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The Standard Model (SM) of particle physics

Standard Model of Elementary Particles
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Consists of elementary particles and their interactions.

Successfully describes almost all phenomena of nature occurring in a

length scale longer than the Fermi scale ~ 0.01 fm.

The SM lagrangian is invariant under Lorentz symmetry, CPT, and gauge
symmetries SU(3) . XSU(2), xU(1)y



Strong CP problem

The SU(3). gauge symmetry & Lorentz symmetry allow

LM D K €pppeGH G = 2K GQWGZV (GZV = eu,,ng“p")

DO | —

E'LWPJG/”WGPU — 4€QijkGOiG‘jk (i,j, k= 1, 2, 3)

J

Y

Eg -B,  PandT(=CP) violation

P: Eg— —Eg By = By
T (=CP) : E, > E;, B, > —B,

A non-zero k implies a CP violation in the QCD sector.



Strong CP problem

93 ~ g3
Lsyv D S QQCDGCLMVGZV (/43 = 3 9QCD>

3272 6472
» —dN%NJW%NFW (N =p,n)
QCD confinement ~ —2dn §N . E Nucleon EDM operator
(CP violating)
)
n;,——g-\\ﬂ# d, ~ 2.4 X 10_169QCD ecm :predicted
' Ny neutron EDM
L P Bocp” |dnP| < 1.8-1072% ¢ cm (90% CL)

» Oqcp| < 1010 But isn’t it okay with simply assuming

CP symmetry with 8ycp = 07 :



Quark mass phase and strong CP

mquuR + h.c. = |my, (uTLuRew“ + uEuLe_w“)
RPN u
= |my|a e u uz( L)
Ug

. —1 0
My = |y |e®?® v = ( )
0 1

The quark mass phase may be eliminated by a field redefinition.

4 5 . _
u — € Wuy /2u (uL o 629“/21/4;, Up — 6_Z9“/2uR)

“chiral”’ transformation

» \mu|ﬂei9“75u — |my|au




Quark mass phase and strong CP

The chiral transformation is “anomalous” quantum mechanically.

(= chiral anomaly)

2
7 = / DADU DV exp i / d4a:'[z\I!]D\IJ— o

1 o E ) ﬁu]

U — e 15y

2
) D\I/D\P—>exp[—z /d4 T FWFCL]D\DDW
7T

The quantum measure is not invariant under the chiral
transformation = introduces an additional 8-term.



Quark mass phase and strong CP

2
_ .eu 5 93 ~
Iy |w e u — 39,2 0qcp GG,

0 A5
u — e WuY’ /2y, ‘

2

i - Sg?ﬂ (Oqen + 0.) GG,

0qcp = Oqep + Oy

turns out to be the true measurable strong CP phase
due to the chiral anomaly.



Quark mass phase and strong CP

Oqcp = Oqcep + Oy
—~~

Argm,,

multi-quark generalization — Arg det(M,) (Mqijqzz-QRj + h.c.)

— Arg det(yuyd) l'] = U, d: Syees

‘ (yuz‘jHTQTLZ-URj + ydinQEide + h-C~)
ij=1,23
QQCD = QQCD + Arg det(yuyd) < 10~ 10

implies a severe fine tuning between a priori unrelated
quantities in the SM - “strong CP problem”

:Note ocxm = Arg det [yuy:&, ydyH ~ O(1) o



Solution to the strong CP problem?

2 2

Gy" Dy + [my|aet® u — 35;2 QQCDG“W@ZV = uy"Dju — 3;;2 QQCDG“W@ZV

Massless u-quark!?

P
u —s e /2y, ‘

2

uy"Dju — ngrz (Oqcp + &)Gaﬂyéfw

6_?QCD = Oocp + a becomes an arbitrary parameter (i.e. physically
irrelevant) and can be set to 0 by choosing @ = —0¢p.

However, the massless u-quark solution is almost excluded by

the current lattice QCD data (i.e.my, # 0). 0



Digression :H_QCD-dependent QCD vacuum energy

In the vacuum, Gy =0 (Eg = B; = 0)

G = DAy — Dy Ay — igs Ay, Ay ‘

[
A, = 0 Upn(x)3,Uy (x) : Not necessarily 0
3

U,(x) = eg3An (O)T® T (a=1,..,8): SU(3), matrices

U, (x) is a periodic function over the spacetime and characterized by
an integer number n (called “winding number”) which counts how
many times it periodically changes over the universe.

Therefore, the QCD vacuum is characterized by the winding number
associated with the gluon field A, in the vacuum.

11



-

[
Ay = —Up(x)0,Uy (x)

A vacuum with \
winding number n

93

=

Smooth

deformation
of A# :

Gy # 0

-~

A

\_

A vacuum with \
winding number n + 1

[
U= g_ Un+1(x)auU1-1l_+1(x)

3

Gy =0

/

There is a potential barrier between the vacua with different winding

numbers.

Voco

AVAVAVA

n

n+1 '
Ay

12



Voco

AVAVAVAS

Quantum mechanically tunneling can happen between the vacua with
different winding numbers.

The tunneling with An = 1 (—1) is called “(anti-)instanton process”.

Because of the tunneling, the true vacuum state is given by a superposition
of the classical vacuum states |n), which is dubbed “8-vacuum”.

0.0)

)= ) e )

n=-—oo
(|0) can be shown to be an eigenstate of any Hamiltonian of the form (m|H|n) = f(m —n).)

13



Vocp

AVAVAVAS

The 0-vacuum energy is non-zero due to the (anti-)instanton processes.

(0|H|0) = Z(m|ei(m‘")0H|n) ~ z(anIn) +Z((n + 1|H|n)e' + (n — 1|H|n)e %)

= const + Z 2(n + 1|H|n) cos & ~ const — VA‘}QCD e ~Sins cos 0
n

\ J
Y

~ Tunneling amplitude due to the
instanton and the anti-instanton
8m*
Sins = —5~ : (Euclidean) instanton action
3

AQCD : QCD confinement scale )



0.0)

)= ) e n) WP Vocp(6) ~ ~Nbep e S cos 0

n=-—oco

But what is 87

- int (m-m)0 Computation from
(9 e H) = E(mle l |n>el e Hamiltonian formulation
mn
i _ 'S i S Path integral
(Ble™"l6) =] [DA“]BPHQLS B z J [DA”]mH’tel formulation

_ Z [ [DA,]  elSantitm=mBocp = Z (me=tHt |n)ei(m-mBaco
men

mn
2

g —_ ~
2z daco GG

1
where S = [ d*x (—ZGa‘“’Gﬁv +

Thus 8 = Q_QCD

15



So we have shown that the (anti-)instanton processes yield vacuum
energy which depends on 6y¢p.

Sin " (“non-perturbative” ;
Vi~ AQCDe cos Qe cannot be described in
, terms of g%-expansion)
8T ) .
Sins = ) :instanton action
3

Agcp : confinement energy of QCD

This suggests the “axion solution” to the strong CP problem.

a(z)

Q_QCD — éQCD,eff — Q_QCD + ¥
a

» V ~ _AQCDe Sins cog (éQCD + aj(tx))

The field a(x) dynamics will minimize the potential so that 7 ) = —0qcp

» 0QcD.eff = 0

16



Axion solution to the strong CP problem

r—Lto ora_ B (g 2 gur e
—QOued T sy \een T -

This lagrangian cannot be fundamental, since it is non-
renormalizable due to the dim-5 operator.

What'’s the UV completion of the above lagrangian ?

* PQWW model (ruled out)

* KSVZ model

* DFSZ model

* String theoretic QCD axion model

17



UV model for axion

Consider a complex scalar field ®(x)
L=0,0* —V(®)

V(@) = —p?|2f° + M@ ur>0

The lagrangian has a global symmetry :

U(l)pQ P — (I)eia

“Peccei-Quinn symmetry”

18



p(;g)e’w(x) p(x) :non-compact real scalar field

1
b(x) = — . . :
V2 0(x) :compact (i.e. periodic) real scalar field

Ul)pg : (& — @) <= (A(z) — 0(z) + a)

: Shift symmetry of 6(x)

£ =102 - V(®)

| |
= 5(0u0)° + 50°(0u0)* = V(p)  V(p) = —1®|®* + N2
2
e A
==+ p

19



fa
£ =320 + 50 = V()
:%(6ua)2 * %(a“ﬁ)z B %m%ﬁQ —AMap” - 2ﬁ4 i gf;l
+ %ﬁ(aﬂay T 2}3 ﬁz(ﬁua)z

) =0 m =2\

The axion field a(x) is massless because of the PQ symmetry:
Ulpq:(0(z) — 0(x)+a) <= (a(z) — a(x)+ foo)

20



Now suppose a Yukawa coupling between the PQ complex
scalar and a quark :

2

_ T 93 p apy ,a
L =qy"D,q+ (y dqpqr + h.c.> + 39,2 0ocp GG,
y Oqhqr = —(f + p)e ) e glar,

<ij

. . . —ia(x)/2fa ia(x)/2fa
Chiral transformation (axion- v — ¢ qr, 4r =€ 4R

dependent field redefinition) (Q . eia(x)fy5/2faq>

9
. 95 [~ a(z) ~
L = D h. 0 G Ge
qry uq+<\[(fa+PqRQL+ C) 2faq’7’79+322(Q0D+ fa> v
H—/ |\ Y J
Quark mass contributes no desired term for the

potential for a(x) strong CP problem
21



2
— ik Y ~\ T 8 93 Doc ( ) apy a
L=qy"Duq+ (ﬂ(faer)qRqL —I—h.c.) 2, gy g + 392 ( cp + T GG,

The lagrangian is invariant under U(1)pq: a(x) — a(x) + faa perturbatively.
This symmetry is broken only by the QCD instanton effect non-perturbatively.
So the axion has a potential only from the QCD instanton effect.

V(a) ~ AQCDB—&ﬂ/g% COS (f + QQCD)

In order to solve the strong CP problem, U(1)p, has to be a good symmetry
of the theory up to the QCD instanton effect :

V(@) = ~Abone ™™ cos (- +aen ) + AV(a

» {a) +0qcp #0  for AV(a) # 0

a

(a)

AV(a) has to be very small so that the strong CP angle 8ycp efr = ot Ogcp < 10710

22



93

L = qgiv"D,q+ (y @qEqL + h.c.) + (quEqL -+ h.c.) + 59,7 Q_QCDGGMVéZV
U(1)pq invariant U(1)pq breaking >AV (a)
S a;x) . a](cx)_l_a)
U(l)pq < ar — qre ™/
ia/2

. 9r 7 4RE€

_. Yy ~ a a 92 7] a\x auv a
L =qiv"D,q + (ﬁ(fa + P)ghar + h-c-) — g+ =2 39,2 (96201) + ( )) GG,

—1a/fq a
+<qu i QEquLh.C.) » AV (a)~ y];: M, A? cos—

e_ia/fa
------------ (D
23




2 ~
£ = Giv"Dyuq + (y dahar + h.c.) n (qu};qL A h.c.) + 33;2 BocpGGe,

[ — D' (= ag) - a;:)+a)

i1 /2 iy al

Ul)pq § ar — are” q - qe

qr — qre’"”  Here 4 = PQ charge of the quark

\
‘ g, — e 0@/ a2y gia@)/fal/2

—. I Yy ~ 1 16 a 2 ( ) apv oya

L =qiv"D,q+ _ﬂ(fa + P)qRaqr +h.c. ) — o e 327T Oocp + 1 - i G G
a v a

2 X quark PQ charge

—ialfa T
4 (qu I qpqr + h-C-) quark PQ charge

roalr) | al2) + o Inthe redefined field basis, only the
fa a axion field transforms under U(1)p,.

U(lrq < qr. — qL

Georgi-Kaplan-Randall basis ‘86
24
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Peccei-Quinn-Weinberg-Wilczek (PQWW) model
[Peccei, Quinn 77, Weinberg ‘78, Wilczek '78]

T q : SM quarks
Y (I)qRQL ® : another Higgs doublet
SM:  yuuhQLH + yadbQLH  H@) = | 0 ] eowor
V2 v+ h(x) | ———
1in the
‘ unitary gauge,
No axion
2 Higgs doublet ; T .
extension : YuUpQrLHy +yadpQrHa  v° = v, +vg
1 ia(x)/vq
» Hu(af) ~ HSM(CU) Hd(w) ~ \/§(Ud + Ho(ib))e
H* ()

In the limit v,; > v,
fa < v :excluded by collider experiments 25



Kim-Shiftman-Vainshtein-Zakharov (KSVZ) model
[Kim ’79, Shifman,Vainshtein, Zakharov '80]

d T q : exotic heavy quark
Y *4RIL ® : SM gauge-singlet complex scalar

mg = %fa fa can be much larger than the weak scale.
—> tiny axion coupling (invisible axion)

The KSVZ model predicts a new heavy quark unless
the Yukawa coupling y is unreasonably small.

26



Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) model
[Dine, Fischler, Srednicki ‘81, Zhitnitsky ’80]

Mg e‘ia(m)/f“qEqL q : SM quarks
QL Hy + ygdQpHy + Aoy O HyHy = ——(fo + p)eo@/fa
YuupQrLHy + yadpQrHg + Aog P H, Hy \@(fa + pe
‘ Hy s Hoe—2a@)/ e
—21a A ~
you]r{QLHu + Yyde : /fad}LDLQLHd + %(fa + p)QHqu

Here f, can be large in contrast to the PQWW model.
—> Another realization of an invisible axion

27



String theoretic QCD axion Witten '84

Compact extra dimension

Our 4D world
-

Simplified 5D example :

M,N=0,1,2,3,5

1
S = / d*zdrs (—EFMNF + MMNP@RAMG%PGZQR)
5
1 174 vVpo ra a
:/d4:1: <—4—F”‘ Fo+ - (8 a)? + 2mR gk a P GWGPJ—I—---)

g° N J
Y

1
1
el Ga,uu Ga

dxs As (2!
TR o 5(33 73}5) 327T2 2

4D axion identified as a higher dimensional £~ 1
component of the gauge field 1672 28

a(xzh) =




QCD Axion couplings

]. 2 aua _ 5 ]. a =~ v
L :5(0ua) + Z cqqv" Y’ q + 35,2 cg—aGZVGa“

aﬂa’ ) 5 TH 1 a Irauy Uy
+ (; col M2l + ey H zD“H) + 35,3 E (cWWﬁyWa’“‘ + cg B, B" )

Cq4 is the necessary coupling to solve the strong CP problem,
and the other couplings depend on specific UV models.

Phenomenological constraints on f,; from the axion-gluon coupling:

10° GeV < f, <10 GeV  “QCD axion window”

Star cooling from Axion DM

axion emission overproduction
29



QCD Axion mass

When T >> Agcp, (T:temperature of the early Universe)

1 a n a auy
3272 (fa " 6QCD> GWG .

QCD instanton

» Via) ~ _ 4,87 /g3(T) g (ﬁ + éQCD)

4
W = BV (@i e A

7
a
temperature-dependent
axion mass

30



QCD Axion mass

When T < Agcp, the QCD confinement happens, and one
has to take into account quark confinement effect.

1 a Yapy
3272 (fa " 6QCD> GWG :

n n o a
» Via,n') ~ —muAQCD COS — 3 AQCD COsS (— + — + 9Q0D>
n’ n' a

in'/ fpr ~ —muA‘?ch COS (f + 9Q0D>
877/‘/(@7 77/) - O

ol
mg, ~ f2
a

u%u L = AQCDe

31



QCD Axion mass

More precisely including the other light quarks u, d, s
(using the chiral perturbation theory),

4dm, ,my , a
2 2 B u 2
Via) = —m3 f= \/1 (o + )’ sin <2fa)

2 Iz m72rf7%
Mg = 2 f2
(mu + md) fa,

1 12
» My ™ 5.7( 0 fGeV) eV

32



Axion-Like Particle (ALP)

Theoretically similar to the QCD axion, not being involved in
a solution to the strong CP problem.

i) Periodicity : a(x) — a(x) +27nf, ( a](cx) = 6(x) ; angle)

ii) Approximate shift symmetry U(1)pg: a(x) — a(x) +c¢

oua
Ja

CA Q A TA
— 4 F 1224
3272 f, M

L= %(@@)2 +

— <
<c¢¢7“¢ + CHHTZ'D“H) -+

i) > Natural size of ALP couplings is determined by f,.
i) > ALP is naturally light.

33



ALP mass by nonperturbative effect

s GuGn W Via)~ Ao cos £

Ay : confining scale of the hidden gluons

2 ﬁ —8m2 /9%,
My R —5-e

a

The axion mass m, and coupling 1/f, are basically free
parameters with theoretical naturalness by the symmetries.

34



Why ALPs ?

* QCD axion :if it really exists, probably not alone.

* String theory : generally many 4D ALPs from higher
dimensional gauge fields upon compactification of

extra dimensions

* The conventional BSM scenarios (e.g. GUT, SUSY,
composite Higgs) involve ALPs in many cases in
different context.

35



Cosmology of axions :
axion dark matter

36



Spontaneous PQ breaking in the early universe

L=10,87-V(®) Ulpg:® — e y Bqlqr

3 /\,?ﬁ

V(®) = (kT% — 1) |®)° + A[®]* k= A+
: thermal mass from @’s interaction with thermal plasma

u
V() T, = N £

T>T,: (d)=0
(no massless field = no axion)

A a
T KT, : (CI))=@E\];§

(U(1)pg spontaneously broken -

a massless goldstone boson = axion)
37




Axion cosmology is very different depending on

when the spontaneous PQ breaking happens

i) beforel/during inflation (and never be restored afterward)

: Gibbons-Hawking temperature T; = — < f,

ii) after inflation

: Reheating temperature (temperature
right after inflation) T = f,

38



i) PQ spontaneously broken before/during inflation

Pre-inflationary PQ symmetry breaking scenario

Time ,6\‘
Lee" T == tsl inflation
S H,! St end of
< oo 6: a

no PQ symmetry
restoration

®: PQ complex scalar

The inflationary expansion makes the axion field value universal
over the observable patch of the universe.

39



Axion field dynamics in the pre-inflationary PQ breaking scenario

Same initial axion field The axion field starts to
value over the universe move after its potential is
developed.

40



Misalignment production of axion dark matter

Hubble friction is strong

Mg K< H(t) %

1 [ m? m2
l > 1) = Qipj 1 — 2 “
| a0 (1455 |5 ) )

ini

slow-roll : dark energy

me > H(t) Hubble friction is negligible
a(t) =~ agp(t) cos(mgt)
Pa R lman(t)Q x 1 damped harmonic
2 R oscillator : cold dark matter

41



Present oscillation amplitude ay K f0ini

>

Nfagini

In the present universe, the oscillation amplitude is significantly smaller
than the initial amplitude (~f,), because it has been damped.

a(t,Z) = agcosmy(t — U - T) |¥]|~1073 : virial velocity of the axion DM

1 2 9 » Pa Mg JaBini ? v Mg
imaao PDM N 1 ,ueV 1013 GeV Mg, osc
H_/

The present amplitude ag is determined from the initial 0(100)
amplitude ~f,0;,; and the axion mass mg; & mg ¢ - for QCD axion

42




1 4
V(a) = —Ay(T) COS% ~ Vo Ema(T)a2 m2(T) = A?C%T)
Eq.of motion G4 3H(t)a+m2(Ha=0 H(t) = %

-
~

/,— AY t
Solution ansatz a(t) :(\A(t)}cos (/ dt/ma(t/)>
N tl

/\_’/
// \
v Y

H(t) + 0 (WKB approx.) mg,(t) > H(t)

) Al ~ A m1 R} Subscript “1” :initial value
() ~ 4 meq(t)R3(t) (at the oscillation start time)

Sol. (my (t) > H()) 43



Energy-momentum tensor

1 1
p = §a2+§m2a2

tnaefivo (2]
2 my

1

t
p = —a°—-=m2a* = —=m?2A%cos <2/ dt’ma) ll—l—O (£>]
2 11 L%
- mlR‘{’
J L A(t)NAl\/ma(t)R?’(t)

1
~ —MmM
P75

(p)e =0

1 R} 1
2A% §mam1A%R—;’ X 73

: behaves like a2 matter.

as m,(t) — const.

44



2 R3
7
my = 3H (t1) ~ M—Pl Oscillation temperature
R} T°
R3 T_13 Entropy conservation

45



DM abundance

1 , Ry , 1 T3
Pa = —Mg A7 mi—3 ~ mqA7 37
2 R vl ]\4})1
A,
fa
2 ~1/4
2 Mg fa > ((9xs(T1) mg
Haht” 0.1 1 peV (1013G6V) 91( 100 ) . my
\ /J
Y
0(100)

for the QCD axion

46



Logo [f," / GeV™]

X -

1 0(100) for the

QCD axion

er-abundant

axion DM with the

ial angle 6;,~0(1)

—1/4
O B2 ~ 0.1 Mg, Ja Q*S(Tl) /
“T TN 1 peV 1013 GeV 100
-5
nder-abundant
-7 cion DM
. ’!Z
i
-11 ‘
Ov
- init
-15
7. ®

47



ii) PQ spontaneously broken after inflation

end of inflation

PQ symmetry
restoration

QCD phase
transition

after QCD
phase transition

e R RS o ey S . =V

The axion field value can vary by O(1) over the horizon scale.

48



String-wall network in the post-inflationary PQ breaking scenario

™ causal patch

string +
domain walls

Hiramatsu, Kawasaki, Saikawa, Sekiguchi 1202.5851

The string-wall network decays to axions. The resultant axion production turns

out to be larger than from the misalignment mechanism by about the log factor. 45



Axion Dark Matter

* PQ breaking after inflation

v" Axionic strings and domain walls are generated.
v Axion DM is mainly given by annihilation of them.

But it requires Npy, = 1 for the
string-wall network to collapse.

(Axion Domain Wall problem)

a(x
Via) ~ —muA%CD COS (NDW ; ) + QQCD>

string +

domain walls a(z)  a(x) . alz)
Il = + 27 (1.6. —(9(:17))

(Note Npy = 6 in the DFSZ model)




Axion Dark Matter

* PQ breaking before/during inflation

v No domain wall problem
v' Axion DM is given by coherent oscillation of the axion field.

]

The axion field gets quantum HI
fluctuation during inflation. 5G(ZU) = —

51



Axionic isocurvature perturbation

* The primoridal axion quantum fluctuations turn into axion DM density
perturbation after QCD phase transition.

a(x) = fu0(x) QCD phase
transition

* |t generates the “isocurvature mode” of CMB perturbation.

oT 4 Q) o6
— ~ — a 3.8 x 107°
( T )iso 5 <QDM> emis < 8

Planck Collaboration (2014)

52



Tension with High scale inflation

If axion is a major component of DM in the Universe, the axion field
fluctuations must be very small.

5T 4 ( Q, \ 0 iy o0 _ s
<7>180 ~ ¢ ( ) < 3.8x 10 :> s 10

Qpm ) Omis
e ~ Qpum

This means that the primordial inflationary Hubble scale should be so
suppressed compared to the axion scale at the inflationary epoch.

56 — 27@?(;)1) ) H(t) S 1076 fult)

53



Upper bound on the inflation scale for Q,=Qp,
in the conventional scenario

14| 10.16
12} 05 2
> I S
& g
> <
Sl ?
T 10" b &
IE g
o)) r —
@) @)
— Z
I L

i 11078

1 12 13 14 15 16 17
Logl() [fa/GeV]
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Experimental targets for
QCD axion-photon coupling

55



Axion effective interactions to the SM

2 0,a _
> ng; P S - > ey
F=G,W,B ¢ Y oy=q,¢
@ At low energies below GeV
%E . Sy
4 A \
e’ 5C F F’UV—HJN——F (NJW’y5N)—|—a“a (enN~y VON + coeytny e)
327T lyfa HY fa fa ‘
Photon coupling Nucleon EDM Nucleon and electron
coupling derivative couplings

C)/ = CW + CB
2 (my+4my)

K, = 2.4 . 10_16 Cc € cm Cp ~ —(0.24 Cq + 0.88 Cy — 0.39 Ca

T3 (mgrmyg) 6 (from QCD sum-rules)  ¢n = —0.01 ¢z —0.39 ¢, + 0.88 ¢4

(from lattice QCD)

56



Basic detection principle on g,

Axion-photon L O mﬂaFWﬁW — _@aﬁ . B
coupling 4 4

' modification of Maxwell’s equations

Peft
A
. 4 IR A\
V-E=p+9ge,B-Va
V x B=8FE+J— g, (Bda+E x Va)
N J
V-B=0 v
. Joff
VXE:—atB

6 a # 0 W) Effective electric charge and current Eip Axion-induced
EM fields



Axion-photon coupling in KSVZ

1 €]
yQPQRQ, + h.c. 20) = (fatp@)e T
Qr(x) = e $19Q, (x)
PQ symmetry : a](fx) - Cl](CX) +a & " _ " with &, —¢p = —1
¢ ¢ Qr(x) = e'SRYQp(x)

SLr) ¢ PQ charge of Qg

r [ LM
Qr(x) — e T Qr(x)

3 a(x)

Now redefine the quark fields as i £,200)
L Qr(x) » e " o Qr(x)

Then the axion field in the Yukawa interaction disappears, but it appears again

as ... 58



. alx)
BT Qr(x)

¢ a(x)
ALy~ Qr(x)

Qux) —e
with §; — & = —1

Qr(x) e

b b Ol 4 _
QLLO-HHMQL - QL O-'uauQL o fL—QL ot QL
a
i by Ol ¥ 4
QRlo"uauQR - QRO- a,uQR o €R —QR g QR
a

d,a d,a
—¢; o QZ at QL —¢r S Q; U“QR
a a

i, i, Q
= (6L — fR)faQ*V“VSQ + (& + 5R)%QTV”Q ¢ (Q;)

= —%QTV“VSQ + (2&, + 1)%0*)/“@

J \\ J
Y Y

Axial coupling (physical) Vector coupling (unphysical: &, is arbitrary.)

The derivative interactions to the quarks become negligible when E < m



C))
QL(x) — e T QL (x)
with §; — & = —1

i £ %)
Qr(x) » e ™" Ja Qp(x)
2
By the chiral anomaly, ]%AZQ: EQTr[TZ(Q)] 1?22 AWV A‘W
= (=, +R) £ ZaTr[TE(Q)] 1oz AFY Ay
2
_a 2 8A v A
- fazTr[TA (@)1 ces AW Ay,
T4(Q) Au
Q
a .
fa 4@
AVAVAVAVAVAY. 14
T4(Q)
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E.g. in minimal KSVZ model, the quark’s charge R under the SM gauge group
SU@B3)XSUR2) ,XU(1)y is

QL(r) is (anti-)fundamental

RQ = (3’ 1, O) representation under SU(3)..
ZTrT(Q) 2 > ARV A -2 g5 GH¥ G
fa i W fad2m T W

: only axion-gluon coupling without axion-photon coupling at
high energies above the QCD confinement scale ~ 1 GeV

IZ

» e a<24md+mu) pav o2 192 o v
3212 f,\3 m,, + my W32 f) (4) Hy

At low energies below : axion-photon coupling arising from the axion-
the QCD scale ~ 1 GeV gluon coupling due to axion-pion mixing
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However, the minimal KSVZ model has a cosmological problem that the exotic
quarks are stable and may be over-produced in the early universe beyond the
observed dark matter density.

In order to allow the exotic quarks to decay, they have to be charged under the
SM gauge group U(1)y.

Anexample: Rp =(3,1,—1/3)

» QZdR allowed for Q = (8}2) to decay

g a g2 1 ~

=Gz G G+ eZ%FﬂF’ _ofw Lpw gyl gz
32n2 KV~ 32723 Hv 162 32 HY " 16m2 32 Hv
B¥= ¢y, F* — sy, 7" g1 = gotan Oy,

e = g,sin 8y, = g4 cos 0y, -



People commonly denote the anomaly coefficients as N and E which are

defined as

a ~

fa 32n2 NG G nv )
-2 95 e o & F pwp )
f 32n2 W 322 N g
| — fa —
fa = i where  a(x) = a(x) + 2rf,
Myfe Myfr <1012 GeV)
my = N =TT =57 peV | ————
R g fa
_ e 1 E_192(4_) E:O[R = (3,1,0)]
Yay = 82 fr \N : N Q ,1,0)],

31—+

(2 (5 - 19200 EIRQ:...( )

~ 5x1015 GeV \ pueV/ \WN
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L D Luzio, F Mescia, E Nardi ‘| 6 redefined the “QCD axion window” by two

requirements

i)  Cosmologically unstable exotic quarks (Not to overclose the universe,
constraints from stellar dynamics, BBN constraints) = The exotic quarks
must carry non-zero U(1)y charge.

i)  No Landau pole of the gauge couplings up to the Planck scale = The
representation (or charges) of an exotic quark under the SM gauge groups

should be not too big.

| Ro | 0q, | A7%[GeV] | E/N [Npw|
Ri:(3,1,—1) Qrdr 19.3-10%(g1)| 2/3 | 1 E
LB2(3.L3) L Quur 54103 o) | 8/3 J_L_L,
E_ R3:(3,2,+% Qrar  [6.5-10%(g1)| 5/3 | 2 || 0.25 < |N _ 1-92(4)| < 12.75

)
TRy (3,2, =5y [ QpdrH™ |43 710 (gn) [ 17/37 2] [

2
Rs:(3,2,+%) | QpurH [5.6-10%(g1)|29/3 | 2
Re:(3,3,—3) | QracH' |5.1-10%(g2)| 14/3 | 3
LBz (3.3, 5L L _QearH_ 1661027 (g2)) 20/31_3

===

_____ L |E
44/3] 3 || ‘ﬁ_ 1.92(4)‘ = 0.75 (DFSZ1),1.25 (DFSZII)

)
)
)
L
)

TRe: (6,1, - %) [QLodr -G |23 10°(g1)| 4/157 5
) 5
)

)
)
)
)

16/15
2/3 | 10
8/3 | 6
4/3 | 12
1/6 | 20

2/3 | 20 64
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