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Motivation

» Property of the Higgs boson has been measured at the LHC.

e Measurements of mass, hVV couplings, hff couplings, etc.

e Current measurements are consistent with predictions of the SM.

» The structure of Higgs sector remains unknown.

e SM Higgs sector :
e But, there is still a possibility of extended Higgs sectors

Number and multiplet? Symmetry?
P + S (Singlet) Discrete symmetry
D, + @, (Doublet) Custodial symmetry
O + A (Triplet) etc.

» Relation between BSM phenomena and extended Higgs sectors

- Testing extended Higgs sectors is essential for exploring NP.
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Our approach

Our approaches to the determination of the shape of the Higgs
sector is following:

Precise measurements
HL-LHC, ILC, CLIC

Precise calculations
(I) + S, (Dl + (I)29

O+ A,...

FCC-ee, CEPC, etc.

X ¥

Observables for the Higgs boson :
Cross section, branching ratio, coupling, etc
Determination of the shape of the Higgs sector

—> We studied on radiative corrections to branching ratios
in 6 different extended Higgs models.
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Setup

We treat 6 simple extended Higgs models.

e Higgs singlet models (HSM) The potential has shift invariance > <S> =0
[S—=>S+v, ]

V(P S) — m‘;j)[,|<T)|2 + ,\](T)|4 + llog (T>|25' + ,\q>g|<f)|25'2 + 1S + )71%5’2 + 1959 + Ag 5%

2
Physical state: h, H Free parameter: My, COSQA, Mg, Ug, /15
SM-like Higgs 7~ ™ CP -even Higgs

» Two Higgs doublet models (THDMs) [softly broken Zz symmetry ]
- 4types of Yukawa int.

. 9 9 9 p) 90 =t \
V =m0y |2 4+ m3|Dy|? — m3(®! P, + hoc.)

I ] I - ]
+ 5@ 14 542 Gol® 4+ \3| Q2| o|? + Ag| @I Da]? + 5| (bIdy)? + lc.

-+
Physical state: h,H,A,H Free parameter : My, My, Myx, Sg_,» fﬁ, Mz( = mg/(SﬁCﬁ))

 Inert doublet model (IDM) [exact Z2 symmetry ]
— Dark matte candidate

Viom = Vrupum (mf—>0, <®,>—-0)

+ .
Physical state : h,H,A,H~ Free parameter: My, My, My, Ay T,



HSM :

THDMs :

IDM

Higgs couplings

Ky = K¢ = COSQ

Ry =
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Ky = sin(f — ()z)’ ki =sin(f —a) 4+ & cos(f — a)

Su

&
Sd

&
5¢€
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Type-11
Type-X
Type-Y
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Ex.) THDM Type I, I, X, and Y

60 | :

Kg—l [ % |

60 | ¢

sof

a0

sin(f —a) =10.995

0.99
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Model discrimination by couplings

Type-I1

Type-1I
Type-X
Type-Y

Each extended Higgs model can give different pattern of deviations
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Nondecoupling effects

In the alignment limit, the heavy Higgs masses can be commonly expressed as:

" 2m;  (HSM)
m(%) = M2 + /ﬂtiv2 (® =H,A, HY) M? =< m32/SﬁCﬂ (THDMSs)
_ 4 (IDM)

2 .
D -

There are two cases for large i
(1) M2 1> —> mg~M’
Loop contributions of @ decouple, obeying decoupling theorem.

. 1 1 1+
Ky — 1~ — —
X 167% 6 = mg,

(2) M? <« /11-1/2 — mc% ~ /livz
Nondecoupling effects can be obtained.

I 1 mg
-1~ - —+...
X 16n26§4v2
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Nondecoupling effects

In the alignment limit, the heavy Higgs masses can be commonly expressed as:

" 2m;  (HSM)
m(% = M2 + /11"}2 (D = H,A,Hi) M? == m%/sﬂcﬁ (THDMs)
L W (IDM)

2 .
D -

There are two cases for large i
(1) M2 1> —> mg~M’
Loop contributions of @ decouple, obeying decoupling theorem.

i 1 1 1+
Ky — 1 ~ — —
. 167:26(1)m(%

(2) M? < Av? —» mg =~ Av?
Nondecoupling effects can be obtained.
1 1 mg, | Inthe case of THDMs, maximally
16722 6 Z 2 ¢ ~ 2.5%forhW
® ) ~5% forhff

— 1 ~

Kx
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Measurements accuracy of the Higgs couplings (prospect)

[ arXiv:1901.09829]

Model Dependent Fit (I'5,,=0 & no anom. hZZ/hWW coupl.)

HL-LHC ®ILC260
HL-LHC ®ILC250 ® ILC500

HL -LHC: 0(1) %
18 BB N . ; ; = ILC: @(1)N@(0_1)%

Precision of Higgs boson couplings [%]

Z W b = g ¢ v we t/2 210
— N
Considerably improved Challenging at LHC

e Sensitivity of most of couplings are improved by the ILC.

e Loop effects of extra Higgs is comparable with future sensitivities.
— Evaluation of Higher order corrections is necessary.
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Couplings — branching ratios

While the experimental data of Higgs couplings are not directly compared with
predictions of models, the branching ratios can be done:

e Higgs couplings

— &2,
Wilson

. Branchlng ratlos

Directly compared



Public tools

Here is a list of public tools to compute the Higgs decays for extended
Higgs models.

(ewN)2HDECAY :

- Model; 2HDMs, N2HDMs

- Calculations of two-body-Higgs decays with full 1-loop EW and state-of-the-art QCD
corrections in 17 renormalization scheme for mixing parameters

Prophecy4f :

- Model: SM,2HDMs, HSM
* h > WW/ZZ > 4 fermions with NLO QCD and NLO EW corrections

RECOLAZ2
- Model: ZHDMs, HSM
+ Calculation to NLO amplitude for any process

2HDMC :
- Model: 2ZHDMs

- Calculations of decays of Higgs bosons with NLO QCD

SHDECAY
- Model: HSM (real and complex)
- Calculations of decays of Higgs bosons with NLO QCD

H-COUP

12
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o v PNCT SACUTY = WA TEL DS SO)NSIA-4. 30 O 4 .
H-COUP
¢ W, i
/ o’
S Ky
& Poeoef b R
- b, |
N 4
N\ by, ¢

H-CULP 1s 2 calculalion 1ol composed of a setof Fortzan ccdes to comrpute the renormalized Higgs bosor couplings with
radigtive corrections in vaioss non-mirimal Higgs models, such as the Higgs siag et model, four types of two Higgs doeblzt
mixicls and the inert doubiet model. The impolved or-shel rencrmalizasion scheme is adopted, where the gauge depdence is
elimnated.

Authors: Shinya Karerusa, Mariko Kikuchi, Kodai Sakuzai and Kei Yagyu

The manual for H-COUP versian 1.0 can be aaken on arXiv; 1710.04603 [hep-phl.

H-COUP1.0(13.10.18~)

Model:

- Singlet extension of the SM
- 4 types of 2ZHDMs

- Inert doublet model

Evaluation:
- Higgs vertex functions (at 1-loop)

v pl pZ' 3 oo PlePlo
rhvv—rhvv&’ +FhVV 2 +lrhvv€ N
nty, my,

F’W = thf + yDFhff +ﬁ1r;w +pgl‘hﬁ
+p1yﬁ[‘hf/ +p2}l5rh.ff +ﬁ1p2rh‘[j' +}51p2y5f‘;{}?}
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NEW!!

H-COUP version 20 (1 Sep. 2019) is a calculation tool composed of a set of Fortran cedes 1o computz the Higgs boson decay
rates and the branching satios with radiative corrections (NNLO for QCD and NLO for EW) in various noa-minimal Higgs
mexdels. such as the Higgs sirglet model. four types of twe Higgs doublet models and the in:rt doublet model. H-COUP ver. 2.0

contains all the functions in H-COUP ser, 10,

Authors:
Shinya Kanemura, Mariko Kikuchi, Kentarou Mawatari, Kodai Sakurai and Kei Yagyu

The manuzl for H-COUP verdon 2.0 will be released very soon.

H-COUP1.0(13.10.18~) H-COUP2.0(03.09.19+~)
Model: Model:

- Singlet extension of the SM Same as ver. 1.0

- 4 types of 2ZHDMs _

- Inert doublet model Evaluation:
val . - Higgs vertex functions (at 1-loop)

valuation: New - Higgs branching ratios
- Higgs vertex functions (at 1-loop) (with NLO EW and NNLO QCD )

Feature of the H-COUP:

- All decay processes for the Higgs boson with Higher order corrections can
be evaluated in the same renormalization scheme for various models.

- Form factors of renormalized Higgs bosons can be evaluated.
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In this talk

By using H-COUP, We have evaluated Higgs BRs with full 1-
loop corrections in 6 different models. \

The predictions can be directory
compared with exp. data

Open questions:

e how is decoupling property of additional Higgs bosons for BRs?

e What is pattern of deviations from the SM for BRs for each model??

» We show size of additional Higgs boson loop cont. for BRs.

» We discuss if various extended Higgs models are
discriminated by using precise measurements of Higgs BRs.



» Renormalization

- Renormalizations of THDMs
- Gauge dependence for scalar mixings
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Renormalization of the Higgs sector

We have used improved on-shell renormalization scheme in calculations

for EW corrections for Higgs decay rates. [S. Kanemura, M. Kikuchi, KS, K. Yagyu,
PRD96,035014]

Ex.) Higgs potential in the THDMs

Wi

N
é(h,- + izi)] =12

g 2 : ' : 2/ N
V =2 |® 2 + m2| Py 2 — 1n2(P1 P, + hec.)

1
| )/\1

1 ‘ ‘ , 1. .
(I)]_|4 | ‘)/\2|(I)2|4 | )\3 (I)1|2‘(I)2|2 | /\4 (I).{(I)-Z 2 | ‘)/\5[(‘.(1){(1)2)2 | h.(_'..]

1 . Count number of parameters and fields in Lagrangian:
* Parameters in Higgs potential - 8
v m,, my, m,, mgz, M2, a, 6
 Tadpoles : 2

Th, TH
* Fields of Higgs sector - 8

h, Ht, H, A, GO, G*
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2. Shift parameters and fields to introduce counter terms
as same number these:

e Parameter shift: (9o =h H-, H,A)

m¢—>m¢+5m¢,M—>M+5M,a—>5a,ﬂ—>5ﬂ,

e Field shift:

( 1 )
1+06=-2 oC, 6+ 00
<€01> - 27 o <¢1>, (4019 Py, 9) — (Ha ha a)a (GO, A9 ﬂ) or (Gi’ Hi’ ﬁ)

@ 1
2 \5C¢1¢2 —00 1+ 552% )

We get 19 counter terms :

&v, dm?, dmf, dmy, Smz., SM?, Sa, 6B, 8Ty, 6Ty,

52, , 52y, 62y, 8Zpyey 5Z 0, 5Zgws 5Chpp, 5Coipy SCoiupy-



3. Set renormalization conditions: 18/30
Renormalization of tadpoles

e Standard scheme

TIPI ST
hH h,H
........ + e ® =0

- Tadpole contributions don’t appear in self-energy for vector boson and fermion.

1, = + ® +( + ® )zo

- Counter terms for physical parameters (e.g., mass) are gauge-dependent.

Note: This is not a problem as longs as physical quantities are gauge independent.

e (Alternative) tadpole scheme
- In addition to above conditions, Shift of VEV is performed: V; = v, + Av;, (i=12)

-> Tadpole contributions appear in self-energy for all fields: ﬁ;?ad — f[ij-|-

— Gauge invariance for CT is restored.

We showed that ;% =T - We use the standard scheme.



Renormalization of mass, WFR and mixing angles 19/30

A

, ,=0 (®=h,H,A,Ht G*,GO)

f a— }H"
! ¢

d
O —
0, dp nw(l’ )

6a, 66, 5Co1p; 1 Ty, 4, (m3,) = IL 4.0, (2 2.) =0 ({0, ®,}={H, h, {G0,A}, {H: G2}

Renormalization of another quantities

ov : This counter term is determined in gauge sector.

OM : It is determined such as UV divergence in hhh vertex becomes zero.

» In this way, with above renormalization conditions, all counter terms are
determined.

- any renormalized quantities are UV finite .

» Gauge dependence appears in the renormalization of the scalar mixing
angles (even if in tadpole scheme).

- Physical quantities also become gauge dependent.
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Gauge dependence on mixing angles

We consider unrenormalized mass matrix at the 1-loop in Rg gauge :

HTad HTad
MHh - HTad mH + HTad

o PP mDIS 2p® = mi— mpI]
S \@ - - (0 mpIT

Diagonal elements :  T11(m?) = [114(n2) =
— émy, 5m;, are gauge independent.

Off-diagonal elements :  T11(m?) = [173(m?) =
-  Sa, 5 are gauge dependent.

— amplitudes for Higgs process with éa, 6f are also
gauge dependent [ M. Krause, R. Lorenz, M. Muhlleitner, R. Santos, H. Ziesche, JHEP 09 (2016) 143 ]



Pinch technique o

» In order to remove the gauge dependence in da, of
we utilize pinch technique [J. Papavassiliou, PRD50, 5958]

(in oa, of)
. i Tad Tad PT — —
Basic idea:  TI7¢ — IT2°+I1;,, » 05505 0, 855,5 0
Pinch terms
» Pinch terms can be extracted as follows:
Considering S-matrix of 2 =22 fermions scattering

T =] + | <[ 4o
% 0:1O)- :_a§<> ....... I Y >

Self-energy
IQ ............. like cont.
(=pinch terms)

In this way, we can get gauge independent mixing counter terms.




» Calculation of Higgs decays at NLO

- Numerical results for Higgs branching ratios
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One-loop calculation of Higgs decay rates

Virtual corrections for h — ff:

CP-conservation

I

Slavnhov-Taylor identity On-shell condition
[K. E. Williams,H. Rzehak, G. Weiglein, A A A
Eur.Phys.J. C71 (2011) 1669] —

Hhh’ HhH’ Hff 0

HhG ~+ imZHhZ — O



Virtual corrections for A — VV* = Vff: (V=Z,W)

e e
e T S

» For renormalization of WFR for the weak gauge boson, we do not impose that the
residue is a unity. It is expressed as in terms of WFR for v and v -Z mixing.

» IR structure between h — ZZ* and h - WW%* are different.

h — ZZ* : Only Vff vertex contains photon loop diagrams.

h — WW#* . All diagrams contain photon loop diagrams.
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IR divergence for h—WW*

» In order to get IR finate results for h—-WW#, real photon

>

emissions are needed. For the evaluation we make use of
phase space slicing method.

H
C(h— Wffy) =T(h > Wffy)[lom,m,, AE]’ + T(h - Wffy) [mf, m,. AE]

AE: cut off parameter, A: regulator of soft div. ms,ms: regulator of collinear div.

Adding contributions of the real photon to that of virtual photon, soft
divergence and collinear divergence are cancelled.

C(h — WFf) + T(h — Wffy) = (IR finite)

- We numerically checked the cancellation. §
105— Total

Npw [%0]

- 10-

- 20F

- 30¢ ‘
10°7 104 10!
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Higgs branching ratios at the 1-loop

Ky : Scaling factor
At LO EW,QCD N P
BR(h — XX) ﬁ(h _) XX+ Agy + 9%?) AZEW - Loop contributions of
/jﬁ“h(l + AG P + Qﬁﬁ) additional Higgs bosons

~ BR(h — XX)M
Typical values of deviation from the SM is about 0.5%.
But, total decay rates deviate with few %.

DMS [Kanemura, Kikuchi, Mawatari ,KS, Yagyu]

o ypeheosa)0 g Typelhoos(Ba)d e TyeeX myEmasmye cosBul0 o Type-Y, mymmazmye. cos(Bul<0
bb _ 3 e - E Cxpa -
- 3
L ww
-~ -y L\ — —
10| 99 "10‘\\\_ | 0 ~C \‘.\
i —_— § 1 \\i >x< - = § E) \\__‘
22 T 2 | —
.l > o —‘ é ‘ i_\\ | é } - -~ é \
m 2 m = \ . i‘ g 2 g. 2 \s“
-3 s 3| J 3 o3
W27 334 5 6 7 8 910 W {273 4 5 68 7 8 910 O/ 273 4 8 8 7 8 9 1 C'y™ 273 4 s 5 7 8 9 10
tanp tanp tanp tanf

Cause of deviations from SM : @ Mixing, loop effect of additional Higgs
@ Correlation of each mode



26/30
Higgs branching ratios at the 1-loop

In order to more clearly see the magnitude of additional Higgs bosons loop
contributions, we evaluate the deviations in the branching ratios in 2ZHDMs.

. [Kanemura, Kikuchi, Mawatari ,KS, Yagyu] .- _
Typlcal graph " 5 Type-ll, sin(p-a)=1.0, tanp=1.5 DeV|at|ons from SM )
- I I I I I I ‘ I
Z BR(h — XX)yp
t f | | 1 Auxx = -1
i BR(h — XX)gy

4 — W’ =(0GeV)  —
H Y
o\ )
h--- - SRR L= = (0% = (400GeV ) ]

/lvzzm(%—Mz

~ 2m,

Mg (=My==my=m,) [GeV]

Mg 2>V I Additional Higgs loop contributions decouple.

Mg ~ V - Non-decoupling effect can be appeared at few %.
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Discrimination of the models

We discuss whether 6 different models are discriminated
by precise measurements of Higgs branching ratios.

HL-LHC

{3=14 eV, 3000 b’ per expenmsnt

| Total

_ ATLAS and CMS
— Stabistical HL-LHC Frojoction
—— Experimental
—— Theory
Jnccrtainty [%)
Tot St Exp TF
26 1.0 15 @

29 1.2 15 22

28 11 12 25

29 14 13 22

3.4 15 13 40

\ Il \ll Ill “ll‘ |[[ IL

82 74 15 30

‘IQ.I 14332122

o

0.1 RE 02 0.25
Expected relative uncertainty

0.C5

—-We studied three cases:

@: Apuyw=5*4%

ILC

1o 20
Brr  13%  26%
BZ  6.7%  13.4%
BWW  1.9%
Ber  1.4%  2.8%
B  0.89% 1.78%
Bl 27%  54%

We consider situations that BWW are
measured with few % accuracy at the ILC.
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Apyy = BR -
(h = XX)gy

[Kanemura, Kikuchi, Mawatari ,KS, Yagyu]
 Plot of color:

Predictions of each model 50 Auww=0“—j4-0°/f>
- Brightness of color : ®
Value of mo 10 oM
(m =63GeV)
- Lighter colors: mg < 600GeV 5 (my = m:z)

- Darker colors: mg > 600GeV

Aupy [7]
o

b= e ‘-m .
A O .h.,._‘_ ‘» Type -
;‘rb‘g‘*r'--\
AN TR
-5 e

al
Lower bound from b — sy
(for Type-ILY) 10 - 1YPe I
Type-Y
HL-LHC(2 0): -15
[ATLAS, CMS,1902.00134]
LC2 o): “%0 15 10 5 0 5 10 15 20

[T. Barlow et al. 1710.07621]

Au..“ [o/o]
If |Au | 25%, 4 types of THDMs can be separated.



Case @: Auyy=5x4%

[Kanemura, Kikuchi, Mawatari ,KS, Yagyu]

20 T |
15
10

5

Al"’bb [‘yo]
o

-5

-10

-15

Type-Y

-20

-20 5 0

Ap..n, [°/o]

-15 -10 5 10

15 20
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Case ®: Aupyy=-5x4%
[Kanemura, Kikuchi, Mawatari ,KS, Yagyu]
HL-LHC(2 o0): 20 = { I
[ATLAS, CMS,1902.00134] |
ILC(2 0): 15
[T. Barlow et al. 1710.07621] Type Y
Type-l|
5 Mfm 4
Ty L Type-l
i ;”’.‘— ."v:%\ y
8 -
< 5
-10
-15
20 -15 <10 -5 0 5 10 15 20
Ap, [%]

e In both case, HSM and IDM are already excluded.

e In case®@ models predictions of 2ZHDMs are completely separated.

* In case®, if ms>600 GeV, we can distinguish all models
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Summary

» We evaluated Higgs branching ratio with full 1-loop
corrections in various extended Higgs models by H-COUP.

» the branching ratios will be precisely measured in the future
collider experiments such as the HL-LHC and the ILC.

» We investigated the deviations from the SM in the 3 cases:

Constralnt for AMWW D|scr|m|nat|ons of models

A/’tW = 0"'4*%4 ‘ P055|ble ( |f IAﬂml N 5% )
@ » A'MWW - 5’+ 1% f P055|ble S
@ A'MWW B 5 +4% , P055|ble ( |f mq>>6OO GeV)

—1In any case, there are situations all models can be discriminated.



