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gluons to lowest order in the coupling constant and to leading order in the number of colors.
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Amplitude program
!
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Effective Field Theories

Energy

UV-theory (?)

UV-theory (7)

SM + DM



EFTs: the on-shell way

[ General ansatz j
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Consistency conditions
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low energy fields
Physical amplitude




Scalar EFTs

H2(00p)? ¢ =0
) ) Equations of Motion
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$(0,0,0)0"0" P Integration by parts
u-v
Field redefinition
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pi2 — O
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N ) 5 )

Easier to build operator basis and to study the EFT landscape!



What can we do...

e Build operator basis eﬁiciently (recent development also in the context of SMEFT)
e Amplitudes with many external legs (recursion relations)

e Explore EFT properties (helicity selection rules, soft theorems)

e Calculate IOOpS efficiently (e.g. anomalous dimension matrix)

® Computations with gravitons (double-copy, also applied for special EFTS)

[‘ Computations with higher—spin partiCIeS (avoid building a Lagrangian)j

Moreover, development for massive particles boosted since Arkani-Hamed, Huang, Huang ‘17
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Spinor Basics
K Why should we use spinors? \

More transparent to see how the Lorentz symmetry can
K constrain the functional form of the amplitudes! j

PMUZB = )\QS\B A — WA, A —w

4], = (1,5) Helicity - Helicity +

Little group: transformations that leave the on-shell momentum invariant.

(PP e = VEE( 502,
Pog = —pl —ip?2 P04 p3 :

p, = E(1,sin6 cos ¢, sin fsin ¢, cos 0) Y = \/QE( -608.59
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Massless amplitudes

= Mot = Dalpls, P = XN = (p]%(ps

(0} v <12>[21] — 2]91 P =S
<p CI> = )\p 604,8)\5 [ ] —_ )\p aﬂ)\'B <13>[31] — 2191 - P — 7

Helicity - Helicity + (1)[41]1 =2p, -py=u

K Ay ~ [12] 1,2 helicity +1/2 ; 3 helicity 0 \

A4 ~ [12]2<34>2 1,2 helicity +1 ; 3,4 helicity -1

\A 4~ [12]2<23 )2 1 helicity +1 ; 2 helicity 0 : 3 helicity -1 ; 4 heIiCityJO
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Massless amplitudes

little group + locality + 3pts kinematic

<1 2>h3—h1—h2 <2 3>h1—h2—h3 <3 1>h2—h3—h1 Z h; <0

hioh2qhsy __
A(]‘ 273 ) = C {[1 2]h1—|—h2—h3 [2 3]h2+h3—h1 [3 1]h3+h1_h2 Z hz Z 0

Non-vanishing 3pts for complex momenta

A3[123] = —\/5[(6162)(63191) + (€2€3)(€1p2) + (6361)(62103)]

(12)°
(23)(31)

[12]°

Ag[172737] = 23][31]

A3[1+2+3_] —

Inconsistent with Bose symmetry,
unless we multiply by an antisymmetric tensor!
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Massless amplitudes

- 12)3 . [12}°
A3[1,2,3F] = < A3[172:737] = ,
?ﬂw 3[ a“h Yc ] fabC <13> <23>7 3[ a“p Yc ] fabc [13] [23]
P P 3Jr The amplitude with the correct t and u-residues is given by

—o—o+ 4+1 2 2 Jace fode Jade Joce
- i§ %j: o A[la 2, 3. 4d] = (12} [34] ( p” + U >

R, = lim,osA[1;2; 3747] = (12)2[34]° (f “Cetf bde fad;fbce)

(12)°  [34]
(1P)(2P) [3P][4P)]

2 2
— _fabefcde <12> [34]
u

Rs — fabefcde
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Massless amplitudes

12)° [12]°
A3l[1.2,737] = < As[172737] = ,
3[ a “p C] fabc <13><23>7 3[ a “p “c ] fa,bc [13][23]
1 P P 3Jr The amplitude with the correct t and u-residues is given by
A[1;2b_32_4;i|_] _ <12>2[34]2 (facefbde + fadefbce)
2 4t st SU
\(a(\g \\]\\\ “S\‘Z S\jmme“\]\
aocaty | gt (12)?[34]2
U(\\,‘a(\\'\j RS — 11m8_>OSA[1a 2b 30 4d ] — _fabefcde

Only if fabefcde — facefbde + fadefbce =0

Jacobi identity
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Massive amplitudes

LG = U(1), helicity LG = SU(2), spins

3 R SR Iy
_ )\ )\ — |p>a[p|5 paﬂ - XQGIJXIB o GIJ‘p>a[p‘137

2s symmetrized spinors = spin-s

_ [EIUJ]JK _

1
V20 V2[X\(] ~ \V2m (x

{Liil =s; bolding: (13)(23) o (1/37)(2K37) 1 (1/37)(2K37)

Mot x "]

[Arkani-Hamed, T.-C.Huang, Y.t-Huang ’17]
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Massive amplitudes

LG = SU(2), spins
Poj = Xaf1IX; = €171P)a[Pl};

2s symmetrized spinors = spin-s

(Cla*A w _ Alowld] 1
€. = 5 [e“]‘]K _ m <XJ|UM|XK]

Ko
€L = .
V2(XC) V2[A(]
{)Ljil = s Uv mm IR bolding: (13)(23) o (1'3%)(2K3”) + (13} (2K37)
[Arkani-Hamed, T.-C.Huang, Y.t-Huang ’17]

High-energy Limit

p! = (E, Psgcy, Psgsg, Pcy)

s — ) (12) —g;%a@)

I (\/ﬁc _ms*> m/E < 1 <12>IJ ~ <(1 o 8]52712)11 <211222> mimo [12]
1

Xe =\ /JEZPs VE+Pc o mymy
<l = vVE —-—Pc —E+ Ps 12] ~ T (12) — = [¢2]
8- \VE-Ps* VE+ Pc —ma[165] (1—;}5%—;%)[12]
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Massless/Massive amplitudes

, 1
Pany / +

H1 ——

N 12 \ +1

crs [1211231[31]

co (12)[12] + ¢, @2 c_ (12)?

m A A
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Ve e d
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EFT: the on-shell way

On-shell data

v

Locality, Unitarity, Lorentz

Particles Masses

(+ extra IR constrains,
e.g. soft-limit (Adler zero)
in the case of Goldstone bosons)
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Outline
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Dark Matter - EFT

No go theorems just for
elementary higher spin

particles!

Thermal bath (very) weak interactions
T o> Taw e, spin-S DM

Instantaneous reheating: 7,,,. ~ 1,

SM effectively massless

Production via Freeze-in mechanism:
Particles in the thermal bath can annihilate into DM but the inverse

process can be neglected due to feeble interactions and/or low
number density of dark matter.
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Gravity mediated

spin-S DM
SM
graviton
Ly symmetry
SM spin-S DM
Lagrangian Scattering Amplitudes
Feynman diagrams Observables

Difficult task for higher-spin particles!
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Gravity mediated

spin-S DM
SM
graviton
Lo symmetry
SM spin-S DM
CSM, Falkowski, Isabella, 2011.05339 [hep-ph]
Shortcut!

Scattering Amplitudes

/ !

Observables
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Gravity mediated

Basic rules: 3-point amplitudes and 4-point contact terms

Unitarity, Locality >p, ><
Lorentz symmetry ' >\ N
| /

spin-S DM - .
(minimal coupling)

graviton

(A15)* (21)* (App)* [21]*

M(1x2x3)) = —

M(1x2x3;) = —

Mp1 m?2s ‘]\4131 m2S

oS DM A = ((pi3)/(30) A5, = [Cm3)/13¢
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SM

SM

Gravity mediated

Basic rules: 3-point amplitudes and 4-point contact terms

Unitarity, Locality >», ><
Lorentz symmetry '

Spin 0 : M(1¢2¢3f) _ (1;1\32)27 A1_2 — [Cp13>/[3d

graviton Aipéi Al = ((p13]/(3¢)
Spin1/2: ML230) = -0 By = (1¢)[23]/(3¢)
Spinl:  M(1;2335) = — B2 Biy = (13)[2(]/3¢

24



Gravity mediated

Basic rules: 3-point amplitudes and 4-point contact terms

Unitarity, Locality >~» ><
Lorentz symmetry ' >\ .
| /

1 28 ) ) .
Cy = 225 ;Cé 1431k (43)25F ... QM spin-S DM
=0 /
1 25—-1 §
1 _1—
Cp = 55 ((31)42] — (41)[32)) > el [a3]k(a3) R
Pl k=0

1 252

Cy = M2 m?S (31)(41)[32][42] > CV[43]F(43)*5 2 ... SM , spin-S DM
k=0

(for opposite helicity fermions/vectors)
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Gravity mediated

_|_
Ry = =3 M(1,2,(=p)" ) M((p.) " Bx4x) |0, &
1 25—-2
M(1;2F3x4x) = s {<1p32](<31>[42] + (41)[32]) ;[43]k<43>25—1—k
25—-2
+ m((31)[42] + (41)[32))" > [43]k<43>25—2—k} +C,,
k=0
E2S+1 E25—|—2

M ann Cv ~

N
2. 291 2 929
Mzm Mle
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Phenomenology

Evolution equation

dYx
—THs—— = RX
d1’
DM density Freeze-in rate
Yx = nx/s Ry = 6Z7T4 / N dsB/s K (g) I(s)
g9y [ )
_ X
I(s) = o /_1d0089\/\/lann|
E25+1 E25+2
Mann ~ MglmQS_l OU ~Y

2,28
Mplm
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Phenomenology
(no contact term)

Evolution equation

dYx

Yot = PS2x /S0 ~ 4.1-10710 GeV

45—3) IS

Tmax =>m — Tmax ~ (yref Mglm

T Km  — T ~ 2m (Boltzmann suppression)

(Maximal temperature of the universe required to match DM abundance)
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Phenomenology

(no contact term)

= Tmax > Tgw
= Thax < Ay

— m > 5keV

Timax (GeV)

— m < Mp

105 0.1 1000.0 107 101 101° 1019

m (GeV) S=5/2: 102 TeV < m < Mp,
S=3: 10* TeV <m < Mp.

EFT cutoff determine by the process that first reach the strongly coupled regime:
self-scattering, gravi-Compton, annihilation
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Phenomenology

(with contact term)

(2)
1 Cfu
Twax >m = Thax ~ (Yret Mpym™® 1) 3553 i M2, (31)(41)[32][42][43](43).
(Lower than the previous scenario) C, ~ My /A

1012 Thax S amin (Ag, Ag)
] 4 v 712 /0(2)\1/6
----- Tax = 10® GeV
SR S Tinax = 100 GeV
&)
1 Tax = 10% GeV
" Thmax > Tew
1074
— m > 5keV

1078
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Outline
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Higgs mediated

Pair production

H

Single production

32
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Higgs mediated

DM S=2 CH

Mp1m2

M(1y,27, 3x) = 0ap(3p13]°  cy ~ O(Mp/A)

(13)(23)

M(]‘Hazﬁbg’ljc) — _\/ig’v Tacb <12>

M(11,25,3;) = —yeea(23)

b LR

135#3)(30"3)
4Mp1m6

+aa ((12)pf, — (12) + [12)7*) (112074, — (12) + [12)¥")]

« DM S=2 M(1x2x3x) = —cu [aom2<12>[12](10“1](20”2]

33



Higgs mediated

2

CH
M(11,27,3x4x) = —Oab M2m? {<3P13] (4p4]

(34)(3p14] + [34](4p, 3]
t

(34)(4p:3] + [34)(3p1d] | O(m)}

—(3p23](4p14]

o1 [ (4p1p24
M(lHazﬁb?)Xll,;) CHIvL ab [( p1p24)

B V2 Mpym? tu ([8p13)? + [3p23)? + [3p43)?)+

+2(43) (<4p23]t[3p23> _ (4p3] [3P13>> ]7

u

DM S=2
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Phenomenology

Cg ~~ O( MPI/A)

1000

1076

107°

10712
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100

Tmax = 10* GeV
————— Tmax = 10° GeV
----- Tmax = 10° GeV
" Tmax > Tew
— m > 5 keV
— Decay

— Gamma Rays

45—4
s Iy

CH M2 m4S —6




Phenomenology

Cg ~ O( MP]/A)

1 01 2
10/
= 100.000 T > Tew
Q
0.001 e SV
10” Gravity mediated

10713

107 0.001 10.000 105 10° 10'® 10"
m (GeV)
Single-production is dominant for most part of the parameter space

Double-production via Higgs just take place for values outside the EFT validity
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Conclusions

On-shell methods can be applied to study EFTs!

Unitarity/locality/Lorentz symmetry are powerful tools and allowed us to study
a higher-spin DM scenario without having to write a Lagrangian

I’d be happy to discuss more applications, please share your ideas :)

Thank youl
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