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Current status of the
Higgs boson
measurements at the LHC



In the EFT approach
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Another way to probe
NP in the Higgs
sector:

New scalar bosons



Another way to probe
NP in the Higgs
sector:
Charged Higgs boson



2 Kinds of NP

e Doublet models

e 5 scalars

Type | (Fermiophobic) Type Il (MSSM-like)

d.u d.u
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Type X (Lepton-specific) Type Y (Flipped)
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2 Kinds of NP

e Doublet models e Triplet models

Georgi-Machacek Model
e 5 scalars

e add one real and one
complex SU(2) triplet

Type | (Fermiophobic) Type Il (MSSM-like)

e H+ phenomenology different
d.u d.u
07 (932 DO, O, from the doublet models
e
Type X (Lepton-specific) Type Y (Flipped) e H+W/Z couplings at tree
d d
0) e(D 2u 0) éD 2u level

 Double-charged Higgs
bosons H++



2HDM
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Mixing angle!



Five physical Higgs bosons

hO HO A0 g+



Two HIggs doublets

(I)l and (1)2 |

In order to suppress FCNC at tree level,
we impose Z2 symmetry

(I)l —> (I)l and (I)z —> _(I)Z



HIgQgs potential

- O0ftly broken Z2
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Q. What can all of the data tell about the potential?

Important roles of Yukawa interaction



4 types

according to the charge assignment

under Z2 symmetry

pe 1
pe 11
pe X

pe Y

+ | 4+




4 types

according to the charge assignment

under Z2 symmetry
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4 types

according to the charge assignment

under Z2 symmetry

4 ways
b, b, UR dp tr Or, Ly
Type | T +
Type 11 + — — + + +
TypeX |+ = = - 4+ +
Type Y + — — + — +




Only one combination
acquires nonzero VEV v

H1 — Cﬁq)l 85(1)2

lts orthogonal combination
ZEro v

H2 — —85(131 -+ 65(132



hmlt

sin(f —a) : gnw+w-, 9nzz, YzZAH, IWEHTH,




Review of 2HDM gauge-gauge-scalar vertices

HV'V couplings

Coupling Tree—level? Loop?

H,ZZ. HWW YES -
H~yy, H~Z NO (Q =0) 1-loop
H;gg NO (col=0) 1-loop
A ZZ AWW NO (Cc) 1-loop
Aivy, AvZ | NO (Ce,@ =0) | 1-loop
Aigg NO (Cec, col=0) | 1-loop
H™W~Z NO for doublets | 1-loop
HYW ™=~ NO (U(1)g—c) | 1-loop




Review of 2HDM gauge-scalar-scalar vertices

HHYV couplings

Coupling

Tree—level?

Loop?

H.H, 7, A A7

NO: Bose statistics

H;H;ry, A; Ay

NO (Bose statistics)

H;H vy, A; Ay

NO (Q=0)

3—loop

NO (CPc)

3—loop

NO (Q = 0)

1-loop

YES

YES

YES




Yukawa couplings
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FCNC constraint
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95% C.L. lower bounds on M+

1750
MHi[GeV]
1500
1250
1000

750
| Model-IT

500 |

250 Model-T |
| tanP |
1 2 3 4 5

Misiak et al, Eur.Phys.J. C77 (2017) no.3, 201



Type |, X: H+ can be
light



Type | Type X
mH+:150 GeV, Sin(B—OL)=1 mH+=150 Gev, Sin(B—(X)=1

100 0 ,
: TV

CS

B

1074 L

LILLILILLLLI UL RULLLI LILBLBLILILLL | LUILLLFALLLI UL L

10‘5_""" e

tanf3



10

10

BR(H")

10

) s
] <
: BE
. mhm°d+, tang =10 | _
- ——— BR(H™ ->tb) |-
) BR(H >cs) |-
I —— BRH=>1v) |
BR(H ->uv,)

| ] ] ] ] | ] ] ] ] | ] ] ] ] | ] | ] ] | ] ] ] ]

100 200 300 400 500 600

M. [GeV]



|

EXCLUDED by FCNC
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Doublet models | Triplet models




Production of H+

Key parameter: MH+

Light Mg+ < my




Heavy Mg+ > my

single-resonant top



Heavy MH:: > mt nght MH:: < mt

single-resonant top double-resonant top



non-resonant

=l



H+ — tb and H* — tTv superposition
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N TR - ‘:\1 | I | | |
SRR -
i :

/7 ATLAS Preliminary -
/
/
g/ 95% CL, exclusions _
+ N
H'— v,1b Observed, tv .
h} mmod- |
h - Expected, tv |
Is =13 TeV | Observed, tb
i N ved, 7
36.1 fb
----- Expected, tb 7
\\ \I\ N \is\i\\\\\\ N\ \s\l\s\t\\ \\ | |

200 400 o600 800

~l I | -
1000 1200 1400
m . [GeV]



H+ — tb and H*

— TV superposition

tanp
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Question
New search channel
for this tricky H+?



Kinematically




Pure 2HDM iIs not
enough!
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tg dependence
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Let’'s add new
fermions In the loop:
VL fermions



VLQ

e |f the scalar sector only includes SU(2) doublets, new VLQ
coupling to the SM ones with renormalizable couplings

allow only

TP r, Bl g (singlets),
(XT?) g, (T°B°)pr| (B’Y), g (doublets),
(XT'BY). r, (T°B°Y); p (triplets).



Introduce both doublet and singlet

VLQ doublet : @ = C Qr = :
Dy Dy

VLQ singlets : .
dr d;

Crucial to allow the Higgs Yukawa couplings



Then we can write down the Yukawa couplings

LYuk — —MQ@Q — Myﬂu — MDaCZ
_ [@R(Ygl Hy + Y} Hy)dy, +Qu (YR Hy + Y5 Hy)dp

Qr(YE H,

YJ;[A{/Q)UL

@L(Y(]Rlﬁl

Y(gﬁg)uR

h.c.]



Strategy to enhance
W+photon

e SM fermions: Type-1

e VLQs: Type-2

Yo =Yy, Yy, =0,
YD EYpl, YD2 = 0.



Mixing b/w doublet and
singlet

1
MD _ MQ EYDUI
LYDUl MD

V2

cosflp —smébp )

simfp cosfp




Interactions In terms of
mass eigenstates

YnD1 Dy — _YD&?SQD/ﬂa
YnD1 Dy — Yfo?CzD/\/i;
YnDyDy — YDf;?CQD/ﬂa
YnDa Dy = YfolL)SzD/ﬂa



If 0p <1

thl Do —

YnDo Dy —

= Yp&, coap/ V2 \/_
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Gauge couplings

gwbp,Uu; — CuCp, gWD,Us — SUCD

gw DU, CUSD s, W DsU> — SUSD

U 2 u 2 U 2 u 2
gzu,u, = 9vCy + 9vSy s, 9zu.U, = 9v Sy + 9vCr

_ L U U
gzu,Us = 9ZzU,U, = (gv — gv)SUCUa



W/Z couplings with mixed
VLQs

gwbpDiU; — CuCp s, W D1Us — SUCD
gwbDsU; — CUSDl, W DUy — SUSD

U 2 u 2 U 2 u 2
gzu,u, = 9vCy T 9vSy, 9zu,Us, = 9vSy T 9v e




If 0p <1

gw DU, = CUCD , G¥rprm—7SFcppP ()
—G PSP ——S D P ()

U 2 u 2 U 2 u 2
gzu,u, = 9vCy T 9vSy, 9zu,Us, = 9vSy T 9v e

W/Z couplings: no mixed VLQs



Constraints



A. Constraints from b — s7.

........................

Model-11

...............

For tg > 2, Mg+ ~ my 18 possible in Type 1




B. Constraints from Higgs precision
0.6 < |ry| < 1.12.




B. Constraints from Higgs precision
0.6 < |ry| < 1.12.

thlDl — _YDf}lL)SQD/ﬁ7

Cancellation!
YhDoDy = Yfo?Szp/\ﬁ-



C. Constraints from 7T parameter

/4

Oblique parameters: S, T, U

1
> 6w
' 2
r~—3>1 _ ({am) {  |n the SM!
127s%c? ms
, -
I ~ 1? (An;) |
(I3 L mN

Peskin, Takeuchi, PRD (1992)



Later we shall consider

large mass difference
like 500 GeV

Why is this allowed by T?



SM? My, T = Ty, w, (0) — M+ - (0),
AM =0— AT =0




One VLQ doublet?

No mixing

U 2 u 2 U 2 u 2
qgzu.U; = gVCU - gVSUv gzu,Uy — gVSU =+ gVCU7

: — _(,U_,u;I | > 0



One VLQ doublet?
No mixing

0 x AM?

My T = Ty, (0) — My 440~ (0),



One VLQ doublet + one VLQ singlet

Mixing

x AM? x AM?

A\

My T = Ty, (0) — My 440~ (0),

Cancellation!
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Direct constraints on
the VL fermion
masses



ATLAS, 1808.02343

— 1 \ rprerprrrrprrrrprrrrprrrtrrrrprrrrpr T T ; 3 1' rrprrrrprrtrprrrrprrrrprrrrprrrrpr T
T 09 ATLAS 1B 1400 © T ;g ATLAS E
T ¢ s=13TeV, 36.1 fb” E % T s=13TeV, 36.1 fb” ]
£ 038 VLQ combination = 1400 E o 0.3 VLQ combination =
i i - = Y . -
m 07 Observed limit = n o 07 Observed limit ]
: . (7)) ) -
= © ZhSU(2) (T,B) doublet 3
0.6 E & SUR) doublet = 1380 E 0.6 ¥¢ SU(2) (B.Y) doublet
pk oublet - O SU(2) singlet =
0-5 O sU@)singlet 1360 05 -
04 ' = ?g 04 =
0.3 ER: Sf11340 0.3 =

0.2 E E 0.2 1%

“E 4 11320 | 1 1050
0.1 \ — 0.1 —

0 0.10203040506070809 1 %0

BR(T — Wb) BR(B — Wt)

M, > 1.31TeV My > 1.03TeV

The bounds can be relaxed if the VLQs decay into light quarks.



Dermisek, Hall, Lunghi, Shin, 1408.3123
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For W™~ decay, the Ward-identity pjM,, = 0




for HY - W™/

BMys [, B2ME, UM
+ + _ | H
r(t - Wz) = P (64 o gt ) MG 4 D Mo+ 2
B My, ME, M3,
2 <m‘2ym22 m%,  mZ )Re(/\/l M)



MU1 — MD1 =1.3 TeV, QU,D = (0.2

Br(H*—>W*y)
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MU1 — MD1 =1.3 TeV, QU,D = (0.2

H " ->Why (My+=180GeV, t5=5)

VLQ (5/3.,2/3)

VLQ (2/3,-1/3)

2HDM
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MU1 — MD1 =1.3 TeV, QU,D = (0.2

H™->W'Z (Myx+=180GeV, AM=500GeV)
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MU1 — MD1 =1.3 TeV, QU,D = (0.2

H ->W*7Z (My+=180GeV, flg=5)
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No significant enhancement



MU1 : MD1 — 0600 GeV, HU,D — (.2

H W'y (My+=180GeV, AM=500GeV)
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]\4(]1 : MD1 — 0600 GeV, HU,D — (.2
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Conclusions

Mg+ ~ my 1s very tricky to probe.

A new search channel is into W=~ and W=Z7.

With the VL fermions, the branching ratio of W=~
can be enhanced by a factor of 100.

BR(H-

- - W

7)) does not show the enhancement.



