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The Standard Model (SM)
* Gauge symmetry: SU3)x SU(2); X U(1)y
- Fermions: Q;, U;, D;, L;, E;
* Higgs: H

How to study the new physics beyond the SM?



The convincing evidence for physics beyond the SM:

» Dark energy

» Dark matter

* Neutrino masses and mixing
* Baryon asymmetry

* Inflation

The SMis incomplete!



Major Theoretical Problems in the SM

* Fine-tuning problems
* Aesthetic Problems

* The vacuum stabillity problem

The stability problem can be solved easily in the new physics models.



Fine-Tuning Problems:

« Cosmological constant problem
Acc~107122Mp,
« Gauge hierarchy problem
Mgy ~10""°Mp,
« Strong CP problem

0 <1.3x10°10

 The SM fermion masses and mixings

-5
Meiectron™~10 Miop



Aesthetic Problems:

e Interaction unification

 Fermion unification

* Charge guantization

» Gauge coupling unification

The first three problems can be solved when we embed the SM into the Grand Unified Theories (GUTs) and string models.



New Physics Scenarios:

» Cosmological constant problem: string landscape with weak
anthropic principle

Solution to the gauge hierarchy problem but not the strong CP problem.

» Gauge hierarchy problem: supersymmetry

Gauge coupling unification, dark matter, and radiative electroweak symmetry breaking, etc.

* Grand Unified Theory (GUT)

SU(5), and SO(10), etc.

» Superstring Theory and M-theory

Type |, Heterotic Eg x Eg, Heterotic SO(32), Type IIA, Type IIB.



The Research Field

* The worst scenario around 2002: only Higgs particle was
found at the LHC.

* In late April or early May 2016, assuming no new physics
signal at the LHC, what shall we study?

* The promising dark matter: WIMP, axion, asymmetric DM.

A. Tan et al. [PandaX-II Collaboration], Phys. Rev. Lett. 117, no. 12, 121303 (2016) [arXiv:1607.07400
[hep-ex]];
D. S. Akerib et al. [LUX Collaboration], Phys. Rev. Lett. 118, no. 2, 021303 (2017) [arXiv:1608.07648 [astro-ph.CO]].

* |n the Summer 2016, assuming WIMP Is not dark matter,
which particle Is the promising dark matter candidate?

Strong CP problem: Peccei-Quinn mechanism and axion
models!!!
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Strong CP Problem

* The topological term which violates the CP
8

~ ~ 1
Ly = —=TrE,F* where FK = EeﬂvaBFaB

c0 =0+ 6, parameter Is a dimensionless coupling constant
which is infinitely renormalized by radiative corrections.

* No theoretical reason for 8 as small as 1.3x10-"%required by the
experimental bound on the EDM of the neutron.

& may be a random variable with a roughly uniform distribution in the
string landscape *.

Strong CP problem: why 8 is so tiny?

1 Donoghue.



The Possible Solutions to the Strong CP Problem

» Massless quark solution, but not consistent with Lattice QCD.
If one of the quark fields (say the up quark) was massless, the QCD Lagrangian would have a global U(1),

axial symmetry, which could be used to rotate the 6 term to zero.

» RGE running of #: 6 is chosen to be zero at some high scale.

We can show that all 6-loop diagrams and below cannot generate any RG running.

» Parity: =60 + ArgDet(Y,) + ArgDet(Yy) =0
P:SUR) < SUR)r. QL& QL. HL & HL. L+ L,

0 is forbidden, and Y, /Yy are Hermitian. The problem arises after a bi-fundamental Higgs is added due to

the one-loop contribution to 8.

» Soft P (CP) breaking typically called Nelson-Barr models.
CP is a valid symmetry in the high-energy theory, and is spontaneously broken in such a way that £

naturally turns out to be small. The fine-tuning is still needed.

Peccel-Quinn Mechanism is the best solution to the Strong CP Problem.



Peccel-Quinn Mechanism

* An anomalous global U(1)po symmetry.

* If there are two Higgs doublets in the SM, we can have the
U(1)po Symmetry 2

~L = yjQUfHy+ y§QiDf Hy + y§LiEf Hy
+V (HiH,, HiHa, (H5H,)(HiHa))
* The U(1)pq Symmetry

Qi/Uf/Df/Li/Ef — €'*@;/ U5 /Df /L;/Ef
Ha/Hy — e "*Hg/H., .

2 Weinberg; Wilczek.



Peccei—Quinn-Weinberg-Wilczek Axion

» Peccei—Quinn-Weinberg-Wilczek Axion is

So

(H
(H

)
;-

a = sin BlmHY + cos BlmH) , wheretan 3 =

Qo

» The solution to the strong CP problem: # = 0.

Amy,my ]
VIIEH.I]DI] — 2f2 1 — . in® [ = )
Instant mﬂﬂ\/ (M + my)? sin 5 ) -

0=0+0,+alf,. f,= \/(H3)2+ (HO)* .
» [he axion mass

12
M f- /MyMmy oy (10 GeV) eV

fa my+ my fa

ma —
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 The PQWW /Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) Models:
F and F are the SM fermions
* The Kim-Shifman-Vainshtein-Zakharov (KSVZ) Model:
F and F are the vector-like fermions



Peccei—Quinn-Weinberg-Wilczek Axion

» Weak axion, which has f; ~ 246 GeV and m,; ~ 25 keV, is
ruled out by K — ma and J/V — a7y experiments.

» Question: can we propose the axion models with the
TeV-scale U(1)pgo symmetry breaking and very large £,7?

» Answer: Nol

» Point: anomaly argument, and then the only relevant
parameter is f,.

» Solutions: invisible DFSZ and KSV/Z Axions

Introducing a SM singlet S with intermediate-scale VEV, so f; ~ (5) ~ 1019 — 102 GeV.



The Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) Axion

« One SM singlet S

S — e'?*S, —L =S?Hy4H, .
* In the supersymmetric SMs, we have:
1
W = ——S?HyH, .
MPl dl'lu
A natural solution to the p problem.

» The DFSZ Axion
a= fi ((H)ImHY + (H)ImH, + (S)ImS) .

where f, = \/{H5>3 + (H9?2 + (5)2.



The Kim-Shifman-Vainshtein-Zakharov (KSVZ) Model

» A pair of vector-like quarks(XQ¢, XQ) and a SM singlet S
XQ/XQ — e'*XQ°/XQ , S — e 295 .
* The Lagrangian is

—L = SXQXQ .

 The KSVZ axion is the imaginary part of S, and f; = [(S)]|.



Axion Dark Matter Relic Density

» Axion dark matter density is

£ 7/6

1012 GeV) '

» Pre-inflationary scenario: misalignment mechanism, and
X ~ sin® Biss /2.

» Post-inflationary scenario: misalignment mechanism and
topological defect decays, and X C (2.10).

Q.h% = 0.15X (

Topological defects are mainly strings and domain walls associated with the axion field.

» Axion dark matter density is °

28 [ ,WV T,/ﬁ f 7f6
Q.h2 ~0.12 [ 25 —0.12 2 ,
m- 2.0 x 1011 GeV

5L. Di Luzio, M. Giannotti, E. Nardi and L. Visinelli, [arXiv:2003.01100 [hep-ph]].



Axion Mass

6

» [ he axion mass is

1012 GeV
fa

my >~ 5.70(7) peV

» The more previse calculations give m, = 60 — 150 peV 7/, and
m, = 26.5 + 3.4 eV 8.

» [he axion mass is around 50 peV.

6{3. Grilli di Cortona, E. Hardy, J. Pardo Vega and G. Villadoro, JHEP 01, 034 (2016).

T{T. Hiramatsu, M. Kawasaki, K. Saikawa and T. Sekiguchi, Phys. Rev. D 85, 105020 (2012); M. Kawasaki,

K. Saikawa and T. Sekiguchi, Phys. Rev. D 91, no.6, 065014 (2015).

BV. B. Klaer and G. D. Moore, JCAP 11, 0490 (2017).



The Axion Lagrangian

. C]: C.-., -~ a 3— C
e o VaFF + Cor 2ot rsf + —20,a[0nmr]”
. o T, aF F 4+ Cyf T wf + r palomr]
I Cany a _ y
2 m, £, 1775 EE

where [0t = 200707t 1™ — MOt — mom T O,



The Axion Lagrangian

Car
Caan

E
— —1.92(4).
o —1.92(4).

—0.47(3) +0.88(3) ¢ — 0.39(2) cJ — Cs. sea -
—0.02(3) +0.88(3) ¢ — 0.39(2) cp) — Ca. sea -
0.038(5) ¢ + 0.012(5) c? + 0.009(2) ¢ + 0.0035(4) ¢! .

30° [E f. GeV
0 : d ..
Ce + 7 {Nlog (”’he) — 1.92(4)log ( o )] :

1
0.12(1) + 3 (cg — <)) .
0.011(5) e.




The Axion Lagrangian

: 1 ~ . - / _
Lo 5 Ed_g,:;ﬁ,mf,f — igopafysf — ~8d 2 no,uysnFH ..
where
Y Ca,.}, my CH”’}’
gay — gar = Cor—, Bd =

21 f,



The Connections between Axion/ALP and New Physics

* The supersymmetric SMs: u problem, dark matter density problem.
* The Grand Unified Theories.

There exists the possibility: no coupling between axion and photons at one loop?

* The superstring models: many Axion-Like Particles (ALPS).
Witten, “Axions may be intrinsic to the structure of string theory”.
» Axion inflation.

* The neutrino masses and mixing: U(1)g_ = U(1)pq, and the baryon
asymmetry can be explained via the leptogenesis.

 Relaxation mechanism.

Solution to the gauge hierarchy problem.

» Dark energy particles are similar to axion/ALPs.

Quintessence Field, Chameleons, Galileons, and Symmetrons, etc.

 Dark matter.



The Connections between Axion/ALP and New Physics

* The Froggatt-Nielsen (FN) mechanism is the solution to the fermion
mass hierarchy problem: U(1)gy = U(1)po.

* Baryon asymmetry via axion quark nugget (AGN).
 Gravitation wave

Qg K SO Te L B Ve 1 ydur po
1 Hﬂawéﬁﬁ w-.nthRﬁ = 5€ Hﬂp,:;*

 The EDGES results and XENONI1T results.
* The scale coincidence: the U(1),o symmetry breaking scale,

right-handed neutrino mass, and supersymmetry breaking scale,
messenger scale in gauge mediation, axion quality problem, and

string-scale gauge coupling unification, etc.



EDGES Experiment’s Result and the QCD AX|on
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(3.8 sigma discrepancy!)

“This may deserve two Nobel prizes”
A. Loeb ,Chair of Harvard Astrophysics Department
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Nick Houston, Chuang Li, Tianjun Li, Qiaoli Yang, and Xin Zhang, Phys. Rev. Lett. 121, 111301

Future experiments and large scale surveys such as IAXO and EUCLID should have the capability
to directly probe the relevant parameter region and thereby test this scenario.



The ALP Dark Matter Interpretation for the XENON1T

Excess

ALP-Dark Matter
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Probing the GUT and String Theory

* How to probe the GUT scale, string scale, and Planck scale?

* The cosmological constant SUSY breaking:

» The Type | seesaw mechanism: M, My ~ (H)?.

* Probing the GUT and string theory: f, ~ Mgy and f;, ~ Mgging-

Probing the UV scale via the IR scale!



Outline

The Overview of the Axion Experiments



Axion Electrodynamics:

» Generic coupling to electromagnet field: .

1 Hv _ Ju 1 U 2 2
L=—-F F* —] AM+Eaﬂa6 a——msa° ——

4 K 2

Modified Maxwell's Equations:

-

= JE > = da =
VXB S =]+ apy By —ExVay—e

'V'Ezp_gayy§°Va — "

- Axion current: J = —gg,, F*

V-B=0
\

. A8 Bianchi identity: 9, F*¥ = 0
-VxE+Z—l:=O/ Y- Ou

Va~0 (Gradients suppressed by Vpy~1073)

1
4

' LV
Jayyaly, F*



Overview of the Axion Experiments

« Search for ALPs in the laboratory (Dark Matter Independent Searches)

Light-shining-through wall experiments (ALPS-II)
Polarization experiments (PVLAS)

The 5th force experiments(ARIADNE)

« Solar axions (Dark Matter Independent Searches)

Helioscopes(CAST, IAXO)
Underground detectors (CDEX, LUX PANDAX, XENON1T)

* Direct detection of dark matter axions (Axion Dark Matter Searches)

Haloscopes(ADMX, HAYSTAC, CAPP-CULTASK)

Dish antenna and Dielectric Haloscopes(MADMAX)

Low frequency resonators with LC circuits(tABRACADABRA)
NMR techniques(CASPEr)



Constraints and Future constraints
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Axion Nobel Olympics

ADMX(Washington, Florida, Lawrence Livemore National Laboratory, Fermi
Laboratory, Berkeley Microwave cavity)

HAYSTAC(Yale ADMX-HF collaboration Microwave cavity)
ABRACADABRA(MIT, Princeton, Toroidal)

ARIADNE(UNR, Perimeter Institute, Stanford Axion-mediated long-range
forces)

CAST and IAXO(CERN)

CAST-CAPP(CERN Rectangular cavities-TE modes)
MADMAX(DESY, Germany, Dielectric interfaces)

ALPs(DESY, Germany, Coupled FP resonators)

KLASH(KLOE magnet in Frasctric, Italy, Microwave cavity)
QUAX(National Laboratories of Legnaro, Italy, Magnetized media )



Axion Nobel Olympics

IBS/CAPP(CULTASK, Microwave cavity) Nfe V 534, 2 June 2016
ORGAN(UWA, Axion-Bragg Resonators)

F

’ chind the doors of a drab brick building «
experiment is slowly taking shape

Much of the first-floor lab space is under
construction, and one glass door, taped shut,

leads directly to a pit in the ground. But at the
' end of the hall, in a pristine lab, sits a gleam
ing cylindrical apparatus of copper and gold

It's a prototype of a device that might one day
answer a major mystery about the Universe

by detecting a particle called the axion — a

The Asian nation spends more of its economic possible.component of dark matter
z If it succeeds, this apparatus has the poten
output on research than anywhere else in tial to rewrite physics and win its designers a
the world. But it will need more than  J0LLE L oy iy vane
cashto reu]ize its ambi(i(ms. Semertzidis, who leads the USS7.6-million

per-year centre at South Korea's premier
technical university, KAIST. But there's a catch
BY MARK ZASTROW no one knows whether axions even exist. It's
the kind of high-risk, high-reward project

o - 2 NATU KL
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The Resonant Cavity Study for the Axion Dark Matter



Experimental Plan

* The resonant cavity experiment for the QCD axion with mass
around 50 peV, which can be a viable cold dark matter candidate .

* The current upper limit on the axion mass for the cavity
experiment to probe is around 40 ueV.

* Plan: the QCD axion with mass range [32 peV, 40 pyeV] or
23 ueV, 40 peV].
 Future Plan: the single photon detector, and probing
the QCD axion with mass range [40 eV, 150 peV]
and [150 peV, 400 peV]
 Future Plan: the GUT and string scale axions.



= B B0 B A9 SR AR KON SR G AR B M/ N EI R A9 7T T3
fid, It ﬂEﬁ NE ?yk/)”'JE’JiEE%ﬁEJ:BEE 40 peV. FAIREFR L
XATEEERE, NEZEREMTAIRESEE L 32-40 peV.
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At present, resonant cavity detection Is one of
prevalent and mature scheme
94" = omm . IEE r =z W

- (ST
4 L =

g«
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ADMX G2 HAYSTAC CAPP-CULTASK
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Resonant Cavity Detection (Haloscope) Basic principles

Resonant cavities (Sikivie,1983)

i “ —_— aET' —_— aa

Cavity Response Axion Source

Non-relativistic
Axion mass~Frequency

1
w =mg,(1+=v%+0(v?))

2 F

If Cavity tuned to the
Axion frequency,

Cavity’s size smaller than De Conversion is boosted

Broglie wavelength of Axion By resonant factor Q
(Quality factor)

|
J

A < I




Why We Need Resonant Cavity?

wafl

Tuning Rod

If the resonance is tuned to the
axion mass, the cavity acts like
a forced oscillator and on  cavity—
resonance achieves a large
axion-induced excitation.




Detect Axion Dark Matter: Haloscope

Antenas

* Incoming axions convert into guanta of
excitation of TM modes of the cavity.

* Equilibrium between axion-stimulated excitation
of the mode and spontaneous de-excitation due
to thermal relaxation.

* Equilibrium population controlled by axion
conversion rate and cavity Q

* Power transfer increased by coherence
between cavity E-field and axion field

Tuning Rod

Cavity==

B, Anticipated Signal Strength: AgX gaw ~ Bo Vinn@Q



Microwave Cavity needs tunable resonance

Antennas

Antennas

Tuning Rod

— > |

Cavity

Frequency
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Resonant Cavity Haloscope Structure
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Main performance index of Resonant Cavity Haloscope

e want : Signal Noise Ratio:— = —2— /—
1.High sensitivity N kpTs + 0Vq

2. Proper time to scan the parameter space

 These requires: :
d Signal Power: Pg;gnai

1.Reduced system noise QB
_ 2 [Pa )2

2.Faster scan 1 +5) Yayy | - )BO VCo1o
« Conditions: x 0 ¢
IIZIC')V\;er temper?tu;.esld Scan Rate:

igher magnetic fie 5 | 2
Larger effective volume ﬂ _ (i) Ua (PSlg"al)
Improved Cavity Quality factor dt N QL \ kpTs



Design Index of our experiment

Components Parameters

Superconducting Magnet

Resonant Cavity Design
Frequency: 8-10GHz
(Corresponding m_:32-40ueV)

Cryogenics System
Receiver System(include JPA)

~leld strength: 14T
Diameter: 65mm/50mm
_ong:20-30cm

V=0.18L
(Test Running at 8GHz)

Physical Temperature:10mK~100mK

Noise temperature: Combining
cryogenic system with receiver system,
the svstem temperature I1s about 0.5K



Cryogenlcs System: Dilution Refrigerator(He-3,He-4 system)
) - Bluefors LD250

Three major components:
1. Sorption pump

i Controls the temperature of He-3
H liquid

2. 1K pot (=2 K by an external pump)
Condenses He-3 gas

3. He-3 pot
Evaporative cooling by the charcoal

pump




Superconducting Magnet: 14Tesla

Bore of 65mm in diameter and sensitivity
to higher mass axions:14T static field.

Cavity

Y

id

B,=14T
Considering that there are two layers of cold

shield between the magnet and the cavity,
the effective regime of the experiment is D=50mm



Recelver System

(ERIESI et/ RS

10-20mK A
EEESES S—, ollo
I"I S| T SN
Rif bQ
o OO0
1SR
Cavity 775 mK H&F?& 78175

— _ﬂﬁﬁzxég ( HEMT)

Switch toggles between cavity and hot source for calibration
Preamplifier = JPA amplifier circuit + directional coupler + circulator

Signals from JPA amplified at 4K and room temperature

Signals down-converted to Intermediate Frequency (IF) band using 1Q mixer; IF signals digitized and
processed by Data Acquisition (DAQ) computer:



s Nk ]

« JPAFEFIFRMBARELEEXRER.

- ERIMEBNFAS, 10GHzHRE S HelER_EE2 MY 16GHzMHZAY3E
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GADMX

ARFDN CASE MATTER EXFERMERNT

“

1-2 GHz: 4 cavities

X)

Resonant Cavity (ADM

',

&

2-6 GHz: cavities

6-8 GHz: PBG cavity

‘R=8cm ‘R=4cm ~14 cm X 14 cm
Time for
Magnet Diam TMo1o0 B Cavities Total V Tnoise P an octive
cm freq T liters K yw months
ADMX 42 0.55 7.4 1 138 0.17 107 16
ADMX 17 1.3 7.4 4 95 0.19 240 14



Cavity (8-10GHz) Design and Simulation

The power of the Axion converted into photons in the resonant cavity IS:

a Gy
Pa — VB aYmn
( - fa ) Up P QL

V is the volume of the cavity filled with magnetic field and C,, is the form factor describing the coupling between
the Axion field and the specific electromagnetic field mode TM,,,, in the cavity.
TMp Is defined as:

|fd3$BO ' Emnp(w)|2
B}V [ d3ze(@)| Epnp ()|

Cmnp —

The parameters related to the resonator are as follows: V, Crunp, Q1

The form factor is related to the selected resonant mode:

Mode C Numerical results:
T™O010 0. 69 0.6922
T™M020 0.13 0.1312
T™M030 0. 05 0.0534




Operate at 8-10 GHz;

Signal Power: Pgigna = 107 W(KSVZ)  Pgiona = 107**W(DFSZ)

Scan Rate:
Z—{ ~ 1009MHz/year — 1198MHz/year(KSVZ)
Z—]; ~ 18MHz/year — 22MHz/year(DFSZ)

At v =8 GHz-10GHz, Scanning time of single frequency point:

Signal Noise Ratio: > = =42 |22 3 sjgnal Band: §v,=— = 8000Hz — 10000Hz

kpTs Svg Qa

Ot = 1.4hours — 2.2hours (KSVZ) Ot = 3days — 6days(DFSZ)



To 10 GHz, we need to improve our device
* We want :
1.High sensitivity

| 2
2.Proper time to scan the parameter space df 2 Qq ( Psignai
These requires: dt (N) Q; \ kgT.

1.Reduced system noise
2.Faster scan 0B
« Conditions: PSLgnal _(1+'3)2 gayy (ma) BO V€10

Lower temperatures

Higher magnetic field S Pugnar | 6t
Larger effective volume N~ kgT, .|6v,
Improved Cavity Quality factor \
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In the Future (Two goals)
1.Beyond 10GHz (QCD Axion for m,>40ueV)
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o 1077 Laboratory experiments (ALPS)
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Beyond 10GHz expected goal: Covered axion mass range:40-150 peV



Il. GUT/String inspired Axion
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Outline

Summary



» [he Peccei-Quinn mechanism provides the best solution to
the strong CP problem.

» |t predicts axion, which can be a cold dark matter candidate.

» Axion and ALPs have deep connections to supersymmetry,
grand unified theory, string theory, inflation, as well as dark
energy, dark matter, the SM fermion masses and mixings,
gravitational wave, baryon asymmetry, relaxation mechanism,

etc, and provide explanations to the EDGES results and
XENONIT excess, etc. Thus, axion and ALPs are the

promising new physics beyond the SM.

» How to probe axion and ALPs at the current and future
experiments?



Summary

* We propose an experiment to probe the QCD axion with mass
range [32, 40] yeV or [23, 40] peV.

* We plan to probe the QCD axion with mass range [40,150]
ueV or [40, 400] peV, and GUT/string-scale axions.



Thank You Very Much
for Your Attention!






