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Two-Higgs-Doublet-Model (2HDM)

« 8(+2) parameters in the scalar potential;
Voo = m2, &, + m2,®., — <I>‘;<I)2 + h.c.] + %/\1 (qf{cbl)g T (cbi,%)2
2 (@1@1) (@102) + A (@]@,) (@01) + {é,\ (@{%)2 +P((®I<I>l)

V/T(q);q),) ] (qf{(bz) + h.c.}. Z, symmetry: @, ,—> +&,,

1 .
Dy ,= (Qbf,z:ﬁ V12 + P12+ 1i7M12])

| =

t

* 4 masses+2 angles+1 VEV: h(125),H,A, H%; B, a;v = /v? + v3
v

G? = nycp + M58 h = pic, — PaS, tanf = v—z
1
A =n1Sg —N2Cp H = p1Sq + p2Cq
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Flavor problem

 Generic Yukawa couplings leads to FCNC:

ul,2 x
LY _yl]

> g + V) s F A Vs |0 ca = Y sa)| RS+
J J V2 J j

el,2

d
;1 ,quf +y1112<131,2qidc+yl] @, lief + h.c.

m;; Mass = Yukawa yi];-

=m! fi €+ hfi ff+
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Models with natural flavor conservation

 To avoid dangerous flavor-changing processes,

Impose Z, to couple only one Higgs to each Yukawa type (d, e)

CDZ (+); q)l(_); tR(-l_)i dR(i); eR(i)

_LY: yluEI")quch ~+ y,:dj¢1,2qid]¢ + yiejcbl’zliejc ~+ h C.

J
Model u'p dy el
T}'l)(‘ I (1)-_3 (I)g (I)-_)
Type I o, P, P,
Lepton-specific | @, Py P,
Flipped ®, P, P,
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Yukawa couplings

T T Vs N V7 7V S A /L
Typel  cotf —cotd —coti g e Sag cag cme ca
Typell ot tan§ tang WS e ms cme _dna _n
TypeX ot —corf tanf S dae s ame amg _n
TypeY  cotf tanf —corf A @me dag wme ane con
—cgNs = NT DL g+ HT S~ (AT )

f=wdl 125 GeV

_ Mg iy B
2V, HT ( P ] )d 2 H*Ppl r}
+[\/_ aH ™ _HL‘|'R. +x/_ﬂ VPRl + h.c
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Gauge couplings

Lgauge = gvmv(Sﬁ_ah + Cﬁ_aH)VV 4 ...

2HDM Type | ATLAS
—— Obs. 95% CL o3
] (s=7TeV, 45471
N  Bestil {5=8TeV, 203"
= === Exp. 95% CL
— = SM

01199, 9:9:9.

10—1 IR AN (% I NATNAY
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cos(B-c)
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- 2HDM Lepton-specific ATLAS
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ATLAS 1509.00672

2HDM Flipped ATLAS
e ODS. 95% CL 4
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== Exp. 95% CL
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SM limit

. h
Sln(ﬁ_a)zl, |}’f| zl, |yA,H| z%;tﬁ
T A A A
Typel  (cot —cotf —cotf) (Ane e snal) (Ema cosa e
Typell  Jeot$ tanf tanf ||SR& 25 25| |85 -5 —iad
Type X [cots —cord wns | [ e sl e s

S1I v COS ¥ S1I v COS Sl <y COS ¥
Type Y QOt 6 tan ﬁ — cot 6/ \s,m 3 cos 3 sin 13’/ \s.m A — cos 3 sin 3 /
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f=u, fH ‘ 125 GeV
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Muon g-2 anomaly

Magnetic moment:

. e
H=9u-__
H2m,
gu_z
Clﬂ_ >
Y
n/ Yi’\ u

QED
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VALUE (x 10~11) uniTs

S QED 116584718.95 + 0.08
HVP 6850.6 +43
HLbL 105 + 26
EW 1536+ 1.0
Total SM 116591 828 + 49
Y% Y § Y%
Y
u
/' Z Y 2
electroweak LO hadronic hadronic LbL
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Muon g-2 at 1-loop — excluded

* A light H and/or large y,/ = tg:

GF m N :
Sa ZHDM(HOQP) 47T2\/_ Z (yi) TfL f] (T“ZL)
j=h,H A H*
* Byoptp
b H
H,A
'U:s ----- EH;

mH,A = 10 GeV
HPNP 2019-02-21

EJChun@KIAS

Exclusion 95%C.L. for h in 2HDM(II)
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Muon g-2 at 2-loop — viable

* A light A and large y;{‘,r ~ tg:

Gpm2 v
da’""M(2loop — BZ) = £l =2 P
w - (oo ) 422\ T Jri hHA fog )
Q;%H(T)<0
1)
- Type X at large tz, being leptophilic,

strongly limited by precision data for
lepton universality.
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Lepton universality in Z decays

e Precision EW A~ 1.0009 £ 0.0028 LEP EWWG, 0509008
measurements on Z

poles determine

FE—}E‘l‘E‘

* One-loop corrections
mediated by extra
Higgs bosons can be
sizable for large tanp.
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L2ZHDM corrections

e Large corrections to Z — tr at large tang:

= o1 . S e T
- L= %Z”{f“;'g{gLPL + grPr)f + i-{—i + sy )H O, H + A0, H}

 Deviation from lepton universality:
on=(zs1+1-/Tz5ete-) =1

Opp =0,
297 Re(9g7"™™M) + 2g7Re(dg3 ™)
9;% + 9% |

Orr = Hollik, Kuehn, 1991
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-
sg2iom _ 1 mft LB = 1By (ry) —2C
g, = 1622 3 5 z(ra 5 z(rH) z(ra.7m)

+siy le{'-“A} + Bz(rg) + Cz(ra) + éz(TH}] } ,

1
5QJE%HDM = ,sz {QCE[:TAJTH} — 207 (ry+,rg+) + CE{TH:I:) — —E"z(m} — —CE(T‘H)

+5py [Bz{m} + Bz(rg) +2Bz(rg+) + Cz(ra) + Cz(ry) + 40z (ryg+,rp= ]] }

re =m2/m%|with ¢ = A, H, H*

&
A, 1 1
Bz(r) = —5 17" EIDE(’-‘”}
&E 1 1 T
Cz(r1,me) = o 5/ a’a:f dy log[ra(1 — ) + (r1 — 1)y + 2y ,
- A,

? - % —r[1 +log(r)] +r*[log(r)log(1 +r~") — dilog(—r )]

—? [1 —2r +2rflog(1 +r1)].

Larger correction for larger hierarchy: my <K my = my+ and my > my
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Lepton Universality & 7 decay e s

* From pure leptonic
processes:

T—=evw T - UV T vy

U—evw u—evw T evy

e From semi-hadronic
ProCesses: (r - yr/k)

(/K — uv)

e Correlation matrix:
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(&) — 1.0011 + 0.0015

(&) — 1.0029 + 0.0015

ii) — 1.0018 & 0.0014

) = 0.9963 £+ 0.0027
_) = 0.9858 £+ 0.0071

1 +0.53 —0.49 +0.24
+0.53 1 +0.48 +0.26
—0.49 4048 1 +0.02
+0.24 +0.26 +0.02 1

\ +0.12 +0.10 —0.02 +0.05
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Note) Only two ratios
are independent:

The redundant
direction should be
projected out.

10.12 \
+0.10
—0.02
+0.05

L
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L2ZHDM corrections

- Tree-level contribution from H=:
« One-loop corrections mediated by A4, H, H=:

Otree = 8 m ml t,B K(ml /mr)

2

3 m
510029 16202 ( [H + Sg—a H (m_:i) + C,é—a

(&) =1+ ‘ﬁluup: (ﬁ) =1+ diree + d]uup-'
> O e
(&) = 1+ doop, (Q.—) = 1 + dioop-
Gp/ = Iu/ K

HPNP 2019-02-21 EJChun@KIAS

T (VT

v,

o e

Krawczyk, Temes, 0410248

dcm))

(ﬂ_a
Je

) :1+‘§treﬂ.

16



Results

1 and 20 regions for
constraints from

the muon g-2,

Z and tau decays.

Poor y2,;,,~12
for tau decay;
SM about 20 away

Allowed region larger
than in the previous
studies: 1504.07059,
1507.08067.
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2} au decay
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LHC tests

* Discover a light pseudo-scalar with large tanbeta:
B(A - 17) = 100%
- Electroweak production of H*A & HA leading to 3&4t

» Electroweak production of HTA & HA —» W (Z)AA —|2u2t

Mass reconstruction

» Exotic Higgs decay: h - AA =272y |



LHC search for h - A4 - uutr

Assume: B(h —» AA) = 15%
o(h - AA) = 7.5 pb; o(h - AA — uutt) = 52 fb

my, = 50 (60) GeV; tanf = 60; cos(f —a) = 0.03; A,44= 0.02 (0.03)
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20



Event selection

.u+.u_ Jolz

pr(u) > 10 GeV

pt (z) > 20 (25)GeV
In| < 2.5
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my, = 50 (60) GeV L =3/ab
Cuts Signal pp — T pp — VV pp — tt
+jets +jets +jets
pr(j:) > 20 GeV
Preselection 858 (1480) | 41041 (41041) | 107890 (107890) | 14486 (14486)
M,, — Ma| <7.5GeV | 836 (1430) | 909 (779) 1180 (1325) | 1637 (1697)
M, ;. >Ms—20& | 760 (1336) | 130 (390) 307 (654) 330 (419)
M, < My +10 GeV
Mouaj. > My —20& | 698 (1283) | < 130 (< 390)+ 81 (109) 65 (51)
Mayaj. < My, +10 GeV
pr(jr) > 25 GeV
Preselection 277 (493) 28833 (28833) 75209 (75209) 11629 (11629)
M,, — Ma| <7.5GeV | 260 (475) | 649 (390) 704 (024) 324 (1396)
(Grjr) — Ma| < 15 GeV | 228 (420) | < 649 (130) 112 (416) 182 (196)
—My| < 15 GeV | 211 (410) | < 649 (< 130)+ 20 (15) 27 (27)
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LHC prospect

— pr (j:)>20 GeV

— pr (j:)>25 GeV

Significance

o N 2 OO W O

%ﬂ= 50 GeV

arXiv:1707.07928

Significance

1 10

102 10°

Luminosity (fb -1 )
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— pr(j:)>20 GeV

— pr(jc)>25 GeV

GI\J-P-U‘JCOC_)

M, = B0 GeV
107 10
Luminosity (fb”)
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CMS result

% 10° 35.9 b (13 TeV)

0.8 C MS —e— QObserved

—— Median expected

Combined [ 68% expected
95% expected

h—aa—2u2t
o
~

o
»

9)

h B(
SM

©

@) ]

95% CL limit on 5
o
N

—
w

}B(h - aa) = 0.03

—
N

<
—

£ 1805.04865
N

15 20 25 30 35 40 45 50 55 60
m, (GeV)
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Reconstruction of heavy Higgses

- Signal: pp > HXA/HA - W=*/Z A(up)A(z7)
« Background: pp — uu,tt,VV + jets

1.0 7 T T T T T T r . T 0.2 T T T
0.3 Signal Signal
_ 2%+¢eF ————— 2u+jets ———-—
- N ISt 015 th+jets ===
g 02t | =
pa _ o
il | Z 041
-------- M, =40 GeV;tang =45 ? l =
----- M, =50 GeV:tang =50 = 017 | ] -
M4 =60 GeV ;tang =50 f:-[ 005 ______
22;0 z-f.;o 2(-‘:0 2&;0 300 0 I I o= I 0 ' . ' : : :
50 100 150 200 250 0 0.5 1 15 2 o5 3

M+ (GeV)
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Fvent selection

HPNP 2019-02-21

MHi,H = 210 GeV,M, = 50 GeV, L =3/ab
Cuts Signal Backgmmid Significance
H*A | HA || pTp+jets | tt+jets

utu=, pr(u) >10GeV || 179 79 38610 25424 1.0
0b 173 72 37755 10125 1.1

M, — My| <25 GeV || 151 63 0228 2444 2.0
pr(pp) > 90 GeV 108 44 2351 605 2.8
AD(ppe, jr) > 1.6 98 40 1742 354 3.0

EJChun@KIAS
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3.5T
....... arXiv:1807.05379
T - #‘_*"‘-\‘ ‘-""-- ..... -
r" M‘h — N

ﬂ 3 -i"" ’f’ h‘h.‘ ‘*..‘a
e # .“"-. “"'*-..
c “‘-----‘ '. -
=
o™ 2.5 -,z
® <emrenen M 4 =40 GeV
“ 5 —==== M, =50 GeV

M 4 =60 GeV

180
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200

220 240 | 2'5.0
My, =M,: (GeV)
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Scalar DM through Higgs Portal

* Introduce a stable singlet scalar in SM — the Silveira, Zee, 85

minimal (simplest-minded) model: McDonalds 94
Bird, et.al, 06 and many

V=ud|H|? + 24 H|* + Ays [HI?|S|? + p3|S|? + Ag|S|*

* Right relic density through freeze-out controlled by
the DM annihilation rate of SS > hh,SS - h* -

f f for an appropriate range of 1, & ms.
» Strongly disfavored by direct detection experiments.
* Different features in 2HDM+SDM
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Constrained Higgs-portal SDM

A Tl’! [ —
L '_.'.“. ,\ DAMA

o \ ;"-..'\:E'»D-M-SII-S RS ]

Ta-12 | VOV i

- i'f.-. ' -éJ_:_ﬂT-I:r-.'-S"- ;

A~ E . E

N'_ . :

= -4 .

S 10 3 : \ Uk 3
= ‘: k pand® _V

e 3 | = .

- -1- g de@’l -

gunt 1
okt
el ,1;['._1_",3'@?" - =
N

1609.03551 7
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|l 2HDM+Scalar DM

_ 1 90 Asaa 1o
— '5?'}1[]5 + Zb + Eb
1

_ 559 [20(kph + kg H)

[K1|®1[% + r2|®2|?]

P. Bandyopadhyay, EJC, R. Mandal, 1709.08581

®, ~ A H HE

q)z"’h

—I—h',h_hf?.g + 26 pghH + h‘-HHHQ + KAA (AE + 2H+H_)]

where
Ky

Khh

KhH

KHH

KAA

T

=  —HK1SaCg T+ K2CaSg &

= +h:1f-a.f:*3 T K25q853 =

2 2 2 2
= K18, + K2C, = K1Cg + K253,
— —(h-_l — h‘,g)(:'&,ﬁ;a ~ (h'-

= h'-ll’ﬁ‘i + h:g.%;i 2 H.l.r% + h'gu::*%.

= h'-l:% + h'-gf_%

H,lf.'fg + H,Q-E'éa.

(k1 — K2)cgsg.

1 — H-Q)(..’IB '('{.";?'
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tﬁ > 1

Ky = K>

Ky, Knap = (K1 — K2)/tg
Khn = K2

KHH, Kqa 7 K1
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DM-Nucleon scattering

tanf = 50,mq = 50GeV, my g+ = 250GeV.

0.00 -0010
200 400 600 800 1000 0. 0.2 04 06 0.8 10

0.04 ——— 0.010
| ms=150 GeV
XENON1T i
003 . 0.005} i
— XENON1T ' - |
I
- |
= i
S Eemraci, ceee XENONNT | UX-ZEPLIN
N - -
é: 0.02 &' 0.000F .
I - .
T N /S 1T = Eaanmeemmeme e ————— ——
+
< '
0.01 ~0.005} .
0
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DM

annihilation to 4t

tan 3 = 50,ma = 50GeV, mp g+ = 250GeV
10¢
| SS - 1TTT Fermi-LAT
w 0.1
SS - AA HH
10~2} SS - AA ]
1073 ‘ ‘ |
10 50 100 500  100C

ms|[GeV]



Conclusion

« X2HDM with large tanf and light A is a viable option for the
muon g-2.

 Lepton universality tests in Z and tau decays strongly limit the
parameter space (my, tanf).

* No region is allowed at 1g, but large region opens up at 20,
particularly, for my = my+ = 200 — 400 GeV.

* Higgs boson masses could be reconstructed at LHC through
h - AA® - 47 (2u2t); H%T A - AA - 4t (2u21).
« Higgs-portal Scalar DM can be realized successfully.



