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A “light” scalar in the spectrum
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How do we model light scalars?

Exact continuous Goldstone ) )
Symmetry BOSO”S Explicit breaking m eV, E A

Well-known examples:

+ Pions! mgp ~ eAgop

+ The QCD axion mqfq ~ e Mz fr

_ _ Kaplan, Georgi (1984)
+ Composite Higgs models... m% ~ € A% Dugan, Georgi, Kaplan (1985)

But can we get it better?
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What about discrete symmetries?

Exact discrete Protected 2 9
oy I o o I 0 <
“ Generate approx. j

continuous

4 Victor Enguita - DISCRETE 2022



What about discrete symmetries?

p discrete-GBs
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What about discrete symmetries?

Continuous Exact discrete
Explicit breaking
symmetry symmetry

Operators in the potential, J

very tightly constraint
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Non-linearly realised discrete symmetries

® = (¢1,...,0n)tin an N-dimensional irrep. of a discrete group D.

<I>T<I>=¢%+¢%+---+¢?V=f2

— A2 contributions to the potential drop out
UV

How?

A closer look into a interesting case
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The EFT of a triplet of A

- A generic triplet of A5: ® = (¢1, ¢2, d3) —> Three d.o.f.s

» The Molien formalism, ]:A5(1’ 3; )\) = (1 — )\2)(1 = )\6)(1 i )‘10)

Ty — b0, — OF i 05 05

Ay C As And its primary invariants are I3 = H (bi%’ Ok = Q10203
1<j<k

Ta= > & = ¢i + 5+ 3

Also, the non-polynomial combination of order 6:

ATZ = 2T — BT 15 + AT, T5 — 36T, T5T, — I8 + 207575 — 10813

——> can write Az invs. In terms of A4 invs.
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The EFT of a triplet of As

« A generic triplet of A5: ® = (gbl, 02, qbg) —» Three d.o.f.s

Lo
(1 —A2)(1 — A6)(1 — AL9)

» The Molien formalism, J A5(1, 3; )\) =

—>three primary invariants:
I§3’A5) =Ty = ¢% + ¢35 + ¢2 <— SO(3) invariant

7% 00 1.7, - ol .
reaking,

T sl g Aj preserving
126 2
il 16 + £ 1,7,
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The EFT of a triplet of A

Non-linearity :> b= qb% = ¢% a5 qb§ = f2 —>» non-dynamical!!

» The most general As-symmetric potential, Vags(®) = f(Zs, Z10), ...

00 o a o b
Ve = [\ Z (f_(é) (f—ig> s ) N=dnf
a,b

... contains no dimension 2 terms

—— no A%p at this level.
Quadratically divergent 1 -loop corrections all of the form X A%JV Lo
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The EFT of a triplet of A

+ Non-linearity =—=> Ty = gb% i ¢% [ gb% — f2 — non-dynamical!!

+  The most general As-symmetric potential, Vaas(®) = f(Zs, Z19), ...

00 o a o b
e — e Z (f—2> (ﬁg) sz gl Big) N it
a,b

... contains no dimension 2 terms

More suppression features?
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Additional ¢,, suppression

SO(3)- breaking interactions e BEoNE O ________
mediated by physics above -
scale M > A

: M4 d mn i ‘ A n—4 & n
- Integrating out —» L = T En: (yﬂ) — N f zn:y (M) (K)

—4
; AN
—— <— suppressed so long as:

e
=N

2 6 (A2
—> Mgep ™Y (M) for the triplet of A
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Classifying the extrema of Vags(®) = f(Zs, Z10; Cn)

Critical points occur when:

OV ~—0VaL :
/ \ | ‘"!»&\‘.Si‘iﬁ""
1) Depends on the Cy, : e aale

model-dependent model-independent

Maximally natural extrema: Extrema of the

invariants themselves | Ny
0L, '
detJ =0, Jij = —
00;

= Only depend on the discrete symmetry
= Preserved symmetry at the extrema
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The Natural Minima for a 3 of A=

Maximally Natural Extrema:
Extrema of the invariants themselves

Manifold of the A5 invariants
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The Natural Minima for a 3 of A=

At low energies, around A,
Z 5 -symmetric structure:

7N
A5%Z5 @j

+ Primary invariants, 2 of Z5

D
22( Zs) = 72 4 72
Iéz,z5) — W% = 10#%7?% e 57T17T§l

+ Dominant invariant after SSB:

3 A 2
Ié 5) = 32 4 [%—F(ﬂ'%—l—ﬂ'g) —

Manifold of the A5 invariants
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C (2)

0.3 - B (Z3
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13}2 (7‘(‘% - 7'('%) = # (7‘(‘? — 107372 + 57‘(‘17'('3)}
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The Natural Minima for a 3 of A=

Manifold of the A5 invariants

0.4 A

At low energies, around B3,
Z3-symmetric structure:

Ars — Z3 f©3

0.3

0.2 1

3, As
iy )/ 1

C (2)

B (Zs

« Primary invariants, 2 of Z3 02
Z(2,Z3) = 5 —03
5 = ] + T3 -
Z(Q o i — Sy

+ Dominant invariant after SSB:
A
I(S 5) o f4 [%fﬂ = (7.‘.% i 7-‘-%) S 10v2 (7-‘-%

04 0.6 0.8 1.0

16 Victor Enguita - DISCRETE 2022



The Natural Minima for a 3 of A=

Degeneracy
If the SM is a singlet of A5:{ = Simultaneous production
Specific production rates

At low energies, around B, Z3-symmetric structure: - w L

& e U e
—I-\/f_ (13 — 3nim2) + 15 (77 —|—7T§)2]

At low energies, around A, Z5 -symmetric structure:

I(S o) = 32 f4 { + (77 +73) — o (7] + W%)Q e ﬁ (72 — 107373 + 57?1773)}
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Conclusion

» discrete Goldstone bosons have enhanced protection
from quadratic divergences —» no AZNP

- The natural minima retain explicit symmetry —» distinctive phenomenology

Degeneracy
Simultaneous production
Specific production rates

Many possibilities, e.g., 3 of A5, 3 or 3’ of Sy, 4 of A5 explored in
our paper
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Thank you
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Specific UV completion

[Das, Hook, 2006.10767]

P1
Upon SSB,[SO(S) — SO(Q)] O(m1, M) = ( 03 ) = exp
P3

The interaction Lagrangian,

Ling = ysm ‘112\1’3 e \113\112) + YsT2 (\113\111 + U \113 + ysf 1 — —

1 0
— 0
_f _7-(-1
1 7r1 —I— 7T2

Ny Q

Z

A cancellation similar to that in the Little Higgs model (3 Z5)

Arkani-Hamed, Cohen, Gregoire, Wacker (2002)
Arkani-Hamed, Cohen, Katz, Nelson (2002)
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Specific UV completion

[Das, Hook, 2006.10767]

®1 I 0 (O=ie g
Upon SSB,[SO(S) — SO(Q)]: Oy, o) = ( bo ) — exp % ( 0 0 s )
¢3 :

The interaction Lagrangian,

= & = = 1 7T% + 7T%
Ling = ysm1 (P2U3 + U3Ws) + yoma (PsV1 + U1 P3) +ysf (1 — =

> (U105 + U0y )

2~ f2
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Specific UV completions

- . .
c ¢, 1, triplets of Au, Ling = yaéwk%‘%‘% e Gan— G

\ [Das, Hook, 2006.10767]
omi 3 Nygfm¢log< )

ySf

+ @, 9, triplets of Ay, Lint = 4 ( 51 7 §b Sz " ¢ )

,‘X\
v
]

) ~ A f*log (@>
s - f
¢3 )‘Q? ¢3
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The EFT of a triplet of A4

- A generic triplet of Ay: ® = (¢1, @2, d3) —> Three d.o.f.s
1+ A°

» The Molien formalism, FA4(17 & )\) = (1 — )\2)(1 = )\3)(1 7 >‘4)

—>three primary invariants:
i = 0.0 — gb% -+ gb% + gbg <+— SO(3) invariant
Ts= || ¢ipjon = ¢10203

i<j<k SO(3) breaking, A4 preserving

Ta=) ¢; =i +¢5 + b

1

—> one secondary invariant: a non-polynomial combination of the
primaries. The syzygy is:

ATZ = 2T — BT T3 + ATy Ty — 36T, 5T, — IS + 207575 — 10875
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