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Outline

Motivation
muon g-2 & dark matter

Benchmark Model

4th generation lepton, singlet scalar and U(1) extension

Constraints

charged lepton decays, Z-boson flavor-changing decay

Dark Matter Phenomenology

relic density, elastic scattering w/ nucleon

Summary
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{ BSM? }

Naturalness "Problem"
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m,=m,,+08 m,
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A" terms are canceled !!

BSM - new particles
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ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: July 2018 JLdt=(32-79.8)fo Vs=8,13TeV
Model £,y Jetst ET™ [ran) Limit Reference
AL ! ! L ! ' L ' ! v
ADD Gkx +g/q Oepu 1-4] Yes 36.1 Mp 7.7 TeV n=2 1711.03301
ADD non-resonant yy 2y - - 36.7 Ms 8.6 TeV n=3HLZNLO 1707.04147
ADD QBH - 2j - 37.0 Min 8.9 TeV n==6 1703.09127
ADD BH high 3, p1 >lepn >2j - 3.2 M 8.2 TeV n=6, Mp = 3TeV, rot BH 1606.02265
ADD BH multijet - > 3j - 3.6 My, 9.55TeV n=06 Mp=3TeV,rotBH 1512.02586
RS1 Gki — vy 2y - - 36.7 | Gk mass 4.1 TeV k/Mp =01 1707.04147
Bulk RS Gkx — WW/ZZ multi-channel 36.1 | Gkk mass 2.3 TeV k/Mp =1.0 CERN-EP-2018-179
Bulk RS gix — tt lep =1b,21J2) Yes 361 | 8k mass 3.8 TeV r/m=15% 1804.10823
2UED/ RPP leuy =22b=23) Yes 361 KK mass 1.8 TeV Tier (1,1), BAMY = 1) =1 1803.09678
SSM Z' — ¢f 2ep - - 36.1 Z' mass 4.5 TeV 1707.02424
SSM 7" — 1T 2T - - 36.1 Z' mass 242 TeV 1709.07242
Leptophobic Z" — bb - 2b - 36.1 Z' mass 21 TeV 1805.09299
Leptophabic Z* — tt le,u =1b,=1J/2) Yes 36.1 Z' mass 3.0 TeV Mim=1% 1804.10823
SSM W’ — (v lep - Yes  79.8 | W’ mass 5.6 TeV ATLAS-CONF-2018-017
SSM W' — 1v 17 - Yes 36.1 W’ mass 3.7 TeV 1801.06992
HVT V' — WV — qqqq model B 0 e, 2J - 798 | V' mass 415 TeV gv ATLAS-CONF-2018-016
HVT V' - WH/ZH model B multi-channel 36.1 | V' mass 2.93 TeV gv=3 1712.06518
LRSM Wy, — tb multi-channel 3.25 TeV CERN-EP-2018-142
Cl gqqq - 21.8TeV u;,; 1703.09127
. Clttqq 2epu 40.0 TeV n;, 1707.02424
Cl ttet =teu =1b>1 2.57 TeV |Cat| = 4n CERN-EP-2018-174
Axial-vector mediator (Dirac DM) Oe,pu 1-4j @ 1.55 TeV 8,=0.25, g,=1.0, m(y) = 1GeV 1711.03301
. Colored scalar mediator (Dirac DM) 0 e, u 1-4] My , 1.67 TeV £g=1.0, m(y) = 1GeV 1711.03301
VVyyx EFT (Dirac DM) Oep 1J,21]  Yes 3.2 M, S‘mﬂ m(y) < 150 GeV 1608.02372
Scalar LQ 1% gen 2e = 2] - 3.2 | LQmass B=1 1605.06035
. Scalar LQ 2" gen 2u 2] - 32 |LQmass 1.05 f=1 1605.06035
Scalar LQ 3 gen Tep =21b23] Yes 203 2 ’: 0 1508.04735
VLQTT — Ht/Zt/Wb+ X multi-channel 36.1 T mass 1.37 TeV @ SU(2) doublet ATLAS-CONF-2018-032
VLQ BB — Wt/Zb+ X multi-channel 36.1 B mass 1.34 TeV L 4 SU(2) doublet ATLAS-CONF-2018-032
VLQ Ts/3 Toya| Tsyzs = Wt + X 2(SS)/z3euz21b,21] Yes 36.1 Tsy3 mass 1.64 TeV B(Ts3 — Wi)=1, o Tss We)=1 CERN-EP-2018-171
VLQY — Wb+ X lep z1bz1j Yes 3.2 | Ymass 1.44 TeV B(Y — Wh)=1, c(YWb)=1/v2 | ATLAS-CONF-2016-072
VLQ B — Hb+ X Oep,2y 21b=1j Yes 798 |Bmass 1.21 TeV kg=05 ATLAS-CONF-2018-024
) VLQ QQ — WqWg lep >4 Yes 20.3 1509.04261
Excited quark g°* — gg - 2j - 37.0 q" mass 6.0 TeV only u" and d*, A = m(q") 1703.09127
Excited quark g* — gy 1y 1] — 36.7 q* mass 5.3 TeV only " and d*, A = m(q’) 1709.10440
Excited quark b* — bg - 1b,1j - 36.1 b* mass 2.6 TeV 1805.09299
Excited lepton ¢* Jep - - 20.3 A=30TeV 1411.2921
Excited lepton v* 3eput - - 20.3 A=16TeV 1411.2921
Type Ill Seesaw lepu 2 2] Yes  79.8 ATLAS-CONF-2018-020
LRSM Majorana v 2ep 2 - 20.3 m(Wg) = 2.4 TeV, no mixing 1506.06020
Higgs triplet H** — ¢¢ 234eu(SS) - - 36.1 DY production 1710.09748
Higgs triplet H** — (T 3eut - - 20.3 DY production, B(H;* — (1) =1 1411.2921
Monotop (non-res prod) lep 1b Yes 20.3 Anon-res = 0.2 1410.5404
Multi-charged particles - - - 20.3 DY production, |g| = 5e 1504.04188
Magnetic monopoles - - - 7.0 DY production, |g| = 1gp, spin 1/2 1509.08059
| " s o aal 1 L ol L L PR

*Only a selection of the available mass limits on new states or phenomena is shown.
‘+Small-radius (large-radius) jets are denoted by the letter j (J).

10 Mass scale [TeV]
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Qe gg—2

muon g-2 fie = gey -85 ge=21+ar), ="
Dirac
aSM _ aQED 1 aHad 1 a}Weak:l
Y
RANE ... af” =116 584 718.951 (0.009)(0.019)(0.007)(.077) x 10~
28 Y Aoyama, Hayakawa, Kinoshita and Nio, PRL109(2012),111808
! a," = (153.6+1.0) x 107"
u Miller, dg P=£~=1 Pabacia Cioiclivace Awe Ne Kool Dowt €20 £2 /2117) 237
VALUE (X 107!1) unirs
Y &'had;m QED 116584 718.95 + 0.08
v + ooe G,had;NL' HVP 6 850.6 =+ 43
. i} H y HLbL 105 + 26
y R B 2A 153.6 + 1.0
G'ELbL (105 4 26) < 1 Total SM 116591 828 + 49
3.60

a, ™ = (116592089 £ 63) x 107"lA g (E821 — SM) = (287 £+ 80) x 107!




Lautrup, Peterman, de Rafael, Phys. Reports 3C(1972), 193
Leveille, NPB137(1978), 63

§ fli"'v
H™ HT X Xt
-}

Mo[V,A] S0 N S x0N

Qv=2z(1—-2)(x—-2(1—¢€)) +X2(1—-¢)2Q
Qa=22x(1—-xz)(x—21+¢) +A21+)2Q

Qs = z? (1+e—;r;)
D)+ (N2z neutral boson Qp = 2° (1 —e—1)

l—c22)+z charged boson
QS:—CU(I—:B) (.’]3—}—5)
QP:—LU(I—LU) (:U—e)

Qv=2z*(1+z—2€)— I (1—-¢)?Qs
CRC(NTNlQA:2$2 (1+$+2€)_A2 (1_|_€)2 QP



Heavy
Fermions

Sequential 4t generation --- chiral fermions

bla tla 647 Vy

v why not I?

v new CP phases > BAU(?) Hou, chin. 7. Phys 47 (2009) 134

: He, Polonsky, Su, PRD64(2001) 053004
v accommodate to a heavy Higgs boson " "lons: 54 PRO6HZO0D
Kribs Plehn, Spannowsky, Tait, PRD76(2007) 075016

@®unitary bound: m < 600 GeV ::” i

0.1 i— m, =115 GeV

- m, = 200 GeV /
0.2 m, =300 GeV
L m, =1TeV
o L L L L]
*-0.2 0.1 0 0.1 0.2 0.3
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EWPO & SM4 e R
0.75:_; ------- :ﬂgymmetrles : /, /,», Lt
X "An extra generation of ordinary 3 -
fermions is excluded at the 60 level on 02sf |
the basis of S parameter alone, ---" o ool
PDG 2008 3 &
S = —0.04 4 0.09 ot
C S
_ 050 . S , ]
I'=0.02+0.09 T [all: My = 117 GeV ]
075p1” T f / .
! ! : all: M,, = 1000 GeV ]
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LHC search

Ib’ (4" Generation) Quark, Searches PDG 2018

b (—1/3)- s in pp and llisi
VAEUE(({eV)) 9 > 880 Gev :Ell\lr;'po an ‘:"E,Cl\?o If‘lc?l\/rr‘I\jENT

>730 95 L SIRUNYAN  17AU CMS |

t’ (4" Generation) Quark, Searches for

t’(2/3)-quark/hadron mass limits in pp and pp collisions

VALUE (GeV) CL% DOCUMENT ID TECN COMMENT

>1160 (CL = 95%) OU ,

>1160 95 > 1169 GeV - 17L ATLS B(t/ - Zt) =1 t 27t

> 350 o5 > 350 GeV  128CATLS B(t' — Wq)=1(g=dsb)t 2> Wq
> 420 %5 > 420 GeV 12¢ ATLS ' — Xt(my <140 GeV)t = Xt

Heavy Charged Lepton Searches

Charged Heavy Lepton MASS LIMITS
Sequential Charged Heavy Lepton (L*) MASS LIMITS

VALUE (GeV) CL% TECN COMMENT

_ 10
>100.8 95 > 100.8 GeV B L3 Decay to v W




" Vs=13TeV,36.1-79.8 10" 2 o interval —
Data m,, = 125.00 GeV, |y | <2.5 o interva
H
Kz i -
Kw - 4
S 4 | - -
Kp ———— -
Kg - -
A T L Iyl *
BBSM BsM = BBSM 2 0 [
\IIIIIIII\III{IIIIII\III\IIII IIIII II\IIILII\III\IlILIIIIII\I\I
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y
K%Iﬁ/2OR)-+ f§:b ﬁffﬁfz(Tf)
=t", /
2 =9
|fﬁ/2(7%)’
W g W
Ly o M

MWW N) ~ 233 x 107 [V F(z), 5 = m2, /M2,

VNl > 0.7 excluded by Br(u — ey)
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Huo, Feng, hep-ph/0301153
Hou et al., ICHEP2008 Proceedings



agree w/ LHC data
4t + 2HDM  bes, kundu, Saha, 1707.03000, J

Wang, Shi, Han, 1708.068!

. y 2

Qxaxh

cos(B-a)

0.0 Cos(B-a) = Sin28

~0.25

10 15 20
tanp

ot

aiHDM_II(H+H_N) N 10~ |I/}~gr,u|2 [fa+(x) + g+ (x) cot? B + Ty g+ () tan? 3],

goes to wrong direction Huo, Feng, hep-ph/0301153

Hou et al., ICHEP2008 Proceedings




Non-canonical
4th Generation

Langacker and London, PRD 38 (1988), 886

' -t

Sequential fermions
N U
E~ D

U

Eg ,
R . DR

L

Noncanonical SU(2) X U(1) assignments
(a) Mirror fermions

N U, |U
Ec \g-1.> b, |D|,
(b) Vector doublets
N N U U
E-|, |[E"|Jr’ |P). (P&

(c) Vector singlets
Ef Ex, U, Ug, D, Dy

CRC (NTNU) 13



Non-canonical

SM fermions Higgs

L4 + 2HD + U(1}) L= () Jur] dr [Lo= (), [er [vr|®: @2
. SUB3)c |3 3 |3 |1 1 1 |1 |1
non-canonical SU2)z |2 1 1 |2 112 |2
4th generation leptons [U(1)y [1/6 2/3[—1/3]—1/2 —1[0 [1/2][1/2
w/ dark matter U)x |zq Tq |Tq |0 0 |0 |0 |0
+ U(1), 7, + + - [+ — [+ [+ |-
2HDM Fourth generation fermions [Scalar]|
Q4 = (3){4 urs|dre |L4 = (Z) pa|CL4 |VL4||P
CRC, Chiang, Lin, to appear SU(S)C 3 3 3 1 1 1 1
SU(2). |2 1 1 |2 1 |1 |1
U(l)y |1/6 573 |—1/3]|—1/2 —1]0 |0
<W T g4 Tgs |Tga |TL4 Tra|Tra|To
ZQ + -'_ . -i_{“D{“ (NN — + ” +
CRC{NTNU) |

additional decay mode of 4t generation fermions:
Y g dark matter

€9.q4 > Z +qgy Or ¢+ sy
Ly 2¢ + Lgy

Benchmark point
Mus = 550 GeV mpy = 400 GeV  Mea = Myq = 400 GeV

mas = 500 GeV my = 810 GeV  mpy+ = 600 GeV



Non-canonical
L4

Lyukawa = — [f.:féI_JRaLLLi + fi;€ra€ri + f47317L4VR7',] o+h.c.

A A
Variom = m3 | @112 + m2,|@o)* — m3, (] &, + &, B1) + 71|<1>1|4 + 72|<I>2|4 + A3 @12 ®o|?
2 A\
+aa[0fos] + Z[(@]02)? + (0:10))?]

2 4 2 2 2 2
Vi = m2|d|° + pglol” + k1l|0*|®1]° + ra|o|”| P

1 1
My = Mg + §ﬁ102 cos” B + 55}2’02 sin®

An = v(—K1 sinacos 8 + kg cos asin )

Ag = v(k1 cosacos B + Ko sin asin 3).

B COsO B . n
v sinf cos(8 — a)cot  +sin(f — )
h_ _Swma = sin(8 — a) — cos(8 — @) tan
Ja = cos 3 Ca (6 =~ a)tan .

CRC (NTNU) 15
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Lepton rare

decay

¢" O

-"(""-— ——

7 ~ ~
/ \ / \1 e~
N G T - o .
_ - 4 e

H €y e

N

BR(p~ — e y) <4.2x 1071
BR(T~ —e 7)) <33x108
BR(7~ — p~y) <44 x107°
BR(p~™ —e e et)<1x107%

fre <H5X 1077

Y

take fa, = 0.05
fir $5%107°

A.M. Baldini, et al., MEG Collaboration, Eur. Phys. ]J. C 76 (8) (2016) 434, https://
doi.org/10.1140/epjc/s10052-016-4271-x, arXiv:1605.05081 [hep-ex].

C. Patrignani, et al., Particle Data Group, Chin. Phys. C 40 (10) (2016) 100001,
https://doi.org/10.1088/1674-1137/40/10/100001.

G.M. Pruna, EP] Web Conf. 179 (2018) 01019, https://doi.org/10.1051/epjconf/
201817901019, arXiv:1801.04709 [hep-ph].

CRC (NTNU) 17



Z rare decay

€4 I " Ez_
z ¢
€4 I . gj‘
mz
BR(Z — ef°e}) = 520y + F2) + (i + fE)m7]

BR(Z — e=pT) < 1.7 x107°
BR(Z = eS77) < 9.8 x 107°
BR(Z = p=7F) < 1.2 x 107°

J.I. lllana, T. Riemann, Phys. Rev. D 63 (2001) 053004, https://doi.org/10.1103/
PhysRevD.63.053004, arXiv:hep-ph/0010193.

the constraints on f,, and f,, are NOT as stringent as the limits from charged
lepton rare decays.

CRC (NTNU) 18



Dark Matter

dark matter annihilation

¢ — >— —— cf 2N q 2N
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/ 4 h
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{ Dark Matter }

Q h?=0.12+£0.0012

invisible Higgs decay

0.01+

1F

| /
-

B tan S = 10;cos(f — @) = 0.2
MW tan B = 5;cos(f — a) = 0.38

0.001 -,

10 50 100 400
my (GEV)
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Dark Matter

dark matter nucleon elastic scattering

cb\ o @\ o
\\ /// \\ ///
\( ~N
: H A
p,n p,n p,n p,n
2
FSI—h _ p(n) p(n)2
fs

7or) ™ d(me + my))?

2
51— z p(n)

Top(n) — W(m¢ _|_mp(n))2m%,

16¢’ 4mr’;;m

(NTNU)
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{ Dark Matter }

An

invisible Higgs decay

1F
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LHC Pheno

fraction

Z' production

q < ¢
by, .
Py l;
) YA 64 \< ]
¢
10°F

S|9nals: 200 300 l 14001 -

el ]
900 1000
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Ay
800

TRV TR ERT R R SR
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1 l 1
500

flavor non-conserving lepton pair + missing ET

monjet+ missing ET
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Summary

* The existence of Dark Matter requires BSM

* long-standing discrepancy between TH and EXP in muon g-2 may show the
hints of BSM.

* Fourth generation fermions in 2HDM is still possible!

* With non-canonical charge assignment under SM and an additional U(1), 4t
generation lepton can provide a possible explanation for muon g-2 anomaly
and dark matter.

* LHC phenomenology is worth a detailed study!



[ Backup }

CRC (NTNU)

25



NP g,-2

SUSY (CMSSM)

tan=10, u>0

sm: : I i I ! LA 1 i I I
o0l | i my, =114 GeV
|| 2

600 i
S 1 my=104GeV th N
@ ] ; @
S i S

i =]

g | 2

100 200 300 400 500 600 700 800 900 1000 100 1000 1500

my (GeV) mMypn (GEV)

Ellis, Olive, Santoso, Spanos, PLB 565(2003) 176

Olive, Eur, Phys. J. € 59(2009) 269
CRC (NTNU) 26



General 2HDM

Hff, f="0b,t
hff, f="0bt
Aff, f=b,t
H*bt

g ([ mp cosa m; sina
2 \ My cosB3" My sin 3
g mp SINQx My COSQ
2 MW cos 3’ MW sin 3
g
—Y5 = t t
’752( MW al /8: WCO /8
mp L+ my 1=
—t t
an (3 5 —I—MWCO,B 5

CRC (NTNU)
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NP g,-2

Little Higgs ok ~10x 107, ;" <12x107"

Park, Song, PRD 69(2004) 115010 Blanke et al., THEP 0705(2007) 013
Sequential SM4
M (WHIW™N) ~ 233 x 107" [V, F(x), ¢ = m2,/M2,

V| > 0.7 excluded by Br(u — e7y) Huo, Feng, hep-ph/0301153

CMS, 5fb" at\s =7 TeV

< 750

(03]

S

= 7001 n . . .

E The existence of 4t generation with mass
ssol below 685 GeV is excluded @ 95% CL.
600]- ] CMS-PH-EP/2012-251, 1209.1062[hep-ex]
550|- obs. limit 95% CL (A=1) .

i - exp. limit 95% CL (A=1)
- O 1o .
i A== SN
20 -0 0 10 20 CRC (NTNU)

mtn = mb. (GGV)



N P 2 Krawczyk, hep-ph/0512371
Ju- Cheung, Kong, PRD68(2003) 053003
Wahab El Kaffas, Osland, Magne Ogreid, PRD76(2007) 095001
Ellis, Hanh, Heinemeyer, Olive, Weiglein, JHEP 0710(2007) 092

general 2HDM

v b

T, b

h,A . ¥
w” X

(mn,ma,tanB) a’(h) aP(A) i’ (h) ai’(A)
(100, 100, 10) 0.65 —0.62 —2.31  2.88
(100, 100, 40) 10.45 —-9.89 —-36.90 46.09
(100, 300, 10) 0.65 —0.08 —2.31 0.55
(100, 300, 40) 1045 —-1.30 —36.90 8.8D

NOTE:

Aa,(E821 —SM) = (287 £80) x 107!
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