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* \Visible and invisible axion models
e Axion dark matter, ALP and experimental searches

e Summary



The QCD axion and the Strong CP problem

0g?
32712

« The CKM matrix from M, ,

» CP violating phase 0-p ~ 1.2 radian

L D —

GG — (a,Mug+d,M,dz+h.c.)

» QCD induced CP violating phase, 6

0 = 0 + arg |det |M,M,|]

e @is invariant under quark chiral rotation dSDM ~0%x1071% e cm
e According to neutron EDM experiment dgxp <107%% e cm

0 < 1.3 x 107!V radian
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The Peccei-Quinn solution to Strong CP problem

Experiment requires = @ + arg [det [MuMd” < 10~ rad

PQ: promote the constant 0to a dynamical field, a
Vafa-Witten theorem: vector-like theory (QCD) has ground state () = 0
Introduce a global PQ-symmetry U(1)p,, anomalous under the QCD

e The massless Goldstone boson a is called axion

a—>a+kKf, >35>+ J'd4xGC~;,cancelsé

3272

1 gz a . 1 2
. Low energy: & = Z q (iDﬂy/" — mq> q — ZGG + 3202 7 GG + 5 (%a) + Zinld,al
q d




Model independent visible axion properties

e For two flavor QCD, g = (u, d)T

aa
2,

1 2 gloa 1,
g (aﬂa) 4 GG+—g% aFF—g, M, gy

cy'yv-qg+h.c.
> Rt 4 1Cqr" 75

e The three QCD related terms can be eliminated to 2 d.o.f.

e Choose to eliminate GG term by quark field redefinition in a-related chiral rotation

a
, A new quark field: g’ = exp (IEVSQ )




Model independent visible axion properties

* In the new basis

A : 0 ] — g 661 H h.
D — al +—eo aFF—qg M 'C +h.c.
o N ( J7; ) 4ga;/ qL aq 2faq }/ Y54

— 0 _ Xem o)
.%—%+%4@—&y2NMEIQQ]

Quark mass is complex: M = ex | — M ex | —
o p a p(%g) qp(%ﬁ)

e Subtlety: fix the basis (gauge) and follow through the whole calculation

e E.g. BR(K™ — 7~ a) was overestimated by 40 times for ~35 years

Bauer, Neubert et al: 2102.13112 (PRL)

e The auxiliary chiral rotation should not affect physical observables
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The axion and Chiral Lagrangian

e [he generic low energy Lagrangian is

&L : %, ", g M h.
D—( a) +—g . FF—q, M, JC +n.c.

aQa aQa
o Two flavor quarks g = (u, d); quark mass term M = ¢' % M, e' a

e Below the QCD scale, one needs the chiral axion Lagrangian

2 ] _
O
ggPT = %Tr (D”U)TDMU + ZBO(UM; + MaUT) | 4fa Tr[cqa“]J/f
[ = m “c’If
Jb = m “o’lf



Axion mass and interaction with pions

2o 1 0"a
LT = Z”Tr (D*U)'D,U+2By(UM,, + M, U") |4 7 Tr[c, 0%
2 2
m m m
. Axion mass: m> ~ (Q, + Qd)zu—d2 ”2](”
(mu + md) fa
. 0 . . (Qdmd o Qumu) fﬂ'
, Axion-z~ mixing: 0, ~ ———————
(mu + md) fa
€
. Axion-pion couplings: _Eﬁ&”a (28”7toﬂ+7z_ — T — ﬂ0ﬂ+8”7t_)
aAJ T

| m;,— O m
Coefficient: € = — — (M 4+ Cc(z’) _ CO) ]2

° 2 mu+md ! f;l
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The Invisible axion models

o SM particles does not directly charge under U(1)p
e KSVZ model:

» Heavy vector-like quark: Q; p
o O; and QO has different charge under U(1)pq

o A heavy complex scalar @ = re' charge under U(1)pg

P
\V/2

Yukawa: y®Q,; Qp D e ia/f“QLQR

2

gs a ~

, Low energy: £ D — GG
3272 f,
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The Invisible axion models

* Induce a complex scalar with very large vev
e DFSZ model:

e Two Higgs doublet Hu,d and a complex singlet @ charged under U(I)PQ, with phase factor ' Pudo

e Similar to previous UV model, but (®) > v,
e Yukawa: (QY,H,ug + QY,Hdg + LY, Hseg) + h.c.

e Potential term: e.g. H H @,

1
Axion mode: a = — Z Q,'Vi¢i

) f;lizu,d,O
L 752 %66 aemEaFFfo a”af Hy f
OW enerqy: | — I C
o gy 872 [ 8z N T, LYrJR of Vs
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The visible QCD axion constraints

* The visible axion is highly constrained by pion measurements

experimental limit

translates into

expectation for generic

expectation for MeV axion

on observable bound on model MeV axions (LO in xPT) variant in (3.1) (NLO in xPT) Heason
Ta S 10712 s T < 107125 if |Qe?| ~ O(1) Qe ~ O(1)
beam dumps (see Fig.1) MB
(see Fig.1) o 2107 s if Q% =0 o <1071 s for mg 25— 10 MeV
Br(nt— etv(a — ete™)) <1071 |0ar| < (0.5 —0.7) x 1074 |
| 8ar| ~ 0(0.01 - 0.1) (&Y ~(02+3)x1073(%Y) PP, NLO
ABr(n? — eTe ))<2><10_ Q ><0(m,§16><10_4 (@";—V) |
: . | - d| 10~ ~4 1f octet enhanced ; o [ oy .
- - +,— -5 _ 10— ~ -3 _1072)( GeVv ~ (— =3 ( GeV
ud ud
Br(K+— nt(a— ete™)) < 1075 — 10 [Bangl ~ 01072 = 1072) (V) | Gy, ~ (—228) x 107%(SY) | NLO
| Bany,,,| < 1072 if not
Br(KT*— 7t (a — vy)) <1079
Gy, | < O(1071) G| ~ 0(10-2)(%") Oun, ~ (1 £2) x 10-2(G§V) NLO
Br(®— v(a »ete™)) <5x107°
Br(a — inv) < O(107%) Br(a — xX) ~ (Qx"my/Qe me)?
Br(Kt— 7t(a — inv)) < 0.5 x 10710 Br(a — vi) ~ (Q5°m,/QE%¥m,)? MB
( ~J v €

(assuming 7, < 10712 s)

X = V(eu,rs), sub-MeV DM, ...

13
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The pionphobic axion and Atomki experiment

e (Old solution: pion-phobic axion (not elegant but can work)

(Qdmd o Qumu) fﬂ' —4
0, =~ <
” (m,+my) |, = Haﬂ' ~/ 10
m,/my ~ 0.47 £ 0.06, & Q, ~ 20, Can be tested by 3-body decay: K — 7ra

Pospelov et al: 2002.04623

e Atomki anomaly see bumpy feature from °Be* and *He* decays

o) * 8 _
Be(17.64) — "Be(0)+eTe™ (E0) “He*(20.49) — *He(0) + (v* — ete™),
AE =17.64 MeV, Al =1, AE =20.49 MeV, AI =0,

5Be*(18.15) — °Be(0) +ete™ |, (MO)  “*He*(21.01) — *He(0) + (@ —eTe™),
AE =18.15MeV , AI~0. AE =21.01 MeV, AI=0,

e |t might be connect to 1/7MeV pion-phobic axion which couples to electrons.

Alves, 2009.05578, PRD 103(2021)5, 055018
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The UV model building

The visible axion receives stringent constraint, but pion-phobic axion can be safe

It has to couple to 1st gen fermions with O, = 20,

Atomki experiments and electron g-2 can be explained if axion couples to electron

The requirements of 1st gen quarks coupling, CKM matrix and quark mass generation are
non-trivial: fully determines the UV Yukawa

SM Higgs can decay to axion pair, resulting lepton-jet features

JL, N. McGinnis, C. E.M. Wagner, X.P. Wang 2102.10118 [JHEP]
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 Pion-phobic QCD axion with coupling to electron

f

The UV model building

Z mee'Sef fo+ h.c. & Z ghiafysf, gl =

e,u,d,

5

3 aAnyd

NG

3

0

ans

)

Qpmy

Ja

e The goal: couples to 1st gen fermions, CKM matrix and quark mass generation

ffggk D — Z (QiY;IHuué + Q'Y H dg + ZiYélHeeI%) +h.c.

1=1,2,3

Lk D — Z Z <QiYL’ZFIu£ + Q’Y;Hd{e + ZiYéjHe£> +h.c.

i=1,2,3 j=2.3

Particles| H| Hy, | Hye |ur|dr|er| &;
SU) |2l 2| 2 |1]1]1] 1
Uy |5|-3| 3 |3|—3/-1 O
U(1)pq |0 |—Qu|—Qde|Qu|Qd|Re | —Qy
0,=2,0,=1;, Q,=1/2or 1/3




Quark mass and CKM matrix

e Up and Down quark mass diagonalization (V, = 1)

Yo, Y1 Y13 m, 0 0
1
Mu — \/i YuzLUu YUZZ,U Yu23’U — VuL O me O VJR VCKM — VIILVdL *
y3ly, Y32 Y35y 0 0 m

» The specific Higgs H,, couples to 1st gen up-quark only

l

_. . . J . m
O, Huz = O™ (VJL) V' Huy" =~/2—
Vu

oo m
leHqu%’m, = <V;L) Yitl = \/5—” (l,O,O)T.
Vl/t

 [he unitary matrix can be decomposed Iinto

1 0 0 (Y C13
vt — J1\T yit=v2—2 | o x=40
u = | 0 o ose || (V)L u o — V23
0 —Sz Co (YIHt, 513

e The Yukawa coupling is fully fixed by requirements: CKM and 1st gen only coupling

17



The axion couplings

e [he scalar potential

Ve = (A - H,+ At Hy+ ApHH, + Ay} + Byl ) +hc..

Via = Y, — Ho® @ + 1 (DT0)",
()

e The axion as the Goldstone mode e The axion coupling to SM
- 1 me — _ PQ Mg, —
G — ) Yuy y Ye 07 07 O ) _Q lle}/ f+ Q € —lClF}/ F’
oM \/v2—|-v§—|—v§—|-v§ (v vu Sd; S ) f:%,eﬂ et - HFZZDZMMJZ ;
G : Y
PQ ~ ,
VI @33 +2) ore —_ ZHTVOY

12
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Outline

 The axion and strong CP problem
* \isible and invisible axion models

e Axion dark matter, ALP and experimental searches
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Misalignment and Axion Dark Matter

V(¢)

e Global U(1)pq symmetry

e Spontaneous broken leads to massless goldstone (Axion)

i an 2 Y
¢ ¢'d¢_

e At QCD scale ~ O(1) GeV, ] > g

Im ¢

e Potential from Chiral Lagrangian explicitly breaks the symmetry
leads to massive axion

 Energy stored in coherent oscillation of axion field

A2
. When m, ~ f_ ~ H , misalignment happens and the fields
¢

turns into particles: cold dark matter

e QCD vacuum picks © = Oncp + &(a)/f, =0

20



Experimental searches for Axion-Like Particles axion

a -~ a - a/ﬂ _
°CZALP — gag]TGG + ga;/]TFF + 8af 2f fyﬂ}/Sf

e Sources of ALP:

m, and f, are not fixed by QCD scale

e Astrophysical objects: Sun, Horizontal Branch, Neutron
Star, SuperNova etc...

 ALP dark matter from misalignment

* ALP produced inside laboratory: laser conversion, beam
dump, ee collider, pp collider

e ALP as force mediator

21
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* Axion independent searches:
* Rare meson decays
e Stellar cooling

e Supernova

* Helioscopes: solar axion (CAST, IAX, or DM

direct detection searches)
e Light shining through walls
* Polarization
e Fifth force

e Radio wave detection

S e
S e
~

Al

* % RGB stars
S5F|A A AGB stars

— RGB track

R




Experimental searches for Axion-Like Particles axion

a _ ~ a . dﬂa _
gALP — gag]TGG + gayFFF + 8af 2f fyﬂ}/Sf

* ALP couplings:

—  —
uvaf N .
ayyd € "l op ~ 8apa ke - B
a a
__________________
/
g
f=q,¢,N

23



The current status for light/ultralight ALP photon couplings

10°
10~/

10_8 SN A
1987
10-9 CAST Solar v i

1010 Sl Horizontal branch

DSNALP Neutron stars S/\I]98
2

4(})

Fermi-SNe

- 0_11 Hydra

uoIjoeIJ
UOT}eSTUOo]

JI'TS XINAV

10—12
72

10-13 &

1 0—14

\
%,
XMM-Newton

https://cajohare.github.io/AxionLimits/
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0 A\ O 9 9% 1T 6 5 A& ' 72 A Q \ 0 ? A 5 o 7
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surds ajoy oerg




The current status for heavy ALP photon couplings

10°

T — inv. +y

— T

|

: 5

E 10—3 e

< < 107°

& SN1987a ~

& S & SN1987a
— )

10~° :
10-5 102 10 10°° 102 1 10° 1077 107° 107 1 10°
m, [GeV] m, |GeV]
Bauer, Neubert, Thamm 1708.00443 [JHEP] Similar for h — Za
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lcwwl/f [TeV™']

107!

The RG evolution and flavor probe

K; — mete T — 7 + hadrons

10* - E
B, — B, mixing N <
- T ' B _B
By — p~pu* L‘ .‘m o e
1Br/dq*(B — K*ee) )
- t ds %
a a
-------- 1% /
>
B — K a(pup) ) t dj W
Ko f . Bauer, Neubert, Renner, Schnubel, Thamm, 2110.10698 [JHEP]
B* - K*a(up)
107 107 102 10" 1 10
m, |GeV]

e ALP couplings to all other Wilson coefficients set to zero at A = 4xf, f = 1 TeV

oRG running will generate flavor violating Wilson coetficients

20



lcgpl/f [TeV™']

The RG evolution and flavor probe

T — va(pp)

[
-
(OS]

[W—
-
N

10}

e ALP couplings to all other Wilson coefficients set to zero at A = 4xf, f = 1 TeV

/f[TeV™]

eff
lc?’?’

10%F

103F

[a—
e}
N

[a—
o

[—
L

CWw

107 10 10* 102 102 107!
m, [GeV]

1 10

/f[TeV™]

eff
|C?’7

[ —_— o
(aw) (a) o
N w S8

[S—
o
T

[ [ [ [
(@) o o o
n A b S

[S—
L)

CBB |

10°¢ 102 10* 102 102 100 1 10

m, [GeV]

Bauer, Neubert, Renner, Schnubel, Thamm, 2110.10698 [JHEP]

oRG running will generate flavor violating Wilson coetficients

27
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R F R

e SM direct-charged U(1), e.g. B-L

ep+1;e-1;n +1

o HAMMREF%: FHREIELETHRFE

o AJLAIE T fifth force IR
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e Kinetic mixing dark photon

1 1 1

R Y/ wv | — o2 Al AR i
L=—TFL B+ omy AL AY — CeFy F

Standard Dark
Model | _Y ! Sector

Sector ! U(1)
A d

u(1)
Heavy Charged Leptons L Dark lghoton

(carry U(1), charge) (aka A’, U Z o)

o EHHTE XA ENHEIEIN

1 , 1 ,
¥ =——F FW4 —mj,A/;A’" — e€A, jim

4 2
o 5

/\\\

« HBM=E, SEtFXRIURRMEsHEEIER
SULES PKU. - i "EE@’E%*Z Z:-I'l_:lﬁ'-l- -’ 30
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JL, Wang, Yu, 1704.00730 [JHEP]
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( Z;w, SM \

A/u/, SM

|

U= -ty 1€ | » V2= 0 1 0 m2Z, SM(1_€2)2+m%{€2t%/V ;
—Stw 1 (1_62)(1_62617[/2) 1 — €2 \/1 2
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& |
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T 3 LR TSR A B S A

e Non-abelian FEJ{F1= 8!

1 a a
L=— K Ki + (Du®)(Du®) - V(@)

1 . .
Emlx — A2 ((I)TT (I))K;LI/BILV

c HRIKIRZ G

% 1

2
Lomix D 5 (1 + Ud) 0K, — 0K, + 9a(K, K, — K, K,)]| — g~ Bu
o FTFEEY0))
1

3 3

K; — — K,
\/1 4 cos? 0,

B, — B, K;
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e T O(c )HEEIER
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¢ ? 3 3 1 72 2171 1
o ) [0uE — 0K, + ga (KK — KK o B
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Buschmann, Kopp, JL, Machado, 1505.07459 [JHEP]
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e A’ mediator

e A’ DM

OOOOC?CDOOO
O OO0 I O O &= W N =

Kinetic mixing, x

Jupiter Earth ) Crab
Super nebula
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] 0_10 &(’/O /2 (Arias et al.)
B &
(07
1Nn—11 S
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o 852 A& Stuckelberg mechanism

Lstueck = _%8MAV 8MAV + %mQA“Au =+ %8’“B 8MB — %mz B?
1 1 1 1 )
LStueck — _ZF/EV + §m2 (AM — E8“B> — § (BHA“ + mB)
Pogr
0A,(z) = 0,A(x)
0B(x) = m A(x)

I'

E W Fdecoupled Higgs and large 4

e Stuckelberg case occurs naturally In

large volume string compactifications

42
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 Non-minimal enhanced modified Misalignment
e Homogeneous solution 0. X* =0 — X, =0

e Invariant term X*X = — a_z(t)Xi - XX

» \ector field cosmological evolution

X, +3HX,; + (mi, +(1—k)(H + 2H2)) X, =0

* The energy density

1

p(t) =Ty =

y (Kt

m2 X, X; + (1 — ) H2X, X, + 2(1 — ) HX, )
* non-minimal coupling to gravity

K
ERX X*, with k = 1 back to scalar case

« HEHHl: inflationary fluctuations, parametric
resonances, cosmic strings




U( 1 )B _LH%%¥ H%tw-]ﬁ Yue Zhao etc, 1801.10161 (PRL)
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AFAIRIRE Type-|

o 1HSterile Neutrino

[Minkowski, 1977]

AL, = -\, LHN ";N N°N + h.c
o R=FEfE
0 mp
M, = sinesz/mN
™Mp TN
=K% y y
.}BTIEZIKIE{E myzmlzﬁ, mzszlmD:mN
™my ™My
o BRI sin®§ o
AN my
¢ fﬂ?ﬁ*ﬁﬁ«ﬁﬁﬁ L= gii/gﬁ (WMELW’“N—Fh-C-) g(;osoﬁsseinﬁzu (DLW“N—I—NW“VL) | QQCSE)ISIZZZMNVMPLN
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A RAERY Type-I: inverse seesaw

o ENHMEHNSterile Neutrino

L = yZNH+ MNS + 1/4505 +h e [Mohapatra, Valle, 1986]
2
(H) (H)
: : 0 D 0
' ' M= mp, 0 M
N S S N | o
‘ > o I O - O < ‘ < O M l,L
LY M T M y VL
SH A\ =
 BREA UK mp <K M) o i
m 2
: , m
sin® ) = —~ (inverse seesaw) m, = W D
K MmN
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AARIERY Type-I: linear seesaw

o ZNIMENSterile Neutrino (lepton number?)

SN PAN
/EE 3

sin f =

my

My

(linear seesaw)

Ly =YpLH°N

Y.LH®S

MRWS h.c.

14T T—1 T
m, = mpMz M + M.Mp mp,
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WA RIRE Type-|

s M T BHZEIRIV {my, sin 0}
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L, Liu, Wang, Wang, 1904.01020 [JHEP]
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AFATREEEY Type-
o M B HZIRTIN {my, sin 0}

Dasgupta, Kopp, Physics Report 2021
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R R Type-l

e Sterile neutrino DM

ITTTTTTTITTITTTFTI Ty
overproduction ‘

e Shi-Fuller mechanism

. 2
sin® 26
sin” 20, =

2
(cos 20 + 2Lv Veff) + sin® 26

Am?2

L —
(N

underproduction|

|

L 10 102 10°
m ¢(keV)
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Type-l
(H) (H)

I I

I I

I I

I N N I
== 6 2 O < 6 =
VL Y Mp Y VL

[Minkowski, Yanagida,
Mohapatra, Senjanovic,
Gell-Mann, Ramond, Slansky,
Schechter, Valle]

Type-il Type-lii
) , ) (H) (H)
N .7 | |
h N v g | |
L4 | |
| P R 5 I
| A > & ——O—<—@ <
| D Y My Y VL
> ‘ <€
vy Y_\. vy

[Schechter, Valle,

Mohapatra, Senjanovic] [Foot, Lew, He, Joshi]

Courtesy of Avelino Vicente
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Diraci#RiEEY S 5:CP|o] X

PH. Gu, H.J. He JCAP 2006

e Dirac Seesaw e Strong CP solution with small up mass
Im|m,mgms exp(if)] = |m,mgms| exp(i0qcp)
~ > 4
H S P S Oqcp = arg|m.|
~ ”
Y Im{m,(1GeV)] < 10™%eV

B . BASHY

mu — mTIj— _|_ mlnSt

u

m | < | o~ [miPst
QLD
]

Aqcp ~ sin 6 m, (1GeV)

m2(1 GeV) sinf” < 6.5 x 10~ %V
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Diraci#RiEEY S 5:CP|o] X

e UV RREIM)IS <

~ P z
o o ) H < PR
L=Y,L;Pvgp + Y, QrPur + h.c., ® = joq0” ~ Y ’
V=m3®'®+ (pSH'® + h.c.) + ... |
= 1 O
o TAi==1N :
m, ~ Yy pvs’;} | m,l];[ ~YV PUsV #
2 mg

“om?2
’ QL VL
. REHFASEHT D
6107008 (57) () (2 (507)

e YukawakZR v.(M,) <o Y,,( Ul ) with Tm[m?] = [m*|sin 0

SIn QH
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TR Y= m

e FTYNIEREZMZHEF, RB/ERHEE FINEEN
o Ml ZRHH AR EY
o B FIREY

o FfpIF1=EY

e \Vector-like fermion, lepto-quark etc...
i LA |
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