A concise review on some Higgs-
related new physics models in
light of current experiments

\ Sun Yat-sen University Zhuhai Campus
ey Jul 04,2023

How Symmetry Shapes Nature’s Laws

Pengxuan Zhu (% # )

Institute of Theoretical Physics, Chinese Academic of Science

zhupx@itp.ac.cn

In collaboration with Lei Wang, Jin-Min Yang, Yang Zhang, Rui Zhu
Based on arXiv: 2203.05719 [hep-ph], arXiv:2201.00156 [hep-ph]



mailto:zhupx@itp.ac.cn
https://arxiv.org/abs/2302.05719
https://arxiv.org/abs/2201.00156

O, WHAT SCIENTISTS
DOANDDONTKNOW hnature

Physicists are celebrating ten years since the Higgs boson’s

discovery. But many of its properties remain mysterious.
— Elizabeth Gibney

4 things scientists have learnt

®* The Higgs boson’s mass is 125 GeV.
® The Higgs boson is a spin-zero particle.

®* The Higgs’s properties rule out some theories that
extend the standard model.

® The Universe is stable — but only just.

4 things scientists still want to know
®* Can we make Higgs measurements more precise?
®* Does the Higgs interact with lighter particles?
®* Does the Higgs interact with itself?

® What is the Higgs boson’s lifetime?
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Shortcoming of SM:

Hierarchy Problem: (v) ~ 246 GeV < Mpy,nck
Naturalness Problem: Fine-tuning required for ni.
Vacuum Stability

Lack of DM explanation: Higgs as a portal to cold DM, ...

Lack of Neutrino mass explanation. (Only in some SUSY topic, but
not too much)

Flavor Structure and Hierarchy. (Not in this talk)

Baryon asymmetry of the universe: Strong first order EW phase
transition is a solution to baryon asymmetry, but EWPT from SM
Higgs is a smooth crossover.
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Two recent anomalies from experimental side

Science, 376.(2022) 6589. ATLAS-CONF-2023-004
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arXiv: 2006.04822 [hep-ph]

‘"W boson mass anomaly

e CDF result (about 60 deviation) disagrees
with recent LHC measurement, in line
with SM prediction.

* The lattice calculation for muon g — 2
shifts the SM value, but has larger

uncertainty. It relax the deviation from 4.2¢
to 1.50. But showing a 2.1 tension with

the eTe™ data-driven HVP contribution
estimation.
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Muon g-2 anomaly

arXiv: 2204.03996 [hep-ph]
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* The my, and muon g — 2 calculations are in fact connected by the fact
that both the hadronic contributions to the running of the fine

HVP

structure constant Aay,,4 and the HVP contributions a,, " *.

U

m. > ds
HVP _
a, = 12,;‘3/ S K(S) Ohag(+/S),

2
m
w0

* The EW fit result demonstrate that including the g — 2 measurement
worsens the tension with the CDF measurement and conversely that
adjustments that alleviate the CDF tension worsen the g — 2 tension
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Contents

A philatelic collection, though incomplete

- Supersymmetric Standard
Model (SSM)s

- Minimal SSM

- Next-to-Minimal SSM
- Seesaw extended SSMs:

- Type-I seesaw

-Muon g — 2 favored:
. Type-1 2HDM

. Type-X 2HDM
- Flavor-aligned 2HDM

- Muon-specific 2HDM

- Inverse seesaw . .
- ut-flavor violating 2HDM

- 2HDM+S
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Low energy SUSY

A light Higgs boson in SM

- My is not protected
by any symmetry,
and it has a
quadratic divergence
from loop
correction.

- The masses of
fermions or gauge
boson are
prohibited by gauge
or chiral symmetry.

Muon neutrino

Electron

Electron neutrino

The o
Standard Model of Particle Physics: A Triumph of Science™™ o CaEINE

* arXiv: hep-ph/0410370

WIN2023, SYSU Zhuhai Campus, July 04 5

‘ 2
i
f
---------- om? = — 24 .
. ", A A |
om2 = — S A% =2m?1lo — 4 ...
\“ 'l H 167[2 S g mS
------- \_ '-¢------- -
0) = — 4e? [ d*k 1
T = —a€em
u T} Qo k22 — m?)

Aoy A
omg ~ 2——mylog —
T mf

electron self-energy

O

photon self-energy

d*k 2kMkE — gH (k> — my)
Q2m)* (k2 — m2)?

v _ 2
7(0) = — de [

1

=0

1. The integral vanishes is manifest only in a regularization scheme that
preserves gauge invariance, e.g. dimensional regularization.
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Wassm = .0 - H, @ —y,Q-Hyd—y,L-H; &+ uH, - H,
Low energy SUSY R

* The holomorphicity requiljes the Higgs sector must be extended to two Higgs

A light Higgs boson in SUSY doublet H, and H,,

- The quadratic divergences from the =\
lOOp corrections are “teChnica"y” @D ¥y A @p Neutralino

canceled out and only logarithmic
' . Chargino

divergences remains.
2
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b = \/vj +v2 ~ 246 GeV Stop mixing parameter

Low energy SUSY o o= ans
° o ® vu B ) T
A light Higgs boson in SUSY (MSSM) v = (H,) Stop soft trilinear coupling
tanf =v,/v, My = |/ m; A typical scale of

m, ~ 173 GeV soft SUSY breaking parameter

S o 3m; M;  X? X?
m; ~ m,CoS“2p + -~ > > ] — >
—T— 2 m2 M3 12M2
tree level ‘
o loop level
(dominated contribution from top-stop loop)

Muon
. s neutrino
Electron neutrino

X, ‘ < \/EM ¢ required by charge & color breaking

constraint.

e Large mixing term favored

*arXiv: 1310.1932 [hep-ph]
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Low energy SUSY My =My /2 =1 Te.

100 G 300
A light Higgs boson in SUSY (MSSM) Vs ps 0N

1 <tanf < 50
3m?! M: X7 X? 500 GeV < M, = M,, = M, < 100 TeV
m2 ~ m2cos?2f + —— [loge—= + L | 1 - = A e
L ‘ 272v? m¢ Mg 12M5 X,| < VoM

Current LHC detection limit

e 125 GeV Higgs is a great triumph of SUSY!

» Require top squark (colored sparticle) above

TeV.

e LHC direct search not see any SUSY particle,

MSSM (X, < ¢/ 6mim

and push the colored sparticle above TeV.

® They are in consistency!

10 lllll A A A llllll A A A 111112

*arXiv: 1202.5821 [hep-ph]
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Low energy SUSY

Heavy Higgs states H, A & H* (hMSSM approach)

Higgs boson

@
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.
. »
Strange ~ :
quark m )

hMSSM:
my ~ 125 GeV 2
M¢ 2z 1 TeV

trade the effective Higgs
coupling measure to the
heavy Higgs states.

*arXiv: 1202.5998 [hep-ph]
* arXiv: 1307.5205 [hep-ph]
* arXiv: 1502.05653 [hep-ph]
*arXiv: 2201.00070 [hep-ph]

NN W pAO

July 2021

the measured value of m,, is close to this upper mass limit implies that the
SUSY breaking scale My might be rather high.

ATLAS Preliminary

[ gg/bb HIA, HIA —
y 139 fb™'

I' Phys. Rev. Lett. 125 (2020) 051801

+ + . -1
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Phys. Rev. D 102 (2020) 032004
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Eur. Phys. J. C 78 {2018) 293
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hMSSM, 95% CL limits JHEP 06 (2021) 145
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~ Lowenergy SUSY
Neutralino Dark matter

e Neutralino DM candidate is a typical WIMP.
e WIMP miracle:

Collider constraints 100
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e Constraints from DM-nucleon scattering rate measurement
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for m; S 500 GeV.

* Roughly speaking, Bino/Wino DM need tuning to escape the o,
constraint, Higgsino need tuning to escape the o

* arXiv: 2207.03764 [hep-ph]

* arXiv: 2303.02169 [hep-ph]

*arXiv: hep-ph/0512090
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* arXiv: hep-ph/9506380
* arXiv: 1001.3651 [hep-ph]

Pengxuan Zhu (ITP, CAS)

000 1100

All limits at 95% CL
= =+ Expecled limits
w— Observad limils

=i=0 .
iy X, via

/v 23l

.......

~rt ._'._,',\_'l_". .
Ty 7,%, o via

(= /v, 2=

= =« Cxpacted limils

w— Observed limils
=i=0 =0=0
Xy Xy = WZ K,

RJE 2l + RJR 3l
— Soft 21 + 3
w— | 4 |O1S

e )]

ATL-PHYS-PUB-2023-005

 Compressed spectrum is favored by the current LHC.

e Neutralino DM is still OK, but need fine-tuning, especially


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-005/

LOW energy SUSY BS needs fine-tuning of SUSY parameter to escape DM experiments !!!

MSSM DM (Blind spot condition case) ® Case A: SIBS ® Case B: SI BS ® Case C: SI&SD BS

' = M,+ pusin2p =0 M, =M
®* Relic density aspect: M+ psm2f =0 » tpusin2p 1 = M

e Pure-bino DM: almost no interaction, over abundant.

—1
e Pure-Higgsino DM: m; op 2 1 TeV for correct abundance
e Pure-Wino DM: m; op 2 2.5 TeV for correct abundance
®* DM-nucleon scattering aspect (DM direct detection):
® Blind spot (BS) condition:
1Ty 0 condition signs
My (< Mo, |p]) My + pusin23 =0 sign(M/p) = —1 1200 200 .

A A - aQ Gor( M. - S -Combined Result C Al 5 -Combined Results Case B| & § 4 Jisappearing Track" c c
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— . : i andaX- _ J 14 2%

Mio(< |pl) | My =My, |p| > |Mys/sin28| | sign(Myz/p) = —1 800/ -SD LZ Limits | 800[-SD LZ Limits ) L g
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The spin-independent blind spot mass relation 600 00| 1o O . e
400} 400} s
— . - ~ . 7 7 20130013000 fb
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The spin-dependent blind spot mass relation -u [GeV] n[Gev] M=M, [GeV]

* arXiv: 1612.02387[hep-ph]
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Low energy SUSY

Muon (g-2) in SUSY

2
alm m 4 m
aSUSY = sgn(y) (, i) ——tanf| 1- 20 n 58Uy
87 sin- Oy méyqy T m,
2
Y 100 GeV
~ sgn(u) 130 X 107" - tan f
Msusy

M, My,
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Collider constraints

PP = 1} g 1L v i = U3, bINO LS

ATL-PHYS-PUB-2023-005

P March 2023
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e Requires light sleptons & light electroweakinos.

 We are in the muon g-2 era !!

*

arXiv: hep-ph/9512396
arXiv: hep-ph/0102122
* arXiv: hep-ph/0609168
* arXiv: 1704.05178[hep-ph]
* arXiv: 2104.03217[hep-ph]

-Sho Iwamoto
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1000,

Low energy SUSY

MSSM DM in Muon (g-2) parameter space

A (g-2),+ Oh’
(g -2),+ Qh?* + DD
* (g-2),+ Qh* + DD+ LHC

A g 2.0 0h?
(g~2),+ M « DD
* (g-2),+ O - DD+ LHC

® Bino-dominated DM candidate

| 200 400 600 800 1000 200 400 600 800 1000
three annihilation mechanism can fulfill the DM relic density 0 s . 800,
30m ) g=-2 Ith DD 700

1. co-annihilate with Wino:
M, < M, MN)LSP < 650 (700) GeV
2. co-annihilate with Left-handed smuon:

My Sm;  mpgse S 650 (700) GeV

e (z-2),
k-2) + Ok’
g=2),.+ k! + DD

o (g-2),+ i’ + DD +LHC

%o 200 300 400 500 600 700 800

3. co-annihilate with Right-handed smuon: 000
Ml 5 mﬂR m(N)LSP S 650 (700) GeV 15001 * e-%, 4 DD 41 _ 8005
| £ w0
Q |
* arXiv: 2006.15157[hep-ph] <
* arXiv: 2103.13403[hep-ph] |
* arXiv: 2104.03287[hep-ph] : ool 3
* arXiv: 2105.06408[hep-ph T A _ lse-acatsopuml
. - : : 100 200 300 400 500 600 700 800 200 400 600 800 1000
arXiv: 2112.01389[hep-ph. e (GeV) m.o (GeV)
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Low energy SUSY EERER R

5- (g-2),+ Qh’ + DD
* (g-2),+ Oh' +DD+ LHC |

MSSM DM in Muon (g-2) parameter space 2 :
® Wino-dominated DM candidate roa

the DM relic density is only an upper bound, (The full relic

WINO

A ([8-2), + Ok?

®-2),+ oh’ + DD

density implies Mgy ~ 3 TeV, which cannot explain muon g-2)

WINO x (g=2),+ Nh%4 DD+ LHC
01 S Y S S —
< _ _ 200 400 600 800 600 800 1000
M2 ~ M19 ,[/l, mﬂL, m/’tR m'-h»(GeV) mx_? (GeV)
MYN)LSP < 600 GeV
mNLSP — mLSP i 03 GGV
1600 — 700
i i ] i 1400:.
® Higgsino-dominated DM candidate & :; 600
the DM relic density is only an upper bound, (The full relic rd
density implies Mgy ~ 1 TeV, which cannot explain muon g-2) .
< M M m-~ . M- 2 HIGGSINO HIGGSINO
s W M M M+ arxiv: 2006.15157[hep-ph . ——
m(N)LSP S 500 GeV : arXiV: 21 0313403hep-ph : - fi-:_-zz:":::’z:ss+mc 1 . —i)_:lti]!’:.‘t:;:-4LllC ’
" arXiv: 2104.03287[hep-ph] 100200 300 400 500 600 700 800 "o 200 300 400 500 600 700

MNLsp — M sp ™ 5 GeV . arXiv: 2105.06408[hep-ph] m .o (GeV) m ¢ (GeV)
*arXiv: 2112.01389[hep-ph]
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Low energy SUSY

MSSM Muon (g-2) & Electron (g-2)

Aa,(Rb) = 48(36) x 10714
Aa,(Cs) = — 88(36) x 10!

®* Two anomalies are highly correlated

2

aXt  m? Aa,(Cs) m,
NP 2 ;~ =15

a, m; Aa, m;

®* MSSM solution without Lepton flavor violation

\Aﬁ*-Ji%U“ E;é;Il(]kiél&f}:) <: ()
2
x m- M,u tan
—*-/:\-* u 02H p Large u, large tan 3
MR ) Non-univeral soft
d L X 1, M p tan fj slepton parameter

* arXiv: 1908.03607 [hep-ph]
*arXiv: 2107.04962 [hep-ph]
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Low energy SUSY

MSSM Muon (g-2) & Electron (g-2)

Aa,(Rb) = 48(36) x 10714
Aa,(Cs) = — 88(36) x 10~

®* Two anomalies are highly correlated

NP 2 2
a m Aa,(Cs) m
e e e H
NP 2 ~ =15
aj m2 Aa, m?
, lanf=40, M, = = 100GeV, My = Mp =130GeV _ tang=00, My = = 100GeV,. M1 =Mp =145GeV
600 T 600 7
CMS allowed ! CMS allowed
o 5 - 1 H sos. ATLAS'?: allowed ( soae ATLAS'" allowed
MSSM solution without Lepton flavor violation AT e e
5(10) - i 500 - ' e

W-H%r Sgn(MM;) > 0 /3

400 o/ 2 400 /S Z L*
Sl - I} ="
~ - .‘ ’ =i
Q S s - q R T | & — ®
e 2 t N i o ( Ty T ’ !
------ Large arge tan z g = <1
g€ U, larg 3| y :
) ‘ < : o ‘~,,41
f‘(.“, 1y ’ ’ ’/ .. ~
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uGeV)
3
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300 -
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Non-univeral soft
slepton parameter

200+

e 2
ST x m; Mutanp

- Soew > .
100 - : 100
-1000 -800 -600D -400 -200 -100 -1000 -R00 -600 -400 -200 -100

* arXiv: 1908.03607 [hep-ph] ,
* arXiv: 2107.04962 [hep-ph] No global-fit result performed.

Still OK in MSSM, but hard.
16

M, (GeV) M, (GeV)
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. b . o o . . 3:' . .‘ . : . "'Hl":
Aris t.he Summ of the loop corrections, Aa Ap is sensitive to the mass splitting of the SO ey R Y
the shift of fine-structure constant. . . e A “ $ie
. isospin super-partners, like A(m;, mj) 80.36F
- experimental errors 68% CL; - i ®
LEP2..'Teya,tron: today 80.30F | E
B il T T | U T TN TN (T ST SANUUNT T AN ST NN SN (N ST SN SN TN MU S ST A W'
80.50 M, = 1256431 Gevl _ — — 05 10 15 20 25 30 35 4.0
i MSSM e [ coann. case-L ] AgMsSM x10~¥
%‘ 80.41 E‘ e [ coann. case-R ‘; K
S, : fh , ; e x* coann. (l}-ﬁ/) g
E; 80 40; , i e bR ] 80.405 x* coann. (W) _i
O} | Qf P E ®  X* coann. (H) bo ] * Very light SUSY DM favored by the CDF-II
;/&/// - 80.39F E measurement of my,.
20 40 SMIM,, = 12562 0.7 Gev es ﬁ, 80.38 F AP _ * The Aa, favored parameter space is hard to
: e § Vi explain the CDF anomaly.
e Ty S 80.37F E e LHC and DM phenomenology put very strong
m, [GeV] : e constraints.
80.36 [ .
* SUSY is a decoupled theory, larger my, L5 vt I SRS PR
needs lighter SUSY particle. 80.35 E E |
E M : * arXiv: 1311.1663 [hep-ph]
700 500 300 00 =00 =00 *arXiv: 2203.15710 [hep-ph]
mo [GeV] * arXiv: 2204.04204 [hep-ph]
1
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Low energy SUSY

DM, Muon (g-2) & W-mass Anomaly

M, na
2 W

M, [GeV]

8060 ] I I I ' I 1 | I | | I ] I l‘_’v,lf I i | I | l ¥
- experimental errors 68% CL_: i
LEP2/Tevatron: today
8050 . , M, = 1256 3.1 GeV
. MSSM
80.40
80.30 | SM|M, =125.6 + 0.7 GeV MaaM [T

l | | | l 1 1 | I | | | l | | | I | 1 | l 11

SM, MSSM FEETEEEE |

168 170 172 174 176 178
m, [GeV]

cos? @y

« 7
sin” Gy

Ar is the sum of the loop corrections, Aa
the shift of fine-structure constant.

* SUSY is a decoupled theory, larger my,

needs lighter SUSY particle.

* Light blue point: m;; > 500 GeV,

m; > 1.2 TeV &m; > 1.2 TeV.

WIN2023, SYSU Zhuhai Campus, July 04

* Hard to achieve m;, ~ 125 GeV and my, 2 80.4 GeV
simultaneously.
 The Aa, favored parameter space is hard to explain
the CDF anomaly.
 LHC and DM phenomenology put very strong
‘ My cos? Oy constraints. LHC-Run Il or HL-LHC will probe the
Ap+---y oMy = 2 cos? By — sin’ Gy Ap. surviving parameter space.
Ap is sensitive to the mass splitting of the . . .
. . like A( ) 1. Need more precise theoretical calculation;
isospin super-partners, like A(m;, m; .
’ b 2. Global-fit is needed!
AT ' ' O lude by SModel
! » Satisfy criteria A I | ) o Exclude by SModelS
: ‘ [ 35 v OFfi 3207 Exclude by CheckMATE
80.46 7 : : : I e Surviving samples
20 lo 125.5 GeV | ! !
7 | I 4' ;;;;;;;; : ______ 300 4
80.45 A | ' I I
: : 30 . | |
> 80.44 - ! | 2 T . i i = 280
9/ : CDF Il : » ; : p\'l\; BN s— (5 :
. 80.43- | : Sy | L = 260 A
2 : : S : | & 4
%‘T 80.42 - -~ S5SEsmE R 7 < E i ) 240 - -
\ | 20 [ | 2ol
| A3 1 o
80.41 : : : : K1
- i " | 220 4 ‘o
! I I @
80.40 - | - 15 i ; o8
: : : 200 **
80.39 —= - T — , T 4 —t , . . oy " pu -
120 122 124 126 128 80.38  80.40 80.42 8044  80.46 &0 0 0 40 SO S0 ob
ma, (GeV) MEUSY (GeV) mg; (GeV)
* arXiv: 1311.1663 [hep-ph]
*arXiv: 2203.15710 [hep-ph]
*arXiv: 2204.04204 [hep-ph]
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Low energy SUSY o = A(S) aftor EWSB.

A light Higgs boson in Next-to-Minimal SSM (NMSSM)

Two extra Higgs boson (i, A,), and one extra Neutralino.

2 pn2 2

| Neutralino
12 0 Singlino
+1%v% — —y? (/1 — K SIn 2,6)
2
. . Chargino
Wino o Higgsino
v
e Singlino DM: like pure-Bino case, but the mixing term - g
with other electroweakino are controlled by one free A &. é &
f- % > . T Down squark  Up squark e o =
parameter A. =<4 é scuarc il squar’
il e New DM annihilation channels: sheutrino Ye €

Muon
neuirino

Muon
sneutrino

Electron ( ~(0 ~0 Electron
neutrnno A Xl%l — hSAS sneutrino Seletron

Electron

B. Co-annihilated with Higgsino 4 ~ 2 | k|

o . : : .. *arXiv: 0910.1785 [hep-ph]
C. Annihilate via the charged Higgsino in ¢ * arXiv: 1612.06574 [hep-ph

-channel. * arXiv: 1806.09478 [hep-ph]

. . . . " arXiv: 1810.09143 [hep-ph]
e New blind spot condition due to the light /2, which “ arXiv: 210205309 [h eg_gh:
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Low energy SUSY o = A(S) aftor EWSB.

Singlino DM in NMSSM

1e-06

FT o ' '
1e-08 R o Status of Singlino DM in NMSSM prefers to:
- “
il
p— 1e'10 0.04 ™ 2
N L o o . .
% fe12 '5] Large Singlino purity: N;. > 0.99
b _ . . . ) . . . ~
A Co-annihilation with Higgsino: 2 | x| / A~1
1e-16
0.0016 . g | Nature may choose a singlet WIMP DM
1e-18 '
10 100 1000 0 05 1 2m1.5 2 25
01 ® Higgsino pair production at LHC/HL-LHC
' 0.1 r can probe it.
0.0001 0.0001 E - 40 | e
T 107 8 1007 o 3 =l B .
(& ) B &= 10 L \ .m-\a“xtﬂ".b'u XN x-‘ut"i:lcmni
S N N el R e 5
N 1e-10 3 1e-10 |- t sl T S
1e-13 1e-13 | g Ll g
»
1e-16 1e-16 . 1 ' 3¢ + ot 2(. arXiv 210601576, 91112605, m{iD) = m(i})
10 1% 1000 le-18  1e-14 1e-10  1e-06 0.5F Lore s e e MR
m Ge L ____-:‘7' Tr!c?t:llcfll_prcdlcl_io?_rc~rpurcnggslno
* arXiv: 0910.1785 hep-pHi ) G og [pb] Lot TR
* arXiv: 1703.01255 [hep-ph] 100 150 200 250
* arXiv: 1810.09143 [hep-ph] m(¢¥) [GeV]
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Low energy SUSY o = A(S) aftor EWSB.

DM, W mass anomaly & Muon (g-2) in NMSSM

1 ote I L 1 I . r ! T T % R PR R Y T T S W T T T T T T | I 1 ] | I | |
40 — A *-?‘ g 101 L - Tg: ’x 7 gtf,:t,tg;%;i;,%;l L B 3 R AT e L I B B L B [, T T T T T T
- o« .D. -~ ‘ 2 _)4 t‘. C..' e 3o ‘.; . .v‘_ :'. 3: '--.: .4:. . ‘L:'.:'."\.' .. * b (ol -
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— - Do 1? - $Q8, Sty i R .
i - e : 1000 |- ¥54: 53 5 s avma ¥ ine T %y - C i
- B 80.42 ok - :‘2': s N A '.fx;-t_' . 300 A
> S ~ Yottt ] — e 3a” fea i s I T i . = o i
T — - -~ ) " “~h e - T Wt ccfk-‘ N ) A -
— - D) - - - o :‘:":' BT AN ety e ot o
> 4 © - i R ) ik LR A e R QO )
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- ] = - -] i -‘4:2:.' Serpd - Pt - = 250 ]
- 1 = 5 ] g 3-5:‘.'-:".,-;' a . ae & g -
z b R - 9 -1:‘.‘_“7 "- , l‘:T l'l:,. —
1 { 80'41 - —de .'}e ‘J.‘.. :Tl:,::* ‘.‘ .’ ."-- " v - .
2.0 " g — = - '..f;;' .,!‘L';".\' . :'I. ﬁ; [YER ATOT LI ]
- — - " ° gt mp o1 A LAY
g = — - "2; ¢ e ‘:‘ o "-- P (.' "u - '<"1" 200 ]
1q e - - — . et il T8 Aot -, _". b " 2 M- - -
- - _ P ¥ . :c-.-'--l ... - ' —
3 g — [ - .'Rﬁ","‘ L 'L 2 'I' - '.,' - —
15 ' 8 "y — 80.40 N :}:“T‘ e A ALY LA ": . .
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1 r
m- [GeV] m . [GeV] m- [GeV] m.. [GeV]
Hr. HL M iy,

DM is singlino-like
e Light stau, slepton and chargino are characterized to give a common explanation
to W mass and muon (g-2).

e In principle, rich lepton + E%niss signal predicted, which can be probed by LHC.

* arXiv: 0910.1785 [hep-ph]
* arXiv: 2209.03863 [hep-ph]
*arXiv: 2204.04356 [hep-ph]
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GNMssm = V.0 - H, v,0 - H, Ve d H | u g 3

Low energy SUSY b = 1+ (S aftor EWSB

General NMSSM: an alternative solution of singlino DM

"
. .llA.

* Singlino DM: like pure-Bino case, but the mixing term
with other electroweakino are controlled by one free

parameter A.

e New DM annihilation channels:
A i — hA,
B. Co-annihilated with Higgsino 4 ~ 2 | k|

Profile Likelihood £
" Profile Likelihood £

o100 2000 300 400 500 600 70000 0.0 0.1 0.2 0.3 0.4 0.5
o o . . . . nx (GeV) ]
C. Annihilate via the charged Higgsino in ¢ S ’"'( o o 00 — |
-channel. ’ .
® LHC/HL-LHC can test this model with it; -
Higgsino pair production. G 10" 06 2 %
= 2 =
. U Lo 04 ©
®* Muon g-2 anomaly can be easily 107 042 4%
explained. | E &
T 0.2 v
* arXiv: 2104.03284[hep-ph] . T——— EE——

0700 2000 3000 400 300 600 700
myp (GeV)
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Wiss avissm = WkawaF ASH, Hd+ xS+ S0X + YL - H D+ u XX

LOW energy SUSY Wrype—1 NMssM = WyukawatASH,, Hd+§’<53+/1 SoD+ YL - H p

Sneutrino DM in Seesaw mechanism extended NMSSM ‘
Hig smo massyv

—_
@]

® Same Higgs sector to NMSSM —r

0.8 é“ 0.8 g“
e Sneutrino DM: like singlino case in NMSSM, the right-handed = =
sneutrino or the X-type sneutrino can be WIMP DM. o "3
e New DM annihilation channels: = -
A. Co-annihilated with Higgsino 0;;» Og
B. < <

DM direct detection rate is control by parameters 4, and Y Y ey "
currently 4, Y, < 0.1 - |
0.8 ; 0.8 ;
o 2
= =
® Light enough Higgsino NLSP favored, the phenomenology " "
same to NMSSM without considering DM. . e
s s

| | | | | I | | |
80 100 120 140 160 ™ 80 100 120 140 160

* arXiv: 1910.14317[hep-ph] ms,
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WISS NMSSM — WYukawa_l_;tSﬁu ¢ ﬁd_l_%KS\G_l_/’{USﬁX + sz ¢ ﬁuﬁ + MXXX
orr 4 o 1.6 An A S A
L.ow energy SUSY Wrypet nmssmt = WrakaatASH, - Ht~x83+ 2,500 + YL - 0
Sneutrino DM in Seesaw mechanism extended NMSSM

®* Same Higgs sector to NMSSM 4 ypical Spectrum of ENNS

9 )]

AT

e Sneutrino DM: like singlino case in NMSSM, the right-handed |

N

sneutrino or the X-type sneutrino can be WIMP DM.
 New DM annihilation channels:
A. Co-annihilated with Higgsino
B.

e DM direct detection rate is control by parameters 4,and Y,

currently 4, Y, < 0.1

%}
2

wul

® Light enough Higgsino NLSP favored, the phenomenology
same to NMSSM without considering DM

|
|
|
|
|
B
|
|
|
|
1OOGGVR
* arXiv: 1910.14317[hep-ph] —
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LOW energy SUSY WISS NMSSM — WYukawa_l_;tSﬁu ‘ ﬁd+ %K§3+/1D§I>X + YUL . ﬁuﬁ + //tXXX

Neutrino Yukawa as the source of (g-2)

(\9)

a,” . : L 2 L1 Ly - XnFZC (xn) s Ay T T
n

2

S
:Fz[\)

~ m
: " A872y ucos

1.5

Large Y, ~ ©0(0.1) — O(1) ol
=
Small ||, large tan f s
Independent of Sgn(u) 0 1 2 é 4 ]
X
2o v , , , | g |0
. . X 1 £
* Y, < 1.4:due to the negative mass correctionto ~ i o
Higgs boson O it (el IRy e |
126 - |
-~y : [ ,
. . . ? f . Imﬁ;z,}:
* Can easily explain Aa,(Cs) & Aa, simultaneously © - ‘ ~
. . . . . < 124?t . 2
without introducing lepton flavor violation | e <
122+ : | :.:: . ’ _ . : }'.."_- V;I Loty S“
* I [ I i ."‘ ; R ' ] & ... o . NE .z;:
arXiv: 1912.10225 [hep-ph. X B ¥ R ¥ ! ] TR R S YA SRR Il
* arXiv: 2102.11355 [hep-ph] N | ' ' 1 |
*arXiv: 2207.12618 [hep-ph! ‘:f /\ : .
) Oz 04 06 0.8 1.0 1.2 —1z -0 -8 -6 -F '—121 T OV
| | oy | | ,SUSY
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Two Higgs double model ZHDM)

First proposed by T. D. Lee in 1973.

The 2HDM appears as a low-energy effective scalar sector of many UV-complete theories, like
SUSY, Pati-Salam model, little Higgs model, left-right model, etc.

« Discrete symmetry (mostly 4,) or Flavor
alignment imposed to avoid FCNC at tree-level,

accordingly:
¢ TY‘De'I 2H DM: (pl (PZ (2 UR dR (Lc: L'u-: L’r) (6[{: MR, TR)
e Type-ll 2HDM: type-I o 1 0 1 1 0 1
= e Type-X (Lepton-specific)2HC  typeet 0 1 0 1 0 0 0
AT * Lepton-specific 2HDM: typeX 0 1 0 1 1 0 0
Muon o (o )
Muon st floctron _"euiine e Muon-specific 2HDM (Z,): type-Y 0 1 0 1 0 0 1
e ut-flavor violating 2HDM: W2HDM 2 0 0 0 0 (0,—1,0) (0,1,0)
* Inert Double model pr2HDM 2 0 0 0 0  (0,1,-1)  (0,1,-1)
* PRD 8 (1973) 1226. R The charge assignments under the discrete symmetry

* arXiv: 2304.09887 [hep-ph]
* arXiv: 2203.07244 [hep-ph]
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Two Higgs double model ZHDM)

Muon g-2 in 2HDM

Aa, mass range
Type-ll & Type-X: tan /# enhance Type-X 2HDM | 2 loop | ma = O(10) GeV &« my = my=
7. b 2G> m2 2 FA2HDM 2 loop | ma = O10)GeV €« myg = mp+
/ h. A 2HDM (1) o V2Gym, tan? f—- [ 1n 2L — ! , ,
b A N /,/ " 1 — A2 > 2 6 u2HDM 1 loop | 900GceV < my i < 1000 GeV
T mh mﬂ | . | ]
d) ur2HDM 1loop | 500GeV < ma g < 1600GeV
Wt /i (2)2HDM \/_GF my, m2 mf% 11 2HDM scenarios which can accommodate the muon g - 2 anomaly
H SN a, (A) ~ £ tan? ﬂ— —In — 4+ — '
1 Vy \ L / \ ]Z' mA m’[% Anl , : i ) i : _ i i : , , ] : ,
W mass & Muon (g-2) in Type-X 2HDM
s -~ Insensitive to tan /3 Ny
/ ? 2 2
. — o P m2 . log TTI?I' — % - log %éi — %
1, o 16"2 Pe Pe m, me, m?
|
f ~y Dominated in Type-X
?\v/ v 2 ap(f)ZHDM(Barr — Zee) ~ - 4 tan® Z NCfQ]?Fi(xif) 40p m, € [10,50] GeV j
¢ ! 1672 =« o 40,60 ‘
, i=h,Asf | tan / € [40,60]
a > B 2 > a -
[ A=52 GeV
* arXiv: 2304.09887 [hep-ph] ol ~TTTT AsrzGev o my=300GeV ]
* arXiv: 2205.01437 [hep-ph] 20 40 60 80

my |GeV|
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https://arxiv.org/abs/2205.01437

Dilusion factor d

Thermal History & DM -,

vvvvvvvvvvvvvvvvvvvvvvvvvvvv

® (0,0)-2nd—(v,0)+100% DM
-1st—>(0,w)-(v,0)+ DM>10%

)
)

(0,0)-1st—>(0,w)->(v,0)+ DM<10%
)

— s S——— 1

8 10° (0,0)->(0,w)—1st>(v,0)+ DM>10%
'2% . (0,0)~(0,w)-1st->(v,0)+ DM<10%
. ‘% h ——— XENON1t
An example iIn 2HDM+S S ol 00 e LUX2016

1.8
1.7
1.6 - Mpm[GeV]
1.5 When the temperature at electroweak first-order phase transition close to the
L. DM freeze-out temperature, the DM density will change:

1. The deviation from the thermal equilibrium cause by phase transition may
1.37 affect the size of the universe, then change the DM relic density.
1. 2. The particle mass (determines how particle decay) will change after the

phase transition.
b 3. The bubble wall formed by phase transition may filter out most of the DM,
1.0 ' - - ' - . leaving only a small number of DM.
231 232 233 234 235 236 237
m1, (GeV)

arXiv: 2010.15708 [hep-ph * The Case in 2HDM+S:
arXiv: 2301.09283 [hep-ph] The entropy released by EW first-order phase transition can dilute the DM relic density to one-third.
arXiv: 1712.03962 [hep-ph)]
arXiv: 2207.14519 [hep-ph]
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