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Basic Transformation in the QFT

 C for charge conjugation
* P for parity: P: (t,x) = (t,—X)
o T for time reversal: T: (t,x) = (—t,X)

CPT Thoerem: the Lorentz invariance and unitarity requires that all the
terms in the Lagrangian should be invariant under the simultanous
application of C, P and T.

CP symmetry is already broken in the weak interactions. How
about strong interaction?



Classical calculation of Neutron eDM

* The neutron eDM in classical formula 4
d= Z qr &

* Using the fact that the neutron has a size r;;, ~ 1/m_, the student would then arrive at

the classical estimate that
|d,,| =~ 10713v1 — cosf e cm

* As avector, the eDM will point in the same (opposite) direction as the spin
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Measurement of Neutron eDM

* Precesion Measurement

* The current best measurement of the neutron eDM is

|d,,] < 107%%e cm

This result is much smaller than the theoretical prediction ?



Classical solution to Neutron eDM

d= z q7 3 = Pxp
Remember the eDM will point in the same (opposite) direction as the spin

Solution 1:parity is good symmetry P d— _j, S -3,

d A M
Solution 2:CP is good symmetry ﬂ

- =N N w1y
T:d->d,s » —s =

The only way for both § = d and § = —d to be true is if the dipole
moment is zero.

But CP-violating phase in the CKM matrix is about /3!
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Strong CP Problem at Quantum level

* Low-energy QCD done incorrectly
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* SM contains these gauge groups:

SU(3)

SUQR)L _SU@R)r UMs UM QCD confines Experiment
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result: (qq¢) # 0 SU2) xSU(2)gr = SU(2)p,
0 1 1 ee——
and also breaks U(1) 4
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* As with any spontaneous symmetry breaking, there will exist Goldstone bosons:

T E}f 0 | SU@)L SUQx U)s U(1)a
=e s
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Strong CP Problem at Quantum level

In all renormalizable operators consistent with symmetries with arbitrary coefficients,
we consider the leading order

L= f2Tro,Uo*U" + afFTr MU + h.c.

The mass matrix can be obtained via above Lagrangian

m,+myg my, — md) <n0> ., mitin?

m,—mg my, +mg !

V=af,(my +mg)n*n” +a—£” (m® n") ( "

The mass relationship:
2Mmyp+ = myo + my

The experiment result:
Mg+ = Mpo = 140MeV while m,» =~ 960MeV

Something went Wrong?



Anomalous symmetries

* |f one rotates the quarks by
u— eiau, u — eiauc

* The Lagrangian also changes as
2 2

9 g
GG
1672 L2655

e Thus, U(1),symmetry is actually not a good symmetry of the theory. For 2-flavor QCD,
the proper anomalous symmetry is

Lo>L+a GG

u-ey d-e%, 6 - 60— 2a

6 is not normal spurion as M because that 0 realizes the symmetry non-linearly,
So we need to let 8 appear in Lagrangian as e'd

Because of 8, transforms under this symmetry, the corresponding pseudo-Goldstone
boson, n’, obtains a mass to solve the previous problem !



The theory of pions and neutrons

Recall the anomalous symmetry
U-e%U,0->6—2a M- e *M

Written in terms of the n’ boson, the good symmetry of the theory :
n'-n+ \/Eafnr,e -6 —2a,M - e M

The effective Lagrangian, which is invariant under SU(2); XSU(2)gXU(1)y but not
invariant under U(1)4

L = fZTro,Uo*UT + af;i2TrMU + bf;}detU + h.c.
The phase of the complex coefficient b is fixed to be b = |b|e'®. The mass of n’ boson is

Plugging this into

L—E 2 ,_efn’ 2+m the matrix U 0 T,
=My \ 1 NG ) U = e'Ze V2rr

a
a
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The theory of pions and neutrons

The first step is to find the vacuum about which to expand.

(%) = pV2f; o—) - (eiqbﬂe 0 )

0 e—i¢+i9

The potential comes from the term

V= —af3Tr ((muewu 0i9d> U) + h.c. = =2af;3 [mucos (gb +—§) + mgcos (gb ——Z)]

The minimum of this potential can be found to be

tan¢ =

The pion masses are

2 _
mno—

my —m 0 4m,m 0
u—dtan—,Vz—m,ztfnz\/1+ T

0 mge
—

0 =6+86,+86,. (only physical quantity)

m,+my 2 (my, + my)? 2

afn\/ma +m3 + 2m,my cos 8, m%, = afy(m, + my) )

It is an observed
fact that m + =
m_o, giving the
first indication
that 6 ~ 0.
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The theory of neutrons

 \We can thus construct a nucleon field N

N =qqq = (fl)
* Write down all of the leading-order terms with arbitrary coefficients

i
L=-myNUTN¢ — ¢;NMN¢ — c,NUTMTUTN¢ -5 (g4 — D|NTo*UI,UTN + NTo#UT9,UNC ]

* Expanding these terms out to leading order in pions, the leading CP related terms are

_C m m,m
L= —QinaNTaNC — iM T*NTENE, u = uw d
fr fr my +mg

CP Violating CP Conserving

In Weyl notation, CP difference is that coupling is real or not. In Dirac notation, the
difference will be y°

Experiments tellus: ¢, = 1.7, g4 = 1.27 5



Neutrons eDM

The matrix element of the Feynman diagram is (Dirac Notation)
2

= A
eHgAc+,ulogW —

M~ e (Qu )Y quivsu(p)
Let us now pretend that the neutron has an eDM in the Lagrangian
L D dyF,ny*iysn

This would correspond to a diagram with the matrix element

iM = 2dne;(@ulp)y* quiysulp) -

efgacip, N e _
— dp = 82 /2 logm% ~3x107%9ecm  A=4nf;

Comparing d,, to the bounds on the neutron eDM gives 8 < 10710
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The & Vacua

. : 1 092 : :
* If we start with the Lagrangian L D % G2 +?€TSZ G Gand calculate the Hamiltonian H,

we find that it is independent of 6.

* A given state evolves with time can be calculated with e'|x;) also independent of 6. This
is the first puzzle

* We also can the physical quantities use the principle of lease action:
. x .
(xflelHtlxi> — fxifd[x]els
* This can be done as following relationship:
GG = 0,K*, K" = enPoag |Fg, —2 Fabepbag|.

What is of interest is the action, which is the integral over all space of the Lagrangian
_ [ g4 4, 098 ~x _ 43 098 7
S=[d*xL>[d xszG_fd x5 K

T—00

Thus, if K vanishes faster than 1/r3 at infinity, then this quantity will integrate to zero and 6
cannot have any physical effect. This is the second puzzle. H



The & Vacua

The key to resolving the two puzzles: Instantons and the vacuum structure of QCD

1. Answer to the first puzzle:
0 appears in the Hamiltonian formalism as a super-selection rule. So, although it does
not explicitly appear in the Hamiltonian expression, it determines the choice of physical
states.

2. Answer to the second puzzle:
There exist certain finite-energy field configurations (instantons) for which K~1/r3,
making the surface term at infinity non-zero. As a result, the 8 term indeed has an effect
on physical quantities.
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The & Vacua

We want a system with finite energy, so as r - o=, we need the gauge field to become pure
gauge so that the E and B fields vanish :
r—oo, A, » U9, Ut
Means mappings between the gauge group SU(3), and the sphere at infinity S3 are equivalent
$1 — ne;
With n is the winding number, which of any given gauge configuration can be determined by
4

[ d*x 327‘[2
Now we will find the eigenstates of the Hamiltonian, with the vacuum is the lowest energy
eigenstate. The matrix that we are diagonalizing is called a circulant matrix and is of the form

GG ng —Nny

1
E e € - €pq 2
1423 . D1 EF @ &



The & Vacua

* The eigenvectors are

2 D-1 _ ,2mij/D
(1W], Wi, W; ),Wj—e””/

e The eigenstates of the Hamiltonian for D — oo, are

|6) = NYe'"|n)

* 0Ois whatis called a super-selection rule. Because it is impossible to transition from one
value of O to another. We note that

1
i — ] 0 d* HGG
(61016) = Ymn e ™ (m|0[n) = Tane®*(n+4|0[n) = Tane’ J (n + A|0|n)

= v f dae! Pt (A —Jd*x G@> _ [ daed ¢Ermmas

3272

Hence choosing the 0 vacua in the Hamiltonian is completely equivalent to having the 8 term
in the Lagrangian.

17
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Solution to strong CP problem——massless quark

0g? .
3212 GG

L > mye®uuu’ + myeadde +

* The only physical quantityis@ = 8 + 6, + 6,

anomalous symmetries: New anomalous symmetries:
Up quark is massless

u—>eiau,9u—>9u—a,9—>9+a — u—)eiau,9—>0+a

d—e®d, 0;>60;—a, 0->0+a d—e®d, 0;>60;—a, 0->0+a

2

No 6, So CP symmetry,
no neutron eDM,

An alternate way of the massless up quark solution Strong CP problem Solved

m, < 107%m, Experiment ruled out (Lattice)

Other solutions, such as P or CP is good symmetry to forbide neutron eDM, is not good as CKM is observed to be large.



Solution to strong CP problem

RG Running:

* If @ is set to 0 at some high scale and the EFT to low energies is just the SM, then 6 will still

be very small at low energies, thus it can be effectively ignored.
* It must also respect the SU(3) o XSU(3)y,cXSU(3)4¢ flavor symmetries of the SM. Thus,

Bs = g*argTrY, Y Y7 Y]

* [tisimportant to note that 0 is a topological parameter that does not appear in
perturbation theory. Instead, it the phase of the quark masses that evolves with RG.

20



Solution to strong CP problem—Parity

* |f parity were a good symmetry of nature, then the neutron eDM would be zero.
P:SU(2), <> SU(2)g, QL <> Q}, H, <> H}, L, <> LY,

 The 6 term is P and CP odd and is forbidden by parity, while the Yukawa are of the form

T t
H H H H
LDYuQL LOR R_l_YdQL L QR B4 hc.

Ay Ag
e Under parity, the Yukawa matrices obey
YuVR + Yd VR T
Y. = =Y Y, = =Y
u Au u d Ad d

* Hermitian matrices obey arg det Y = 0, but their individual elements can be complex.
0 =0 +argdetY, + argdetY; =0
All of the nice properties of the parity solution are preserved with this type of breaking and the

Strong CP problem is solved. Thus the simplest parity solution to the Strong CP problem is on par
with the axion in its simplicity. 2



Solution to strong CP problem—CP
Solutions to the Strong CP problem that utilize CP symmetry are typically called Nelson-Barr
models. The tree-level Lagrangian under consideration is
L =pqq® +YUHQ;df + A"n%dfq

The 4 X4 mass matrix for the quarks is then

M = (u An)
0 mgy

where m; = Yv is the 3X3 down quark mass matrix. It is simple to check that at tree level
arg det M = 0, while the CKM phase is non-zero and large if u < An. By fiddling with the size
of various Yukawa couplings, loop-level corrections to 6 can be made small.

Even more so than parity-based solutions, CP-based solutions are very fragile, as many

coincidences of scales are needed for the CKM angle to be large.

22



Solution to strong CP problem QCD Axion

Axion is typically considered to be the simplest solution to the Strong CP problem, though the
minimal parity-based solution gives the axion EFT a run for its money.

* The EFT consists of a single new particle, the axion (a), and a single new coupling (f;)

L (a + 9) L e
D —
fa 32m?
e The axion obeys an anomalous symmetry
a-a+af, 0-0—«

* every non-derivative interaction of the axion can be obtained by observing that wherever
we have a coupling 6, we can replace it with 8 + a/f,.

* UV completions of the QCD axion will occasionally generate other couplings, (To quark
coupling can be generated by RG evolution)

+— ww +% QtohQ
fp 32m? fw 32m? fo 23




QCD Axion Solution to strong CP problem

* Using our trick from before, we find that the axion potential is

4m,m 6 el
2 £2 utd . amymg . a
V= —mzfy \/1 (my, + my)? sin? 5 ) V= —m2 fnz\/l — ———"—5in? (— +—)

(my+mg)?

* To solve strong CP problem

2

efgaciu. A . a -
L= 8n2f? logm%~3><1019ecrn— dnocE-I_H:O

* QCD axion mass relationship, expand V at the minimal potential, with small a/fa

My fr Mg 1012GeV
a’ o—) m, = — ~ 5.7( ueV
“ fa my, + mg fa

1 mymg mif?
Z(mu‘l'md)z faz

V=-m2f?+

24



Axion Quality Problem

* There is a very well-defined anomalous symmetry associated with the axion coupling, there
is no symmetry associated with it. This lack of proper symmetry properties generates two

issues that together are called the axion quality problem:
1. Because the axion has no symmetry properties, thus the axion also has a host of other

couplings. Thus we need UV complete model.
2. Even if one imposes the anomalous symmetry, gravitational effects will break it and the
axion will obtain a separate mass term that is not centered around a zero neutron eDM,

which reintroduces the problem.

25



UV completion model of QCD Axion

* A complex scalar ® with an approximate U(1)p, symmetry, a is pseudo-Goldstone boson
d = (fa + r)eia/fa

* The Lagrangian related to ® and q s
v = —m2odt + A(dd1)” + ydgq + he.

« After we redefine q¢' = ge'*/a, the axion will appear in the GG coupling due to the anomaly

QP 1) The couplings eqq€ and £2®2will break the anomalous U(1)pg symmetry. This generate

V ~&2f2cos (Fa + gb) requires it small thus, ¢ < 10719GeV
a

QP2) Gravity breaks this anomalous symmetry, which induces higher dimensional operators

vV~ LA cos(ﬂ+¢ )re uiresn < 14
M}le—‘l- M;;L—‘l- fa n q ~

26



Solving the Axion Quality Problem

* More plausibly, the accidental U(1)pq symmetry could result from chiral gauge theories in
much the same way that U(1)g_, is an accidental symmetry of the renormalizable SM.

SU(3). SU(N) SU(M)|U(1)pqg
Q1 O O | 1
3 X Q2 O ] -1
M x Q3 ad a 1
3M x Q4 d -1

* The lowest-dimensional operator we can write down that violates this accidental U(1)p
symmetry is

LDQé"Qi" _f COS(_a+¢>

3M—-4 3M—-4
M, M, fa

* By taking the gauge group M > 5, we can suppress higher-dimensional operators enough
that the axion still solves the Strong CP problem .

27



Axion-full theory

e Two classes of "invisible axion" models:

1. KSVZ: New scalar doublet + heavy quarks

2. DFSZ: New two scalar doublet model

Useful benchmarks:

g4y [GeV™]

X107 ™

1x10°*

2, [x 1079 GeV ™

1x107E
1x107F

1x10™" &

1x10712[

10

8 -

_o
A\$/ —

6F \;%"1&

4 o N=0

gL
2r " DESZ.ENZS3
0

0.0 02 04 0.6 0.8 1.0
Axion mass [eV]

1x107°

1x10®  1x102 1x10'  1x10°

Axion mass [eV]

1x10™
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Variations of QCD Axion- Couplings

* Recall the QCD axion Lagrangian

L <a+9) GG+ BB +— Wi +-28 gt
_(a a a Zut
fa 3272 fp 32m? fw 32m? fo v
a 1 . d,a Jayy® _
—(L19 GG+ QtorQ +=—FF
(fa+ )32n2 T VT
* YJayy CanN be much larger thanl/f,
o« 1 1.92(4)
g“VV_zn fuv fa

* fo can be within a loop factor of f, because of RG evolution. But it also can be larger

In principle, g4y, and f, can be extra free paramters as f,

29



Variations of QCD Axion- Mass
* Introduce a new confining gauge group to which the axion couples

2 2
a Ys = a Is =
—+9) GG+(—+0')— G'G'
(fa 32m? fa 32m?

6 =~ 0’ up to 10710 to solve the Strong CP problem. Z,symmetry which keep these
two angles same. After this symmetry breaking, axion get higher mass.

* The axion non-linearly realizes the Z) symmetry and interacts with N copies of QCD

ma(N) 4
mg(N=1) 2N/2

a 2mk N
L= (7+T+9)Gk6k )

makes the axion mass exponentially lighter

In principle, m, can be free paramters as f,

30



Axion Effective Lagrangian in QCD

* Axion effective Lagrangian for 2-flavor QCD

——(a ) +;3252GG+ gayaFF+ CqCI)/”)/sq qLMqqr + hec..

* We could use field transformation to solve the strong CP provlem:

, IrQ ~
inZ;;aQa ) d

q-e q 95 3502 fa

* Then the Lagrangian becomes

1 2 1 ~ dya _ _
L, = > (a”a) +ZgayaFF +2Lfa qcqy*ysq — qLMqyqg + h.c.

Jay = gay (2N, )2 f Tr(Q,0?%) m———————) Jay = ggy -

Cq —cq Q.

a (2 dm, + mu>

0. = M=1/TrM-"1 2nf, \3 my, + my
a q q

M, =e 2fa M e ZfaQa
q ’ 31



Axion Effective Lagrangian to Pions

* Axion chiral Lagrangian for poins and axions Only include iso-triplet contributions
LXFT = [Tr((DﬂU)TD#U) + 2B, Tr(UM] + M,UT)| + 2f - fn Tr[c,0%|Tr[o®(UD, Ut — U'D,U)]
* Expanding the iso-triplet current terms: l
dual 1/mg—my fr
=Tr|cgo|Js = (— 9 ) d,adt
2fa r[cq ]]a 5 mu+md+cd fa adtm?
+—; (% +cd - cu) 0,a(20"n°n — gt — ot ot T)
e axion-pion coupling l
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Axion Effective Lagrangian to nucleon

* The LO effective axion-nucleon Lagrangian reads

aa
Shp — RSH 2
> 2fa(zv p —nS#n) + 295

Ly = NvFo,N + 2 ya Cu t Ca 0p
n=Nv gA 2 2f,
« Above Lagrangian can be simplified based on g, = Au — Ad and g¥¢

6 a(Cy —Cq Cy + Cq
— 317 4 — Ayl
2 fa { > (Au — Ad) (pyHysp — ayHysn) + >

= E NCaNV“VSN

(pS*p + nS¥n) + -

= Au + Ad

Ly >

(Au + Ad) (py*ysp + ﬁy”ysn)}

Mg My 0 0
Cop =-— Au + Ad ) + cyAu + czAd,
m, + my m, + my
My Ma 0 0
Con =-— Au + Ad ) + czAu + ¢y Ad
m, + my m,, + my

* where Au = 0.897(27),Ad = —0.376(27) and mF(ZGeV)/mF(ZGeV) = 0.48(3)



Axion Effective Lagrangian to Electron

The LO effective axion-electron Lagrangian reads
d.a _
Le = Caez—fa ey*vse  with. C,, =c? + éc,

The relevant one-loop diagram is logarithmically divergent, and can be understood as an
RGE effect on the C,, coefficient from the PQ scale down to the IR scale yr

[ ( ) 24md+mu1 (Ax)l
e 47T2 N \ur) T3 my rmg o g

Where E /N is related to ggy, tipically, A, = 1GeV, yjr = m,
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Summary of (QCD) Axion

* The relation between the axion mass and the axion decay constant

1012GeV
m, = 5.691(51) T ueV

a

* The axion interaction Lagrangian

: a Cqy d.a
£int 5 — YV apf 4 C af o 2f fr*vsf + =~ 9 jalommm]#
a

8T fa fafrr

E
Cay =7 — 1.92(4)
Cap = —0.47(3) + 0.88(3)c) — 0.39(2)cd — Cy sea
Can = —0.02(3) + 0.88(3)c — 0.39(2)c? — C, sea
Ca sea = 0.038(5)c? + 0.012(5)c? + 0.009(2)cg + 0.0035(4)c?, Question: Could axion
3a? [E GeV iolati
B i : log(fa) ~ 1.92(4)10g(£ >] has CP violation
Me couplings to fermions,

a2 [N
Can = 0.12(1) +_3 (ca = c), such as af f?

e
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e Axion Direct searches

e Axion Dark matter searches
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Axion Cosmology

Origin of Dark Matter ?

Initial SmalI-;;:ra‘;en:::;a;ionarg{areheating Thermalisation 2 BBN Recombination
Conditions ? —=—F——+——7"—> s I I
| —1” * Radiation Doninant:R o t'/2
FLATION HEAT ING: 1G & 3= 4 :
Y < BANG g 4]« Matter Dominant:R o t2/3
Oscillons ? ——F—— | . Ht
CMB Window End of Inflation Post-reheating Phase Matter-Radiation Dark * Vacuum Energy' R X €
(8 e-folds) 2 Transitions ? Equality Energy
<=~ 60 e-folds}—=—= ?
* Reheating temperature of universe?
* All we know is Ty > MeV
* Axion physics depends on if Try > f, or Try < f4
Tru fa
fa Tru
37

-PQ restored at high T -PQ never restored



Axion Evolutin

* Consider scalar with mass, m,

« Scalar action,
S d* . "o, o 2 2
> x\/—g 597 0up0vP —my ¢
g*’ = diag(1,—R,—R,—R)

- Euler-Lagrange equation of motion (H = R/R ~ T?/Mp,)
i+ 3Ha+m2(t)a=0

38



Axion Evolutin

LOO "=
For H > m, = field is stuck: -

Cl+3HClZO:>a=a0 9050- o
0.25
(

For H = 0: = harmonic oscillator »
a(t) = f,0pcos(myt) o

0.5 1 2.5

.0 1.5 2.0
R/Rys.

For H < t~1
a(t) = f260(R/Ry)3 ?cos(m,t)

The energy density at time of transition is:
po ~ V(ag) ~ mé@&faz

After field gets unstuck it undergoes (damped) oscillations
px R™3

39



Axion Relic Abundance

The axion number density

Cpa(TR) R(T\’ Te )
ng(Tg) = — ng(Tr) (R(T) ) ~ 07 fim, (Wl)

2
At Ty the entropy density is s =% g.s(Tr)T3. The entropy density scales with the scale

3
<R(TR)> _ <g*s(To)> <T0>3
R(Ty) 9xs(Tr) ) \Tg
where Ty < Ty is the temperature at a later epoch, for example today or matter radiation
equality. The energy density at T is thus

05T (To)* g fimd
9.s(Tg) \Tg

factorass o« R~3

3
3/2 Ty

a(To) = pa(TR) :
Pallo Pa\lR (mampl) )



Axion Relic Abundance

Oscillate temperature:
3H(Tosc) = mg(Tosc) , WithH (Tosc) ~ Tozsc/mpl-

Axion energy density at matter radiation equality

m Gvs(Tmr) (Tur)\’
(Tvr) = —2— pa(T. =)
pa MR) ma (TOSC) pa OSC) g*S (TOSC) TOSC

: 1 _— :
With p, (Tyse) = Ema(TOSC)ZfaZHiZ , and the oscillation temperature is

0.1

1/(n+2) 1012GeV

Tosc ~ (MgmpA™) ~ GeV (—f
a

The Axion relic abandunce is(with ptot = 3H3M§; = 8.07x10" 1 h2eV*)
1

Qh2~018-2< Ja )1W~01e?( Ja
a U \3%1011GeV U \3%1011GeV

)

1.1
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Outline

e Axion Direct searches

e Axion Dark matter searches
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Axion search

f, (GeV)
10'4 10'2 10'° 108 10° 10* 102

L R e AR ARE A Limits on the axion established by cosmology and astrophysics.

- Telescope / EBL
White dwarf cooling hint -

ADMX ' | ADMX-II
|

Postinflation PQ transition <=3

Preinflation PQ transition

106 10 102 1 102 10% IIO6
mg,(eV)
10-° v =
— 107 Light-shining-through-wall< Detection method Gy Gae YN YAy | GorGae  YaydaN  GaeaN | GNGN Model
N s dependency
10~ : —
i R Light shining through wall ~ x no
10 - s .
S5 " e Polarization experiments X no
10— .
& o1 Spin-dependent 5th force X X X no
= 10- ;
S g2 2 Helioscopes X X X Sun
8 jo-1 Primakoff-Bragg in crystals — x X Sun
o & m I Underground ion. detectors x X X X X Sun*
8 10—14 E
2 1015 Haloscopes X DM
S e Pick up coil & LC circuit X DM
g 10-17 @3@@ Dish antenna & dielectric X DM
B o o DM-induced EDM (NMR) X X DM
5 Spin precession in cavity X DM
1019 ST T T i o
10— 10— 10=° 10® 107 10~° 105 10—* 103 10—2 10-! 10° 10! Atomic transitions X X DM

Axion mass [eV]
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[em ™)

log(dp/dp)

-20

-10

Axion and ALP Nature source

Dark Matter
DM(m, = 10"*V)

DR, (T = 1GeV)

Dark Radiation

DRy(ANyg = 0.1)

Solar ALPs

Sun

Betelgeuse |

-~

Supernova ALP|
. v

(7]

44



Axion and ALP Production in Lab

* Because of the interaction between SM particles to ALPs:

U (ify i) + -

g . o
Lapp—int. = ——f FuwF*a— a%y gay (hy*) — abn Xy =

Ja - T
_TyFqu#va _ aZgaw (1/)1/))

* Make use of the relationship
FoF* = —4(E - B), j§, = (), jij, = (idr°y)

* The equations of motion for an axion/ALP field

(O +mda = gay(E . §) - Zl[) (galpsz/; + g_atpjf/i)'l'"
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Axion search -LSW

 Because of the interaction between SM Photon to axion:

Li“taicayaFﬁzg aE-B
“ 8m f, atd

* The probabilityof y = a is

1
Py—>a(B: Lq)= Z (gayBl)z

e The probability of LSW experiment is 2 2

v -NVV§=> > —g\/\/\/" v
:P(y_)a_)y):PpPr B B

,7* ,.Y*
Experiment Status B(T) L(m) Input power (W) Bp Br Zay [GeV™ B

ALPS-1[433] Completed 5 43 4 300 1 5x 1078

CROWS [435] Completed 3 0.15 50 10* 10* 9.9 x 1078(%)

OSQAR [434] Ongoing 9 143 18.5 - - 35x 1078

ALPS-II [436] In preparation 5 100 30 5000 40000 2x 107"

ALPS-III [437] Concept 13 426 200 12500 10° 10712

STAX1 [438] Concept 195 0.5 10° 10* - 5x 107!

STAX2 [438] Concept 15 0.5 106 10* 10* 3 x 10712
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Axion search - Helioscopes

The interaction between SM Photon to axion:

X-ray
. X-Ray detector
a C Axion 500 s Axion Photon
Lint 5 ay aFﬁ' _ E . E \,W\,\,\M.......)______FIig;h_‘;ir_n;__.....).....,. - - - - - »
a 87 f - gay a J
a

Sun Earth

The probability of y = a is

Bga, 2 1 L rL/o mZ —mg 4maN, Z (kg
Py = ( > ) 21 T7/4 [1 +e — 2e T/2cos(qL)] q= 2E, ,my(eV) = m ~ 28.9 ,_4p<ﬁ3>

In Vacuum (I' = 0,m, = 0),

1 sin(—;ql) 2
ql

Pa—>y = 2 (gayBl)Z T
2

s 2mE 2mE
Coherence condition:qL <7 gL<m=> /mf, —T“ <mg < /m%, +— :

Expected number of photons: N, =&, -A-P,,
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Helioscope: solar axion production

« The axion produced in the Sun via photon, electron or nucleon interactions

,Q , Y a
’ ,
e ——---- a A PR
T ANIN—— § 7 § e
Compton e —1I bremsstrahlung e — e bremsstrahlung
8 I I I I I I I

» Primakoff process:

~
T
|

(@]
T
|

Production
ABC « gge?

8]

w

Primakoff « gavz 57Fe o« (geff)2
an

N

Flux [1016 cm™? d! keV'!]
N

_

_cp
[}

1 1 1
2.5 5.0 7.5 10.0 12.5 15.0 17.5 204
Energy![keV]l



Helioscope: solar axion detection

Axion-electric effect

0,.a 1 .
u _
L3 ~Jacg, ~1"15¢ = Jgay b, I
: g2 3E?2 2/3
keV axions are absorbed by electrons ocu =ope = —25 | 1-
Ba 16mam? 3

20 .
% 15+ Primakoff « gay?gae? |
F'.M 57 eff\2 2
g Fe o (g5 gae
=, 10
Q
5
[0

5

(()).O 2.5 5.0 7.5 10.0 12,5 15.0 17.5 20.0
Energy [keV]
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Inverse Primakoff effect

Inverse Primakoff effect cross section

do.inlf)zrim o 2
a _ 4 — 2 k2 F2
keV photon ionizes Xe : Liquid Xenon exps can hardly distinguish keV photon Z o~
signal from Electron Recoil
10-8;\
The total event number f.fff”’%,% ;RGBM.
107 Ib : \ Solar excl:

"~ Xenon1T R

~PandaX
excl. 1

dR _ N4 [ daogBC aoP ; L
* AA( 4% () + 420 T (E») (AP (5,) + 0o (B)) 8 o
2 ‘\'iw R-parameter |:

excl.
—rLUX excl:

12 ; 5 .
101013 10712 10~

CG, JL, L-TW, X-PW, WX, Phys.Rev.Lett. 125 (2020) 13, 131806 Gae 50



Axion-Like-Particles’ Search

* The axion-like particle Lagrangian

D<5 =y, Cff aﬂaf alyy a — F, Fm
. 2 fa 4m fa g
alyz a Wy aCzz a W aCyw a u pPINSO
S—— F,LLVZ —47TSW 2 aZMVZ _nsﬁ, Wpaa WY oPWS
* The relationship among the coefficients
Cyy = Cyw + Cpp Cyz = coCoww — SwCpp Czz = CywCyw + 5w Cpp
Extra decay widths ) \h\hj&
a D !
2(my)m m2\° ff-shell ALP \ 2> resonant
I(Z - vya) = 96( 2 Zleff2<1——3> " \
TL' S C mz non-resonant
long-lived ALP
4m? |
+1-Y — eff|2 _ l displaced
[(a-I*l7) = = ff |Cu | 2 uaMTALP isplace
Er
5T

I'(a-yy) = @ Mg |ceff|®
643 f2




ALP Search at Colliders (LHC)

APL as MET (Mono-X search)

APL as LLP (Displaced vertex)
APL as resonance (a - yy, ff,Zy ...)

APL as off-shell mediator (non-resonant effects )

1/f[TeV]

eff
lc}'Y

Z vy, WH(t)

....... e
I
104F [ LEP %
I'Y‘ - inv. +y I
103f ! I
ke - inv.+y |
1
10%f 1 ® Pb :
! %
10k \HB stars 2 !
LSW i <, :
1k CAST 1 2 |
ar I |
|
10-1F SUMICO : :
|
|
102} : SN1987a |
I
1073F : I
: I
1
1074F | SN :
I
105 : Decay :
10°5 1072 10 10¢ 1073 1 103
m, [GeV]

MB, MN, AT, JHEP 12 (2017) 044
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ALP Search at future collider (CEPC)

4
*Constraining ay coupling only: 10
« Belle-lIl, LEP: e*e™ — ay - (yy)y 1\
* LHC: pp - ay - vy
- | = 10°
» Constraining a — u coupling only: l:;
[ Al
« BaBar:recastete” - utu~7' = 1]
= 1
e CMS: (4u):pp » putu-a S 1
10% =
RS
. Constraining both coupl o ke
onstraining both coupling = E\":T g _______ FCC—ce
. (E r - - B 8 ---- CEPC
o CMS: (Et+2u):pp — ftd > Et(u*p”) - V<o £ melGeV, Cyw=0

102 10! 10° 10' 102 108 104
_ny/ft; [(TCV)—I]
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Long-lived ALP Search (NA64)

e ALP production and decat at Beam-dump experiments

Veto Detector
iel
Beam Beam Dump Shield
|
| E——
- i g _
Faumo Lsn L dec
Ll _LiptTg - :
_ il ! é
pdecay =e a*a e aTa _ E
L 107 _g
& ;
. . 5 _:
* ALP life-time g )
= 1076 _
64mn E
T = ) |
arme 10 E
ga,m
ayMa 10 102 10° 10* 105 105 107

mq[keV]
Phys.Lett.B 809 (2020) 135709



Outline

e Axion Dark matter searches
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Axion DM search - Haloscopes

* Axion Lagrangian:

1 2 1 , o 1 v 1 = v
L =§(6#a) —5 Mg "a" = EnF +_49awaF/«tvF
1 2 1 1 N
=5 (0ya) —5Ma 2q2 +5 (E* —B*) — gayyaE B

e Euler-Lagrange equation

o ( oL )_a_z:_o
dxH a(a”a) da

* Maxwell’s equation with Axion

V-E=p—geB-Va
VxB —E =] + g4,(Ba — ExVa) Homework
V-B= 0
VXE+B =0
d—V?a+mia = ggE-B.



Axion search - Haloscopes

Maxwell’s equation with Axion V-E=p—gsB-Va
VXB —E =] + g,,(Ba — ExVa)
V-B=0
VXE+B =0

@ —V?a+mia=g,E-B.
Obvious solution:

Ea (t) = _gayBe a(t)

Detect oscillating magnetic field generated by dark matter axions in an external
homogeneous magnetic field

1
B, = ZVan = —g%,VXBea\\

axion DM velocity (1073) Axion field: a(t) = agcos(mgt + 6,(t))

external magnetic field
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SQUID
pickup
loop

=i

- = =
- = =
- = =

SR
FBR
RRR

Axion search - Haloscopes

ext

—_—
ol

ext

—_—
uol

Aon “wind” 7,

CASPEr-electric
- spin to axion coupling: H, « ad - E* = & - B} cos(w,t)

- spin "feels" an effective magnetic field: B’ cos w,t =
9a aof*cos Wyt

CASPEr-wind
« spin to axion coupling: Hy,q ¢ 0 - Va = @ - B:cos(w,t)

- spin "feels" an effective magnetic field: B’ cos w,t = Va

Axion property
 Dark matter density ppy % a2

* ALP compton frequancy w, = m,
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Cosmic Axion Spin Precession Experiment

A C

Hy > guNN_V)a TN
Hyper-
polarized
Nuclear

Spins \’\ ‘l‘
//

B ,
# &L é q Frequency (Hz)
_ ) 100

D

Amplitude depends on
nuclear spin polarization

ML ol e g e

Detection sensitivity determined
by magnetometer noise limits

10-10

When ALP frequency
= Larmor Frequency

1012

ganN (Gev))

-14p e

QCD Axion

10-16

10712 10-10 10-8 1076 1074

ALP mass (eV)

Phys. Rev. Lett. 116, 190801 (2016) 59



Haloscope: Comagnetometer for axion DM

-

* Bloch Equation . A .
S=y|B+—|xS-TS
)14
* Transverse EOMs (S, = 0 & |§| = |S,|, And care only about S, = S, +iS,)

b,(=0)

: b
S, =iy (BZ + )Sl — iy (Bl +—yl)sz ~TS,
[Signal: Generated from ALP!

* If B, is constant

Spin in Z direction

b +yBl(w:ma)@ N

Si(w=mg) = @_ma) T

Controlled Resonance Frequency Decoherence Rate

* We need a way to generate S,, and to measure S .

Both can be achieved with optical lasers for Alkali metals: "Pump" laser polarizes the spins, "Probe" laser
measures them
Problem: SNR « y, and the gyromagnetic ratio of alkali metals is large.



Haloscope: Comagnetometer for axion DM

* Coupled Bloch equation

e nepn € € €
5; = 76 B+ L 4AM{,’P“*¢ b x P°—Q x P° + BpSp + R’”S’"i BecP l {Rl’%’R2}Pe

spin interaction _spin exchange collision
oP" _ Yo (B HAMEP®H b™)ix P™ — Q x P™+ REP° -+ {R}, Ry, R} } P®

ot

Exotic B field

» Alkali atoms and nobel-gas atom b <ls <o
— e
///‘ K Droplet %% %@)
B,, |t
E & alkali-metal noble gas
[ 39 3
E. (d) atom (3°K) atom (3He)
= —M,
S N\ K
g X
@ . , i
B w
g .
)
can — ! detection Spin-Exchange Spin-Exchange
2 By, k . collisions Relaxation Free

NASDUCK Collaboratiion, Published in: Nature Commun. 14 (2023) 611, 5784



Comagnetometer in Hybrid Spin Resonance

* Spin-exchange Optical Pumping: » Method: tune external B field to make
*1960: Bouchiat/Carver/Varnum Larmor frequency equal (HSR region)

(rinceror), PR 3 373, BO.01% @alkali = Valkali (Bext + Bngble )
*Now:Rb-K optical pumping P>70% _ A A
@noble = Ynoble (Bext + Balkali )

* Require wyikali = @poble
BHSR ~ ~Bnoble

3 - 0] = HSR (a)
_ / ) — HSR Fit
o+ pump ]]ght {\\RQ ~100% k[(/‘ R . Emi .
; > 1— it
3 E
No, 2% %300 -
g
)
L > | 0
Y

T T T T
0.01 0.1 1 10 100
Frequency (Hz) 62



Comagnetometer HSR search on ALP DM

*Good control on photon-shot-noise and
magnetic noise
*Sharp amplification is wasted
*Smaller amplification but with much
wider resonance
1. Do not need to scan (e.g. 35 months) .
2. Long-time measurement at single ! ""‘s:t}z,}.gfy‘;aa};laa"*
point to compensate amplification

lost @ A

Alkali spins - Noble gas spins ' Bandwndthf

Axion DM
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Comagnetometer HSR search on ALP DM

 Random phase in different p mode

N qﬁp: is uniform random variable in [0, 2Pi]
Va(x) :Z # OS(a’pt—P‘x@P 3, .
? p N, = ppmVf(p)(Ap)’/w,: is mean occupation number of p mode

- Signal is stochastic instead of deterministic Junyi Lee et al, 2209.03289, PRX 2023
B = 5 Va(jar) -sh(jar) -1
W =l
A= GRelf. b=~ Jimlp g Stochastic
k= yRelBd, Be=—ImlBd. 8
L(d| o) = N S (—ldeld> c%b —4:\~
> = Za i sz E -6r . _ Deterministic

-22 -21 -20 -19 -18 -17 -16 -15 -14 -13
logomy [€V/c?]

« Signal and white background are multivariate Gaussian stoch q
e , . . = 8.4~ et
distribution Signal contains non-diagonal term V95% 95%
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Haloscope: HSR search for ALP DM

mq (V)
1014

10-13

10-12

CHANGE group, arXiv: 2306.08039
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Summary

* The existence of an Axion-remains the most compelling solution to
the strong CP problem

* The concomitant axions play an interesting cosmological role and
arise naturally in theories beyond the Standard Model

* There are both ongoing and proposed experiments which in the next
decade or so should tell us if axions exist

1. Astrophysical Observations

2. Particle experiments for Light Axion (LSW, Solar axion Search, Axiom DM
Search)

3. Particle experiments for heavy ALP (LHC, Beam-dump...)
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