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Motivation for ALPS

ALPs are primary examples of WISPs.
They arise commonly in BSM as pGBs.

V(g) = —p2pd" + A(pop")?
6= (f+pe!

U): ¢ — felle//Tr)

W_J
shift-symmetry

They are natural in QFT. |
m2 =ef? < m?):4)\f2

1
Lo= 7 (8,0)% + L (d,a, Lsy) + O(e)
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The scale of ALPs in Nature

A

9 Composite Higgs models
Y m?F WIMP dark matter?
(47‘(‘) 2 Baryogenesis?
? String axiverse

Extra-dim Kaluza-Klein modes

2 £2 Peccei-Quinn model
7717T -
5 Strong CP problem?

Non-thermal dark maftter?
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The ALP landscape
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Which puzzle can this signal explain?
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Let us revisit the canonical axion
solufion to the strong CP problem

Assuming the SM gauge group settin




The canonical QCD axion

ttttt

The strong CP problem: [ g_SQ_G(N; d=u=—=(
70

A dynamical U(1),_ solution: £ = == (aGé — 9) GG

37\ fa
a7fa
24 B 4m,my 2 lg
V(a) = —my 71'\/1 (mu ‘|‘md>2 S (2 fa)

My, Ty

2 p2 2 r2
ma fa :XQCD ’imﬂ. fﬂ‘ (m —|—m )2
U d

assuming all PQ breaking comes from QCD
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The canonical QCD axion

My, My

a. (A~ - ~
L i GG _9)Ga — mifgszCDzmifz

- Sz fa (mu + md)2
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The canonical QCD axion

Mg, TN g

,C—as (CLG@—Q_)GG% meGQZXQCng%fQ

T8\ [, " (M 4+ ma)’

[interaction basis = mass basis]
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Beyond the canonical QCD axion

Mg, TN g

(mu T md)2

s [ Anms = ~
£:8W<?G—9)GG% mZ f2 = xqcp ~ m2 f?

[interaction basis = mass basis]

But the axion may not be the only singlet scalar in Nature

e.g. String axiverse”
Arvanitakia, Dimopoulos, Dubovskyc, Kalopere, Russell 09

Additional misalignement can lead to observable effects:

0y (s D\ o~ A A
L:87T< ;G—9> GG—V’(CLGG,...,CLN)

= mf f@Q — giXQCD
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PQ condition

N . ~
_ s Ak 5 ~ ~a . s (Ao o\ A~ R/on _
£87T<k§:1fk0>GGVB(a1,a2,...,aN)—>87T< g —9>GG—VB(aGg,...)
o N
1
e
k=1

1
)
k

M? = R M2R7”

A preferred basis.

XQCD X]L >

b X1 % 1 0 b1 —
2 2 2 11 _ XQCD 11 2
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PQ condition

s

8

L
k=1 fk

A preferred basis.

bll

M? = M7 + M; :( <

S

M? = R M2R7”

N " ~ -~ —_ ~
(Zaf 9) GG — Vi(ar, as,. .. a4N) — -2 (“;G —9) GG - Viagz, ...

N
1 1
mo) s
k=1 Yk

X1 _ XQcp 1 0 n b11—x?:# X1
M? 2\ 0 0 X M2 )

E|U<1)p@ —

lim detM?=0 = detM% =0

xqQcp—0
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PQ condition

N . ~
_ s Ak 5 ~ ~a . s (QqG N\ A UR(A
L= <kzl ;. 9) GG VB(al,ag,...,aN)—>87T( g 9) GG —VE(agg, - )

A preferred basis. M2 = RM2RT —

b X7 X 1 0 by — XL X
2 2 2 11 _ XQCD 11 2
M_MA“VI_(X M%>_F2 (0 0)*( X M2 )

3U(1)pg = lim detM? =0 = detM% = 0| (aglayg) # 0

xqQcp—0
Applying Schur’s formula.
det M2 (bn _ X%D _ XTM;2x) — 0
det M? _ XQCD
= (b1 — XTM[?X) =
~| det M7 (b 1 X) F?
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PQ condition

N det M?
det M#

Moving fo the physical basis.

01 L _ {daalo) _
— GG ith — — = 2G¢ @
LD sr T, wi 7 7 7
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= (by; — XTM;2X) = XD

F2

N o1 1
— b=l
=1 1
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PQ condition

N det M?
det M#

Moving fo the physical basis.

— (byy — XM 2X) = 29D

F2

. N
g A~ 1 <a ~|a7;> Vi1
D 37 fz w1 fz I Ia ;
Eigenvector-eigenvalue Th.  det (AIy—1 — M;) i\f: Jvi|*
(generic A matrix) det (A\Iy — A) - g A(A) — Xi(A)
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PQ condition

1

det M2 XQCD
= (b1 — XTM2X) = 22
* Jone 1 UX) =5
Moving fo the physical basis.
R N
g @ . ~ 1 <a ~|az-> Vi1 1
£= 87 fi . Ji F F ; f7

Eigenvector-eigenvalue Th.

(generic A matrix)

14]?
det M2 m?

&%Dﬂ%__ié‘v
1=1

2
g__7n§fi
7

B XQCD

N

det ()\HN—l — MJ) o Z
det NIy — A) < \(4

F*? 1
_ S -

XQCD ;7 9i
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The QCD axion sum rule

N det M?
det M#

= (b1 — XTM7T 2X) X(}%SD

Moving fo the physical basis.

Qs Ay 1 <& ~|CLz'> ’Uz1
L>=22GG with — = GG = —
8 fz fz F Z f2 F2
N
Eigenvector-eigenvalue Th.  det (Aly_—1 — Z |vzg|2
(generic A matrix) det (\Iy — A A(A) — N\ (A)
det M? _ o [l S i B g =
L = ’ % y — 1 - = =
det M2 Zz_; m?  Xqcp z_; gi o Z T g
m?2 f2 axionness is shared!
9= XQCD
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The QCD axion sum rule

N o~ o~ ~
Zﬁz _1, 8, = gi _ (apq | a;) <az | aGG>
i=1 v

<&PQ | dG§>

Toy example:

Oés &1 &2 — -~ 1 A 2A9 ~ 1 ~ N ~ ~
ENZQ =—|—4+-—=—+4+0 |GG - —Msly — Ao — _( 1+a'2) and apqQ = a1
8 \ f f 2 2
1 2
15%\ T T T T T \. T T T T T T T ]
» ® maxmin (g1, g2) = 2 |
p1=1x0 - P2 =0x1
H
V.
S S e Pt Kim et al, 04
my s LT Agrawal et al, 17 and 22
r = P T U o, Farinaetal, 17
XQCD/f ,,,,,, Coy, Frigerio, 17
,,,,, | Choeetal, 14and 16
-7 , .| Kaplanetal, 16
single SCD axion | Giudice et al, 16

6 8 10

Large deviations require new scales close to the QCD generated mass
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An ALP or a true QCD axion?
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An ALP or a true QCD axion?
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An ALP or a tfrue QCD axion?
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An ALP or a tfrue QCD axion?
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An ALP or a tfrue QCD axion?
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Maximally deviated QCD axions=Maxions

max ¢ min{g;} p =N = g, =N, V1
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Maximally deviated QCD axions=Maxions

max {mm{gz}} =N = g;=N, Vi

__ A7 XQCD 2 XQCD ,,M?

trM? = N M* 1

A yacs € Bvor =& T~ By
_ XQCD

det M?  F2
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UV completion: extended KSV/

Luv D — [1hV1P1S1 + y2 Vo WsS; + hee.| — V(S12)
U(l)pQ : \Ifj7L — €iaj/2\11j7L , \Ifj,R — e_iaj/Q\Ifj,R, Sj — eiajS

1 /4 g
After SSB : 51’2 = ﬁ (f1,2 + p1,2) 61a1,2/f1,2

Explicit breaking effects can reduce the symmetry:

2

2 MAXions A
* Lyv D %5252 + h.c. > M2 — XQCD/f2
) A ~ B N 2XQACD T 2 2
ﬁeﬁ:a—(a—}+a—?+9)GG—u2&§:>M2:< f22 12 N2)
St \f f z z
2 MAXions

» M7 =8mxqep

* Lyv D p¥0,

Maria Ramos (IFT, Madrid)

26



UV completion: Exira dimensions?!

TR
1
S D /d4:c / dy+/g (59‘43&4&83@— _f_G LGP O™ (i —WR))
8T fa
—mh Dienes, Dudas, Gherghetta 99

Integrating over a fifth dimension:

1n? , I g L
£DZ( 8an 2ﬁa”>+f87r (an®l) /wG

n

WORK IN PROGRESS with Belén Gavela, Arturo De Giorgi, Pablo Quilez
/(1 V2 V2 V2

V2 2442 2 2 | mig =R

M= mig [ V22 244?20 |, L
V2 2 2 2+ 9y° ... yER <1
\ ; ; ; ) mpQ

Mixing structure in LED can produce large deviations!
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UV completion: Exira dimensions?!

The eigenvalues must safisfy

mAi cot <7T)\i> =X\, 0\ =
Y Y

m;

mpqQ

Knowing the eigenvectors as well,

1 2
LED 2
g, = — |\ -|—1—|——]
2[ ?/2

Model has some pseudo-maxions!

Some heavier axions decouple,
leading to a plateau that %ives directly
access to the effective PQ scale.

WORK IN PROGRESS with

Belén Gavela, Arturo De Giorgi, Pablo Quilez

1070 g
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2ly=05 AN .
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Currently studying other couplings and patterns in different ED models!
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Coupling to photons

Assuming universal anomaly factors,
N

Oem Ek &k T Aem E aGé T
LD — —FF — FF
87 — Nz 11 st N F

. . . u ; - (7
Making an axion-dependent rotation, ¢ = ( p ) s e M0ca/(2F)Qa ( ; ) :
Di Cortona, Hardy, Vega, Villadoro 15

L dem [E —1.92] Y FF

27'(' N p 1
> = — X gi
gs 9da : ,
a; Yy 7Y Slngle QCD ax10o1n
-2 N 2
2r)* [E 1,02 Z Jaryy _ 4
O‘%m N =1 m7’2
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Coupling to photons
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Multiplicity of
signals might be
the smoking gun

Coupling to photons

10— 10
s CASTT

g oo\ —
AL
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Coupling to photons

1010 - | @AS‘EI
] / /
10711 -
B A0 \/ .
2 T szpi:PDM/N
- % e
10712 2
: = | - How does each
— : 4 scalar contribute to
L o +| the dark matter
v : .| abundance?
= — %/ M'bg
g 1071-1 E
=% .
105 3
10716 5 | Single axion
E / Maxionin N =3
| e Maxionin N = 30
10_17 T T T T 11110 T 1 TTTT] T T T T 1110 T T T 1T
107 10-° 10— 1074 103

WORK [N PROGRESS with David Dunsky, Claudio Manazari, Pablo Quilez, Philip Sorensen
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Take home messages

113

Py’
o
.

"

Iy

1. Any signal to the right of the canonical axion band can indicate a
multiple QCD axion solution to the strong CP problem!

- S — .

2. Our sum rule links the possible mass-scale values of the different
axions, and allows us to count how many axions may exist in Nafture

3. All axions can be maximally deviated from the QCD line, by a
factor of /N

| .
In 4. The main experimental impact is from scales not far from the QCD
= contribufion

9. The complete reconstruction of the multiple QCD axion may
require a complementary search between different experiments




ExcCiting fimes ahead in tThe ALPs!







W
oot Axion couplings

q = ( ; ) — (ﬂ’%ﬁ@a ( Z ) ; Tr(Qa) =] = Ma — eiﬁQQquiﬁQa

2
L, D 2BOZ”UM; +he U=t/

4dm,m 1 a
— _m2f2 /1 — u'ltd 2 (-9
— V(a) mﬂfﬂ\/ (o + 1) sin <2fa>

Di Cortona, Hardy, Vega, Villadoro 15

1 Ol 1 8 1 1 @ ,
== Ts T FE - o FF
L, 5 ((%a) + 3 T GG+ 4agaw -+ 2f ]a 0 — 5 ((‘La) -+ 1 @ayy + o, gh
Qem E 2 . q% — 5 Mq_l
Gayy = — 6Tr(Qq em)] y J6 = Ja0 — V'V Quq, Qo=
27 fu | N <Mq >
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WP

W Toy model: minima conditions

A A 2
Qs ([ A1 a9 ~ ~ K- .9
Ly—o=—|=+=+0)GG -+
N=2 S (fl + 7 + ) 5 as

Below confinement:

A 2
a a R
VN:Z D) XQ2CD ( Al —+ 72) — V(CLQ)

g | XQOD gy, (@ + &A—Q) —0 and 29 gn (&A—l + 2) — 8‘/{&2) =0
E fl fl f2 f2 {1 f2J \ 8@2 ;

E V1 + Vg =0 UQYIO

1/f7 1/(f1f2)
M p— XQCD o - X
, f3 1/(fif2) (147} f3
r=pu
XQCD
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W\ . . .
a0t Figenvalues dispersion

All families of maxions (with same scale) for N=2:

M?:XQa)( 2—p 1+v@@t§U

2 \1+4++/p(2—p) 1+p
fr=fi Jo=10"f;

L00[ e LOFe

0.95} 08 e
Agifmz 0.907 N?N€06 ........
N-l— cj:. 0'85 NL Cj;

0.80} .

075} 0.2

0.70t" . - . ] 0.0k, ‘ | . . g

0.0 0.5 vL00 1.5 2.0 0 2000 4000 6000 8000 10000
P P

XQCD

Limiting case: Massless state has no mixing with gluons, the heavy one with mass ~ 4 72
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3 .
0ot ' Figenvalues dispersion

Example for N=3:

1 1 1
l\A/I2:XQASD 1 4—+V3+7r—r2 147
f 1 147 44++3+7r—r2
8 _____
il
& Laguerre maxions
= | ALn(\)
Sl ;= i . al =N
SN D s PO WYY
= .l - ‘*‘ .
U s

-1.0 -05 00 05 1.0 1.5 20
In general, N(N+1)/2 families
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NS
oot Potential scales

In the basis where the extra potential is diagonal, M% = diag(\1, ..., An)

m% 2 m%

9i = 2 B i
~ . N_l a F
agaladl"xaen Napglai)/foq + ) @l /| xaen

For \; > xqcp/F? :

~ 2 ~
L Hagelapl”xqop _ (F/fj)*xqep _ Xxacep

95 \; F? - NP TN
For \; < xqcp/F? :
CTT Goe Q. T R
a. =2 =2 +0(), m?~X\=exqen/F
fra
~ 2
1 ‘(CLGG‘CL&H XQCD i 0
gj )\j 2 €

Whenever one scale is very different from the QCD induced mass, one state decouples.

Maria Ramos (IFT, Madrid)



NS
oot Clockwork scenario

Farina, Pappadopulo, Rompineve, Tesi 17

X X 0 0 O X 1 —q 0
M2 = ‘%SD 0 0 0 +r (%SD g 1+¢2 —g
7 \o o 1 f 0 —q g
Correspondingly, Vo X ij leads to decay constant exponentially enhanced
q
PQ: M’ _ xqop v
detM? F?
( 1
M2 = N 2D o
Maxions: ¢ 4 1)8 . @
2 N r2 2 2 _ QCD 2 _ _
Ltrl\/I—1:1.“1\/.[-1\/.[ =N 72 trl\/.[1<:>7“—0\/r—@
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O
oot . Dark matter abundance

in the presence of mixing

Intfroducing thermal effects: mg 5 fs 1
_ R, = —=1072, Ry =22 ==
e.g. N. Kitajima, F. Takahashi 14 Ma.0 fo 2
T ‘ ‘ ‘ ‘
V(6a, d5) = m2(T)f2 |1 - cos |
fa 0.100
¢s | Qa 2 lar| ~ ¢s
+m§f§[1—cos(—+— YT P— ]
fs ' fa S 0.010 %
S
0.001 ,
2 2 1 T " — mp/May
Ma = a0 5 (TQCD) 1074} |aL| ~ Qaq — g/ May |
1‘ O.’l50 O.‘10 0.65 0.61
m2 mZR T [GeV]

The prediction for the dark matfter abundance can be significantly altered!
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O
oot . Dark matter abundance

in the presence of mixing

Regions for level crossing

. e WORK IN PROGRESS with
- David Dunsky, Claudio Manazari, Pablo Quilez, Philip Sorensen
\\
1 | \‘ i oF .\ T
: \ : Maxions
\
\
. *: 1 4/. -------------------------------
\s\ Y Y .'- -------------------
£ s\ . |: O‘\ :l
N, 3 N
> l: S 05 F
10! i :
- ‘\~ 1
N . i 0.2} - mL/ma,O |
[ ———-- maxion AN |
[ N — mpg/Mao
ooy =1 . 0.1 ‘ ‘ ‘
) E—— ) —— . 1 0.50 0.10 0.05 0.01
10~ 10~ 1 10
R T [GeV]

| Goalis to also obtain analytical results for non-adiabatic transitions.
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