—
(&)
—_
&
P
[ 3
o
—
()
—
—
>
bo
&
—

f 1D 9 9
vamen) | Vg (Rl 4R R |

PL-23p2-21 p3- 22 (p1-

o 2 - 2 fra . o 2 —— ) vl
(p1-23)" (p2-21)" (p3 - 22) =3 Rw;ahv_f-ftmﬁmjw|m

D=4: no Ay, 2 additional parity violating amplitudes
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Massive spin-2 eikonal

P17 — P3 —»
i SN Nt |,

h

@

é

PRt DU

T T L! l_,'

P S : A0 ey 4y ey s 2 ey e
et el ¥ =T
] SAN y i " A R 0 B S pay 0
-0 = r Kb (b iy - B |06 0 ) R ) g PR .. | = LB} (2.0 80y sy sBhay
s V T = - v - 7 =T
L.-’ o baky :"II-:“.,' b oy ~ Kalbm s‘w‘ = -
,S‘ ny? . Ay - gt -
3
ay & R
ag < Einstein-Hilbert
az < Pseudo-linear
oy < Gauss-Bonnet

: 3
as; <> Riemann
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Massive spin-2 eikonal

diagonalize in powers of 1/b

{

S

1 /
_5/\‘/\

S

144 ag

- 0 000
b4 m? Mp? »
0 Sl
b4 m* Mp? n
0 0 000
0 0 000
0 0 000
0 0 0 0
0 0 0 [i}
0 ) 5 e 0
4b° m* Mp* x
0 0 0 T v
ab% md Mp? x
— ‘"” — 0 0 0
V3 b m? Mp? a
00 0 0 0
00 0 0 0
00 0 0 o 3ay
243 bmMp? »
00 0 0 0
00 e g 0
23 bmMp? 2
x{,w.«‘u; 0 0 0
2Mp? a
0 Ko(bm)az 0 0
2Mp? x
0 0 Ko(bm)az 0
4Mp? =
0 0 0 Ko(bm) oz
4Mp? =
0 0 0 0

==y as =0

o
o3 b2 md Mp
0
0

0
0

eigenvalues

0

0

Koy (b m) o
aMp? «

— iy ay o @

eigenvalues Vigb'm Mp' VI abiwi Mp' b Mp? 4 b7 af Mp? }

o -3; o -3m

Zﬁnmepg'lﬁnmep:

—

sy ,0,0,0}

non-negative

—

Qg = 0

a1 = 3as
1 2
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Massive spin-2 eikonal constraints

Pl — P3 —s

Can do the same for

spin-2 - spin-2 scattering

h RARAEAAARA h
pPo —> pPq—>
‘,_.),__',,_Qrfx‘r E
diagonalize 25x25 SAA2,A 34 — same constraints:

phase shift matrix

Q3 = Q5 = 0, Qg = 3(‘4"2

i i N

: 1 3 ML \
Allowed cubic vertex: ot s RIS o S5 g3
4 r , 20 A LEA. 3 2 i 2 1 e
2Mp, EB T opfp, M

Vertex not of this form — new physics at m

\

), =
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Massive spin-2 eikonal constraints
Allowed cubic vertex: e S s

KK reduction of Einstein-Hilbert

Conjecture: massive time delay avoided in KK theory by using this cubic
vertex, not by cancellations among the KK tower

Constraints on Az theory:

eikonal
d5 / allowed line
: : : ' ]
dispersion relation C3 = %
allowed region Sl
--- -\- ¢3
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Conclusions

* Eikonal scattering and dispersion relations can provide useful model
independent constraints on massive theories.

» An isolated massive spin-2 is not completely ruled out.

* Going beyond leading interactions: dispersion relations beyond the
forward limit, subleading corrections to the Eikonal approximation

may provide more information.

* May be useful as part of a bootstrap for large N QCD.
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