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e 2HDM with Gauged U(1) Higgs symmetry (Ko.YOYU)

* spontaneous U(l) symmetry breaking realizes explicitly broken Z2 symmetry
commonly discussed. (Glashow, Weinberg)

* Some GUTs predict 2HDM with U(1) at low energy (ex) Es GUT)

* In SUSY, the non-decoupling D-term of U(|)H shifts the upper bound on Higgs mass.

(Batra,Delgado,Kaplan, Tait;Maloney,Pierce,VWacker;Craig,Katz;Liu,VWang;
Athron,King,Miller,Moretti,Nevzorov,etc..)

* There are good dark matter candidates.
(Stabl_ll\ty guaranteed by the remnant symmetry of U( I ))
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My talk

| introduce type-l and type-ll 2HDMs with U(|)H, and discuss
phenomenology. (Type-Il is inspired by E¢ GUT.)

® Setup of 2HDMs with gauged U(l) Higgs symmetry

® Theoretical and Experimental Constraints
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setup of 2HDMs
ith gauged U(Il) Higgs symmetry
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Flavor problem in 2HDM

Simply add one Higgs

Q—i(yc]iinl + ?J?lz'jH2)D“;z + Q% (yuiy Hi + yiinQ)Ug{

mass matrix

> mi8; = (ViTyhVE)y (Hr) + (VT yaVE) s, (Ha)




Flavor problem in 2HDM

Simply add one Higgs

Q% (yai; Hi + y?linQ)D% + Q% (yuiy Hi + ?Jiz’jH2)U}j2

> mi8; = (ViTyhVE)y (Hr) + (VT yaVE) s, (Ha)

Yukawa coupling

—> neutral higgs h coupling
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® Higgs symmetry solves the flavor problem

minimal flavor violation

If one sector couples with only one Higgs

Type II: y%QquURj = yg'QLiﬂlDRj + yiEjL_iﬂlERj + y,;']}[L_iHQNRj.

diagonal Yukawa of neutral scalars
flavor-changing Yukawa of charged Higgs suppressed by CKM
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® Higgs symmetry solves the flavor problem

minimal flavor violation

If one sector couples with only one Higgs

Type 11 : yg‘QLinURj + ngLz'H1DRj + yiEjL_z’HlERj + y,;']}[L_iHQNRj.

diagonal Yukawa of neutral scalars
flavor-changing Yukawa of charged Higgs suppressed by CKM
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® Higgs symmetry solves the flavor problem

minimal flavor violation

If one sector couples with only one Higgs

Type II: y?,_]QL’LHQURj N yz] QLzﬂlDR] + y L HlERg + wa HQNR]

diagonal Yukawa of neutral scalars
flavor-changing Yukawa of charged Higgs suppressed by CKM

symmetry should be ass:gned to nggs and SM fermlons P e
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® Scalars in 2HDM

eaten by W, and | charged Higgs pair

2 CP-even scalars eaten by Z,and |pseudo scalar in Z2 2HDM

- 8 scalars —2(eaten byW+/ )+ | (eaten by Z)+2(CP even)+ I (CP odd)+| charged nggs palr
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® Scalars in 2HDM

eaten by W, and | charged Higgs pair

2 CP-even scalars eaten by Z,and |pseudo scalar in Z2 2HDM

U(I)H extension




® Scalars in 2HDM

eaten by W, and | charged Higgs pair

2 CP-even scalars eaten by Z,and |pseudo scalar in Z2 2HDM

¢ ' i d - & = - 3
) A e )u L el U w, g " A g L ‘.",'..'~. A g ns ,", ie R R e : '.,.. b T -.i.‘- VA J S -t i - L it
4 Rariv . = P -t . vl J.'. oy !-‘_ - fealrt At e _'\:-___q Y E, - e A 3 _"(. a0 :\-I ._'7‘._ ‘|{"'

both are eaten by Z and U(l)H gauge boson (ZH)



® Scalar masses

@*
H; = \/_ \/_( —|_7/X7,) ; (I):%(?}cp—l—hcp—l—ixcp).

|0 scalars =2(eaten by W+/-)+2(eaten by Z,ZH)+3(CP-even)+|(CP-odd)+1 charged Higgs pair

3 CP-even Higgs

he 1 0 0 cosa; 0 —sinag cosay —sSinas 0 h
hi | =10 cosa —sinwo 0 1 0 sinas cosas 0 H
ho 0 sina coso sina; 0 cosoag 0 0 1 h
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® Scalar masses

@*
H; = \/_ \/_( —|_7/X7,) ; (I):%(?}cp—l—hcp—l—ixcp).

|0 scalars =2(eaten by W+/-)+2(eaten by Z,ZH)+3(CP-even)+|(CP-odd)+1 charged Higgs pair

3 CP-even Higgs

he 1 0 0 cosa; 0 —sinag cosay —sSinas 0 h
hi | =10 cosa —sinwo 0 1 0 sinas cosas 0 H
ho 0 sina coso sina; 0 cosoag 0 0 1 h
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CP-odd scalars (2 Goldstone bosons+| pseudoscalar) (<‘1’> = %)

X o 0 1
> ve . > % cos Bsin® B | Gy
Xo sin 8 v/ v2 + (vcos Bsin f3) — cos? Bsin 3

i %cosﬁsinﬁ
®

+ . —sin 3 A
/2 + (v cos Bsin 3)2 ol
pseudoscalar(A) mass
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gauge bosons
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Mass matrix for Z and ZH boson
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® charge assighments and extra matters for anomaly

Type-1 2HDM

v, QriHoUrj + vy QriHoDrj + yi LiH2 ERj + vy LiHo Ng;.

H{ does not couple with SM fermions.

We can discuss the anomaly-free charge assignments without extra fermions.
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Type-ll 2HDM

yi;QriH2Ug; + yi) QriH1Dr; + yi; LiH1 Eg; + y;, Li HoNg;.
- 0 0 -1
require extra chiral fermions

type-ll 2HDM with U(1) inspired by Es GUT

(Lodon, Rosner)

Eg — SO(10) x U(1)y, — SU(B) x U(1), x U(1)y

[SUB) [SUR) [ UMy [UWa ) UMy [ Uy [ UM,
3 3 2 1/6 | —1/3 l —1 —2
s 3 1 2/3 2/3 —1 1 2
B 3 1 -1/3 || —-1/3 —1 —3 —1
L; 1 2 —1/2 0 1 3 1
E%, 1 1 —1 0 —1 1 2
I il e |l il




Mass terms in Type-ll 2HDM inspired by Es

® for U(l)H breaking and masses of extra fermions

SU(3)

SU(2)

U(l)y

U1y

U(1)y

U(1)y

U(1)y

o

1

1

0

1

—4

0

D

UDH*xU(D)wxU(l)x symmetric potential

yLOqL fy + i@l 1, B+ yrnpt HT 1, + ¢, Hon + hec.

(®) # 0 induces the masses of the extra

extra neutral particles ¥ = (7;,¢;)
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Comment on SUSY extension

® SUSY version of 2HDM inspired by Eé¢

4 I

scalar (O'QHik) (O'QH;) ((I)*>
fermion lLi LR Nri pairs with same quantum number

o /

¢ adding extra Higgs doublets and ®
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Theoretical and Experimental Constraints
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parameters in 2HDM with Z2 (and without As)

mp,Mmg, mAamH+7ta‘n67 Siﬂ(ﬁ I C\f)

experimental and theoretical constraints

myp ~~ 126GeV L, T .
Z,Ww\/\ NN NZ WY

A /
M+ — mal extra particles

myg+ —mpg| EWPOs(S, T,U para.) Iy w (0)  IIzz(0)

Gyl —
small mass differences M I%V M %

Sin(ﬁ e Oé) required
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parameters in 2HDM with Z2 (and without As)

Mp, MH, mAamH"‘atanﬁa Siﬂ(ﬁ - C\f)

experimental and theoretical constraints

mpy ~ 126GeV
|mH+ > mA| mass relations
2
2 2 2 2 2 v
mi +mzy —m =) mH+—mA:—)\4—
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small mass differences Pertu rbatlv!t.y
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Theoretical constraints (Ko, YO 1)

® vacuum stability (to avoid unbounded-from-below )

A1 > 0, Ao > 0, )\3 > —/ )\1)\2, )\3 + Ay > —/ A1\

—~2
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parameters in 2HDM with Z2 (and without As)

Mp, MH, mAamH"‘atanﬁa Siﬂ(ﬁ - C\f)

experimental and theoretical constraints

mpy ~ 126GeV
|mH+ > mA| mass relations
2
2 2 2 2 2 v
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parameters in 2HDM with Z2 (and without As)

Mp, MH, mAamH"‘atanﬁa Siﬂ(ﬁ - C\f)

experimental and theoretical constraints

mpy ~~ 126GeV

|mH+ > mA| mass relations
2
2 2 2 2 2 v
mh—l_mH—mA >O,mH+—mA:—)\4—

M+ —myl EWPOs(S,T,U para.) 2

small mass differences

perturbativity
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parameters in 2HDM with Z2 (and without As)

Mp, TMH,MA, M+,

tan 3, sin(8 — «a)

experimental and theoretical constraints

mpy ~ 126GeV
\mH+ > mA|

‘mg+ —mpy|
sin(f8 — «)

tan -

EWPOs(S,T,U para.)

small mass differences
required

exotic top decay

' lower bound from LEP
Mg+ z 90GeV

b

, u,c,t
tan B (type —1I) '’

b—sy,Botv —— |8

mass relations

2
(¥
mi%—m%{ —mi‘ > 0,m%; —m5 :_)\4?
perturbativity
vacuum stability
unitarity
£ t->H+b (ATLAS) mann,Misiak,Steinhauser)

Data 20127
rejels A
.:f'n'- e

prved exciuson 20N
£ ATLAS Preliminary
ok M {5=8 TeV

r Iun =195’

ot - - - - - !
90 100 110 120 130 140 150 160
m . [GeV]

1/tan B (type —I)

b->s Y (Her

4 vy

type-ll
m g+ Z 360GeV




parameters in 2HDM with Z2 (and without As)

Mp, TMH,MA, M+,

tan 3, sin(8 — «a)

experimental and theoretical constraints

mpy ~ 126GeV

‘mH+ 5 mA|

‘mg+ — mp| EWPOs(S,T,U para.)

small mass differences
required

sin( — «)

——

tan

exotic top decay

' lower bound from LEP
Mg+ Z 90GeV

Next section

b—sy,BoTv —— I

mass relations

2
U
mi%—m%{ —mi‘ > 0, mys —m5 :—)\4?
perturbativity
vacuum stability
unitarity

& t->H+b (ATLAS) mann,Misiak,Steinhauser)

b->s Y (Her

4 vy

Data 20127
r+jels ﬂ:
40 Obssrved sxciusion 2011

£ ATLAS Preliminary
b M {s=8 TeV

| 5

K

r Iun =195’

ot - - - - - !
90 100 110 120 130 140 150 160

m . [GeV]

type-ll

heavy Higgs search should be included
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allowed region(90CL) in (type-l) 2HDM with Z2

(Ko, YO, Yu)

S =0.03+0.10, T =0.0540.12, U = 0.03 4+ 0.10 (Baak,Kogler)
with + 0.89¢7, —0.54517, —0.83 11
300

(b)

,.,# ;\l)\5| < 0.1

1."' H I I -200
-200 0 200 400 -400 -300 -200 -100 0 100 200 300 400

gray: 700GeV > ma > 300GeV light gray: ma > 700GeV
light gray: 300GeV > m4 > 126GeV

CMS Posliminary, M-z, 400 w7 ToV, 197 8" a2t 8 TaV

Still large allowed region. (One mass difference can be large.) =

In the type-ll (like MSSM), b—sy and pseudoscalar search strongly constrain.




parameters in 2HDM with U(I)
mhamHamAamH+7tan57Sin(6 I Oé) 7Sin(&1)7Sin(&2)7gHaMZH

additional parameters contribute to EWPOs, and theoretical constraints

tree-level

WYE AM?2 2AM?2
2W2 — p=1H—2%8¢4 O(£?) tan 26 = —— 221
MZCW MZH _MZ

should be small
(psy = 1.01051 4 0.00011)

extra one-level corrections involving ZH

neutral scalars




Z-ZH mixing at one-loop level (in the limit, cos 8 — 0 (IDM limit) )

(Hy) = \ﬁ cos (3

H1 only charged under U(I)H

K~

B 7F¢VFHW + AM%HZZAMZAHN

kinetic mixing U(1)YxU(I)H (required for renormalization )

’%(:u) v Rz 1% Y U
—TF# FHuu == —7F§ FH,uV =5 %F,’;L FH,LW

Even if we assume U(1)yxU(I)H kinetic mixing is negligible at Mw,
the mixing appears because of

SU2)LxU(1)Y breaking effects ( mass differences )

| :w{lln(mi)gmimif}

2

qugue [ 1, m% \ _ 1mj —m%
il S e 0 e
2 = qHYHE 2 2 :
M = a0 T (Mg —mi) degenerate masses make them disappear




® /’ search

Collider bound depends on the charge assighment

fermiophobic ZH case (SM fermions not charged)

Through the Z-ZH mixing, ZH is produced at the collider

resonance search (CMs,25.2.2013) Bound on U(1)yxU(I)’ kinetic mixing (Hook,lzaguirre,Wacker)

8 TeV, ee (19.6 ™), u*p(20.6 b7

median expected

B 63% expected

95% expecied

500 1000 1500 2000 2500 3000 3500
m(ll) [GeV]

bound on Z-ZH mixing

sin€ < 0(1072) — O(1073)



Constraints on gH and Mz«
fermiophobic ZH

U(1)y*xU(I)H kinetic mixing zero @ | TeV
U(1)H-charged Higgs VEV is zero

100 200 300 400 500 600 700 800 900 1000
MZH [GeV]




Constraints on gH and Mz«

fermiophobic ZH

U(1)y*xU(I)H kinetic mixing zero @ | TeV
- U(I)H-charged Higgs VEV is zero |

100 200 300 400 500 600 700 800 900 1000
MZH [GeV]

| 4+

100 200 300 400 500 600 700 800 900 1000
MZH [GeV]

0.0001




allowed region in (type-l) 2HDM with U(|)H

(Ko, YO, Yu)

CP-even scalar mixing relaxes the bound on the mass differences.

>
®
S
<
£
T
S

-200
-400 -300 -200 -100

D7 = A7l = Isin(8 — o) cosan| > 0.9 SM-like

In the type-ll (inspired by E6), we have extra corrections from the extra fermion loops



Higgs Physics




Higgs search

Higgs Production

Signal Strength

j : Higgs production

¢ o(pp — h)iBr(h — i)sm i : Higgs production



H— bb (VH tag)
H - bb (ttH tag)

H — yy (untagged)
H— vy (VBF tag)
H— yy (VH tag)

H— WW (0/1 jet)
H - WW (VBF tag)
H— WW (VH tag)
H— 1t (0/1 jet)

H — tt (VBF tag)
H— 1t (VH tag)
H— ZZ (0/1 jet)
H— ZZ (2 jets)

1s=7TeV.L<51h" {s=8TeV.L<196 "

LHC results

CMS Preliminary m, = 125.7 GeV
Py, = 0.94 -

4

CMS Preliminary (s

!

H— 1o
+ H-WW
H-2Z2Z
H— bb
H- vy

I I ]
ATLAS Preliminary

W,Z H - bb
G=7TV la=47n'
VEulTeV JLas13n’
H— 1t
E=7TeV lLa=46m"
G=8TeV JLa= 131"

(*)
H—- WW' - v
VE=T7Tev [La=46m’
\“:

=B8TeV JLA=207

t
1 m, = 1255 GeV

b' {s=8TeV. L<196 1"

Combined

G=7TTeV JL@=46-480"

G=8Tev [L@=13.2078"

I

u=130+0.20

.-

|

+1

Signal strength (u)

my, = 1255 GeV

. 1111111

—H-=2Z" 54

—H W L

T]TTTYI

ATLAS Preliminary

s=7TeV: [Ldt=46-48m" _]
Ys=8TeV: JLdt =13-20.7 b

+ Standard Model

X Bestfit
— Ny — 6890 CL

-== 95% Cl

1114111 L L

0

1

6

b
gqF+ttH

/7 8
x B/Bgy,




factors from 2HDM

h-V-V coupling h-f-f coupling top: A\ = Ay + cos(f — a)
cos(f — a) tan
Ay = sin(f — a) top: A\t = \p = Ay +
tan 3
type-| bottom: A\, = Ay — cos(8 — «)tan

type-l|
2HDM with U(I)H: A¢p, v — Agp,v COS 4

Higgs Production

v Atb
h — —>—
\ f,W,H+ Y g

extra fermions




signal strength in 2HDMs CCA(CA ()

type-| type-l|
gg fusion

with hg 4

Type-| 2HDM ordinary ¢

et +
A A ﬁiﬁ ﬂH+

Al 2SN

charged Higgs loop enhance h—Yy
ATLAS cannot be achieved

h—bb,TT easily enhanced (reduced)




Under constraints from gg—h—=YY,ZZ@CMS (Ko,YO,Yu)

Yy _ +0.33 | ZZ _ +0.32
(Iugg,CMS I O°7O—O.297 Hgg,CcMS — O'86—0.26)

type-| type-|

L Frt with h .
Type-l 2HDM# ﬂ?‘?ﬁ E ki ;J;ér mar? Type-1l 2HDM with hg,
N Siﬁiﬁ_@%mi*#ﬂ
+-|"'—'+ﬂ-|-|_+:g;

with hg,
ordinary

o - + +
v

Type-ll will be constrained strongly

If large signal strength is favored, type-l may be excluded.



Dark Matter Physics




U(l)H extension realizes stable neutral particle

dark matter candidates
scalar component in type-I

extra neutral fermion for anomaly-free conditions in type-ll

relevant interaction and constraints

SM,extra particles

SM,extra particles




U(l)H extension realizes stable neutral particle

dark matter candidates
scalar component in type-I

extra neutral fermion for anomaly-free conditions in type-ll

relevant interaction and constraints

Il<SM,extra particles

SM,extra particles

SM-Higgs search



U(l)H extension realizes stable neutral particle

dark matter candidates
scalar component in type-I

extra neutral fermion for anomaly-free conditions in type-ll

relevant interaction and constraints

direct detection (XENONI00,LUX,etc.)

P

h <SM,extra particles

XENONI100 (2012)

w Observed lumat (90% CL)

Expected limat of this run
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indirect search
(Fermi-LAT,etc)
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relic density
Qh? = 0.1109 & 0.017(30) (WMAP)



U(l)H extension realizes stable neutral particle

dark matter candidates
scalar component in type-I

extra neutral fermion for anomaly-free conditions in type-ll

relevant interaction and constraints

direct detection (XENONI00,LUX,etc.)

F

h <SM,extra particles

nALIAA XENONI100 (2012)
\ & Hea w— Observed luuat (90% CL)
—\:\% CoGeN Expected limat of this run
) A 2% + 1 G expected

ORI DAMA .
SGN + 2 o expected
\ . - ’

-

SM,extra particles AN
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e
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indirect search
(Fermi-LAT,etc)
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relic density
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Dark Matter Candidates in type-|

® |In type-l 2HDM, well-known dark-matter model is Inert-doublet model (IDM)

If Hi, which does not couple with SM fermions, does not get VEV,
scalar component is a good dark matter candidate
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Relic Density vs. Dark Matter in IDM(type-I|)

There are two interesting regions: MHo<126GeV, MHo>500GeV.

light region heavy region
with XENON 100 o (HH—ZZ,WW dominant)

200 300 400 500 600 700\ 800 900 1000
MH0 [GeV]

CoGeNT,DAMA,CDMS-II, CRESST-1I region
are excluded by the invisible decay



Relic Density vs. Dark Matter in IDM with U(1)

HH— ZHZH reduce the relic density

light region heavy region
include HH—ZHZH o + include HH—ZHZH
- coannihilatio _
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BR(h—HH)+BR(h—ZHZH)+BR(h—ZHY) less than 0.2
Bound from global fitting
B ()

(Belanger,Dumont,Ellwanger,Gunion,Kraml
;Espinosa,Grojean,Muhlleitner, Trott)
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Relic Density vs. Dark Matter in IDM with U(1)

HH— ZHZH reduce the relic density

light region heavy region
+ include HH—ZHZH o + include HH—ZHZH
coapmhllatlo
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Bound from global fitting
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;Espinosa,Grojean,Muhlleitner, Trott)




Dark Matter Candidates in type-l|

® |n type-ll 2HDM inspired by E6 GUT

neutral particles from the extra leptons

l?:(gfagf)T (I:LaR)v nr
75 N
— Vg | = (Ua) | N2 lightest NLi is dark matter candidates

stability is guaranteed by (remnant) Z2 symmetry for the extra particles

gipilis e Ova it (ng X (—1)25)
(U(L)y = 2Z3)

annihilation
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Summary

2HDM may be a effective model of High-energy theory, and useful to test the underlying
theories.

| consider 2HDM with U(1)H Higgs symmetry, which might be one of the effective models.

The U(l) extension solves the flavor problem, and could introduce dark matter candidates.
Stability of CDMs guaranteed by the remnant symmetry of U(I)H.

EWPOs and flavor physics are stringent constraints in 2HDMs with U(1)H. The mixing
among the scalars relaxes the bound on the mass differences.

SM-Higgs search will constrain 2HDMs strongly EspeC|aIIy, the aIIowed reglon for type-ll N
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signal strength in 2HDMs CCA(CA ()

type-| type-l|
VV fusion

with hy,

ordinary Type-Il 2H

h—bb,TT easily enhanced (reduced)




