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« Beyond Standard Model and Dark Matter



s the Standard Model(SM)
Theory of Everything ?

‘ Beyond SM phenomena are revealed:--

For examples,
« Neutrino oscillation.

« Dark Matter(DM).

« Muon g-2 discrepancy between SM and experiments.
[2] Muon g-2 Collaboration, Phys. Rev. Lett.126, 141802 (2021).

¥

We focus on DM

to build Beyond Standard Model (BSM).
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What is Dark Matter?

* A lot of evidence.

— Rotation speed of galaxies,
gravitational lens effect, and so on.

- Unknown identity.

— |t DM Is elementary particle, it
should be described by BSM.

Image of DM by Akimoto-san - ‘
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DM In the Universe

« Occupation about 27% of the universe.
— Determined by observations.

« Boltzmann equation.

— Theoretical value.
dnpy

dt

Magnitude of < ov >ppmosm Should be reasonably
large value to explain the observed value.
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DirectBetection of DM

To observe scattering
between DM and SM particles.

Scattering of observation .
SM particles - Information

and DM of DM
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The Latest Result of Experiment

[4] LZ Collaboration, J. Aalbers et al., arXiv: 2207.03764 (hep-ex) (2022)

WIMP-nucleon og; [cm?]

S 4 Cited from [4]

' 10° 10° 10
WIMP Mass [GeV/c?]

 DM-nucleon cross section is suppressed strongly.
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« We need some idea to explain the
DM relic abundance and small
DM-nucleon scattering cross
section at the same time.

.t

« We focus on the previous work
which can explain small cross
section by flavor structure.
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|dea In Previous Work

[5] I. Golon, A. Kawa and P. Tenedo, JHEPO3, 064 (2017).

« Effective theory including flavor violating
Interaction.

1 _ [ _
Loy XS YsPXX +5YpPXY X
Losmu = 9ijlLiPLLi + 95,07 i PRl
x: dark matter [;: charged lepton ¢@:mediator

« DM-nucleon cross section is suppressed
by flavor structure.

However,

the origin of flavor off-diagonal interaction
IS NOT Sure.

—We build a new renormalizable Model.
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Our DM Model
[1]Phys. Rev. D 106, 035017(2022)

_|_
« SM + mediator .® = <p+in>+complex scalar DM: %.

V2
particle | (L, L, L;) (er ir Tr) H d ¥
SM (1L2)q (LD, (1L,2)1/2 (1L,2)1/2 (1, 1),
Z, (Li,—i)  (Li,—i) 1 1 i

Notation of SM quantum number: (SU(3)¢, SU(2), )y,
Z, lepton flavor symmetry.

® has flavor off-diagonal interaction between u and 7.

1%

Z, Involved In Z, stabilizes DM. wt
1
Renormalizable model. <
T, U

— We can evaluate quantum effect.



Coupling Structure of SM-DM

[1]Phys. Rev. D 106, 035017(2022)

SM ===+ DM
i1

« DM couples to SM mediated only by p and n.

« p and n have a off-diagonal interaction u-t, and
do not couple to e and quarks directly.

— Cross section is suppressed at tree level.

« DM can couple to nucleons at 1-loop level.
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Direct Detection at 1-loop level

[1]Phys. Rev. D 106, 035017(2022)

\ /  Cross-section at 1-loop level in
our model.

—  Prediction.

2
UNn [ZCV,p + (4 — Z)Cv,d]
Og; =

N T

1 _ 9
“mZ 2 cos Oy

0 = (k)2 g y 1 1 (%) —f(ﬁ)]

~ (4m)?2cosBy,  mi—m2 © \mg ms

Cvg=a (T5 — 2Q, sin By),

mympy

Cyvp=2Cpyu+Cvag, Cun=Chy+2Chq, UN= Ty + M
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DM Relic Abundance

— can be determined from the CMB observation.
[1]Phys. Rev. D 106, 035017(2022)

« Boltzmann equation. — Theoretical value.

+ 3Hnpy = (Gvrel)eff npy — (Npy

1 1
(OVreefrr = Z[Uvzz*—n'j + 5 OVs5-ij + Eﬂvz*z*—n'j]

| Lj
Depends on models.




* Diagrams contributing to (0 V,e;)efy-

Z‘\ ,7Py 1, ¢+
A\ //

\N7
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7/
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// \\ {/
Z” ‘h 5/ T, U

« Approximate formula can be used.

3x107%% cm3/s

QDMhZ ~ (0.12 X( T
7(O-vrel)eff

|

We can examine viable DM
parameter space consistent

with observation.

« Too many variables to discuss the testability.
— We focus on the previous work.
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Previous Work of explanation
to Muon g-2 Discrepancy

[6] Y, Abe, T. Toma and K. Tsumura, JHEP 06, 142 (2019).

PN
7 N

« Muon g-2 discrepancy between SM and
experiments should be corrected.

[2] Muon g-2 Collaboration, Phys. Rev. Lett.126, 141802 (2021).

« Correction of this discrepancy is given by p
and n which Is same particles in our model.



BenChmark Point [1]Phys. Rev. D 106, 035017(2022)

Triviality

____________

Muon g-2

R
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(a) BP1

BP1: (m,, m,) = (130 GeV, 100GeV)

We can select BP of the mediator which gives muon g-2 correction.
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Cited from [Phys. Rev. D 106, 035017(2022) ]
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Detection of Possible DM Space

[1]Phys. Rev. D 106, 035017(2022)
« Our model is testable at XENONNT experiment.

BP1: (m,, my, Yur, y-u) = (100GeV, 130GeV, 0.07,0.07)

O S e T e ey e T =TTt}

e TR e L

10 ) = 010
100 s sqeiciar son esienra Wl ress ol lle s psen sy 102k, AR Yo B S G s PR G A |
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my, [GeV] mys [GeV]
(a) BP1 (c) BP3
K : quartic (K[(HTCI))ZZ + H. c.] c L Cited from [Phys. Rev. D 106, 035017(2022) ]
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Conclusion

« DM-nucleon cross section suppression Is
explained by flavor structure.

« We evaluated the cross section at 1-loop
level.

« Our model can explain DM and muon g-2 at
the same time.

« Our model Is testable Iin the future
experiments.

Outlook

« To consider extended models which have
mediator couples to not only u-t pair but
also other lepton pairs and compere them.
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Properties of DM

[3] Summer School for YONUPA Lecture, S. Matsumoto (2012).

*No electromagnetic interaction.

* Weakly Iinteraction with other
particles.

« Stable or a longer lifetime than
the universe at least.



|dea of Portal

SM [ = === DM

Mediator

« DM interact with SM only by mediator as a
portal.

« This structure is useful to explain DM
properties.

« Candidate of mediator: Higgs, Z boson,
non-SM particles---
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Lagrangian of Our Model

[1]Phys. Rev. D 106, 035017(2022)

L= Loy + D@ + D" = ekl @7 + Yo, Lt g + H.c.) — V(H, ®,%)

A
V(H, ®,%) = pd| D2 + A, |®|* + A5 |H|2| D2 + A, |HT | + ;[(chb)z +H.c|
+us|Z1? + A5 |Z1* 4 [A52* + H.c.] + Aus|HIPIZ]? + Agz|P]%]Z]2
+k|[(HT®)Z? + H.c. |

1 T
m2: = % + 5,13,;2 H=(0,(v+h)/2)
1 _ . T
m =+ (A + Ay + A5)v? ® = (¢*, (p +im)/V2)

2 2 1 2
mn = Up +§(/13 +A4_/15)v

m§ = pg + EAHZUZ



Correction to Muon g-2

[6] Y, Abe, T. Toma and K. Tsumura, JHEP 06, 142 (2019).

/3,_77
/7 N
\ _ 1 (1—X)2
[/ \ ~ hi(a,f) = jo dxx —x(1—-x)a+ (1 —x)B
7
T T 1t x(1—x)?
< ’2(“'/’)):Ej0 dxx—x(l—x)a+(1—x)ﬁ

2 .2 2 .2
ew Re(yyryry) [mym; m; m; m,my m; mj
Aa = I , — I ,
K (41)2 m2 ' \m2’ m?2 m2 '\m2’'m
p p Mp n n Mn
2 2 2

|yur|2+|yw|2 mj my mi mpy my mi
+ 212 20 2 + 212 2

2(4m)? ms mg ' mj mj m,zl'mn

—\We can detect particles to correct
the discrepancy to be within 2o.



Off-diagonal Flavor Coupling

[6] Y, Abe, T. Toma and K. Tsumura, JHEP 06, 142 (2019).

- yeHT + + ¢+
—L =1 H " |L+H.c ,®=
Yukawa = ‘R Yu 1- Yut T C ((p N lﬂ)/\/?)
Yeu®' v

« ® have the flavor off-diagonal
coupling.

« ® has flavor charge, so the model
maintain the flavor symmetry.

« Renormalizable model.



Benchmark Point

(Mg, Yy Yrp) = (100GeV, 0.07,0.07)
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Cited from [Phys. Rev. D 106, 035017(2022) ]
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(Mg Yy, Yre) = (100GeV, 0.035,0.14)

...................................

______ Triviality

Muon g-2 i
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(b) BP2
(M Yprs Yr) = (T00GeV, 0.41,1.20)

Triviality
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(d) BP4
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BP1: (m,, m,) = (130 GeV, 100GeV)
BP2: (m,, m,) = (130 GeV,100GeV)
BP3: (m,, m,) = (730 GeV, 680GeV)
BP4: (m,, m,) = (730 GeV, 680GeV)
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Detection of Possible DM Space

Cited from [Phys. Rev. D 106, 035017(2022) ] [1]Phys. Rev. D 106, 035017(2022)

BP1: (mg,, my, Yur, yru) = (100GeV, 130GeV, 0.07,0.07)
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Neutrino Mass 1

[1]Phys. Rev. D 106, 035017(2022)

particle | (Le, Ly L;)  (er triTr) H @ z (Ne, N, N;) S
SM | (12)y, (LD, (1,2)1), (1,2)1) (1, 1), (1, 1), (1, 1),
Zy (1,i,—i) (1,i,—i) 1 -1 i (1,i,—i) i
Z, + + + + - + +

Notation of SM quantum number: (SU(3)¢, SU(2) 1, Jyc1)y

* RH neutrinos (N, Ny, N;) and a Z,-breaking singlet scalar S
are introduced.

« 7, charged S has a nonzero VEV and breaks Z,.
« 7, Is Introduced for DM stability.



Neutrino Mass 2

[1]Phys. Rev. D 106, 035017(2022)

Mg, AeuS* AerS N,

1
Ly = _E(Nec Ny Np) Aeu My: || Nu
AerS Mur N¢
.Veei:i N,
_(Le Lu LT) yMLH yMTCI) Nu + H.c.
yrucb yTTH NT
H=io,H*
d = ig,d*

After H and S got VEV, the neutrinos obtain Dirac and Majorana mass.



