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The Higgs mystery

What is behind this?
V(H)=—m?*H[> + \H|*

Successful phenomenological model, but lacking deep understanding.

Historical example is superconductivity: A turned out to be Cooper pairs in BCS.

H ~ (ee)



The Higgs mystery

What is behind this?

V(H) = —m?[H|* + A\ H|"

Can we calculate it within a more fundamental theory?



Motivation

Other scalar particles we know: pions

They are composite pseudo Nambu-Goldstone bosons (pNGBs)

_ Goldstone shift symmetry
H g (q q ) H — ].__[ _I_ 9 f (leading order transformation

under broken generators)

f ~ 100 MeV

[Kaplan, Georgi 1984]

Old question: could the Higgs field be a composite pNGB too? anahe, Contino, Pomarol 2004

and many, many others

—— ~ 107" meters ?

(pion: 10715 m)



A composite Higgs

[Kaplan, Georgi 1984]
[Kaplan 1992]
[Agashe, Contino, Pomarol 2004]

strongly-interacting

sector
Goldstone shift symmetry
my ~ few TeV
* H—-H+60f —» V(H)=0
[
mp << my is natural
v
Tr

~ TeV s the decay constant of the Goldstone Higgs

f~
Gx

Oy
: e
T«

H
The effective Lagrangian is built out of —



A composite Higgs

[Kaplan, Georgi 1984]
[Kaplan 1992]
[Agashe, Contino, Pomarol 2004]

strongly-interacting

sector
Goldstone shift symmetry
my ~ few TeV
* H—-H+0f —» V(H)=0
[
mp << my is natural
v

Simple and popular coset: G/H=SO(N+1)/SO(N) Note: non-Abelian

(N+DN NN -1) _ Goldstones » N =4

9 2 [ fundam. of SO(N) ] is the minimal choice

[Frigerio, Pomarol, Riva, Urbano 2009]
(for N > 4, the extra Goldstones can be dark matter) [Balkin, Ruhdorfer, Salvioni, Weiler 2018]
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A composite Higgs

[Kaplan, Georgi 1984]
[Kaplan 1992]
[Agashe, Contino, Pomarol 2004]

strongly-interacting

sector _
Goldstone shift symmetry

m, ~ few TeV H— H+0f V(H) =0
J« minimally

SO(5)/SO4
RO mp << my is natural



A composite Higgs

[Kaplan, Georgi 1984]
[Kaplan 1992]
[Agashe, Contino, Pomarol 2004]

strongly-interacting

sector
m, ~ few TeV
J« minimally
SO(5)/SO4)
WwH tr
qr

qr
\ 4 > H
couplings of Standard Model ' th 9

gauge fields and fermions break G explicitly “partial compositeness”

Yt ~ G« HLQR



A composite Higgs

strongly-interacting

sector
m, ~ few TeV
J« minimally
SO(5)/SO4)
WwH tr
qr

\ 4

couplings of Standard Model
gauge fields and fermions break G explicitly

[Kaplan, Georgi 1984]
[Kaplan 1992]
[Agashe, Contino, Pomarol 2004]

V(H)=m2%|H|?> + \H|*

2 2 2 mi
miy ~(—y; +g )167T2 <0

electroweak symmetry breaking
from top quark loops

4

> H
tp I

“partial compositeness”

Yt ~ G« HLQR



A composite Higgs

[Kaplan, Georgi 1984]
[Kaplan 1992]
[Agashe, Contino, Pomarol 2004]

strongly-interacting V(H) _ m%]H|2 + )\]H]4
sector
2
my ~ few TeV 2 (a2 g
* my ~ (v +97 )15
g minimally
SO(5)/SO(4)

electroweak symmetry breaking
from top quark loops

WH tr
qr

Flavor: “RS-GIM” protection, FCNCs suppressed by small mixings

gr i kL ([ Fiord gk gl
~ L NN (FLARTESR)

T

e.9. [Keren-Zur et al. 2012] satisfactory picture for m. ~ 10 TeV (in quark sector)
[Frigerio et al. 2018]



The need for v < f

2
Leading term of EFT for pNGBs: L= %DM¢TD”¢
~ IO
o= cris (O) - (Sm fHH> = VAT
1 coS %

Covariant derivative gauges SM electroweak group SU(2); x U(1)y € SO(N)

Du¢ = 0,¢ —igWiTi¢ —ig' B, Tho

1 5 suppression
Cg% — COS <_> =4/1— > of Higgs couplings
c f f?

hVV

to other SM particles
v =~ 246 GeV
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The need for v < f

[ATLAS-CONF-2020-027]
T T T | T T T T l T T T T

N i T T T
1.3 ATLAS Preliminary =~ * SMvale - . . .
s rotev. 2451390 BestFit Higgs couplings agree with SM
1'2-_ m,, = 125.09 GeV, |y | <25 —— Observed 95% CL ] tO (10 ~ 20)% (LHC Run 2)
[ Py, =45% i
1.1
1
0.9F
0.8F
suppression
ChVV (II) v? fHi li
—n— = COS T =4/1— P OT H1ggs couplings
Chvv to other SM particles
v~ 246 GeV
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Realizing v < f

The vast majority of models require to achieve it
yt2 2 £2 o 11 4 1 v?
V~167T2m*f (—sm ?—ksm ?> ANF
[Panico, Redi, Tesi, Wulzer 2012] toget v K f

If there were a class of potentials that realize it naturally, this would be an

important improvement over “classic” models of pNGB Higgs

This talk: | will show that such a class exists.

The potential takes the form of a Gegenbauer polynomial: “Gegenbauer Goldstones”
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Gegenbauer Goldstones
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The Higgs mystery

What is behind this?
V(H)=—m?*H[> + \H|*

Successful phenomenological model, but lacking deep understanding.

Historical example is superconductivity: A turned out to be Cooper pairs in BCS.

H ~ (ee)



The Higgs mystery

What is behind this?

V(H) = —m?[H|* + A\ H|"

Can we calculate it within a more fundamental theory?



Motivation

Other scalars we know: pions, composite pseudo Nambu-Goldstone bosons (pNGBs)

IT ~ (qq) II—-II+6f

[Kaplan, Georgi 1984]

Old question: could the Higgs field be a pNGB too? [Kaplan 1992]

[Agashe, Contino, Pomarol 2004]
and many, many others

However, important structural difference between pion and Higgs potentials:

0A () =vL f v~ 246 GeV

Obtaining v < f is key question in pPNGB Higgs framework
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Outline

Warm-up: Abelian Goldstones

Non-Abelian: Gegenbauer Goldstones
Gegenbauer Higgs

Gegenbauer’s Twin

[Durieux, McCullough, Salvioni 2110.06941, JHEP]
[Durieux, McCullough, Salvioni 2202.01228, JHEP]



Abelian Goldstones

Take single Goldstone, arising from spontaneously broken U(1)

L=0,00"d -\ (0 — f2)°

Make it a pNGB: explicit breaking from operator of charge n

€\

oV = i

IT
¢" 4 h.c. Y 6V ~ erf? cos (%)
¢ = fem/f

periodic potential



Abelian Goldstones

example: n =0

discrete symmetry W\AAAAA/
N AN

0 7
I1
I1
I _T
f n
Make it a pNGB: explicit breaking from operator of charge n
A I1
oV = ff’b—4 ¢" + h.c. " SV ~ eAf* cos (%)

d — feiH/f

periodic potential



Abelian Goldstones

discrete symmetry

, 5V
Z,: T — T4 ¢
n

Standard class of radiatively stable potentials
for Abelian Goldstones

example: n =0

N

VY

0

IT

Make it a pNGB: explicit breaking from operator of charge n

€N
fn—4

oV = ®"™ + h.c. .

O — feiH/f

for interesting work on Abelian pNGBs, see [Hook 2018]
[Di Luzio, Gavela, Quilez, Ringwald 2021 + 2021]

6V ~ erf? cos (—)

periodic

il

nll
f

potential
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Outline

» Non-Abelian: Gegenbauer Goldstones
» Gegenbauer Higgs

» Gegenbauer’s Twin

[Durieux, McCullough, Salvioni 2110.06941, JHEP]
[Durieux, McCullough, Salvioni 2202.01228, JHEP]



Non-Abelian Goldstones

Consider N Goldstone bosons, from SSB of non-Abelian global symmetry
SO(N + 1)/SO(N) (best studied pattern for pPNGB Higgs)

L= %a@Taﬂcp —A (TP — f2)°

How to get v < f naturally?



Non-Abelian Goldstones

Consider N Goldstone bosons, from SSB of non-Abelian global symmetry
SO(N +1)/SO(N)

L= %a@Ta% — A (T - £2)°

Explicit breaking to SO(N') by spurion in
n - index symmetric tensor irrep of SO(N + 1)

€\

oV = i

K;:Ll”.in ®

i1+ (I)in irrep — traceless

Radiatively stable at O(¢) and all loop orders, because only operator allowed.

Corrections at O(e?) and higher

[in d = 2: Brézin, Zinn-Justin, Le Guillou 1976]
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Enter Gegenbauer

Parametrize

o . OO
b= fo ¢ =T/ ( f) = (Sm fHH> = VI

COS &
f

_ 4~(N—-1)/2 potential is a
oV =eASGy (cos I1/f) Gegenbauer polynomial

K;;Ll“.in d .

i1+ (I)in irrep — traceless

€A
fn—4

oV =

Radiatively stable at O(¢) and all loop orders, because only operator allowed.

Corrections at O(e?) and higher

[in d = 2: Brézin, Zinn-Justin, Le Guillou 1976]
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Gegenbauers from irreps

5= ("
Consider scalar function 1
B 0%
|t¢—¢|1_N _ Ztanznﬁb“ ¢zn
\ n=0
// _ ' 1 an¢1—N
Taylor expansion K "' = —
(1 _ 2t CcOS H/f + t2) (1_N)/2 traceless, because Laplacian
vanishes away from origin
I
o0
ZtnG%N_l)/2(COSH/f) .
n—0 (1 -2tz +1t°) Y= Z t"Go(x)
n=0
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Gegenbauers from irreps

5= ("
Consider scalar function 1

to—d N = S eficiigt )
.\

: i1
Taylor expansion ~ K """ =

1 8n¢1—N

(1 — 2t cos H/f 4+ t2) (1_N)/2 traceless, because Laplacian

vanishes away from origin

\
Z tn@%N_l)m(COS H/f)

generating function for Gegenbauers is

(1 -2tz +t%) Z "G (x

Gegenbauer polynomials from explicit SO(N + 1) — SO(N) breaking

nl 06, ... 06, |5
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Gegenbauer?

Leopold Gegenbauer
1849 - 1903
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Gegenbauer?

Gegenbauer polynomials can be seen as generalization of Legendre polynomials

to D # 3 spatial dimensions

D=3 SO(3) — SO(2)
Iltipol ' f axi tri e
multipole expansion of axi-symmetric o Py (cos
function of spacetime coordinates F(7) ; cePy( )
(m =0)

They appear in many areas of physics, for example in the expansion of conformal
blocks in CFT,

[Hogervorst, Rychkov 2013]

Here, they arise from explicit breaking of internal symmetry SO(N + 1) - SO(N),

variables are pNGB fields
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More on radiative stability

Can also see Gegenbauers emerge from Coleman-Weinberg potential:

For general SO(N) invariant potential V =eAf*G(cosIL/f)
quadratlc plece Of One_loop CW IS [Alonso, Jenkins, Manohar 2015] I — a
- O(IL/ f)
V. = eAf* G+ : (G”+(N—1)cotEG’)
quantum 327_‘_2]32 f

\/

it o« G, multiplicative renormalization!




More on radiative stability

Can also see Gegenbauers emerge from Coleman-Weinberg potential:

For general SO(N) invariant potential V =eAf*G(cosIL/f)
quadratic piece of one-loop CW is Monso, Jenkine, Manohar 2015, ,_ 0
- O(lL/f)
A? I1
_ 4 /! /
Vquantum = €Af [G - 32722 (G + (N — 1) cot ?G )]

/

it o« G, multiplicative renormalization!

Indeed, Gegenbauers satisfy differential equation

I1 N -1

Gﬁj”+2acotng’Jrn(nqLZa)Gg:O —y = —

Radiative corrections do not alter functional form



More on radiative stability

Can also see Gegenbauers emerge from Coleman-Weinberg potential:

For general SO(N) invariant potential V =eAf* G(cosIl/f)

quadratic piece of one-loop CW is

[Alonso, Jenkins, Manohar 2015] /

2

3272 f2

1
Vyuamtum = €Af [G + (G” + (N —1)cot —G’)]

/f

it o« G, multiplicative renormalization!

Abelian case is recovered for N =1:

nll
G" x G e G = cos —-



The shape of Gegenbauers

40

20 GV (cos 11/ f) V=
SO(5)/SO(4)
4 0
—201 Even n
n = 20
iﬁ) /2 -
(IT) - IN/2,1 N 5.1 I/ f
f 7Z+-ﬂéi “'?l <1
for large n

;‘ A radiatively stable way to obtain
L

< f for non-Abelian Goldstones
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The shape of Gegenbauers

40
N =14
G%N_l)/Q(cosH/f)
20 SO(5)/50(4)
Vi
Even n

_20 i
/ n = 20
—40 :
0 /2 0
( I/ f

Differently from Abelian case, not periodic. Only approximately

)

bl

I\ n>1 Ja—1/2 ((n—koz)%) %>>\% cos ((n+a)%—a
’ To—1/2 ’ T

20



The story so far

Gegenbauer polynomials are “building blocks” of SO(N) - invariant potentials
for pPNGBs of SON + 1)/SO(N)

V = eAf* Z cn GV =D/2(cosTI/ f)
n=0

A single Gegenbauer (equivalently, n - index irrep spurion) is radiatively stable

A technically natural way to obtain (I1) <« f parametrically, for non-Abelian pNGBs
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Outline

» Gegenbauer Higgs

» Gegenbauer’s Twin

[Durieux, McCullough, Salvioni 2110.06941, JHEP]
[Durieux, McCullough, Salvioni 2202.01228, JHEP]
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m, ~ few TeV

9+

[Kaplan, Georgi 1984]
[Kaplan 1992]
[Agashe, Contino, Pomarol 2004]

Composite pPNGB Higgs

strongly-interacting
sector

N = 4 minimal to obtain pNGB Higgs doublet

f=m./g.

23



Composite pPNGB Higgs

strongly-interacting
sector

m, ~ few TeV

9+

WH tr
qr

\ 4

couplings of Standard Model fermions
and gauge fields break SO(5) explicitly

[Kaplan, Georgi 1984]
[Kaplan 1992]
[Agashe, Contino, Pomarol 2004]

V(H) =mg|H[* + A\ H|*

2 2 2 mi

electroweak symmetry breaking
from top quark loops

4

> H
tr I+

Yt ~ G« QLHR

“partial compositeness”



The potential

In classic models, top sector loops break EW symmetry:

v New?
1672

MZf?(—sin” 11/ f +sin* I/ f ) + Sgauge sin® I1/ f

; “minimal tuning”
toget v f
2
v
A g F

(in unitary gauge, I1 = h)
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The potential

In classic models, top sector loops break EW symmetry:

v N.y?

= Tt M2f2(—sin? 11/ f +sin T/ ) 4 6gange sin? T/ f

[ATLAS-CONF-2021-024]

mass of QCD-charged top partners g W7 IR
= - ATLAS Preliminary —gtn)eorﬁ( (NtNLO+NNLL):

i B - = Obs. Limi 7

LHC Run2: My = 1.3 TeV i - (s=13TeV, 139 b’ T 95% CL Exp. Limit
: 11 Tsne =EEEE -

a [ 2i+3lCombination 2 Bp) 3 By ]

\b/ | |

107" =

0% E

10°E 3

1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1
800 1000 1200 1400 1600
m, [GeV]
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The potential

Instead, we take EW preserving top contribution + Gegenbauer term:

N.y?

V=
62

M?Z f? [ +sin?II/f + *yGle_l)m(cos H/f)]

/N

positive sign size of explicit breaking
associated with Gegenbauer

The Gegenbauer is assumed to originate from UV breaking in non-minimal irrep

“Internal” to strong sector - think of quark masses in QCD
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The potential

Instead, we take EW preserving top contribution + Gegenbauer term:

N.y?

V=
62

M?Z f? [ +sin?II/f + fyGf%N_l)m(cos H/f)]

I/ f

Ve = 8 x 1074 (10/n)>°

for y <y, , minimum is at origin
28



The potential

Instead, we take EW preserving top contribution + Gegenbauer term:

N.y?

V=
62

M?Z f? [ +sin?II/f + fyGf%N_l)/Q(cos H/f)]

Gegenbauer dominates

no tuning to get v < f

I/ f but need.lc < 1 tuning
for Higgs mass

for y <y, , minimum is at origin @
29



The potential

Instead, we take EW preserving top contribution + Gegenbauer term:

N.y?
1672

Gegenbauer is 7 N —4
. %
small perturbation ™ < n = 20
/
v
%]
musttunetoget v < f | X &

V =k M%f2[+sin2 I/ f +’YG7(1N_1)/2<COSH/f)]

&) Vv

but m;, = 125 GeV for
kK ~ O(l)

Gegenbauer dominates

no tuning to get v < f

@ I/ f but need.K < 1 tuning
for Higgs mass

for y < y., minimum is at origin @
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The potential

Instead, we take EW preserving top contribution + Gegenbauer term:

N.y?
1672

Gegenbauer is 7 N —4
. %
small perturbation ™ < n = 20
/
v
%]
musttunetoget v < f | X &

V =k M%f2[+sin2 I/ f +’YG7(1N_1)/2<COSH/f)]

&) Vv

but m;, = 125 GeV for
kK ~ O(l)

Gegenbauer dominates

no tuning to get v < f

LV) I/ f but need.K < 1 tuning
for Higgs mass

Total tuning minimized in “intermediate” region @
31



A — <610gf/v

dlog~y

vev tuning
(solid)

n =10

Quantifying the fine tuning

V2/f2

1
100 s 10°
—1 .
) 107 m, = 107"k

! mass tuning
,-' (dashed)

1072 L — | 1072

0 0.5 1.5 : : 3.0

MT:f:2TeV

f[TeV]

& i 0
AN 0.8% total tuning better than 10%

ML and beyond LHC reach

(compare to 2v?/f? ~ 3%)
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The Higgs cubic coupling

Chhh N —1

The pure Gegenbauer potential for large n has S N~ 1

Chhh 3

But top sector contribution overrides this:

v2/f?
1.0
0.5
Chhh 0
SM .
Chhh
— 0.5
—-1.0

0 05 1.0 15 20 25 3.0
f[TeV]
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Summary

In principle, Gegenbauer potential could realize v < f naturally

in composite pPNGB models

However, due to LHC lower bounds on QCD-charged top partners,

radiative top sector potential is too large and forces some tuning

Higgs cubic coupling is very non-standard for pure Gegenbauer

(but top contribution largely overrides this)
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Outline

» Gegenbauer’s Twin

[Durieux, McCullough, Salvioni 2110.06941, JHEP]
[Durieux, McCullough, Salvioni 2202.01228, JHEP]
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Gegenbauer’s Twin

Gegenbauer potential can realize v < f naturally

But for “standard” composite pNGB Higgs, top sector potential still forces some tuning:

QCD-charged top partners must be heavy

Twin Higgs models can reduce size of top contribution: top partners are QCD-neutral

[Chacko, Goh, Harnik 2005]

Could Gegenbauer’s Twin be fully natural?
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Twin Higgs

Standard Model Twin Standard Model

Leading potential for Higgs + Twin Higgs is SO(8) invariant
2 2 2 16
V = A([Hal* + | Hp|* - 2/2)

Spontaneous breaking SO(8) — SO(7) : 7 Goldstones
3 eaten by gauging SU(2) X U(1) in Twin sector, 4 form SM Higgs doublet

37



The Twin protection

Exchange symmetry enforces SO(8) invariance of quadratic corrections to potential

L=yQaHats+1y:QpHptp

0V = — gl (y2AL|Hal? + 97 A% |H|?)
A5 B Ys = U, Aa = Ap OV ~ (|Hal> + |Hp|?)
SO(8) invariant

Hierarchy problem solved up to scale A < 4xf
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Neutral top partners

Exchange symmetry enforces SO(8) invariance of quadratic corrections to potential

L=y QaHats +1:QpHpts

g —

r éré neutral under whole SM (& cha
They can still be light

partne

The top

A B Yyt = Ut, Aa = Ap 5VN(|HA|2+|HB|2)

SO(8) invariant

Hierarchy problem solved up to scale A < 4xf
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Twin Higgs potential

Quartic terms do not cancel exactly, but resulting potential with Z5 is not realistic:

v=20 or v=1f
v f4 a 4 h a
VN sin? —lo ———— t+cos” —lo
t 647r F oS s h/f 78 cos2h/f
: L . 20?2
Need some form of Z» breaking, bringing along the usual tuning A = 7

[Craig, Katz, Strassler, Sundrum 2015]
[Barbieri, Greco, Rattazzi, Wulzer 2015]
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Gegenbauer’s Twin

Quartic terms do not cancel exactly, but resulting potential with Z5 is not realistic:

v=20 or v=1f

v f4 a 4 h a
v~ g 0 “1
t 647r sin 78 enznr % T oty

Here, we introduce a Gegenbauer contribution:

generalize construction to SO(8) — SO(4) X SO(4) explicit breaking

Vén) = ef*G3/2(cos 2h/ f)

(in unitary gauge, I1. = 0.,h) 21



Gegenbauer’s Twin

Quartic terms do not cancel exactly, but resulting potential with Z5 is not realistic:

v=20 or v=1f
3y; f* a y h a
Vi ~ g 0 i .
PR g [P Flos o 2 % % ot )y

Here, we introduce a Gegenbauer contribution:

generalize construction to SO(8) — SO(4) X SO(4) explicit breaking

Vén) = ef*G3/?(cos 2h/ f)

(in unitary gauge, I1. = 0.,h) 4



Gegenbauer’s Twin

Fine tuning relative to standard Twin model:

v2/f2
0:}1. e , 0',01, fine tuning gain is

__— approximately a factor

5_.
A 4m?m3
1 327 e
A
202/ f2 31
2 /
\ Y-Twin
114

0.5 1.0 1.5 2.0 2.5 3.0
f [Tev)

standard Twin model (Twin hypercharge not gauged)
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Gegenbauer’s Twin

Absolute fine tuning: Gegenbauer’s Twin with
n=6orn=8andf=1TeV
has essentially no tuning

0.1 0.01

chxx _ [y v?
SM O F2
Chxx f

].0_2 ! T T T
0.5 1.0 / 1.5 2.0 25 3.0
f [TeV]

standard Twin model (Twin hypercharge not gauged)
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Higgs cubic coupling

For Gegenbauer’s Twin, corrections are parametrically enhanced

v/
0.1 0.01
1.0 1 Y-Twin —é
0.5 1
Chnh
cfSllf\L/Ih 00 7]
—0.5 1
testable
at HL-LHC
—1.01
0.5 1.0 1.5 2.0 2.5 3.0
f [TeV]

“Smoking gun” signal: could even be first deviation observed at LHC
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Conclusions

Gegenbauer’s Twin shows that fully natural electroweak breaking

is still compatible with LHC results

Requires to drop often assumed “minimality criteria” about origin

of (explicit) symmetry breaking

General question: can one get such structure accidentally, because lower-dim

operators are forbidden? (For example, by gauge symmetries.)

A Gegenbauer top sector? What about other cosets? ...
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More on Gegenbauer Higgs

Chhh _

Chhh

N—1 (I N-—1
COS —— R — ———

0.0
—— exact Gegenbauer
_02] ---- Bessel approx.
\ ---- McMahon approx.
<
gug -0.4 V(M) = &€ M?2f2 G3?(cos N/f)
s
S —0.6
-0.8
-1.0 '
0 5 10 15 20 25 30
n
30
25 -
20 -
c
15
10
=
5

0.01 —o

r/2TeV)?

K




More on Gegenbauer Higgs

dimension of 7 - index symmetric (N+2n—1)(N+n—-2)! sy 2nN71
traceless irrep of SO(N + 1) nl(N — 1)! ~ (N —1)!

for example N=4n=10 — 506

VPP = qusin? 11/ f

~ e~ 20 - 03 [ b -
g2 L RIS 2 M2+ g3 1) (0 + MR+ g2 f?)




More on Gegenbauer’s Twin

V' [100 GeV]

n—==2 f=1TeV

dlog v?
5 = Ologe

7 [4 /2 3m/4 s

dlog v?

. 0log a
Ologm;j; Ologm;
Ologe Ologa

2
8T ms,

)

2

A= (Z eigenvalues (5T5)) o

<8log v?

8loga> e

_ 32

f

2



