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1. Motivation

Beautiful measurement of muon g-2 by BNL and Fermilab = reduced error
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1. Motivation

The SM prediction is still controversial.
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1. Motivation
4.20 from the White paper [2006.04822]: data-driven results for HVP & HLbL
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1. Motivation

If we take the Lattice results, the measurement is consistent with the SM.
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1. Motivation

If we take the Lattice results, the measurement is consistent with the SM.
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e |Large spread between results

* |arge systematic uncertainties

* Tension with EW precision data [2003.04886]




1. Motivation

The WP value is based on a conservative merging process!
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1. Motivation

We take the muon g-2 anomaly as a NP signal.

Aa, = aS® — ap™ = 251(59) x 107"

NP signal at 4.2¢



1. Motivation

Active studies of NP effects in a very short time

1. SUSY:
2104.07597, 2104.03839, 2104.03284, 2104.03262, 2104.03245, 2104.03274, 2104.03302,
2104.03491, 2104.03489, 2104.04458, 2104.03691, 2104.03259

2. two Higgs doublet model:
2104.03367, 2104.03227, 2104.03275, 2010.03590, 2103.10632, 2010.02799, 2003.03386,
2104.03249

3. leptophilic boson model:
2104.07680, 2104.03701

4. three Higgs doublet model:
2104.07047

5. leptoquark model:
2104.06656, 2104.05685

6. L, — L; model:
2104.05656, 2104.03340

7. B— L or B — 3L gauge model:
2104.03542, 2103.13991

8. flavorful scalar model:
2104.03238

9. 2HDM with a singlet scalar model:
1909.03969



1. Motivation

Common factors of NP models

1. SUSY:
2104.07597, 2104.03839, 2104.03284, 2104.03262, 2104.03245, 2104.03274, 2104.03302,
2104.03491, 2104.03489, 2104.04458, 2104.03691, 2104.03259

2. two Higgs doublet model:
2104.03367, 2104.03227, 2104.03275, 2010.03590, 2103.10632, 2010.02799, 2003.03386,
2104.03249

3. leptophilic boson model:
2104.07680, 2104.03701

4. three Higgs doublet model: ® LOOp-Ind UCed
2104.07047

5. leptoquark model: * CP- and Flavor-conserving
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e Chirality-flipping
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8. flavorful scalar model:
2104.03238

9. 2HDM with a singlet scalar model:
1909.03969



1. Motivation

Research must go on! We have a vast amount of experimental data.
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1. Motivation

Beyond explaining the muon g-2.
Whole parameter space of one model for all the data

Type-X 2HDM

D




2. Type-X 2HDM

Basic theory setup

2HDM N

Ww;

(I)i: Uz‘|_hz‘|_277@ 9 i:1727
V2

where v = \/v%—kvg = 246 GeV.
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Basic theory setup

2HDM N

(I)i: Uz‘|_hz‘|_277@ 9 7;:1727
V2

where v = \/v%—kvg = 246 GeV.

A discrete Z9 symmetry for no tree level FCNC:

(I)l — (131, (I)Q — —(I)Q



2. Type-X 2HDM

Basic theory setup

2HDM N

(I)i: U@‘|_hz‘|_277@ 9 i:1727
V2

where v = \/v%—HJ% = 246 GeV.

A discrete Z5 symmetry for no tree level FCNC:

(I)l — (131, (I)Q — —(I)Q
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2. Type-X 2HDM

Minimal assumption from the Higgs precision data: alignment limit

Aa, = huge tg & light My

ATLAS Preliminary —--- SM
VS =13 TeV, 24.5 - 139 fb~" - Expected 95%CL
- Qbserved 95%CL
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2. Type-X 2HDM

Minimal assumption from the Higgs precision data: alignment limit

Aa, = huge tg & light My

Alignment limit
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2. Type-X 2HDM

No arbitrary suppressions of h-A-A vertex in the alignment limit.

1
ApaA = 5.2 (2M? —2m% — mj)sg—a + (M? —mj)(cot B — tan B)cs_q)|

o If My < mh/2,

B(hSM — AA) < 0.2 = A au 5 6 x 1077

e Conspiracy of M4, «, 8, mya to suppress Apa4”

M? — m? Q
tan(B — ) = b (tan 8 — cot
an(f — «) I — 2 m%( an 3 — cot 3)

e Stick to sg_o = 1.



2. Type-X 2HDM

Two scenarios & model parameters

normal scenario (NS)

inverted scenario (IS)

hSM — h, 900 — H
h
nyM — 1, Sﬁ_a — 1
A 0 1 A 0
Vi =Y =15 Yo =Y =1p

i =

hSM:H, QOO:h

h
nyM =1, sg_q=0
0 1 A 0
T — i v =y, =t

{mgo, Ma, My=,M?, t3}



2. Type-X 2HDM

Two scenarios & model parameters

normal scenario (NS)

inverted scenario (IS)

hSM — h, 900 — H
h
nyM — 17 85—04 — 1
A 0 1 A 0
Vi =Y =15 Yo =Y =1p

hSMZH, QOO:h

h
nyM =1, sg_q=0

A 1 A 0

vi =Y =15 Yo=Y =1p

{ M 4, MHiaM27 tﬁ}

New CP-even scalar boson



2. Type-X 2HDM

Two scenarios & model parameters

normal scenario (NS) inverted scenario (IS)




2. Type-X 2HDM

Theoretical stabilities require strong constraints due to chain reaction.

ts ~ 100 /\

M = 2 [mhys A 2](m20 - 27)]
M= m§25+%(mgpo_Mz) |
A3 :v_lz m%%—m?po—MQ%-QMéi},
>\4:v—12 M? + M3 —2M7. ],
A5:U—12[M2—Mj],

M? = mf,/(spcp)




2. Type-X 2HDM

Theoretical stabilities require strong constraints due to chain reaction.
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2. Type-X 2HDM

Theoretical stabilities require strong constraints due to chain reaction.
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3. Muon g-2 in Type-X 2HDM

Two kinds of contributions

t,b, T

h,H A~
/

A TN

Barr-Zee 2-loop

1-loop

Dominant



3. Muon g-2 in Type-X 2HDM

Large tanf is required. CP-even scalar cannot explain the observed muon g-2.
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3. Muon g-2 in Type-X 2HDM

A light pseudo scalar A helps, but a light CP-even scalar doesn’t.

ts=100




4. Other constrains

Scan strategy in three steps

Step I: Aq, at 20.

Step II: Theory+EWPD after Step I

L.

2.
Step III:

L.
2.

Theoretical stabilities:

Higgs potential being bounded from below, unitarity
of scalar-scalar scatterings, perturbativity, vacuum
stability:.

Peskin-Takeuchi electroweak oblique parameters.
Collider bounds after Step II

Higgs precision data by using HiggsSignals.

Direct searches for new scalars at the LEP, Tevatron,
and LHC, by using HiggsBounds.



4. Other constrains

HiggsBounds provide powerful checkup.

HiggsBounds currently incorporates results from LEP [1-15|, the Tevatron [16-50|, and
the ATLAS [51-123| and CMS [124-194]| experiments at the LHC.

References

[1]  In: Lepton and photon interactions at  [13] G. Abbiendi et al., Phys. Lett. B682 [31] g;mvzng;ugur;p}f;ii“zgz;;iizI:n [54] 2011, ATLAS-CONF-2011-157.
hz’gh energies. Prjoceedz'ngs, 20th Inter- (2010) 381, 0707.0373. High energy physics (EPS-HEP 2011)- [55] gGé3A?§Oth.i’lghys' Lett. B710 (2012)
?atlzon[c]zl lSy;;pg;zugrrgo IL};O,(Q)(iOZ, Rome, [14] G. Abbiendi et al., Eur. Phys. J. C72 QGoqelnoflle(;? IZggge, July 21-27, 2011, 56] . Aad ct al. Phys. Rev. Lett, 108
taly, July 23-28, ) , hep-ex/ (2012) 2076, 0812.0267. 52 v 1\’[ b ’ ‘ L Phvs. Rev. D84 (2012) 111803, 1202.1414.
0107034. . M. azov et al., ys. Rev. . . .

0 tw Letor oy [15] G. Abbiendi ct al, Bur. Phys. J. CT3 (2011) 092002, 1107 .1268. A gy 1 et BTI0 (2012)

2] 1 Lepton anda photomn interactions a 2013) 2463, 1301.6065. [33] S. Chakrabarti, K. Tschann-Grimm, .

. ; ’ 58] T. A llabore 2012, ATLAS
high energies. Proceedings, 20th Inter- and P. Grannis, 2011, D0-6171. 58] o 2%01 2a1§{dt10n7 , -
national Symposium, LP 2001, Rome, [16] T. Aaltonen et al., Phys. Rev. Lett. 102 (34 V.M. Absov et al. Phys. Lett. BTOT 10 o0, ATLAs_chF_2012_135
Ttaly, July 25-28, 2001, 2001, hep-ex/ (2009) 021802, 0809 3930. (2012) 323, 1106 4555. [60] 2012, ATLAS-CONF-2012-160.
0107032. [17] C. Schwanenberger et al., 2008, DO- [35] V.M. Abazov et al., Phys. Rev. Lett. ’ ) ) U

61] 2012, ATLAS-CONF-2012-092.
_ , _ 5739, 107 (2011) 121801, 1106. 4885. [ ;
[3] I_n' Lept0@ and ph0t07.7, interactions at [36] D. Benjamin, in: Proceedings, 21st In- [62] 2012, ATLAS-CONF-2012-019.
hlgh ENETYLES. Pfoceedzngs’ 20th Inter- [18] V. M. Abazov et al., Phys. Lett. B671 ternational Europhysics Conference on  [63] 2012, ATLAS-CONF-2012-017.
national Symposium, LP 2001, Rome, (2009) 349, 0806.0611. High energy physics (EPS-HEP 2011): |64 2012, ATLAS-CONF-2012-016.
Italy, July 25-28, 2001, 2001, hep-ex/ [19] H. Fox et al., 2008, D0-5757. g)qe?ofll%Sﬂrggf’ July 2127, 2011, [65] G. Aad et al., Phys. Lett. B716 (2012)
0107031. [ ] A - ’ 1, 1207.7214.
. . 20| V. M. Abazov et al., Phys. Lett. B682 37 T.T. W. Group, 2012, 1203.3774. [66] G. Aad et al, JHEP 06 (2012) 039
[4] g()(A)A;;b?igr’;dlhet al.7/lg;_l§-1(l)31hgls. ). o2 (2009) 278, 0908.1811. [38] 2012, DO-Note-6304-CONF. 1204.9760.
, hep-ex .
[5] > an . ollabora- (2009) 101803, 0907 . 1269. [40] 2012, DO-Note-6301-CONF. [68] 2012, ATLAS-CONF-2012-168.
tions, 2002, DELPHI-2002-087 CONF 051 M. Takahashi L. Bell Cand A [41] 2012, DO-Note-6286-CONF. [69] 2013, ATLAS-CONF-2013-013.
620, CERN-ALEPH-2002-019, CERN- [22] Kh a 323%9%])0- 58%311’50“17 an : [42] 2012, DO-Note-6296-CONF. [70] 2013, ATLAS-CONF-2013-010.
ALEPH-CONF-2002-008. anov, » DU : [43] 2012, DO-Note-6309-CONF. [71] 2013, ATLAS-CONF-2013-030.
[6] G. Abbiendi et al., Eur. Phys. J. C27 [23] T. Aaltonen et al., Phys. Rev. Lett. 103 [44] T. Aaltonen et al., Phys. Rev. Lett. 109 [72] G- Aad et al., Phys. Lett. B732 (2014)
(2003) 311 hep-ex/0206022. (2009) 201801, 0906.1014. (2012) 071804, 1207.6436. 8, 1402.3051.
’ [45] 2012, DO-Note-6302-CONF. [73] G. Aad et al., Phys. Rev. Lett. 112
[7] J. Abdallah et al., Eur. Phys. J. C32 [24] V. M. Abazov et al., Phys. Rev. Lett. 6] 2012 DONote.6276.CONF (2014) 201802, 1402.3244.
(2004) 475, hep-ex/0401022. 103 (2009) 061801, 0905 . 3381. P Rorenel | [74] G. Aad et al., Phys. Rev. Lett. 113
[8] G. Abb d L. E Ph J. C35 [25] V. M. Abazov et al PhyS Lett. B698 [47] G Chenct al., 2012, D0-6295. (2014) 171801, 1407.6583.
. iendi et al., Eur. s. J. sV X : : CN.P.H. W. 9012 )
(2004) 1, hep-ex/0401026. ’ (2011) 97, 1011.1931. 81 Caag, T T W Group, 2012 1207 (75| G. Aad ct al, JHEP 11 (2014) 036
9] J. Abdallah et al., Eur. Phys. J. C34 [26] T. Aaltonen et al., Phys. Rev. Lett. 104 [49] CDF, CDF-9999, CDF-10010, CDF- [76] G. Aad et al., Phys. Lett. B738 (2014)
19] L5000) 396 hep—ex/o404012y. (2010) 061803, 1001 . 4468. 10439, CDF-10500, CDF-10573, CDF- 65, 1406.7663.
’ 271 V. M. Ab t al.. Ph R. Lett 10574. [77] G. Aad et al., Phys. Rev. Lett. 114
[10] P. Achard et al, Phys. Lett. B609 271 V. M. Abazov et al,, Phys. Rev. Lett. [50] DO, D0-5845, DO-6183, DO-6305. (2015) 081802, 1406.5053.
(2005) 35, hep-ex/0501033. 104 (2010) 061804, 1001 .4481. [51] G. Aad et al, Phys. Rev. Lett. 108  [78] T. A. collaboration, 2014, ATLAS-
[28] D. Benjamin et al., (2010), 1003.3363. (2012) 111802, 1112.2577. CONF-2014-050.
[11] J. Abdallah et al., Eur. Phys. J. C38 [52] G. Aad et al, Phys. Rev. Lett. 107 [79] G. Aad et al, JHEP 01 (2016) 032,
(2004) 17 hep—eX/O410017 [29] F (jouderc7 20107 D0—6083 (2011) 221802’ 1109.3357. 1509.003809.
[12] S. Schael et al., Eur. Phys. J. C47 [30] V. M. Abazov et al., Phys. Rev. Lett. [53] G. Aad et al., Phys. Lett. B707 (2012)  [80] G. Aad et al., Eur. Phys. J. C76 (2016)

(2006) 547, hep-ex/0602042.

105 (2010) 251801, 1008 . 3564.

27, 1108.5064.

210, 1509.05051.



4. Other constrains

HiggsBounds provide powerful checkup.
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4. Other constrains

HiggsBounds provide powerful checkup.
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4. Other constrains

The inverted scenario survived harder, from the collider data.

e For each scenario, we obtained 5 x 10° parameter sets
satisfying Step I11.

o After Step III,

— Normal scenario: ~ 80% survived.

— Inverted scenario: ~ 1.8% parameter sets survived.



4. Other constrains

The inverted scenario survived harder, from the collider data.

e For each scenario, we obtained 5 x 10° parameter sets
satisfying Step I1.

o After Step III,

— Normal scenario: ~ 80% survived.

— Inverted scenario: ~ 1.8% parameter sets survived.

The Inverted scenario is not dead.




5. Results

(1) In the normal scenario, collider data are crucial.
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5. Results

(1) In the normal scenario, collider data are crucial.
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5. Results
Chain reaction ®» Not too heavy MH and charged Higgs
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5. Results
Chain reaction ®» Not too heavy MH and charged Higgs
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5. Results

Exotic Higgs decay removes light A.
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5. Results

(2) In the inverted scenario, collider data are more crucial.
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5. Results

Chain reaction ®» Not too heavy MH and charged Higgs
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5. Results

Exotic Higgs decay & LEP search for Ah are crucial.
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6. Implications

What do the surviving parameters imply?

(1) Electron anomalous magnetic moment

(2) Lepton Flavor Universality in Z and T decays

(3) Phenomenological signatures at the HL-LHC



6. Implications

(1) Electron anomalous magnetic moment:
the same contributions to the muon/electron g-2 except for mass.
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6. Implications

(1) Electron anomalous magnetic moment is consistent with Type-X.
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6. Implications

(2-1) Lepton Flavor Universality in Z decays:
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6. Implications

(2-2) Lepton Flavor Universality in T decays:
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6. Implications

(2-3) 2 analysis of LFU in Z and 1 decays:

e Type-X 18 better in explaining the LFU violation.

X, = 6.6, ey = 13.4

e x2. happens when
NS: tg3 =195 M4 =108.7 GeV,
My =130.4 GeV, Mpys =121.7GeV, M? = (130.4 GeV)?,

IS: tg =186, My =T75.6 GeV,
my = 116.7 GeV, Mpy+ = 116.3 GeV, M? = (116.5 GeV)>.



6. Implications

(2-3) Many parameters have 2 less than y2swm
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6. Implications

(3) LHC signatures? For the final surviving points, new scalar bosons are hadro-phobic.
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6. Implications
(3) Two golden modes at the HL-LHC

7 — 7* = AP’ = vt

pp— HYH = 1t7ur v,



6. Implications

(3) Four tau lepton channel: very promising
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at the 14 TeV LHC

o(pp — ZZ — 41) ~ 17 fb at the 13 TeV LHC

4 tau mode has a high potential. [1507.06257] [1512.05314]



6. Implications

(3) Two tau lepton plus missing ET channel
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6. Conclusions

Type-X 2HDM is a viable model for
the muon g-2 and other data.

e In the normal scenario

— t3 2 90 and Ma € mj25/2,145] GeV;
— Mg € [130, 245] GeV and My € [95,285] GeV.

e In the inverted scenario

— t3 2120 and My € [70,105] GeV;
— My € [100,120] GeV and Mg+ € [95,185] GeV;
— MA —+ Mh Z 190 GeV.



