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If Multiverse, () becomes the most urgent s.v. problem in the SM
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[Peccei, Quinn (1977), Weinberg (1978), Wilczek (1978)]

* Assume a global U(1)rq:
(i) Spontaneously broken
(ii) QCD anomalous
*Implies a PNGB of U(1)pq:  the Axion.

Axion field comes equipped with a shift symmetry: a(z) — a(z) + da fa

— a\ Qs 0 ~a 1
Eeﬂ" — ((9‘|‘ fa,> 87TG/; G,Lu/ — 58'“&8#0’_'_‘6(8#@7 ’QD)

Qeﬁ(x)

and with a periodic potential V(Bef) -> Vmin when B -> 0




Axion models

« PQWW axion:
Axion identified with the phase of the Higgs in a 2ZHDM
(fa~ Vew was quickly ruled out long ago) [Peccei, Quinn (1977),

Weinberg (1978), Wilczek (1978)]

Viable models require f, >> Vew:
Most viable axion models fall in two classes:

« DSFZ Axion: SM quarks and Higgses, charged under PQ.
Requires 2HDM + 1 scalar singlet. SM leptons are also PQ charged.

[Dine, Fischler, Srednicki (1981), Zhitnitsky (1980)]

« KSVZ Axion (or hadronic axion):
All SM fields are neutral under PQ. QCD anomaly induced by new

quarks, vectorlike under SM, chiral under PQ + 1 scalar singlet
[Kim (1979), Shifman, Vainshtein, Zakharov (1980)]
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DFSZ: Two (or more) Higgs doublet model plus one scalar singlet

» In general each R-handed SM fermion can have a specific PQ charge Xt j
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Jay DFSZ-TYPQ

DFSZ: Two (or more) Higgs doublet model plus one scalar singlet

* In general each R-handed SM fermion can have a specific PQ charge Xf;

j X)) v
uf — eXp (Z.XW) YR> E 2 Zj (Xuj T Xej)
dp — exp (iXgj) dp , N :

. | N 3 ( Xyi + Xai)
e, — exp (iXej) ep - ZJ( 7 %)

* For generation independent charges DFSZ remains within KSVZ window:
DFSZ-1: Xe = Xq, E/N =8/3
DFSZ-11 : Xe=—-Xy, E/N=2/3
DFSZ-UI: Xe # Xud E/Nimay= -4/3
DFSZ-IV: Nu=9 (E/N). = 524/3.




Jay DFSZ-TYPC

DFSZ: Two (or more) Higgs doublet model plus one scalar singlet

* In general each R-handed SM fermion can have a specific PQ charge Xf;

ufq — exp (1.Xy;) ’u,gq ,

dg% — exp (X gj) d% :

e, — exp (iXe;) €% .
* For generation independent charges DFSZ remains within KSVZ window:

DFSZ-1:
DFSZ-11 :

Xe — Xd7
_X'u,a

Xe =

E/N =

DFSZ-UI: Xe # Xud E/Nimay= -4/3
(E/N)u = 524/3.

DFSZ-1IV:

NH=9

b

N

8/3

E/N =2/3

2

3

9 Zj (Xuj +

Xej)

Zj (Xuj L

Xg)

E/N(ga55) | E/N(gay5)
KSVZ (Ng = 1) 44/3 5/3
KSVZ (No > 1) 170/3 23/12
DFSZ-I-1I (nyg =2)|  2/3 8/3
DFSZ-III (ng =3) | —4/3 8/3
DFSZIV (ng =9) | 524/3 23/12

® For generation dependent charges (max. of 9 Higgs doublets Ht J):

DFSZ-IV (Xe] Xd], Xuj)

E/Ninw=524/3 = 3+ E/Nwe (KSVZ)
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JaN ~ 0, (DFSZ)

0,,a _
¢t Y75 ¢ | We want: £y = == Cn Nty N
2fa zfa

theory we have:

Cn in terms of cqand of matrix elements st/ = <N|gy+ys q| N>
by matching the matrix elements of £ and Ln. One obtains:

(1): Co+C,p = (cyu+cq)(Ay+Ag) —20s 105 =~ O(10%)]
(2): Cp,—Ch = (cu—cq)(Ay—Ag)

So that, independently of the matrix elements:

(1): Cpo+Cp = 0 if cy+cqg=0
(2): Cp,—Cy

0 if ¢c,—¢c4=0
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\ k Xu:(XuR = XuL)/Z

a &

[ X ay*y5u + Xq dy*ysd]

Xu X
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[ X ay*y5u + Xq dy*ysd]

Xu Xd 7
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Anomalous + a g2 ~ a e2 .
axion Couplings<\ Vo ]_671-2NGG / . 167r2EFF
a

Xuz(XuR - XuL)/Z

[ X ay*y5u + Xq dy*ysd]

X, X, -
— uyPysu 4+ — dyFysd
| | N WU T e a7
model independent™contributions T—
Xy . X4 Lz
N 7 9T N Tmgtm.
) lity 1
X, + X, UNIVETSQA ! 1 0
Therefore: a+a-X X1 | Tonl Loy
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Nucleophobia unavoidably requires DFSZ-type of
models with generation dependent PQ charges

such that the contribution to the
anomaly from the two heavier
generations vanishes: Niot=N(1sgen)

Eg in 1811.09637 (Bjorkeroth, Di Luzio, Mescia, EN) ONn U(l) flavour' symme’rr'ies
a humber of such symmetries was serendipitously found

Nucleophobia is not possible for KSVZ-type of models
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Scalar content of DFSZ models: Hi, H2, &, with VEVs
V1,V2 Va (V2+v22=v2) and PQ charges Xi, Xz, Xq=(X1 - X2)1/2)

ey —cg = Pun= Xwé;j“da — Xap) _ ma—my Goldstone of Hyperchage:
4 mq + My
_ At (z 1) Py = (v2 92 - v1 1)/v
X — X1 3

> AiYivl=0
Condition enforcing no a-gy mixing: | = x;v2+ X112 =0

Couplings to the physical a(x)are  Xi «<-v22/v2= -s3%
defined in ferms of the charges X2 = v2/v2 = ¢%

With v2/v2 = 2 (c3~= 1/3) —> Xy-Xq = X1+X2 = -1/3
then Cy-C4 = O and approximate a-N,m decoupling gan = O
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Add a third H3z coupled to leptons, relevant conditions:

leuf 4 szg + X3v§ — 0 a-@y decoupling condition:

Hg Hodh + H§ H,¢?| Explicit breaking of U(1)ns rephasing
symmetry (no additional Goldstones)

(OrHiH¢+ HiHoo! HiH16* + HiH202...)

X1 + Ao Mg — My, , o
C,—0C,; = — nd
1= ¥ A, ) - 2nd Nucleophobia condition

occurs for specific values
ma/my = 2,1,1/2 with no
additional tuning required

Lepton-axion
decoupling: | X3~ 0
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o = pa/Pc Pa = Mad

Evaluated from integrating: @+ 3Ha+mg(T) fysin (%) =0

(1) boundary conditions:
P 6 fo, (da/dt)i=0;
- faZz H, Hr > Aqep

| ~ Credits to 6. Villadoro
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$2a=Pa/Pc |[ASKLI

Evaluated from integrating: da-+ %{a +m2(T) f, sin (fﬁ) =0

(1) boundary conditions:

@ =0fs (da/dt)=0;
M ez H, Hr> Aaco </

(2) H(T) =166 T2/Mp

(eq. st.: wefr=1/3, rad.dom.)

| ~ Credits to 6. Villadoro




2 2

Qa: pa/pc Pa = MyA

Evaluated from integrating: da-+ %{a +;§(T)fa sin (%) — 0

(1) boundary conditions:

w0 = 6i fo (da/dt)i=0; i
b | fo2 H, Hr> AQCD (

(2) H(T) =166 T2/Mp

(eq. st.: wefr=1/3, rad.dom.)

(3) M&T)=m& X(T)/x
(X = QCD topological suscept.)
with mq ~ mn fr /fq

~ Credits to 6. Villadoro




0.~ p./o. | TR

Evaluated from int ting: d+3Ha+m§(T)fasin(i):0
valuated from integrating A 7

(1) boundary conditions:

w0 = 6 fo, (da/dt)i=0; %
7 foz Hr, Hr> Aqep (

(2) H(T) =166 T2/Mp

(eq. st.: wefr=1/3, rad.dom.)

(3) M&T)=m& X(T)/x
(X = QCD topological suscept.)
with mq ~ mn fr /fq

(4) assumed entropy conservation A credits to 6. Villadoro
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: : : PW. Graham, A. Scherlis 1805.07362,
* 0 : Long |GS'|'IH9, low scale inflation. I[E.Takahgjhi,alvn\}.Yin,,i\.eHr.(éuth 1805.08763]

Hr < Aqep, 6i—> <« 1, mg~10-12eV

* H(T): GR + non standard thermal history
- Entropy generation T < Tose: ma® (5-50) peV/A7/6

- y-domination, with wy # 1/3: easy to arrange mq« 1peV

[N. Ramberg, L.Visinelli, 1904.05707]

Beyond GR: [work in progress]
- Scalar-tensor theories:
(conformal) boosted H(T): mq 1t

(disformal ?) quenched H(T): mq{
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from mirror instantons: |
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° MOdlfy ma(T): -
Additional contributions |
from mirror instantons: |

(earlier onset of oscillations) |
Ma l [Giannotti, astro-ph/0504636] :

[For Ma 1 see P. Quilez talk]

¢ MOdlfy Ma-
N copies of QCD related by a Zn symmetry
ma(N) = 22-N2 x m, for N>4 mgl

[A. Hook, 1802.10093]
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* A certain number of quasi-model-independent features
characterise axion models. Hard to circumvent, but possible.

* From any measurement we learn something: some scenarios
can be ruled out, viable hypothesis can become no more
viable, etc. Experimental results reaching into non-canonical
regions are equally important for this learning process.

« Working group to classify axion models off the beaten tracks
(M. Giannotti, L. Di Luzio, EN, L. Visinelli). Full report to be
expected after the summer.

Thanks for your attention





