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The Standard Model

» The Standard Model is GOOD!
« The SM predictions are well consistent with experimental data
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* Evidencestogot BSM theory

Dark Matter
Muon g-2 anomaly
Hubble tension
Neutrino oscillation
Baryon asymmetry
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Muon g-2 anomaly

« Muon anomalous dipole magnetic moment (muon g-2)
* longstanding ~4¢ discrepancy between the measured and predicted

values

electroweak LO hadronic hadronic LbL
BNL g-2 t L
FNAL g-2 + —
< 420 >
—— —
Standard Model Experiment
Average

175 180 185 190 195 200 205 21.0 215
9
ap><10 -1165900

 Hint for new physics
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Muon g-2 collaboration, PRL 2021
aﬁNL = (116592089 +54+3.3)x107"
a;VNAL =(11659204.0+5.1+1.9)x107"

Aa,=a;" -a," =(25.1£59)x107"

Combined result (4.20 deviation)



U(l)Lu_LT model

 Possible to gauge one of the differences of two lepton-flavor
numbers

*L,— Ly, L, —L;:anomaly free without extension of fermion contents
« Symmetry including L, is strongly constrained

—9xZ,, (€uy" Ly — 4"y + BRY iR — TRY*TR)

* No kinetic mixing between Z’' and B @ high-energy
« Kinetic mixing is generated through

€qu—r ] m:

— (1 —z)g? | mu>q 1272 m?
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U(1)Lﬂ_LT model

9x

 Muon g-2 anomaly
* gx~(3—-8)x107* & M,,~0(10)MeV when M, <M,

2201 _ S. Baek, Deshpande, He, P. Ko, 2001
Zmyx”(1—x) S. Beak, P. Ko, 2008
2
x?mg + (1 —x)Mj,
0.005} | Z
9x Ix
0.001}
5.x107*f
1.x1074
0.001 0.010 0.100 1 10
Mz [GEV]
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U(1)Lﬂ_LT model

* Hubble tension P. Shah et al, AAR 2021
 Large difference between early and late H, measurement

e Hy =732+ 1.3 kms 'Mpc™? . T P
0 . —_ . ms pC KP GW170817 b
1 1 80.0 _— .
—_ + - - 775 CPH HST+
b HO - 674‘ 05 kmS MpC SHES |GAIA2  GAIA
g 75.0 } { *
=
2725
g
=700 &
S 15 x BNS
o w1 wr WQIII PIIB ”
65.0 P13 1840 PS4
62.5 % Dist. Ladder e ACDM X std. Sirens
2000 2005 2010 2015 2020
year

!/
. U(l)Lu—LT Z' gauge boson M. Escudero et al, JHEP 2019

* 10 — 20MeV Z' reached thermal equilibrium in the early Universe &
decay - Heating the neutrino populatlon and delaylng the process of
neutrino decoupling g

* 0.2 < ANy < 0.5 0.005|




U(1)Lﬂ_Lr-charged DM

 Lagrangian (Here yx: fermion DM, Z': Dark photon)
L = L [—QX (v — 71 + vpuy*vry, — vy vns) ZL]
171 r71 1,,,2 771 71
_EZ,LLVZHU _I_ §meZMZM
+X (10,7 — my) X —Qy9x Z" XX

 Dominant annihilation channels: X
s XX > Z" > vy
* xX > Z'"* - 1l when m; <m,,
* XX — Z'Z' when mz, < m,

« Complex scalar DM
* Annihilation cross section is p-wave

* DM mass should be ~10MeV to explain both Hubble tension and
muon g-2 anomaly at the same time

o
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U(1)Lﬂ_Lr-charged DM

 Lagrangian (Here yx: fermion DM, Z': Dark photon)

L = Lo [9x (@1 — 77" + O,y viw — oLy vie) Z),)
17 oy 1,2 71 7l
21,2 + im2, 2 7

47w

+X (10" = m) X —{Qyax 2" Xvux |

* Muon g-2 + DM relic density
P. Foldenauer, PRD 2019 l. Holst. D. Hooper, G. Krnjaic, PRL 2022 M. Drees, W. Zhao, PLB 2022

Relic density for m, = 50 MeV
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U(l)L _1,-Charged DM

ara 1h: farminn DA Y- Darkk nhaoatan)

« gx~10~*is too small to get QOh? = 0.12
* My, ~2M, with the s-channel Z’ resonance

* Only consider sub-GeV Fermion DM
» No direct detection bound

Tight correlation between
DV mass and Z' mass

022

Mz,~2ZMpp |
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U(1)Lﬂ_Lr-charged DM + Dark Higgs

* UMD gark = UMy,
» Let’'s call Z”U(l)L”—LT gauge boson, dark photon since it couple to DM

* UV complete U(1)L _.,~charged scalar/fermion DM model
« Dark photon Z' gets massive through ny)L _1, breaking
* A new singlet scalar (Dark Higgs), which mixes with the SM Higgs

TAUP Vienna 2023 10



DM physics with dark Higgs

 Scalar potential
2\ 2 2\ 2
V= Ay (HTH . %H) g ((I)Td) _ %‘ﬁ) 4{)@3 (cp’fcb _ %‘I’) (HTH _ %‘I’)]

* If dark symmetry is spontaneously broken, ;) = % (v + d(x))

 Dark photon Z' gets massive: Mz = gx|Qa|va
« Two CP-even neutral scalar bosons

° (Gﬁ)zo(Hl):( Co Sa><H1> taHQth: )\‘I)HU@UH
h Hy )~ \(Tsa>ca H> ApvY — AoV3,

. 2)\@’0(21, )\@H’U@UH o Mirlc?x + M?_IQSi (M.?IQ — MIQJI)CQSQ
Aopvovy  2Apvy ) \ (M7, — M3 )casSa My, s2+ Mg c2

* 3 independent parameters: My , My,, sina

Dark nggs TAUP Vennaw 11



Local symmetry in Dark Sector

* The required longevity of DM can be guaranteed by a symmetry
* |f the symmetry is global, it can be broken by gravitational effects
S. Beak, P. Ko, W.I. Park, JHEP 2013

AX non _ : . _.
)fT XF,, F'  for bosonic DM X

- Edccay =

’\!-': non /. . . : ;
Mp ¥ (Dlri) H T for fermionic DM

M. Ackermann et al, PRD 86, 2012
mpy < 0(10)keV (Scalar)

. > 1()26-30
Tom = 10 e {mDM < 0(1)GeV (Fermion)

« WIMP DM is unlikely to be stable
« Consider a gauge symmetry in dark sector, too

* Local U(l)Lﬂ_Lrsymmetry IS broken into it subgroup: Local Z,

TAUP Vienna 2023 12




U(1)L”_Lr-charged DM + Dark Higgs

 Muon g-2 (+ Hubble tension)
« We take two benchmark points in (M1, gx) space

» Generic scalar DM, Local Z, scalar/fermion DM

DM mass range become much wider from GeV to O(a few) TeV via
opening new channels for DM pair annihilations into the final states
involving dark Higgs boson

0.005

M,, = 11.5MeV, gy = 4 x 10~*

. BPIl: My, = 100MeV, g5 = 8 X 10~*

0.001 0.010 0.100 1 10
My [GeV]
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Local Z, scalar DM

« DM Lagrangian at renormalizable level

; "U2 ,.L,‘Z
Con = DXP — mIXP = x| X (1B =2 ) = dax|XP (|8 - 2 )

2

* Taking 2Q, = Q¢ = 2, ONe more gauge invariant operator

1
. —M(X‘Z(I)T + H.c.) — H (Xz';bJr + Hr.") = EH‘U@(X??, - X?) (1 -+ ﬂ)

Vg

« DM & XDM masses: M3 = M3 +2uve, M} =M% — \2uvs.

- Off-diagonal interaction | £ D gxZ" (Xrd, X1 — X10,XR)
e Dominant DM annihilation channels

« X, X! > HH,,Z'7'
+ mHl,mZ, < mXI
* XpX! > HH,,Z'Z

TAUP Vienna 2023 14



Qh?

Local Z, scalar DM

* Higgs-mediated elastic scattering

2 2 A 2 2
o= o — ) By (- D) ( :
T i (M;) arg IV I\ T Mz, ) X\l

T 10
105 §=8-$1 Mz=11.5MeV, gy=4x10"4, sina=10"4 Mz=11.5MeV, gx=8x1074, sina=10"* .
...... At M=1GeV — A=0.01 Mj=1000GeV -
. M=10GeV - LE S el et
M=100GeV e
1000 ! . A
M=1000GeV 0.100 M;=100GeV - "/
. MH1 =10GeV - . v lf
8
10 ™
) 0.010 Mj=10GeV -~
0.100 N | 0.001 b—— \
____________ ) ' T M,=1(T/\,
0.001° : " " 1074 !
10° 0.001 0.010 0.100 1 10 0.01 0.10 1 100
Aoy M, [GeV]
I 7/
[ ] A _— —_—
M;

A= (Aoxve — \/5#) Ca —AuxVEse and Ay = (Apxve — \/E,u) So + AHXVHCq .
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Local Z, fermion DM

* Taking 2Q,, = Q¢ = 2
Lom = XD —my)x — [(m?x@ + H.c.)].

 After symmetry breaking U(1)yx = Z,
* Nonzero y4 -2 Dirac fermion y is decomposed into two Majorana

fermion (xr, x1)
* Mass gap between XDM and DM: § = My — M; = 2y Ve

* ¥;: DM & yr: XDM
« DM Lagrangian after Dark SSB

1
Lom = Z X (107" = M) Xi = %52}, (Xr" X1 = Xiv"xr) = 5 (caHi + saHa) (XrXRr — XiX1)-
?—R 1

e x1x1 — Z'Z' HiH: annihilation & X1xgr — H1Z'

my,, Mgz < My, my, +my < my, + My

TAUP Vienna 2023 16



Local Z, fermion DM

P. Ko et al, JHEP 2020

» Higgs-mediated elastic scattering S. Baek, JKK, P.Ko, PLB 2020
! MMy \? 1 1 \? My — M
o Og] = #—Nﬂz [N E;sici 5 — == A=—R_ "1
T VU ﬂ/IHl M’H2 M,
M;=1GeV (XI Z)
L i
H
0.50 M;=10GeV . 12 .
_____________________ I
\_ )
010 ______M=100Gev_ |
0.05
_______ M;=1000GevV || _
Mz=11.5MeV, gx=4x10"%, sina=10"% [
0.01
0.01 0.10 1 10 100

M, [GeV]
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Conclusions

* We need new physics beyond the Standard Model to resolve
DM and anomalies reported by experiments

« DM physics with massive dark photon cannot be complete
without including dark gauge symmetry breaking mechanism
which have been largely ignored by DM community

* Muon g-2 example shows the importance of the dark Higgs in
DM phenomenology




Conclusions

o Thank you
ow, very much ,
w  for listening "
 Muo ﬁ@ sin
o

my presentation
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Evidences — Dark Matter

* There are undeniable evidences for dark matter in a wide range
of distance scales

Solar _ Clusters of Observable
system Galaxies galaxies Universe
; v / Ve o cetence
— 2 10 )
N{ 6000 F
= 5000 [\
2 [
-§ 4000 f
S 3000 f
; ¥ p‘m
5 2000 f /A
@ “ ’[‘ ,q oo
qé.)_ 1000 g L lT“+H§.‘ S .
2 ol ! ‘ s toeags s
90° 18 3° 0.2° 0.1° 0.07°
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Muon g-2 anomaly

« Muon g-2 experiment improves the precision of their previous
result by a factor of 2

* New result

< 5.00 —> |

+—e—
Significance will likely decrease Fermilab 1+2+3
with an updated SM prediction (2023) ; A +— BNL
< .10 > | : o : FNAL Run-1
® —eo— ——t FNAL Run-2/3
SM: e+e- HVP World Average S i e
T.l. White Paper (2023) ‘. unt R
(2020) r
—— Exp. Average
W I
‘ l . : 20.0 20.5 21.0 21.5 22.0 225
New results in tension @ .
with White Paper (2020) SM: Lattice HVP a;X 10 -1165900
BMW Collab.
(2020)

17.5 18.0 18.5 19.0 19.5 20.0 20.5 21.0
a,x10° - 1165900
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Hubble tension

 Large difference between early and late H, measurement
e Hy = 73.2+ 1.3 kms *Mpc~?
e Hy = 67.4 4 0.5 kms *Mpc™?

* The discrepancy either arises because
« Our distance measurements are incorrect
« Cosmological model we use to fit all those distances is incorrect

82.5 —
KP GW170817
80.01 T SHoES
77.5 - _ CPH
SHoES
AGy vs AN £ f[
o VS =
N eﬁ F7251 & & }
§-7oo- }
= 70.
£ w3
67.5 1 W II
wi w wol, 8
65.0 P13 1BAO
62.5 1 % Dist. Ladder

HST+
GAIA2

t

(]

P18

H5T+
GAIA

*

i

15 x BNS
=

P+54

e ACDM X Std. Sirens

2000

2005

2010 2015

year
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2020

P. Shah et al, AAR 2021
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U(l)Lu_LT model

: . : W. Alt hof t al, PRL 2014
» Neutrino trident production rannenerEr et e

» Production of a muon pair from the scattering of a muon neutrino with

heavy nuclei
* Recrr = 2C9™R _ 1.82 + 0.28.
OsM
e BaBar 4/lchanne|s BarBar Collaboration, PRD 2016

cete > utu 772" - utu-,vv
« Upper limit on gy for 200MeV < M,, < 10GeV

° ANeff M. Escudero et al, JHEP 2019

« 7' will reheat the neutrino gas, resulting in a higher expansion rate
* Increase the effective number of neutrinos N ¢

e Borexino R. Harnik et al, JCAP 2012

« a liquid scintillator experiment measuring solar neutrino scattering off
electron (v — e scattering)

TAUP Vienna 2023 24



U(1)Lﬂ_Lr-charged DM

« Complex scalar DM (Here X: complex scalar DM)

« Annihilation cross section is p-wave

« Annihilation during the CMB era is velocity suppressed

krg" (s + 2m7)
(s

—m%,)?+m% %,

l. Holst. D. Hooper, G. Krnjaic, PRL 2022

0.005 §
& 0.001 =
l;:
5.x1074 S
1.x107* S - e
0.001 0.010 0.100 1 10

Mz [GeV]
* my = 5,10, 15, 20, 25,30MeV
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Scalar DM relic density with g’ that resolves Aa,,

102+

10' ¢

BABAR 4y /
\"

ANeg > 0.5

m, [MeV]
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Dark Higgs constraints

 After spontaneous symmetry breakings
 Additional interactions with the dark Higgs

| ) | |
E{;‘; D EQ’%{Q%Z HZLI(IIJE[—F g%@%u@Z ’HZL(D — /‘hp'?}@(.-ﬁg — )%H'L'Hh-g —

Ao H

vopoh® —

) .
A o d? h.]

° Neff @ T ~a few MeV

« If light dark Higgs masses are lighter than Tj,.~1MeV, the light dark
Higgs mainly decays into e* - ANz # 0

» The dark Higgs decay before 1sec

PDG 2022
» Higgs invisible decay @ LHC N
inv H1H1 6 \ -- ez =7.2x 1U_E,m,{|:m21 4
Br(H, — inv.) Tz g < 11% “
[ ] . —_— - O
2 re +THY +F§§H 1

« sina should be small (BPI: sina < 1073)
» Take sina = 107* (¢ = Hy, h = H,

Eli 1IC|
TAUP Vienna 2023 mz: [MeV] 26



Scalar DM: 0, /04 # +1,+1/2,+1/3, etc

« Consider complex scalar DM with a generic Qx/Q4

« Gauge Iinvariant & renormalizable Lagrangian

. , . ,UE 'U?
Lom = DX P —mi | X" = Anx|XT* (IHP - 7) ~ Nax| X[’ (@F - E)

« XXT - H,H, annihilation channel

X\ /H1 X . "Hl X""‘-L...___ ,f"'Hl X--___,_______ s Hy
AN / ‘\ ! r N /
X EEERARE - ' AN
¥\ p H s T l/ N
xt7 NH, i ‘Hy xi-—""" T =-H xT-—" N,
S . - aMz\ '
. {m;ml(){)ﬁ — H Hy)) ~ T ()xq,xcft + )\HXSi)Z (1 _ 5)
ms 5
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Scalar DM: 0, /04 # +1,+1/2,+1/3, etc

« XXT = Z'Z" annihilation channels

X\‘ 7! X“ 7! X‘"“‘H-..N\/\/\'Z! X---..,_______- A
\
. | |
e 1 r
¥ " Hy»
xt7 7' Xt 7 xi— T J’VV\/\/ Z' oyt A
‘52 Ca S 2
M2 ~ ’ Ao v 2 - -0y - Sak
M 4ﬂ{}( *xVe) ‘(S-—ﬂfﬁl+if}ﬁﬂfﬁlﬁ_S-—ﬂfﬁ2+iI}Qﬂng

k1 = 6Agv Ha — 6/\¢.U¢'pﬂ + 3A¢,HLH¢5,} 3)\(1;}-[1}@(“ 2
Ko = —6/\@‘{{1;-‘_"2 8o — 6AgU Hb Co + AaH (2-‘_’, Sq — S ) /\@HLH (f_’, — 2c, E:— ) .
1 aM2Z N\
oveel (XX = Z2' 7' M]2[1-—£Z .
(v )= oM
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Scalar DM: 0, /04 # +1,+1/2,+1/3, etc

» Higgs-mediated elastic scattering

2 . AT2 AT2
L N ﬂfll\..r ) { U ( JII H, ) ( 9 :‘II H, )]
o Og] = 3x —la 1l — — —Apx |t + ——
4 ( My ) N 1 1;11 i v M f;2 “ M f;g

10: T T L B R | T T T T T T 1717 T T T T T TTT
“Mz=11.5 MeV, gx=4x10"%

‘Qo=1.1, sina=10"* /
1€ £
Mx=1000GeV :

0.100 /

X
e - Mx=100GeV
o010
- Mx=10GeV
0.001F
g MXJ%
10~4 e
0.01 100
MH, [GeV]
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Local Z, scalar DM

« Dominant DM annihilation channels
« X, X! - H,H,

XI\ Y H1 Xf ;Hl XI'-- - - "‘Hl X‘T - - /H1

N\ / r f\\ V4
/

x e o
. N 1.2 . | ___l// \\

XI/ \Hl XI. .Hl XI’——‘—- ﬁn""Hl XI"_--_. \Hl

T2

1 2 4M
~ 2 2 Hy
(Uvrel(XIXI — H1H1)> ~ )@Xca + AHXSQ, LW EE——

327s s

T 171
- X, X1 > 7'Z
XI Z" XI Z.’ XI-.. Z.’ XI-_ - Z;
N - __N\f\f\l —
\
*. | |
STt xR, Xny
s Hi 3
Ve - / - - '

iﬁ/flg )\1(3& )\gsa

(O'?Jre]{X}XI — Z!Z"» ~

~ 8702 |5 MZ + il My, |5 — M%, + il M,
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Local Z; scalar DM
P. Ko et al, JCAP 2014

» Take 30y = Qg = 3 P. Ko et al, PLB 2020

« Relevant Lagrangian
2 2

Lom = DFXTD,X —m% XTX — Ayx X'X (HT H- %H) “ax XX (tiﬁdé - %@) + g (X361 + Hee)

* Usual annihilation channel
« XXT - Z'(H,H,) — (SM particles)

* New mechanism: semi-annihilations
« XX - XTH,, X1Z'
« gx~0(10~%) > XX — XTZ' is not important
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Qh?

Local Z; scalar DM

 Relic abundance of Z; scalar DM

Mx=100GeV, Agx=0.1 T My=100GeV, Agx=01
Mx=100GeV, Agpx=0.01 I Mx=100GeV, Aqpx=0.01
1000 Mx=100GeV, Apx=0.001 - 1000 Mxy=100GeV, Apx=0.001 -

Mx=100GeV, Agpx=0.0
MH1 =10GeV, sina=10"

Mz'=11.5 MeV, gx=4x10"%
(3]
- é 1

Mx=100GeV, Agpx=0.0 4
M, =10GeV, sina=10"

Mz'=100 MeV, gx=8x10"%

0.001 1 0.001

104 10 104 0.001 0.010 0.100 1 10
A3 A3
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Local Z, fermion DM

* XIXI — Z’Z’,HlHl

IX 7! X1 H XI _H,

XTI 7 I
P =
X1 z

4 X1 Z/ XI H, X1 = H,

* xiXr — H1Z'

Xr Z’ XTI

~ XR

XR H, XR
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