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Revise assumptions of our frameworks.
Relate IR with UV physics.
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Revisiting the axion solution to the
strong CP problem:

. Can scalar mixing impact our
oredictions?

Assuming the SM gauge group setting



The QCD axion: minimal way

/\

oF

L= i elequy ) WeTe N m? 2 = xacp ~ m2 f?
87 a 4 XQ (mu—l—md)2

1074
107> SN1987A
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The QCD axion: non-minimal way

2 £2
m, fa — XQCD [interaction basis = mass basis]

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

= Mofivafion from fundamental sefups: e.g. string axiverse,
extra dimensions

Dienes, Dudas, Gherghetta 99
Arvanitakia, Dimopoulos, Dubovskyc, Kalopere, Russell 09

= AXion-ALP mixing opens new regions of parameter space
for dark matter cyneynates, Giurgica-Tiron, Simon, Thompson 21, .

s [ G~m - ~ . .
£:87T( ;G—(9>GG—V,(CLGC~;,...,CLN)
= m? fi2 — 9iXQCD
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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

N . ~
Og ag = =~ ~ ~ ~ Qg A~ = =~ ~
E87T<k§:1fk9>GGVB(a1,a2,...,aN)—>87T< ;G—H)GG—Vg(aGé,...)
o N
1 1
== %
k= k

1

A preferred basis. M2 = R M2R7”

by XI X 1 0 byp — XL XT
2 2 2 11 _ XQCD 11 2
W= = (O S ) =55 (0 0 )+ (M X e )

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

Maria Ramos (IFT, Madrid)



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

Maria Ramos (IFT, Madrid)

= (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)

Maria Ramos (IFT, Madrid)
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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

Maria Ramos (IFT, Madrid)

[viz|?
) — Ai(A)

F2

12



The QCD axion sum rule

N det M?
det M#

= (b1 — XTM?X) = X(;gD

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

Maria Ramos (IFT, Madrid) 13



The QCD axion sum rule

5, — (apq | ai) (ai | aga)
<dPQ | &GC~¥>

Toy example:

g &1 ~ 1 ~ ~ ~ A
LN—o = ~ ageg = = (a1 +a2) and apg = a1
8T\ f1 2
1 %0 ® max min (g1, go) = 2 |
1 — |
1" 52 =0x1
‘ i
S T T | Kimetal, 04
2 f ,,,,, { Agrawal etal, 17 and 22
r=g——  : \ 7 | Farinaetal, 17
XQeo o 50\ 7T 1 Coy, Frigerio, 17
,,,,, | Choeetal, 14and 16
- , .| Kaplanetal, 16
single 9CD axion | Giudice et al, 16

6 8 10

Large deviations require new scales close to the QCD generated mass

Maria Ramos (IFT, Madrid) 14



Experimental consequences

107

10716

1/ fa [GeV1]

10717

1010 102

Maria Ramos (IFT, Madrid)



Experimental consequences

107

10717

X First signal (g, = 3)

1010 102
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Experimental consequences

107

[3*-'+‘ K32 =1

10717
%  First signal (g, = 3)
¢ AxioninN =2

1010 10~°

Maria Ramos (IFT, Madrid)
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Experimental conseqguences

10—15

B*+52+53:1

10—16 -

1/f. [GeV 1]

/,,
s rd
10~17 S /',;/ /’/ﬁ;@
i 8 /,:;fo* Y  First signal (g, = 3)
o ® MaxioninN =3
1010 | 100
m, [eV]
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Experimental conseqguences

10—15

B*+52+53:1

10—16 -

1/f. [GeV 1]

10-17 /',// s r‘b\e
. ,// W ,/‘;QQ'} * First signal (g* =3)
o ¢ AxioninN =3
- T T T T T T T 1
10710 1079
m, [eV]

Maria Ramos (IFT, Madrid)
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Maximally deviated QCD axions=Maxions

max ¢ min{g;} p =N = g, =N, V1

mHz Hz kHz MHz GHz THz PHz

SN1987A
Planck+BAO

29 A9 A% AT A6 A% AR 4% A2 Ay A0 9 % 7 6 5 A 3 2 A D
A0 110 X\Q xx@ \\0 Xx() 1\,0 x\,(l 1K,Q “x() X1() 107307107107 407 107 1070 R0 A0 A0
mg [eV]
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Maximally deviated QCD axions=Maxions

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

m-parameter family of maxions: m = N(N +1)/2

__ A7 XQCD 2 XQCD ,,M?
trM? = N BM®  _ y ARYD v
det M?  x i iz I Fro
_ XQcp
det M?  F2

Maria Ramos (IFT, Madrid) 21



Coupling to photons

Assuming universal anomaly factors,
N

Oem Ek &k T Aem E aGé T
LD — —FF — FF
ST — N 1 st N F

i : - U ; L/(2F)Q. [ U
Making an axion-dependent rotation, ¢ = ( p ) — 5966/ 2F)Q ( y ) :
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

Maria Ramos (IFT, Madrid) 22



Coupling to photons

10-10
10711
10712 — g
] = Mass splitting is
] not fixed!
> 1071 <
v E (Laguerre are one
O, ] fype of maxion
T solutions)
5 E
10154
: p e
10716 5 B \© Single axion
g d e Maxionin N =3
i e Maxionin N = 30
10_17 I LA LA I LA L
, 1077 10 107° 10~* 1073
Band width spans: m, [eV]

E/N €[2/3,8/3)

Maria Ramos (IFT, Madrid) 23



Multiplicity of
signals might be
the smoking gun

Coupling to photons

10— 10
s CASTT

g oo\ —
AL
e\

Dy
Pilea
£ jﬁg&m

101

Ll

_
<
o
Ll
O

A

1015 \

\~* [

1016 E Single axion
. - 1 Maxionin N = 3
I e Maxionin N = 30
10_17 | T T T \| ) | | | | | - 1 | II| 1 |
107 10 1072 104 103

My [QV]
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Coupling to photons

10

10~ (@S
101 '
VAV .
3 | T T\/N if pi = ppum/N
10712 5 : f '
] - 1 ~1 How does each
— ] o scalar contribute to
L g +| the dark matter
v : B .~ | abundance?
,L_D‘ ] | L L)
_g 1014 4 h
= -
50 : .
10 4 p
E / ®
P
10710 3 ’ Single axion
3 o e Maxionin N =3
| [ ] Maxionin N = 30
10_1' | | LN ] | Ty ] LA | 1 L
107 10-° 10— 1074 103
m, [eV]
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o B e -
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B e
_— SAR 3

e - Chala, Guedes, Santiago, MR; 2012.09017
(-’ . Machado, Das Bakshi, MR, 2306.08036

Revisiting the axion/ALP EFT.

l. Can operator mixing ImeCT our
pred|chons’>




The minimal basis

1 1 K As As
L, = Loy + 5((%3)(3”3) — §m532 — §|_83 — 134 —FspsPT ) — 7¢82¢T¢

Ly = ESM+S + s [”L q_Lasuqb%uR + iq_Land)qbdR + iEaseqbgbeR + h.C.] +ags s°

+ g3 sg(qﬁgb) + ass(nggb)2 + asést GARY aSWSWﬁ,/WaW

v

+a, zsBu,B" + aSGsGﬁVGAW -+ aSWsWZVW“W +aspisB,, B"

To quantify the stability of UV scenarios:

a; (1 e (2 3
16 7T2,u‘31—u = ’yz-(j)aj : 167?2,u‘31—u = ’YZ-(j)/fj + ’yz-(j)m2a,j

Maria Ramos (IFT, Madrid)
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Comparison with axion basis

S
Lawe = 50 + 35 BTer Y ex i £ Fu P

periodicity: |cx € Z

Fraser, Reece 22

Ly D s [z q_LasuqbgguR +1qLasdpPdR + iEasqugbeR + h.c.]

Shift symmetry (perturbative level)

i u u i i e e
Asugp = 7 (Y cu — cquy") ,  Qsdp = 7 (y%ca — cqy®) s Gsep = 7 (yce — c1y®)
S S S

See also Bonilla, Brivio, Gavela, Sanz 21 and Bauer, Neubert, Renner, Schnubel, Thamm 21

Shift-symmetry invariants — Jonathan'’s talk

[él) = ReIr (asquyT) : IéQ) — Re'Ir <x6a8€¢yT) : Ié?’) = ReIr (mﬁaswyT)

e e e

Bonnefoy, Grojean, Kley 22

Maria Ramos (IFT, Madrid) 28



Renormalization results

s° 3ot s(0t9)?  sUror sXX sXX
55 As Ao 0 0 0 0
SOTP | Asg As+ Xsp + A+ u7 Aso Aol Aspgs 0
(ot | o A\ A\ A+vy2 4y A2 0
5(¢ (b) S sp T ATYr Yy + AY 92
sULoYR |: 0 0 0 Xeo +UE G 93U
sXX |10 0 0 0 g2 0
sXX |10 0 0 0 0 g3

Maria Ramos (IFT, Madrid) 29



Renormalization results

s° 3ot s(0t9)?  sUror sXX sXX
55 As Ao 0 0 0 0
53¢T¢ )\sqb )\s + )\Sd) + A+ ytz /\56,15 /\ﬂﬁ)yt A‘:ﬁbgé 0
(ot | o A\ A\ A+vy2 4y A2 0
s(op'o) s so T ATY, Yy T AU 92
sUrdp | 0 0 0 Xeo T U BB 3
sXX | 0 0 0 0 ig2i 0
sXX | 0 0 0 0 0 g}

=)
Only due to WER

(not required by quantization argument)

Maria Ramos (IFT, Madrid)
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Renormalization results

s° 3ot s(0t9)?  sUror sXX sXX
55 As Ao 0 0 0 0
SPPTP | Asop As 4+ Asp + A+ 47 Aso Aot Asogs 0
s(o1e)? | 0 Ao Ao + A+ 172 e A2 0
sUroptR | 0 0 0 Ao YUT 93U 93U
sXX 0 0 0 0 gf 0
sXX | 0 0 0 0 0 93

Large deviations from NDA

Maria Ramos (IFT, Madrid)
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Renormalization results

S SB(dlg)  s(ol)? sULop sXX sXX
53 m? 1 0 0 0 0
s(olp) | 0O m; T y’s gapt 0
s K s K so 0 0 0 0
S10) | 0 Kot Rep Ky Yikso:  Gaksy O
(6Tp)? | 0 0 Kso 0 0 0

CP-odd effect: mixing between different mass dimensions

Maria Ramos (IFT, Madrid) 32



Matching at the EW scale

s\ (cosf —sind 1§
h) \sinf cos@ h

—2@8713 + 40&857);1/”0 — %’US/U (677’&? + 3KV + Asv?)

tan 20 =
o (das — 6ags ) v2vs — 40ag5v3 + 2m2 + (—4X + Agp) V2 + vs (265 + Asvs)
vg =0 = ,u2 = \v? > 0 =0 @ non-renormalizable level
Other effective effects: <

1. 3 m;,
—A\pU — Ry, = 2 + 249a8h402
2 2 v

Maria Ramos (IFT, Madrid)
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The low-energy EFT

2 2 "‘383 >‘s4 GAGAW 1

1 1 . v
LigrT = 5(8us)(8“5) — §mss 30 — 5 4' 1 G — 4AWA“ - HQCDGA GAR

+ Z [W Dt — prmythp + 1 S¢LC¢¢R + s*YrayYr + h.c. ] + a8
b=ude - T T

+asasA A" + aSGsGA GA™ 4 g ASAWA “ + a GSGA GArY -

+ ) [E%Aa“”wRAW + %&¢GJNVTA¢RGW‘~¢ h.c.]
Y=u,d,e

» 1 .
€.g. Cyy = —VJL zeyd, + Qs (U + 0”8) VwR

V2

Then we run.

P
e S

S 46 .
5asé — <‘f§g3'+ 2Tr [cece + SCdcd + 3CUCUT]) a &

A -
-----

— 2¢g3Tr [ddgéd + &uGCLT + h.c.]

Bz, = —66°C. — 24&°Mea_z + 24i€*Measa + 2Tt [Ce &l +3 (Cu + é48 T)}

- 3cec Ce + 2T [mecTae — 2a.m Tée + a.c Tme — 2C.m T~ }

— 21RsQe — 1262 (meclaeA — aeAmece + aeAélme — CeM T&eA)

Maria Ramos (IFT, Madrid) 34



Phenomenological implications

Impact of scalar mixing: g4 ~ 0.1 — 0 ~ (’)(10_4)

2

asp X 10° [GeV ]

05 0 0.5 1

a,z x 10° [GeV™]

From A\ diagram with: ¢se & i0ye + aseq (v + 0vs)
EDM expressions in Di Luzio, Grober, Paradisi 10

35

7
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Phenomenological implications

Assuming only Re couplings in the UV

2z K3y ‘ueafolg ‘Aojauuog

(@sd)ys < 10° [ GeV™]

5 0
(asas)y; X 10° [ GeV™]

NALFFIUnNnEn <V<cs Maria Ramos (IFT, Madrid)
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Phenomenological implications

1 1 a. —~ ~
L= Lgy + 56},’88“8 + —m2s? + sZ__g (ciWWW“” — sf)BwB"’“)

2 _ o2
2 c: — 82

Direct constraints from mono-Z. a,z < 0.2 (0.04) TeV !

Brivio, Gavela, Merlo, Mimasu, No, Rey, Sanz 17

Maria Ramos (IFT, Madrid)
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Phenomenological implications

L= Lqgy+ 6 sO*s +

Direct constraints from mono-/:

Bauer, Neubert, Thamm 17

lcSTl/ A [TeV !

1
—m232 +

2

w

a —~ —— —
2 py 2 [V
—C — (cwW#,,W s2B,, B )

a.; < 0.2 (0.04) TeV "

Brivio, Gavela, Merlo, Mimasu, No, Rey, Sanz 17

7
.\“\‘ Babar 2 2
\ 15g 99 1 i) e, ef ef, e
l‘ 6%6(;5 =2 [a38¢ (Asqb L — _2 + 5’)/455 ) + Zy Y Taseqi) + Qseql Ty
e 15 9
4y (‘ég )—l— ﬁ@— Tr y ase¢ - Sy a 3asu¢y“T)} )ye]
Edelweiss
v A =10TeV
i i >

10% correction

Maria Ramos (IFT, Madrid)

Other cases in Bonilla, Brivio, Gavela, Sanz 21
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Phenomenological implications

1 a,z — -~
L= Lsu + 3 sOMs + —m?s* + —2— (ciWWW”” — s2B,, Bw)

lcSTl/ A [TeV !

2 —32

u.}

Direct constraints from mono-Z. a,z < 0.2 (0.04) TeV !

Brivio, Gavela, Merlo, Mimasu, No, Rey, Sanz 17
Bauer, Neubert, Thamm 17

A
10° “2\ Babar
i

1592 992 1 D e ef et e
Basy =2 [ase¢ ()\scb - —2 + §’Yq(b )+ 1YV s + Qseoyy

1 Qf-zq, 159 gg U e
o, (@ @ Tl" y aleqb + 33/0{@1@ — 3suslY T)} Y

’) a s <4.8x 1076 TeV !
_/

- m, [GeV] v A =10TeV »
i i i

10% correction

Other cases in Bonilla, Brivio, Gavela, Sanz 21

Maria Ramos (IFT, Madrid) 39



l. Scalar mixing effects: The PQ mechanism leads in all generality to

mulfiple axion signals, which are linked by an exact sum rule. The
maximum deviation of N axions is y/N. The main experimental impact
is from scales not far from the QCD contribution.

ll. Operator mixing effects: The full RGE effects should be taken into
account fo correctly inferpret low-energy bounds in terms of Wilson
coefficients g%enero’red in the UV. Shift-breaking interactions TyFPicoIIy
source sizable mixings and open novel signatures for ALPs. For
example, new CP-odd phases can be produced, which are absent in
more shiff-symmetric scenarios.

24

N Thanks!
: a._‘_;; « v .. \



NS |

1 1 |
M2 = 2XQCD [y \Brr_2 1+7
f2
1 ].‘|‘7° 4‘|‘\/3+T_T2
8 ¥
6- --------------------

& -
~ g Ly
SEK i - (A=) Ln_1(N)
S 4b'
< .
Ngh hﬁhh.‘h—"-"‘*
o T
h-t_}-
| ———

Maria Ramos (IFT, Madrid)



W\ . . .
a0t Figenvalues dispersion

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

M2, — Xacp ( 2—p 1+\/p(2—p))

2 \1++/p2—p) 1+p
fo = fi J2= 1071
LOOF e LOF=eee
0.95} 08 e
@NQU.QO’ N?N€06 ........
N-l— cj:. 0'85 NL Cj;
0.80} :
075} 0.2
0.70t" . - . ] 0.0k, ‘ | . . g
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

Maria Ramos (IFT, Madrid) 42



N
0ot ' One UV completion

Loy = 10,5117 + 0,592] + U1iDW, + UpiDWy — [y, 0,018, + 405 Wy8, 4+ hc.] — V(S 5)
Ulpg: Ujr— /20,1, U p—e 20,5, S — €S

1 n . 5
= —— 1a1,2/f1,2
After SSB, Si2= (fl,z + pl,z) e |

After QCD confinement,

1 a1 +as 2\~ A sy (3d1+as\
Veg = = _ — 0 — _
F 2XQCD< 7 ) +4f( 7 )

74 5  XQecD (24 8r —A4r : 2 72
— A p— p—
e MT 5 < gp o ) VBRI =2/S

which contains maxion solutions (7 = 1/5).

Maria Ramos (IFT, Madrid) 43



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—@

Maria Ramos (IFT, Madrid) 44



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)



\)
k)’&g\(\ QI\/Iixing effects in DM abundance

Would typically dominate the
late-time energy density

1 2, 1 2 f

LD 5(86%) + 5(&58) Assume fs > f, :
—m3(T 2[1008<%+@)] """"""""""""""""""""""" :
(1( )f(l fa J(’S E :
—m%fg [lcos(%)] i ma(T) < mgs — ¢ ~ ¢s, ¢ ~ P i
S i ]
N L ma(T) > ms — du ~ ¢a, S~ s |
(1) = g max 1 () E E
’ Igeo :

2 Ja 2 Cyncynates, Thompson 23
V ~ ( ba bs ) Ma fs mg‘l ( Pa ) [other examples from Takahashi et al]
fem2 mj + ;—gmﬁ s

Maria Ramos (IFT, Madrid) 46



2
<

log(p/pom)

log(mass eigenvalues)

<

%

Mixing effects in DM abundance

T ps

= Pocn

== Heavy
=== Light

Ty
log(SM Temperature)

Tocp

Maria Ramos (IFT, Madrid)

Would typically dominate the
late-time energy density

%

Assume fs > f, :

At early times,
mCE(T) <mg — ¢H ~ ¢Sa ¢L ~ ¢a

At late times,

mq(T) > mg — ¢g ~ ¢a, O ~ ¢s

so energy is transferred into
the QCD axion...

Cyncynates, Thompson 23
[other examples from Takahashi et al]
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AP

o2 .
Off-shell renormalization

s Compute one-loop divergent amplitudes generated by 1P1 diagrams
Feynrules + FeynArts + FormCalc + Matchmakereft

s Match to the Green’s basis
m Project onto the minimal basis, using field redefinitions

OsB = SB#UB‘LW
OSW = SW‘LWW'LW
O, = 5G,, G*

Scalar Yukawa Gauge Derivative
Op =5 | Owp =isqrour | O =sBuB" | Ryn = iso!D%
O = 3(610) | Owy = isqrody | O = sW,,WH | Ry = s0%s
O, =5(6'0)% | Ou =isliéer | O,z =5G,G" | Rym= b0

Req = isqr DL
Ra = isl Dl
R = isuplPup
Roa = isdglPdg
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