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Is the Higgs the only (fundamental?) scalar in nature?

Or simply the first one discovered?



The spin 0 window

The SM Higgs is a ~ doublet of SU(2)L



The spin 0 window

The SM Higgs is a ~ doublet of SU(2)L

What about a singlet (pseudo) scalar?

Strong motivation from fundamental problems of the SM
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Strong motivation for singlet (pseudo)scalars from fundamental
SM problems

The nature of DM is unknown

It may be a (SM singlet) scalar S
the “Higgs portal”

5L = D P32

S has polynomial couplings

Silveira+Zee; Veltman+Yndurain; Patt+Wilczek...
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Many small unexplained SM parameters

Hidden symmetries
can explain small parameters

|

f spontaneously broken:
Goldstone bosons

—> derivative couplings to SM particles



(Pseudo)Goldstone Bosons appear in many BSM theories

* e.g. Extra-dim Kaluza-Klein: 5d gauge field compactified to 4d
the Wilson line around the circle is a GB, which behaves as an axion in 4d

* Majorons, for dynamical neutrino masses
* From string models

* The Higgs itself may be a pGB ! (“composite Higgs” models)

* Axions a that solve the strong CP problem, and ALPs (axion-like particles)



Strong motivation for singlet (pseudo)scalars from fundamental
SM problems

The nature of DM is unknown :  The strong CP problem

Why is the QCD 6 parameter
so small?

LoD 0 GG

It may be a (SM singlet) scalar S
the “Higgs portal” ‘

5L = D P32

S has polynomial couplings

Silveira+Zee; Veltman+Yndurain; Patt+Wilczek...
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Strong motivation for singlet (pseudo)scalars from fundamental
SM problems

The nature of DM is unknown :  The strong CP problem
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Strong motivation for singlet (pseudo)scalars from fundamental
SM problems

The nature of DM is unknown :  The strong CP problem

Why is the QCD 6 parameter
so small?

LoD 0 GG

It may be a (SM singlet) scalar S

the “Higgs portal” | _
A dynamical U(1)a solution

5L =D TPs2 - the axion a
It is a pGB: ~only derivative couplings
S has polynomial couplings § o a

Also excellent DM candidate

Peccei+Quinn; Wilczek...

Silveira+Zee; Veltman+Yndurain; Patt+Wilczek...



Strong motivation for singlet (pseudo)scalars from fundamental

SM problems
The nature of DM is unknown The strong CP problem
. Why is the QCD 6 parameter
so small?
LoD 4 G, G*
fa

It may be a (SM singlet) scalar S

the “Higgs portal” | _
A dynamical U(1)a solution

5L =D TPs2 - the axion a
It is a pGB: ~only derivative couplings
S has polynomial couplings § o a

Also excellent DM candidate

Peccei+Quinn; Wilczek...

Silveira+Zee; Veltman+Yndurain; Patt+Wilczek...



An axion a is any Goldstone Boson of a global U(1)

symmetry which is exact at classical level

but is explicitly broken only by instantons
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An axion a is any'Goldstone Boson of a global U(1)

symmetry which is exact at classical level

but is explicitly broken only by instantons



pseudo-

An axion a iIs any Goldstone Boson of a global U(1)

symmetry which is exact at classical level

but is explicitly broken only by instantons

(1 can be elementary or composite (= dynamical)



In “true axion” models (= which solve the strong CP problem):
mafa — Cte

1/f4
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In “true axion” models (= which solve the strong CP problem):
mafa — Cte

1/f4

Mg

The value of the constant is determined by the strong gauge group



m, Vs scale f; gau~1/f,

In QCD-like theory m? # 0 because of explicit U(1)a breaking
at quantum level (instantons, A)

mg < U >~ m?2 f2

QCD
A4 />>/an

L 14 A/ (2mg < TP >) \
Choi et al. 1986 AL myg

A4



The “invisible axion” mass versus the n’aco mass

ANY model with only the SM QCD gauge group has to obey:

My, TN

2 g2 2 g2
m ~ 1
afa 7rf7r (7nu —I—md)Q

which in the limit mq—>0 vanishes

The reason is that there is only one anomalous current

~

G.G,. (ofQcp) - > Aacp

for two singlet (pseudo) Golsdtone bosons coupling to it:

N’ acb U

—> one must remain (almost) massless
and that one is the “Invisible axion” as fa ~1/ma,



m, Vs scale f; gau~1/f,

In QCD-like theory m? # 0 because of explicit U(1)a breaking
at quantum level (instantons, A)

my < VA >
A4 />>/an

14+ A%/(2mg < ©T >) \
A K mg

Choi et al. 1986 A4
* Models assuming
SM gauge group: 105<m; ;< 102eV , 10%f,<10'2GeV

Y

Because of SN and hadronic data,
if axions light enough to be emitted

(and mgfa = cte.)

“Invisible axion”



Intensely looked for experimentally...
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* Territory to explore for ‘true” axions and for ALPs
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The field is BLOOMING

in Experiment ... and Theory
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Most efforts focus on axion and ALP couplings to fermions, gluons,
and especially photons
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Most efforts focus on axion and ALP couplings to fermions, gluons,
and especially photons

arXiv:1701.05379
.... plus W and Z because of gauge invariance, and even the Higgs

Mimasu+Sanz 2015, Jaeckel and Spannowsky 2015, Brivio et al. 2017, Bauer et al. 2017.....



Experiment: new experiments and new detection
ideas

* Helioscopes: axions produced in the sun.
CAST, Baby-IAXO, TASTE, SUMICO

*  Haloscopes: assume that all DM are axions
ADMX, HAYSTACK, QUAX, CASPER, Atomic

* Traditional DM direct detection: axion/ALP DM
XENON100

* Lab. search: LSW (light shining through wall, ALPS, OSQAR)
PVLAS (vacuum pol.)...... and LHC!

see C. Braggio talk at Invisibles18



Experiment: new experiments and new detection
ideas

* Helioscopes: axions produced in the sun.
CAST, Baby-IAXO, TASTE, SUMICO

*  Haloscopes: assume that all DM are axions
ADMX, HAYSTACK, QUAX, CASPER, Atomic

* Traditional DM direct detection: axion/ALP DM
ALP decaying outside detector:

mono-W, -Z, -H, H->Inv
first proposed

later: same approach

with ALP decaying
- INside detector

ALPs at colliders:

Mimasu+Sanz 2015, Jaeckel and Spannowsky 2015, Brivio et al. 2017, Bauer et al. 2017.....



Experiment: new experiments and new detection

ideas
e.g. In Haloscopes

QUAX [EPR] CASPER wind [NMR] atomic/molecular
aX|on -electron : transitions

axion-nucleon
BRASS axlon-electron

Atagmes u-us.l-

IHalhaeh L )

.
rd -‘ |
l/,
v h

lhuni-
r-

f

TTTTHTHTTTHB : Slklweconcept
= T T — ABRACADABRA axmn-photon
T Pickup sheath
\ scul CULTASK CAPP
- @ RADES CAPP
Mirror Dielectric Disks !
= =

Image taken from e

C. Braggio talk at Invisibles18

plus LHC !



Intensely looked for experimentally...
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Advances on Haloscopes
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Intensely looked for experimentally...
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Intensely looked for experimentally...
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The field is BLOOMING

and Theory

Experiment
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* Territory to explore for ‘true” axions and for ALPs
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m, Vs scale f; gau~1/f,

In QCD-like theory m? # 0 because of explicit U(1)a breaking
at quantum level (instantons, A)

mg < VAV / >
A4 />>/an

14+ A4/(2mg < T >) \
AL myg

Choi et al. 1986 4
* : A
Models assuming

SM gauge group: 105<m,;<102eV , 109%f,<1012GeV




m, Vs scale f; gau~1/f,

——

In QCD-like theory m? # 0 because of explicit U(1)a breaking
at quantum level (instantons, A)

my < ¥ >~ m? f2

cD
A% />>/mq ;

m2f2 —
ad a 1 A4/(2mq<\i’\l’ >)\
Choi et al. 1986 A LK myg A4
* Models assuming
SM gauge group: 105<m;<102eV , 10% f,<1012GeV

* Models enlarging the strong SM gauge sector, with scale A’ ?



m, Vs scale f; gau~1/f,

In QCD-like theory m? # 0 because of explicit U(1)a breaking
at quantum level (instantons, A)

mg < Y >~ mfrffr

QCD
A>S>Sm
2 N _ / |
1+ A%/ (2mg < OP >) \
Choi et al. 1986 ALK myg

A4
* Models assuming
SM gauge group: 105<m,;<102eV , 109%f,<1012GeV

* Models enlarging the strong SM gauge sector, with scale A’ ?
Dimopoulos+Susskind 79, Tye 81, Rubakov 97, Berezhiani+Gianfagna+Gianotti 01, Hsu+Saninno 04

Fukuda, Hariyaga, Ibe, Yanagida 15, Gherghetta+Nagata+Shifman 16,
Hook and many collaborators: Dimopoulos, Hook, Huang, Marques-Tavares 16, Hook 17

2017: Agrawal+Howe, 2018 M.K. Gaillard et al.



m, Vs scale f; gau~1/f,

P———

In QCD-like theory m? # 0 because of explicit U(1)a breaking
at quantum level (instantons, A)

my < ¥ >~ m? f2

QCD
A4 />>/an

P14+ A/ (2mg < TP >) \
Choi et al. 1986 A LK myg A4

10~ < ma<1l}i2:ev , 10?<fa<101ZGeV

* Models enlarging the strong SM gauge sector, with scale A’ ?

2 p2
m_f; = mif: -+ extra

|

extra source of instantons (/"



m, Vs scale f; gau~1/f,

"‘

In QCD-like theory m? # 0 because of explicit U(1)a breaking
at quantum level (instantons, A)

my < ¥ >~ m? f2

CD
A4 />>/mq ;
1+ A4/(2mg < TP >)

Choi et al. 1986 A KL mg

A

10~ < ma<11}12:ev , 10?<fa< 012 GeV

* Models enlarging the strong SM gauge sector, with scale A’ ?
2 p2 4 /
mifi= m2f2 +A . A" > Aqep

|

extra source of instantons G/ G/



m, Vs scale f, gu~1/f,

In QCD-like theory m? # 0 because of explicit U(1)a breaking
at quantum level (instantons, A)

my < ¥ >~ m? f2

QCD
A4 />>/an

1+ A4/(2mg < TP >)
Choi et al. 1986 AL Mg O

?2< My , fa<?

* Models enlarging the strong SM gauge sector, with scale A’ ?

m2f? = LARGE NUMBER

relaxes the true axion parameter space

A heavy QCD axion?



Heavy axions

m,#0 due to explicit U(1)pn breaking at QCD confinement scale /A

a ~ A |

—G ' G _— /][2 2 = =
Ja oJa 1+ A/ (2mg < P >)

/ ~
Extra confining group:
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(L e

2 ; 2 42
m, fo=mqg <Y >>m; f- m2 £2 ~ A4
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To know how heavy are the axion(s) of your

BSM theory

Compare the number of pseudoscalars-coupled to anomalous
currents:

N’ aco A 0 %) a3 ...

with how many sources of (instanton) masses

~

GCGC G,é; Guéu ......

| ~_| 7

QCD other sources of instantons




* Much territory to explore for heavy ‘true” axions and for ALPs
e.g. ~ leV
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* Much territory to explore for heavy ‘true” axions and for ALPs
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* Much territory to explore for heavy ‘true” axions and for ALPs
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BLOOMING Theory

for a true (heavy) axion
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BLOOMING Theory

for a true (heavy) axion

* With elementary axions: Agrawal and Howe, 2017

* With dynamical axions, via a massless coloured quark:

—> A Z> model, Hook 2015
—> With flavour, Agrawal and Howe 2017

—> First color-unified axion model, M. K. Gaillard et al. 2018



Massless Quarks

A QCD-colored massless quark has a U(1)a symmetry:
it solves the strong CP problem

b — 159

0 — 04 28

¢

ST

mq=0 U(1)a classically exact

+ only broken by anomalies
e.g. mi=0 =» I ’qcp is the axion

..... this SM solution does not seem to be realised (?)



Massless Quarks

A new QCD-colored massless quark has a U(1)a symmetry:
it solves the strong CP problem

b — €59

g — 04+ 28

¢

ST

Hide the massless coloured quark in heavy states
bound by the new strong force

K. Choi, J.E. Kim 1985



AXi co I O r K. Choi, J.E. Kim, “Dynamical axion” 1985

Massless quark charged under QCD and another confining group

~

SU(3)c x SU(N) Aaco << A

needtoreabsorb B¢ and © Massless guark content

* When SU(KI) confines:

15=8+4+3+3+ 14— I
N two singlets + n’aco

VS.
Ul), xU(1)r = U(1)y ftwo instanton sources:

then: 1 —> one m~0 invisible
axion and very high f,



AXi co I o r K. Choi, J.E. Kim, “Dynamical axion” 1985

Massless quark charged under QCD and another confining group

~

SU(3)c x SU(N) Aaco << A

needtoreabsorb B, and O

Massless quark content

* When SU(KI) confines:

15=8+3+3 +®r\
two singlets + n’aco

VS.
two instanton sources:

U(l)L xU(1)r = U(1)y

the ' : —> one m~0 invisible

axion and very high f,



AXi co I O r K. Choi, J.E. Kim, “Dynamical axion” 1985

Massless quark charged under QCD and another confining group

~

SU(3)c x SU(N) Aaco << A

needtoreabsorb B¢ and © Massless guark content

* When SU(KI) confines:

r|,llJ — (2/”/)) \ two singlets + n’aco

VS.
f two instanton sources:

N x= (xXx) —> ohe m~0 invisible
axion and very high f,



Massless Quarks and a Z>

* Only one massless quark Za

+ Complete Z2 copy of the SM

+ The SU(3)2 #-angle doesn't U, { SIS
introduce new CP violating L g 0 0

effects
A. Hook, “Anomalous solutions to the strong CP

— only one dynamical axion, heavy  poblem” Phys. Rev. Lett. 114 (2015)

+ Set up one Higgs VEV to be very large:

'UQ >> (V) » m; >> mq * A,QCD > AQCD

it requires a complete mirror of SM and strong fine-tunings



Colour Unified Dynamical Axion
CUT

M.K. Gaillard, M.B. Gavela, P. Quilez, R. Houtz, R. del Rey arXiv:1805.06465

~

SU®G) SU(3)c X SU(3)

Confinement scales: Aacp A



Colour Unified Dynamical Axion

First colour-unitied model with massless quarks
M.K. Gaillard, M.B. Gavela, P. Quilez, R. Houtz, R. del Rey arXiv:1805.06465

SU®G) SU(3)c X SU(3)

Confinement scales: Aacp A



Colour Unified Dynamical Axion

First colour-unified model with massless auarks
M.K. Gaillard, M.B. Gavela, P. Quilez, R. Houtz, R. del Rey arXiv:1805.06465

SUG) ) SU(3)c x SU(3)
Confinement scales: Aaco A

Solve strong CP problem with massless SU(6) fermion

+ The massless quark to absorb
the unified group’s

~S

We aim at A ~TeV >> Aacp



The SM fermions

There is a problem: SM quarks have now SU(6) partners

6 » )
QY = (4,01  UY =(
1. Equal mass partners are phenomenologically forbidden

2. The partner fields need to decouple in order to separate the
running of SU(3). and SU(3)



A UV complete solution
Add a new group outside the CUT group

SU(6) x SU(3") 2UTs SU(3)e x SU(3)ding

with prime fermions charged only under SU(3’)



A UV complete solution
Add a new group outside the CUT group

SU(6) x SU(3") 2YL SU(3). x SU(3)diae

with prime fermions charged only under SU(3’)

* The role of prime fermions is to pair with the quark partners and make
them heavy

* The most general Lagrangian includes Higgs-prime fermions Yukawa
couplings:

L3y ¢ duf + ¢y Pdf + hec.



[ suld|su3) s, AI_H@_'MJ%IM
F (20 |1 |4 Acor. % | ol T | 1
X |1 |04 "X 1| O 1
4 w| 1] 3 4

The two massless quarks

» Goal: SU(3)4iagcOnfines at a higher scale than SU(3).

1 11 = A
— | — \COUT
Qdiag (1)  ae( 1)

a.(Acur) = ag(Acur)



Model I: Unification and Confinement
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Model I: Unification and Confinement
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The axion spectrum of the CUT theory
SU(6) x SU(3")
O6 03

two massless fermions so as to rebasorb both 6 and 6’

—> two dynamical axions with scale set by Adiag:

Ny = (Yo) N’y = (Xx)



What are the masses of the two dynamical axions?

There are three pseudo scalars-coupled to anomalous currents:

X

N'aco N’y n’
axmné'

For how many sources of (instanton) masses 7 Two or three ?

~

Gdiangiag GCGC and....



What are the masses of the two dynamical axions?

There are three pseudo scalars-coupled to anomalous currents:

X

N'aco N’y n’
axmn(

For how many sources of (instanton) masses 7 Two or three ?

Gdiangiag GCGC and....

21" , 21 n,
Leff = A?liag ( f]X \/—7? ) éQCD COS ( UQCD - VO— ld ) +.... 7
d d

Adiag < 47de



Small Size Instantons (SSI) and Axion Mass

-> Typically, at high energies (= small size) couplings are very small.
=> The instanton density has an exponential suppression:

/ —27/a! i —27/0.1 —28
D[a (,U,)] x e /ol (n) Usually sizable only at (e / ~ 10 )
the confinement scale
-=> New Physics can change the RG flow and induce a new source of axion mass
- |[Holdom+Peskin, 82]
. ‘:l T |" | T T T 1 | 1 T T T | T T :1 [DinC+Sc|bCrg‘ 86]
| - SU(3): [Flynn+Randall, 87]
™ ‘|‘ (3)atiag |Agrawal+Howe, 17]
o 1
[ N NS temecs a. 1 loop
'\‘ — e 2 lOOP
\
\
\

QDiagonal 1 l00P

Running Couplings
(=

S
T

== 0Diagonal 2 loop -
—_— -
o

Large coupling o ~ 0.3
Large breaking scale

r SM: SU
0.0+ -
102 10° 105 108 100

Aoyt ~ 101718 GeV

]012 10!4 lol(i 10!8

, New sizable contribution
RGE scale pin GeV

to the axion mass!!



Small Size Instantons (SSI) and Axion Mass

a) for small Yukawa couplings in the prime sector:

t'Hooft, /3]

=> Dilute Instanton Gas approximation: [Callan+Dashen+Gross, 77)
[Shifman+Vainshteint+Zakharov, 80]
Ya 2N.
dp 27 27! 2
—27/a’ (p) 2 f; li, I
%%I — Cmst/ ( "(p) ) € 577 P )6 I I Yu Yd

v W

Pure Yang-Mills Instanton Fermionic suppression

Less = Adgy cos (2 n—x) Agsr = 20T eV

(XX

arXiv:1805.06465



The effective potential for the three singlet pseudoscalars:

N’'aco N’y N'x

/

, 77 77 CD 1.,
L. :A4“ cos( >+A(d CcO )‘+\/— cos | 2 Q +\/6 s
I 551 fd liag fd fd Q(D fr fd

has three sources of mass —> two massive axions



The effective potential for the three singlet pseudoscalars:

N’'aco N’y N'x

Lepp = AéSI COS ( ﬂx) + Adlag COos ( 77x +6 '7¢) -+ AQCD COS (2 nQCD +6 Uw)

fd fd fd f'rr fd
SU(3") sslinstantons SU (3)diag Instantons at conf. SU(3)c Instantons at conf.

has three sources of mass —> two massive axions



Mass (GeV)
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One axion very heavy and out of collider reach

One axion mass above GeV

,,” e N OUT = l()mGGV
. ,,” rly — Nevr = 101‘.(;(."/
10" - e X — Acur = 10"°GeV
] /// /// —_— A(,‘(_;T — 1()1')0(?‘/
sy // — NovT = 10M4GeV
109 L 7 ' ; :
0.1 0.2 0.3 0.4 0.5

Coupling o/ (Acur)

0.6



b) for O(1)Yukawa couplings in the prime sector:

The prime sector instantons generate a large
effective mass for the y fermion

»Ceff — —mX)ZX mx ~ 4.1 X IO_IOACUT



Mass (GeV)

Axions: Nw=@v) Nx= (Xx)
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Mass (GeV)

1012 -

101(] N

10%

10"
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Axions: Nw =) Nxy= (Xx)

—

—4

Both axions tend to be very heavy [=10"GV

- = 10"GeV
and out of collider reach —10%CeV
f I, // ,, _— A(?UT = 101506‘/
/ II // ,, — ACU’]‘ - IOHGGV
717 . l : :
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The low-energy observable spectrum
a) for large Yukawa couplings in the prime sector:

+ The U(3) flavor symmetry is broken by condensate (1))
UB3)L xU(3)r — U3)v

QCD-colored “pions”

+ This results in 9 pGB'’s. 9= 1.

* The “pion” masses get pushed up to the cutoff of the theory via
Interactions with gluons

2
m (80) A Adlag

R




Collider Phenomenology

+ (Collider accessible states are QCD colored “pions”

a
m; X —
d S b ClLV
d
il
7
/7
’ LY
N\ 1

+ Pair produced + Anomalous production



Collider Phenomenology

+ (Collider accessible states are QCD colored “pions”

Wg g

po~
£ 3 DymaD"ma + L 1o danc G, G
T/
/7
7 B
\\ T MI

dominates production dominates decay



Collider Phenomenology

PP—> PP; P—> GQ sgluon searches
:o'1 03 1 I 1 1 1 I I 1 1 l 1 1 1 I 1 I I I 1 1 || ' I I
L= ATLAS Preliminary Inclusive Selection
% {s =13 TeV, 36.7 fo" B coloron pair prod. cross section (LO)
X 102 . =+ sgluon pair prod. cross section (NLO
© = observed 95% CL limit

- expected 95% CL limit
expected + 1o

expected + 2o

107"
1072

1073

1 l L1 1 l | S| l L1 1 I L1l 1l l L1 1l T‘"l L

600 800 1000 1200 1400 1600
m, [GeV]

+ We have a bound on
color octet scalars

m(mgq) 2 700 GeV

Yo,
41

Adiag ~ 3 TeV

m2 (80) ~ Acziiag



Collider Phenomenology

PP—> PP; P— qq sgluon searches
:o'1 03 1 I 1 || || I I | 1 I 1 1 1 I 1 I I I 1 1 || ' | ]
(=" ATLAS Preliminary Inclusive Selection
% {s=13TeV, 36.7 fo! B coloron pair prod. cross section (LO)
X 102 . =+ sgluon pair prod. cross section (NLO
@) = observed 95% CL limit

- expected 95% CL limit
expected + 1o
expected + 2o

10"
1072
-3
10 | l | 1 1 l | 1 | l 1 1 1 I | 1 1 l 1 1 1 \r“l |
600 800 1000 1200 1400 1600

+ We have a bound on
color octet scalars

m(mgq) 2 700 GeV

Yo,
41

Adiag ~ 3 TeV

and this is the PQ scale !

m2 (80) ~ A(Ziiag



* Much territory to explore for heavy ‘true” axions, solving strong CP

0 » |
(8}
Gay ™
T 8nf,
Y=-inv.
-1
Logio(GeV )3 S
FCC-ee
projection
~#eV
-6
A ---- Ga~ T
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o
HB stars
SN1987a Cosmology
-12 =P
-12 -9 -6 - 0 3 6 9 12
constraints in plot from 5 . _

Jaeckel+ Spannowsky 2015 Logioma (eV) True” axion region

“True” QCD axion has ampllfled



* Much territory to explore for heavy ‘true” axions, solving strong CP

0 —

(8%
T ™ 8rfa

Log1o(GeV-T)
-3

Y-inv.

e'e =inv.+y

?

FCC—-ee

projection

Experiments that were supposed to be
sensitive only to ALPs
may be exploring a strong CP axion solution!

PA2

SELE Cosmology

-12

constraints in plot from
Jaeckel+ Spannowsky 2015

“True” QCD axion

Logioma (eV) “True” axion region
has amplified






Backup



The low-energy observable spectrum
a) for small Yukawa couplings in the prime sector:

+ The U(4) flavor symmetry is broken by condensates: (1)) (X X)
U4)L xU4)r = U(4)v
+ This results in 16 pGB’s. 16 = 8, + 5_3(; + 3.+ 1.+ 1.

* The “pion” masses get pushed up to the cutoff of the theory via
Interactions with gluons

Yo,
2(80) ~ 47_‘_ Adlag
T T — o
- - == m2(3c) CAdlag

-



The low-energy observable spectrum
a) for small Yukawa couplings in the prime sector:

+ The U(4) flavor symmetry is broken by condensates: (v1)) {Yx)

U(4)L A U(4)R — U4 v QCD-colored “pions”

+ This results in 16 pGB’s. 16 =—|— .+ 1.

“ The “pion” masses get pushed up to the cutoff of the theory via
Interactions with gluons

R

2 JOr.
8C ~ A
m ( ) .1 diag

CYc

Adla
- g



The 6’ Issue

L > 0 63 G6G6+0’8 G'G"

l

L3 (06+0) O‘glag GaingGling + 668—(} G,

s

+ The 0’ can contaminate the visible sector via A
+ @' must be removed = This requires more model building

+ Note that this comes from the problem of decoupling

unification partners



Solution to the Strong CP problem

=> Any source of axion mass breaks the PQ symmetry, do SSl spoil the Strong CP solution?
-> Breaking pattern imposes:

/ . - _ , ~
LD 56 %GGGG + é' iG,G' — (66 + é') Qdiag Gdiangiag + 96 &GCGC
8 ST 87

8
->» Therefore the potential reads:

/ / / /
Lesrs = ASgp cos (—2 Tx 4 9’) + Ading €OS (—2 T _ \/677_1;, + 0 + 56) + A§ep Cos (_\/677_11; aE 0—6>
fa fa fa Jfa

-=> The alignment of the 3 terms in the potential result in a CP-conserving minimum

<9" — 2 77_X> 0, <9-6 _ \/577_¢> _ 0 Strong CP problem

solved

fd fd




Pseudoscalar potential and masses

/ , )
Eeff=A§SI cos< Z—X) +Ad1ag (05( 77x_|_\/‘ w)"'AQCD oS (2 /QCD+\/— hb)

fd f(] f‘l‘l‘ f(]
SU(3’) SSI Instantons SU(3)diag Instantons at conf. SU(3)c Instantons at conf.
Al A4) A4
4 ( SSI. d 2 '(1. O
fg ( 4 6 fljd ) 4
4 A5 +A A
1\42 _ A7 d QCD QCD
" M e b 0T 2V6 7,
AGep AaCD
0 G



We also developed another UV completion

Same CUT gauge group

but instead of adding a second massless fermion as in

sule)|suz')
model | T |20 1
Y |1 | O
we added a second scalar Ao SLIL S'ws')
T 20 | 1

model Il A (] EI'

2

A, Ao and the prime fermions have now PQ charges



Model ll: Small Size Instanton Contribution
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Model ll: Small Size Instanton Contribution

The prime Yukawa couplings to the Higgs are now forbidden by PQ symmetry

dp 2 i i
Assr = —/FD[O/(l/ )] (47r TS HYufMYdSM( )KL Ky
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Axion masses: v, Ny =)

10° <

The dynamical axion is still very heavy

the @@ mass can be ~GeV or lower

/ 7’ .
10 /// // C— ‘\( UT = 1()“(;( !
10 - 7

/, //’, — Nevr = 10'"GeV
' 4 /7 .
‘Y///,’ — Acur = 101%GeV
10 “-r// — Acvr = 10°GeV
/
[ — Acvr = 10MGeV

T T T T
0.1 0.2 0.3 0.4 0.5 0.6

Coupling o' (Acur)



Axion masses: (v, 17

10° <

)
10° -

What | don’t like of model Il:

—> It is a hybrid solution, with one axion dynamical and one elementary

—> one PQ scale is ~Acutr —> it contributes to EW hierarchy via scalar potential

”
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Should we worry about effective operators from gravitational origin,
which may threaten the stability of the CP- conserving minimum?

NO! :
—> in model | the PQ scale is close to the TeV, so no worries at all.

—> in model ll, one of the PQ scales is indeed high and near Plank scale,
and it involves a scalar charged under PQ.

But even in this last case no problem, the argument has been recently desactivated:

There is an important recent result by R. Alonso and A. Urbano, in which they
compute explicitly the gravitational instanton contributions and find them

to be negligible ay least in the strong regime,

even for very high scales: arXiv:1706.07415



The 77’ Pseudoscalars

+ The associated currents of the QCD singlets are:
1

° A 549 — / . 49
J?‘/)LA =YYty = fadlmy, v U= \/613><3
M D — L7 & I .
=XV x o = fadln, fd is the pGB scale:
Adiag < 47de
oY -
T2 2 Oudyn = _\/68_:;(;6(;6

— O — /




Matter Content Above and Below CUT Breaking
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Small Size Instantons with Fermions

+ Adding fermion effects gives an instanton suppression




Small Size Instantons and Axion Mass

+ With the fermion suppression, the benchmark o' (Acur) =

gives:
Assr = 5.8 x 107 Agi,gAcur -b-

+ The instanton effects generate a new contribution to the




Colour Unified Dynamical Axion

SU(6) 2Ty SU(3). x SU(3) x U(1)

* The massless quark to absorb STTAY ST
the unified group’s 6g

+ Below unification scale:

U(20) — (1, 1)(=3) + (1, 1)(+3)




Colour Unified Dynamical Axion

SU(6) 2Ty SU(3). x SU(3) x U(1)

+ The massless quark to absorb Sult) [suld
the unified group’s ¢
group's s T, a0 | 1| 0O

+ Below unification scale: -

T

Confined by7\>>l\ \,'l @l,c.
1} L

-+ Sterile neutrinos ™—» 9y
~~ 'q,'

vl




Colour Unified Dynamical Axion

SU(6) 2Ty SU(3). x SU(3) x U(1)

* The massless quark to absorb sult) s
the unified group’s 6g

+ Below unification scale:

we would have one
massive dynamical axion

Ny = (¥9)




Removing the Unification Partners

Viakes things difficult . Any scalar that gives §, i, d amass
& S'\Q would have to be an SU(2);, doublet
Q<6> = (4, q) with a high VEV, affecting the W and
. = \4,49)L
Z bosons
vV >>0

~

+ Leaving the quarks massless and in the theory when SU (3)
confines would trigger EWSB at the confinement scale

A >>v

= This requires more model building



Matter content above and below the CUT breaking

SU(6) 2°UTs SU(3), x SU(3)

s [suE) fsude
suw [semd, w|o| 1|0
@ | a | a w|afl 1|1
Ue | G | 1 ACUT> Ei_ ol 1] 1
De| T |1 % | 1 | O | O Goal: provide a
T l2o | 1 ®e| 2| @ | 1 ¢ mechanism for
Te| 1| g | 1 J thesefields to
+ |laglgl 1 form mass terms
2% | 1| 1| 1




Matter content above and below the CUT breaking

Spoiler: we're going to
Introduce a new set of :
guarks to form mass
terms with the tilde T
quarks o Ug,

s [su) [su

Goal: provide a
mechanism for
these fields to
form mass terms

l

cg}l
B O \»x =glaao
S L i | A N N
B R R p ORapR 0




A UV complete solution
Add a new group outside the CUT group

SU(6) x SU(3") 2UTs SU(3)e x SU(3)ding

O8S rrerOQOO0

with prime fermions charged only under SU(3’)

W)

[sul) |su43')‘

olrOoO0aRreRreR

O
1

1
0
1
1
1
1 <

}

+ We can form terms like:
qr A" Qr

These fields pair up with the
tilde fields to form masses

Scalar field responsible for CUT breaking



The CUT breaking

LS /ﬁzqu* Qr + kuu'y AUp + ffdd,}zAD_R—I‘ h.c.

O 0 0 1 0 O + This VEV pattern grabs
(A)=Acur| O 0 0 0 1 O only the tilde quarks
O 0 0 0 0 1 out of the spectrum

L > Acur (ﬁ:ngjL + Iiuu/L% + Iidd,LCZR) + h.c.

* This accomplishes the task of forming mass terms for the
SU(6) partner fields ¢, u, d



SU(3)1 x SU(3)2 > SU(3)aco

Agrawal and Howe

— Ayv
—
-_— M

Qi,uj,d;
a1 42
Agep
a,jLv gg] aj a,jLv
L= —3(G05 G + 2 (T —0) @ (@)
- —(G2)a (G2)“H + g (a2 - 92) (G2)?, (Go)®*
4 e 32’/1'2 fz HY

A K
Vy = —"’l%ﬁ'(212212) + §[ﬁ'(212212)]2 T 51}(2122{2212212)



SU(3)1 x SU(3)2 > SU(3)aco

Small Size Instantons (SSI) and Axion Mass

-=> Typically, at high energies (= small size) couplings are very small.
=> The instanton density has an exponential suppression:

—27/n/ .
D[a’(u)] X e /o (1) Usually sizable only at
the confinement scale

(6—27(/0.1 y 10—28)

-=> New Physics can change the RG flow and induce a new source of axion mass

[Holdom+Peskin, 82]
|IDinet+Seiberg, 86]
|Flynn+Randall, 87
|[Agrawal+Howe, 17]



SU(3)1 x SU(3)2 > SU(3)aco

Lagrangian below the scale M

1 92 o5 ~ az = =
. = —— a a, fov S s 9 = 0 G
ba= =4O ¥ 3o (<f1 1) ! (fz 2)) ¢

+ A cos (% — 9_1) + A3 cos (% — 0_2)




SU(3)1 x SU(3)2 —> SU(3)acp

cmz/fz

y(.‘ LTI }

10°

4 "
Aéll ~ KgD[aSI(‘Z\/[)]M4 s Eélmo.-
4 100,
A% — _D[as2 (M)]M4 10;
13
6
Dla] = Dge 2™/ (%)

K=(2)(2) () (%)

107

1 1
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)

p=M

M = 10" GeV

M = 10% GeV

(b
A1

) (

Yb
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L().ln
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) ~ 10723,

0.15 0.20



ALP (axion-like particle): a generic scalar field a

with derivative couplings to SM particles

and free scale f:

0,a

X SMH

T

general effective couplings

L =Lsm +

a

* ~ Goldstone

boson

This is shift symmetry invariant: a — a + cte.



ALP (axion-like particle): a generic scalar field a

with derivative couplings to SM particles

and free scale f:

0,a

X SM*  + ...

fa T T
anomalous couplings
and/or small mass

L =Lsm+

general effective couplings

almost
pseudo

This islshift symmetry invariant: a — a + cte. * ~ Goldstone
boson



ALP (axion-like particle): a generic scalar field a

with derivative couplings to SM particles

and free scale f:

0,a

X SMH*  +

T

general effective couplings

/

e.g. aGMVé“V aF,, F*

L =Lsm+

a

anomalous couplings



