/_

Huntmg Invisibles: Dark sectors, Dark matter and Neutrinos = VIAD ‘ =
TR, PR Saatgee T e 0090 . e a



The standard QCD axion

In the Standard Model: /> g_SéGé d=u—
T

A dynamical U(1), solution:  p — % (aGé — é) GG

8T\ fq
a/f,
4m,my 1 a
= V(a) = —mif?r\/l — (& )2 sin? (5 E)

standard QCD axion

2 r2 2 r2
myg fi = XqQcp = my [
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The standard QCD axion

mHz Hz kHz MHz GHz THz PHz

105 SN1987A
Planck+BAO

coupling 1016
to gluons 10-17
10— 18

10— 19

10 —-20

1010750 107101050 10 50 30 Mo 1071010 0 0 0 0 e e Aot

mg [eV]

Y rerg

GW170817

=
2
g
=
[l
-
5]
2}

surds af
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The non-standard- &b axion

up to now

mHz Hz kHz MHz GHz THz PHz

SN1987A

Planck+BAO 10~?
10710

10—12
10713
1014
10715
1016
1017
10—18
10—19
10720
1021
10722

[, A9D] |1#08)|

k) yA 9 % 17 6 5 & 3> 2 A D \Y
1072071030 10740 10 10 10 Fo 1010 100 e 0 0 e e e a8 40

mg [eV]
See Refs. in Pablo’s review talk in Patras 21!
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Challenging the standard assumptions

s [ QF = ~
L=_2(-5¢_9)aa
w (5 7)

My, M
2 £2 2 2 u ''td
= my 4 = XQcp >~ my [7

(My + md)2

inferaction basis = mass basis

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

e.q. " String axiverse”
A. Arvanitakia, S. Dimopoulos, S. Dubovskyc, N.emanja Kalopere, J. March-Russell 09

Maria Ramos @ 18th Patras Workshop 5



Challenging the standard assumptions

Y (Yac _ g\ o0
= -0 GG
=5 ()

me,, TN
2 r2 ~ 2 p2 U d
= m, [o = XqQcp = m; |-

(My + md)2

interaction basis # mass basis

So instead, one can have:

an (s N\ o~ A
£:87T< ;G—G) GG—V/(GG"@,...,CLN)

2 r2
= m; f; = giXQCD within QCD

Maria Ramos @ 18th Patras Workshop 6



Toy model: 2 axions

as [ ay a2 ~ =~ ADAD
8T \fi [

Below confinement, and using the PQ symmmetry to remove the QCD angle:

Maria Ramos @ 18th Patras Workshop



Toy model: 2 axions

as [ ay a2 = =~ ADAD
8T \fi [

Below confinement, and using the PQ symmmetry 1o remove the QCD angle:

i G iy G\ OV (a
XQACD sin (g + 2) =0 and M sin (g + 2) B Eaz) —0
h hoo f i fa Qs

U1+U2:O UQIO

Y

Minima
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Toy model: 2 axions

as [ ay a2 ~ =~ ADAD
8T \fi [

Below confinement, and using the PQ symmmetry 1o remove the QCD angle:

~ ~ 2
V=2 D XQCD (CL} -+ 2) — V(&Q)
fi fo

i Gy ax) OV (a
XQACD sin <$ + 2) =0 and M sin (g + g) B §a2) —0
h oo f2 fi f daz

|\ \\ 7
Y

vy +v9 =0 vy =0

Minima

/8 1/ (k)
M? = XQCD

B (hf) (LTWf3

Maria Ramos @ 18th Patras Workshop



Toy model: 2 axions

7”'%2 f¢2 = giXQCD

2
T:Ag 2
XQCD

® 2 QCD maxion fields

max min (g1, gz) = 2

single QCD axion

/2 1/(fif)
1/(fif2) (147Y/f3

2 = XQCD

Maria Ramos @ 18th Patras Workshop

Decoupling limit assumed
in other constructions

Kim et al, 04

Agrawal et al, 17 and 22
Farinaetal, 17

Coy, Frigerio, 17
Choeetal, 14 and 16
Kaplanetal, 16

Giudice et al, 16

10



Toy model: 2 axions

fi=/
15-" -

_ See-saw like: any cg?nserved
2 r2 I
m; 7 = giXQcp : quantity or sum rule?

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
- J
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

single QCD axion
O_
0 2 4 6 8 10
T
szzh(r) )
7 Zh(r) = f3+ f2(r—1) Strong constraint on the system!
2 f2h(r) | B+ B2 =1
2
92 = = A - e .
f3h(r)+ f3 = 2 (r=1) bi =1/, = f4
hr) =4 [1=2 (r=1) + == (r+ 1)
2 2

Maria Ramos @ 18th Patras Workshop 11



An ALP or a frue QCD axion?

101
] 7
] 4
g y
| k: /s
b 4
S W
3 g
] = )
/
/’
4
,/
//
— 4
— * Y
L 1016 ’
- ’
Q /’
< /
,/
k"tg'\ N /
~ '\O{\ ’
— .a,-]L /
Q ’
| & /
& /
& A
/
/
//
7L
,,/&’\
10717 5 s
| ’Q)‘
- //COQ
/’(F’ %  First signal (g, = 3)
7
—< T T T L | T T
1010 1077
m, [eV]

Assume a first signal is measured in the star location
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An ALP or a frue QCD axion?

1071

]

Piezoaxionic

10—16 -

1/fa [GeV41]

,/,,L/'\c’
10-17 4 /\é}
g
_] ’Q)‘
‘R
) . .
S r Y  First signal (g, = 3)
g
—~ T \ T T T T T T
101 1077
my [eV]

Have to wait for another signal outside the dashed region

Maria Ramos @ 18th Patras Workshop



An ALP or a frue QCD axion?

> B

1=1

1071
18>1— By g
e 2
i 3
>
S
3
i &
T"._"
> 1016
Q
Y g
7/
w3 /
~ /
— 4
/’
7
/
7/
/
4
/
/
//
,,/c},;'\c‘
10717 4 >
] /c;éé %  First signal (g, = 3)
s Axionin N =2
,/
T L
10-10 10
m, [eV]

Then we have
found all axions
in Nature!

Have to wait for another signal outside the dashed region

Maria Ramos @ 18th Patras Workshop
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Zﬁi<1

1=1

What if?

1071

F>1-5) [N i

Piezoaxionic

,/
,/c}é\f’
rd
10717 4 2
] ’/Q}
] 3
] ) .
1 /, s %  First signal (g, = 3)
— T T T T T l ' T
10~ 10 107
mg [eV]

Maria Ramos @ 18th Patras Workshop
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General potential for arbifrary N scalars

10—15

{B>1-5

&
=)
/,/’(}’ %  First signal (g, = 3)
T T T T T T T
101 1077
m, [eV]

Exact results and sum rules

Maria Ramos @ 18th Patras Workshop 16



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

Maria Ramos @ 18th Patras Workshop



PQ condition

N ~ ~ -~ — ~

L= (Z%e) Gé—VB(&l,dz,...,dN)%g; (“gﬁ —Q)GG—Vg(aGé,...)
1 N

==

k=

87 — fre
1
2
1k

M? = R M2R7”

A preferred basis.

b1 X7 X 1 0 by — X252 X
2 2 2 11 _ XQCD 11 2
M_MA“VI_(X M%)‘Fz (0 0)*( X M2 )

lim detM? =0 = det M3 = 0| (aolayg) # 0

xqQcp—0

E|U<1)p@ —

Maria Ramos @ 18th Patras Workshop 18



PQ condition

N . ~
_ @s Ak 5 ~ ~a . s (QqG N\ A UR(A
L= <kzl ;. 9) GG = Vp(an, ;... an) = = ( g 9) GG —VE(agg, - )
1 _ii
' 2 M2RT F _k—l f
A preferred basis. M = RM*R =
M2 — M2 + M2, — by XTI _Xqep (100 N by — X252 X
A S\ X M2 )T F2 00 M2 )
3U(1)pg = i det M? =0 = detM% = 0| (agla,g) #0
Applying Schur’s formula.
X _
det M2 (bn - XL XM 2x) — 0
det M? XQCD
= = (b1 — XTM[?X) =
det M? (b 1 X) F?

Maria Ramos @ 18th Patras Workshop
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Generalized sum-rule

det M2 XQCD
= (b1 — XTM[2X) = 29
* Jone 1 UX) =5
Moving fo the physical basis.
. N
Qg A =~ 1 <a ~|CL7;> Vi1 1 1
—~ GG ith — = 1 GG = — =

LD sr T, wi 3 I fa ; 2 F?

Maria Ramos @ 18th Patras Workshop
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Generalized sum-rule

det M2 XQCD
— = (b — XTM;?X) = 2=~
det M? ( 1 X) F?
Moving fo the physical basis.
Qg @ .~ 1 <& ~|a7;> Vi1 Yo 1
LD 2-"GG ith — = 1 GG = = — =
~ &7/, Vih oGS TR TE TP

PETER B. DENTON, STEPHEN J. PARKE, TERENCE TAO, AND XINING ZHANG

ABSTRACT. If Aisan nxn Hermitian matrix with eigenvalues A1 (A), ..., A\n(A)
and i,5 = 1,...,n, then the 5" component v; ; of a unit eigenvector v; associ-
ated to the eigenvalue \;(A) is related to the eigenvalues A1 (M;), ..., Ap—1(M;)
of the minor M; of A formed by removing the 5% row and column by the for-
mula . -
g2 TT ulA) = Ae(A) = T () = Ae(M) -
k=1;k#i k=1

We refer to this identity as the eigenvector-eigenvalue identity

Maria Ramos @ 18th Patras Workshop
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Generalized sum-rule

det M? XQCD
= = (b, — XTM2X) = 22
det M2 (bns UX) =5
Moving fo the physical basis.
Qg Q; . 1 <d ~|af’i> U'L]
Lo —=22GG th — = 1 GG = =
8w fi T F Z f? =
A corollary. det (A\Iy_; — N

(generic A matrix)

‘U13|2
det (A — A z; A(A Ai(A)

axionness is shared

N
det MY Z }”1%|2 F Z ELIIY Zﬁi =1, i = &

det M2 m? XQCD 1 gi

5, — (arq | i) (ai | agg)
1 T ~ A
(apq | dgg)
Maria Ramos @ 18th Patras Workshop 22




Experimental conseqguences

> 1 (2, £ {ailMpla)

[GeV_l]

‘*‘w 1014

1/

xXaco [(ailagg)|”

9i =

U

XQCD

mHz Hz kHz MHz GHz THz PHz

1074
1075 SN1987A
1076
1077
108
109
10710
101

1012
10~13

Planck+BAO

10~ 15
10~ 16
10717
10—18
10719

1072
0 A9 A% AT A6 A5 _Ah 4D A2 AL 40

LA
AQ” \0 107107 107407 107407 A0 107 40 A0 xQ x0 xG xQ xQ «,0 \0 1071010

m, [eV]

Maria Ramos @ 18th Patras Workshop

Adapted from AxionLimits
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Experimental conseguences

2. 9

GeV_l]

‘*‘alo 1

1

1
1_1/9*

mHz Hz kHz MHz GHz THz

1074
1072 SN1987A
106
1077
1078
107
10710
101
10*12
— 0B

Planck+BAO

10— 15

10717
10—18

10"

10—20
9 4% AT A6 A5 A A3 A2 Ay 2 A
10 307507 50 10 0 o o Ko o 1o 50 0 o o 0 e e e e

m, [eV]
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PHz

x()“ @l

9i =

U

XQCD
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Experimental conseguences

2. 9

GeV_l]

‘*‘alo 1

1

1
1_1/9*

mHz Hz kHz MHz GHz THz

1074
1072 SN1987A
106
1077
1078
107
10710
101
10*12
— 0B

Planck+BAO

10— 15

10717
10—18

10"

10—20
9 4% AT A6 A5 A A3 A2 AV 2 A
10 307507 50 10 0 o o Ko o 1o 50 0 o o 0 e e e e

m, [eV]

Maria Ramos @ 18th Patras Workshop

PHz

x()“ @l

9i =

U

XQCD
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Experimental conseguences

3. max {min{g;} r =N = ¢g;=N, V1

mHz Hz kHz MHz GHz THz PHz

SN1987A
Planck+BAO

9 A3 AT 16 A A% A3 AT AL AL DL
10730 90 %0 100 o Mo Ko o He R0 30 %0 0 0 0 e e e e 40
mg [eV]

Maria Ramos @ 18th Patras Workshop
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3. max ¢min{g;} r =N = g,

2 A7 XQCD
tI'M = NT
det M2 __ XQCD

det M?  F2

QCD Maxions

= N,

m-parameter family of maxions:

L L pod

ud Lo

GW170817

Pulsars

\

Unal et al.

™ Black hole~]
spins

Baryakhtar et al\

Mehta et al.

N signals!

107
1078
L 109
= 1010
=101
L 1012
L 10713
- 104
L 1015
2_1() 16
= 1017
L 1018
L 1019

[ A2D] |18

E 1020

L 1021

22

- 102

L AL

LLIL | LALL LR BRLLALLLL SLAALL RSN AL AL SN SRR L
20 A9 A% AT A6 A% A 43 A2 A% A0 9 % T 6 5 A 3 2 A DL
407107 10710710 10 10740740 10 107 40 107407 407107407 407407107 10 10

my [eV]

If you are interested in a UV completion, please ask!
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e.g. Laguerre maxions

1 1 |
l\A/IQZXQACD 1 4—\/3+r_r2 o
f2
1 1—|—7° 4+\/3+T_r2
8 '
d e
_____ -

\8 -(, g’L lm)\—)A ()\—AZ)LN_l()\)
S 41 s
= E NS
- R D
2 ORI
0 ....................................
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
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Coupling to photons

Assuming universal anomaly factors,
N

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

Making an axion-dependent rotation, ¢ = ( Z ) — e'Metaa/ (2 ( Z ) :

G. di Cortona, E. Hardy, J. Vega, G. 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

Maria Ramos @ 18th Patras Workshop 29



Coupling to photons

10-10

10711

1012

10—13

10714

|ayy| [GeV ]

10*15

Haloscopes

. \)e\‘e
10716 5 b Single axion
] d e Maxionin N =3
i ® Maxionin N = 30
10_17 | I T Trry | - rrrry I | T T | LA
107 10° 10°° 104

Band width spans:
E/N €1[2/3,8/3]

mg [eV]

Maria Ramos @ 18th Patras Workshop
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Coupling to photons

10—10

N

QoM
0w
N
"-.*h\

Pulsars | ] T V N

10711

] g
1012 4 z if pi = ppm/N
. I
\TI _
> 1071 3
W 3
O, ]
$ 1014 -
= -
e -
1071 4
- i o9
10716 = b v Single axion
] d ¢ Maxionin N =3
i e Maxionin N = 30
10_17 I | T Trry I - rrrry I I T L
, 1077 10 107° 10~* 1073
Band width spans: m, [eV]

E/N €[2/3,8/3)
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1. Any signal to the right of the canonical axion band can indicate a
multiple QCD axion solution to the strong CP problem!

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

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

4. Sizable effects require that the contribution from the extra potential
. is of the order of the QCD contribution




K)‘&C’WQ UV completion

Luy = ]8M51]2 + ‘(%52‘2 + U1iDWU; + UyiDWUy — [y1$1\11151 + Y2 Wa W5 Sy + h-C-] — V(51,2)

After SSB, 1 /. . ;
_ iay1,2/f1,2
51,2 = \/5 (fl,z + p1,2> € .

After QCD confinement,

1 a1+ a _ A~ 301+ a
Veff:_XQCD(lf, 2—9> +Zf4( — 2)

2

M® = X(}SD <2_+4§T ;ﬁr) . with 1/F? =2/

which contains maxion solutions (r = 1/5)!
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\960\(\0%hysical inferpretation of the sum rule

B =

(apq | ai) (@i | aga)

<dPQ | &Gc~;>

Recall the toy example:

7

ag [ a a _
Ln—o = <A1+A2—|—9

fi  f

1
2

)Gé_mgag s age = = (a1 + as)

51:1><O

N
10f

157

L. 52 =0x1

Maria Ramos @ 18th Patras Workshop

and &pQ = &1
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NS
oot Potential scales

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

m% 2 m%
g’i o 2 o

(aagladl xaeo  |(apgla/ foq + X3 ™ @5la0 /| xacn

For )\ > XQCD/F

9 NF2 Asz )\FZ ’
For \; < XQCD/F
ag—aP;Q—aTj—l—O(é), m NS\j—&‘XQCD/F
frq
~ 2
1 ‘<aGG‘a€>‘ XQCD g2 0
gj )\j 2 €

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

Maria Ramos @ 18th Patras Workshop
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W\ . . .
a0t Figenvalues dispersion

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

M2 :XQCD< 2—p 1+\/p(2—p))
N=2"" 2 \1+./p2-p) 1+p

fg—fl “““ f2:10 fl ““““
1L00[ e LOfr=
0.95f 08 e
5i[ever 0.90F Sl L T
|8 £ 2 067
|+ 085 e
EE £ £ 041
— 080} ¢
0.75}; 0.2
0.70¢! ‘ - | ] 0.0k, ‘ ‘ ‘ | ]
0.0 0.5 v 1.01 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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