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Introduction

® The Higgs boson was discovered at the LHC in 2012.

The SM has been established as a low energy effective theory.

® But, the structure of the Higgs sector is still unknown.

Number of Higgs, its multiplets
Symmetry of the Higgs potential
Nature of the Higgs boson (elementary or composite )

etc.
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® There are possibilities of Higgs sectors extended from the SM.

® + S (Singlet), ® + ® (Doublet), ® + A (triplet), ...

® New physics models often predict specific Higgs sectors.

New physics models Extended Higgs sectors
(MSSI\/I Type-l| seesaw\ - S N
Composite Higgs
Electroweak baryogenesis “ P+ ..
Radiative Seesaw etc. \_ A J
\ J

- Shape of Higgs sector closely relates to new physics models.
- |t is important to determine the shape of the Higgs sector.
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Test of the Higgs sector

® There are two approaches with collider experiments.

Direct searches (H,A,HY, ...)

Indirect searches (Discovered Higgs observables,-+)
couplings, decay rates, production cross section, -

- We focus on indirect searches of the Higgs observables.
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Test of the Higgs sector

® There are two approaches with collider experiments.

Direct searches (H,A,HY, ...)

Indirect searches (Discovered Higgs observables,-+)
couplings, decay rates, production cross section, -

- We focus on indirect searches of the Higgs observables.

® In the extended Higgs sectors, predictions of Higgs
observable deviate from the SM.

A pattern of deviations is different in each model.

- Various extended Higgs sectors can be discriminated
with pattern of deviations.
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Measurement accuracy of the Higgs coupllnsg1s5

Current data (LHC Run |) Future prospect (HL-LHC, ILC )
; . — 46XD-
scaling factor: ky = gy %/ Jhxx
[ATLAS and CMS, JHEP08(2016)045] [K. Fujii, et al., arXiv:1710.07621]
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At the HL-LHC and the ILC, the Higgs coup. will be measured with better accuracy .

We should perform calculations including radiative corrections.



H-COUP project

Precise predictions Precision data in
of Higgs observables Comparing future collider exp.
Extended Higgs models <:> HL-LHC, ILC,
CLIC, FCC-eg, etc.
O+S, D+ DD+ A, etc.

-

Determination of shape of the Higgs sector

We have calculated the Higgs couplings included electroweak
radiative correction in various extended Higgs models.

We constructed the computation program called H-COUP.

H-COUP version 1.0 is released.
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% H-COUP X

& C | ® www-het.phys.sci.osaka-u.ac,jp/~kanemu/HCOUP_HP1013/HCOUP_HP.htm| Q | i

[ http://www-het.phys.sci.osaka-

H-COUP u.ac.jp/~kanemu/HCOUP_HP101

3/HCOUP_HP.html ]

H-COUP is a calculation tool composed of a set of Fortran codes to compute the renormalized Higgs boson couplings with radiative corrections in various
non-minimal Higgs models, such as the Higgs singlet model, four types of two Higgs doublet models and the inert doublet model. The impolved on-shell
renormalization scheme is adopted, where the gauge depdence is eliminated.

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

The manual for H-COUP version 1.0 can be taken on arXiv:1710.04603 [hep-phl.

Downloads

« H-COUP version 1.0 : [HCOUP-1.0.zip] [The manual is here]

In order to run H-COUP version 1.0, you need to install LoopTools (www.feynarts.de/looptools/).

History
Contact



H —< :O U P [S. Kanemura, M. Kikuchi, KS, K. Yagyu, arXiv:1710.04603]

8/15

H-COUP is a Fortran 90 program to compute the renormalized Higgs
couplings at the 1-loop level in various extended Higgs models.

Model:
® Higgs Singlet Model (HSM)
® + S (singlet)

® Two Higgs Doublet Models (THDMs)

®, + &,(doublet)

®y ®y Qp L ur dr er

Typel|+ - + + — — —
Type-ll| + — + + — + +
Type-X[+ - + + — — +
Type-Y|{+ — + + — 4+ —

Softly broken Z, sym. m) 4 types of Yukawa int. : Type —I, II, X, Y
[V. D. Barger, J. L. Hewett, R. J. N. Phillips, Phys. Rev. D41 (1990) 3421]

® Inert Doublet Model (IDM)
® + n (doublet)

Exact Z, sym.
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® Renormalized Higgs boson vertices hff, hVV and hhh at the 1-loop level
EX.) hff

: 2 2 2 S Vi
Fh,ff(P1=P2=q ) = Fhff+ /51 ijlj1 Fi}er% Fiff
A As PT
+¢1 'F];f_l_ﬁz rF}ff+¢1¢2 }ff+lj1¢2 /)Fhff
« Renormalized 8 form factors are computed by on shell scheme

e hVV — 3 form factors

e hhh — 1 form factor

® Also, loop induced decay rate h - yy,h - yZ and h — gg at the 1-loop level

In pUt: a: Mixing angle of CP-even Higgs
EX.) THDM : 7 free parameters B: Mixing angle of CP-odd Higgs

v(= 246GeV), my(= 125GeV), my, my,m_+, M, sin(f — a), tanf,Sign (cos(f — a))

H’
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Application of H-COUP ver. 1.0

 Higgs boson vertices are not physical quantities.

« Itis not directly compared with the exp. data.

- We calculated the Higgs decay rates at the Tloop level by H-COUP :

[(h— ff), T(h = 22" > Zff), T(h = yy), T(h - Zy), T(h - gg)

EX.) h - f]_f Ar : Weak correction to Gy

2\ 3
D(h — ff) = Ng?’" (1 _ 4m—§) G2 [1 L oReCio Ar]

tree
my,

S,
Giree = F_h,fi;_ee , These are calculated by H-COUP ver.1.0

2

m
S,11 V1,1l 2 INpT, 11
(;1b0p:::F£ngm'+_27nf[ijﬁ mn)4_7nh(1___;;§)I}u¥£0p
h
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Numerical calculations

We discuss a possibility of discrimination among various extended
Higgs models with the deviations from the SM in the decay widths.

« Model
, THDM Type-l, THDM Type-Il, THDM Type-X, THDM Type-Y
« Scan region of input parameters in the THDMs
09<sin(f—a)<1, 1<tanf <3,
My = My = My = My+,
me = 300,500,700,1000 GeV, 0 < M? < mg

« Constraint
Perturbative unitarity, Vacuum stability,

Wrong vacuum condition (for HSM),

S, T parameters



AR(h = bb) vs AR(h — t7T)
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I['(h - XX)gy
AR(h - XX) = —
: : : . ( ) ['(h - XX)gy
[S. Kanemura, M. Kikuchi, K. Mawatari, KS, K. Yagyu, Preliminary]
- cos(B-a)>0
0 B (b-c)
sl 60 | s Type X // h
40 [Type Y N = S 40 O i / Pl
— i ; Type Il (LO) '@' } tang = 13
Soo0f R B |
a . : o)
g ol Type X (LO) Q gl Tpexo) T
tang=3 ‘ :
.g _L HSM nyp:Y1(L0)
~ : ~SonlL. ... itanf=1: o]
E -20 i TypeI(LO) m 20 ;
g  tang=13 Dypex( < _ I;/P;fng) ]
-40 | Type 1, 700GeV -40 | ) it Type Y-
500GeV | :
i | | ‘ | my=300GeV -80 : ; . ‘ . 2 P s YR o
8980 60 40 20 O 20 40 60 80 80 60 -40 20 0 20 40 60 80

AR(h—tt) [%]

AR(h—tt) [%]

— Type X and Y can be discriminated from other models.

— the upper bounds of mass of extra Higgs can be obtained
from magnitude of deviations.
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* —
AR(h —» ZZ7) vs AR(h = 1T)
['(h - XX)gx
. . . . AR(h - XX) = —

[S. Kanemura, M. Kikuchi, K. Mawatari, KS, K. Yagyu, Preliminary] I'(h - XX)sym

. cos([s-a)<0 5,,,{,,,_,,l,,,_,,_,COS(B',O‘,)?O

. Type Y Tayp;..3x<Lo>Type X | ol peenxeo Typegll,X 1000Gep'pe_l Y _

)= R — I

700GeV

5[ Trev o g

-5 s L B I e, L _
4 F Y ; S, . Typel,Y (LO) |
tang = 1 . K i -

-15 g .
My=300GeV Type II;X(LO) Type ;I,X(LO) . J :
o0 | i tanB=:1 ] 20| ,tanﬁ%] . E ) s e 5o -
I I;/::I ;(LO) HSM | HSM ;F;'::I \3{(;0) m,=300GeV ﬁ
25— I S S S S 254560 40 20 0 20 40 60 80
-80 -60 -40 -20 0 20 40 60 80 S
AR(h—stt) [%)] AR(h—t) [%]

— Type | and Type Il can be discriminate in this plane.
— Also, HSM can be separated from the THDMs .



AR(h —» yy) vs AR(h —» t7) "

[S. Kanemura, M. Kikuchi, K. Mawatari, KS, K. Yagyu, Preliminary]
cos(p-0))<0 5 - cos(p-a)0

5 L

AR(h—>vy) [%]

N
o
_—

Type LY

i : :'l"." oA ERC g =
- P S RN R I P -25 oSV | L . TR
2980 60 40 20 0 20 40 60 80 B0 60 40 20 0 20 40
AR(h—>tt) [%] AR(h—7) [%]

60 80

« The behavior is similar to the correlation between AR(h—>ZZ%*) vs AR(h—>717)

« Even ifsign of cos(B-«) is scaned, some regions of
predictions in each model are not overaped

By investigating various correlations of deviations, we could discriminate all the models
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Summary

® Higgs sector could be tested by precision measurement of
the Higgs observables.

® We calculated the Higgs decay widths at the 1-loop level
by using H-COUP ver. 1.0.

® We discussed a possibility of discrimination among HSM and
4 types of the THDM with the deviations from the SM.

— Pattern of deviations : HSM and 4 types of 2ZHDMs can be discriminated.

— Magnitude of deviation: Information of the mass of extra Higgs boson
can be obtained.



back up
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constraint for THDMs (Higgs signal strength )

2HDM Type | ATLAS 2HDM Type Il ATLAS E 2HDM ou:togr;:e;-ﬁc ATLAS 2HDM gzp:% o ATLAS
—— Obs. 95% CL §=7ToV, 4547 " — Obs.95%CL 5=7TeV, 4547 1" © Bes;m B=7TeV,45471" % Bea'ﬁt 5=7TeV, 4.54.7.‘&;‘
X Bestft & =8TeV, 203 1" X Bosit §=8TeV,203 15" _ 5=8Tev, 203" f5=8TeV, 203
=== Exp. 95% CL SRR - === Exp. 95% CL - === Exp.95% CL —m - Exp. 95% CL
— —sMm — —sMm 10—-SM ~ 1 ——sm
<= 105 « R R I A T T P =}
§ | PR RAK A 5 '
5 S ?’0000‘004 S E
af X 4
3K 3p
2 2 Al
1 1 ! : '
: J % | /
04 04D 04| |
0 03} _ o 1 ¥
03 02 < d 02
| 290,
CRARKLN 1o ) I et 0 0500 S I 0000 4 % 00 e
-1-08-06-0.4-02 0 02 04 06 08 1 -1-08-06-04-02 0 0.2 0.4 0.6 0.8 1 1-08-06-04-02 0 0.2 0.4 0.6 0.8 1
cos(p-a) cos(p-a) cos(p-c) cos(f-ct)

(a) Typel (b) Type Il (c) Lepton-specific (d) Flipped



| sinoc | (upper limit)

Constraint of direct search (HSM)

[T. Robens, T. Stefaniak, Eur. Phys. J. C (2016) 76:268] LHC Run Il
1 R R A Table 1 List of LHC Higgs search channels that are applied by
0.9 C i HiggsBounds in the high-mass region, yielding the upper limit on
: // | sin | shown in Figs. 1 and 2
0.8 /_’i‘_,.r‘ Range of my [GeV] Search channel Reference
0.7 f 130-145 H—ZZ—41 [94] (CMS)
0.6 J./ 145-158 H—VV (V=W,Z) [66] (CMS)
158-163 SM comb. [95] (CMS)
0.5 //— 163-170 H—-WW [96] (CMS)
0.4} Vo natin 170-176 SM comb. [95] (CMS)
176211 H—VV (V=W,Z) [66] (CMS)
0.3} 211-225 Ho>ZZ 41 [94] (CMS)
02 LHC searches in EPJC 75 (2015) 104 | 225-445 H—VV (V=W.2) [66] (CMS)
0.1 E updated results 445-776 H—ZZ [70] (ATLAS)
' 200 300 400 500 600 700 800 900 1000 776-1000 H—VV (V=W.,2) [66] (CMS)




tanp

10

Constraint of direct search (THDM

At LHC Run Il

[ATLAS ,Eur.Phys.). C78 (2018) 24]
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final state: evuv
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ATLAS H—-WW cos (B-a) =-0.1

2HDM Type II ]
Vs=13Tev —Observed 95% CL [@+lo -
36.1fb" ---- Expected 95% CL []+20 -
[X] Excluded g

[ATLAS, arXiv:1712.06386]
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Signal strength( current data)

Decay channel | ATLAS+CMS ATLAS CMS
un L143515 L143G5 | 111305
(+0.18) (+0.26) (+o.23)
—0.17 —0.24 —0.21
e 120893 | 152080 | 1oate®
(+0.23) (+0.32) (+0.3o)
—0.20 —0.27 —0.25
uw 1.09 518 122753 | 0.90 53
(+0.16) (+o.21) (+o.23)
—0.15 —0.20 ~0.20
T 1.11 £933 1417558 | 0.88 %058
(+0.24) (+o.37) (+0.31)
—0.22 ~0.33 —0.29
i 01043 | 062%3¥ | o0s13%
(+0.29) (+o.39) (+0.45)
~028 ~0.37 20.43
s 0.1%33 —0.6%55 | 0.913%
(+2.4) (+3.6) (+3. )
93 ~36 39

JHEPOS,045

Definition of u/

~ BRgy

f
A = BRg,



Signal strength by ILC (prospect)

ArXiv: 1310.8361

ILC ILC LumiUp?
250/500/1000 GeV 250/500/1000 GeV
ZH v H ZH virH
Inclusive 2.6/3.0/—% - 1.2/1.7/—% —
H — vy 29-38% —/20-26/7-10% | 16/19/—% —/13/5.4%
H — gg 7/11/—% —/4.1/2.3% 3.3/6.0/—% —/2.3/1.4%
H—ZZ* 19/25/—% —/8.2/4.1% 8.8/14/—% —/4.6/2.6%
H->WW=* | 6.4/9.2/—% —/2.4/1.6% 3.0/5.1/—% —/1.3/1.0%
H 71T 4.2/5.4/—% —/9.0/3.1% 2.0/3.0/—% —/5.0/2.0%
H — bb 1.2/1.8/—%  11/0.66/0.30% | 0.56/1.0/—%  4.9/0.37/0.30%
H — cc 8.3/13/—% —/6.2/3.1% 3.9/7.2/—% —/3.5/2.0%
H — pp - —/—/31% - —/—/20%
ttH ttH
H — bb —/28/6.0% —/16/3.8%




Constraint from flavor experiments

A. Arbey, F. Mahmoudi,O. Stal T. Stefaniak arXiv:1706.07414v1

THDM Type | - Flavour constraints THDM Type Il - Flavour constraints

tan B

600 800 1000

[T S TN TN N N TN TN TN Y SO TR T (NN WO S |

200 400 600 800 1000 200 400
M, (GeV) M (GeV)
THDM Type Ill- Flavour constraints THDM Type IV- Flavour constraints

|

200

400

|

600

! Lo PRI T N W W
800 1000 200 400
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600

800 1000




For example: renormailzed htt coupling

e

t & = sin(B — a) + cotfcos(B — a)
h --- _ _ Mt zu
- y h a : mixing angle for CP-even Higgs H,h
t £ : mixing angle for CP-odd Higgs A, G°

S t V F
OO oL
S ¢ Y F

@< g [‘Smt o "+ 252y + 67, + 5;’”‘ + i w (0Ch + 0a)]
h

counter term parameters:  dm;, 6v, da, 8¢y, 67y, 672, 6Cy,

these are determined by relevant renormalization conditions.



Higgs singlet model(HSM)

G+
- Higgs potential d = . S=uvg+s.
Z5 v+ +iGY)

V(®,5) =m3|®|* + N\ P|* + tgs|P[*S + Nas|P|?S? +tsS + m%S? + pusS? + \gS*

* Mass eigenstates
= R(«) with R(a) =
¢ h Soy  Ca

Physical state :h, H

* Physical parameters

2
vV, My, My,, &, Mg, AS' HUos

25



Two Higgs doublet model(THDM)

wt
_ _ d; = with 1 =1,2
- Higgs potential L(Uz’ + i + izi)

\/5
V :'771‘%|(I)1 ‘2 + 7ng|(1)2|2 — '77'2%((1)11‘ (1)2 -+ h.C.)

1 1 1
+ 5)\1|(I)1‘4 -+ 5)\2|(I)2|4 + /\3|(I)1|2|(I)2|2 - )\4|(I)J{(I)2|2 + 5)\5[((1)11'(1)2)2 + h.C.]

* Mass eigenstates

]2:1 H 21 Z 'u_.?iF B 'u,.v+
(0)-mo(t) ()-20(3) ()20 (5)

Physical state :h, H, A, H*

* Physical parameters

2
V, My, My, My, My+, a, f, M

26



Mixing factor

Scaling factor(1)

| 5 U gd £e

Type-I|cot cotf cotp

Kx = Jnxx/ Ihxx
Type-II| cot 3 —tanf — tan 3

TH D IVI . Type-X

cot 5 cotf3 —tanf3

Type-Y| cot 3 —tanf3 cotpf

Ky = sin(f — a)

K = sin(f —a) + {scos(f — a)

[(h > VV)gx.

. ~ 1l
F(h - ff)EX ~K'2
K = COS @ [(h—fPsu 7



Scaling factor Ky = Dinx/Tiwy

THDM :
N Gpal, m3 | 1 M? f x> a?
Lk = 77) = 128+/2m3 3 (1 B 772Hi> " ;Qﬂ\ e (L +&r@= _)IF +(1= ?)IH
HSM :

Ky = oS a



Procedure of prescription of renormalization

1 . Count number of parameters and fields in Lagrangian.

L = ,C( ,[LQ,. .)\?,)\QB,...;Qﬁl,QﬁQ,...)

2. Shift parameters and fields to introduce counter terms
as same number these.

i = i+ O, gy — Zy,
AP S A 6N (=123

3. Impose only as many renormalization conditions as
number of counter terms to determine these counter terms.

— Any observables can be renormalized.

O =0ty . NENE, )+ O 1 5O(5ul, uft, ... SAE o), ...



Introduction of counter terms(IDM)

@ Parameters of Higgs potential : 7

T, mymy my myt U, A,

@ Fields of Higgs sector : 4

h H* H A
@ Shift of parameters: (®=h, H* H, A)
Me=>Me+My 1, >u,+6u, T,->0+6T,
D> O+Z,0/2 A, > A, +6A,

@® Counterterms: 11
61, bm, ébm, ébm, dbmy+ Obu, 6A, 67, 67, 6Z, 67, +



( On-shell renormalization )

Renormalization conditions(IDM)
5T,: TR=T" +6T,=0 wep OT,=-T,"

1
6m, : ReIX [m?] =0 m=p omj, = Rellj;' (m}) = —ReT;”
o7, : iRel“ (pz) =0 mm) 07 = — iRel—[/l;!)l(lf)
h: O p hh - 0 pZ n R
h h
(atd=H,A,H*)
1PI
5my:  Rel® [m2] = 0 = omg = Rellyy (m;)
J %,
6Zy : 8_1)2R3F§>q>(172) T 0 — 0Zp = — a—ReHlPI(PZ)
p-=nmg, p p>=mZ

511 2 . Itis determined to cancel a divergence at a scalar triinear coupling such as hHH.

oA o . Itis determined to cancel a divergence at a scalar quartic coupling such as, HHHH.
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Structure of H-COUP

-Select model <€ Makefile
I Input HSM, THDMs, IDM
-Set parameters <€ Inputs/

If THDM : My, My, My 1, Sg—q, tanfs, sign (cg—q

l Run the program

-Tree level couplings

II Computation |
-IPI diagrams (1, 2, 3-point functions) LoopTools
-Counterterms
-Constraints ) Allowed or Excluded
111 Output Perturbative unitarity, Vacuum stapility, S, T parameters

-Outputs (Renormalized form factors) >

hff (8), hVV(3), hhh (1), etc.




outputs — emacs out_thdm.txt — 83x20

¥ RelrGam_hzz(1)]: 6.
Re[rGam_hZZ(2)]: -1.
Re[rGam_hZZ(3)]: 4.
Re [rGam_hww(1)]: 5.
Re [rGam_hww(2)]: -9,
Re [rGam_hww(3)]: 1.
Re[rGam_htt(S)]: -7.
Re[rGam_hbb(S)]: -1.
Re[rGam_hcc(S)]: -5.
Re[rGam_h11(S)]: -7.

Re [rGam_hhh]: -1.
Gam(h->gamgam) : 8.
Gam(h->Zgam) : 6.
Gam(h->gg): 1.

-uu-:-—-F1 out_thdm.txt
Loading image...done

66615250E+01
0876324BE-01
45532608E-03
33946191E+01
26602552E-02
46086850E-03
30899549E-01
88720530E-02
16584879E-03
02321748E-03
91267505E+02
95726899E-06
31549430E-06
02656103E-04

All L1

(Text)

Im[rGam_hZZ(1)]:
Im[rGam_hZZ(2)]:
Im[rGam_hZZ(3)]:
Im[rGam_hww(1l)]:
Im[rGam_hww(2)]:
Im[rGam_hww(3)]:
Im[rGam_htt(S)]:
Im[rGam_hbb(S)]:
Im[rGam_hcc(S)]:
Im[rGam_h11(S)]:

Im[rGam_hhh]:

.54198133E+00
.30143658E-01
.50250045E-06
.40793590E+00
.14195453E-01
.40555863E-02
.18826166E-03
.03031469E-06
.95102942E-05
.22377046E-04
.49468778E+00




Other plot



AR(h = bb) vs AR(h — t7T)

[S. Kanemura, M. Kikuchi, K. Mawatari, KS, K. Yagyu, Preliminary]
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AR(h = ZZ*) vs AR(h - T%)

[S. Kanemura, M. Kikuchi, K. Mawatari, KS, K. Yagyu, Preliminary]
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AR(h - ZZ™)
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0 my=300GeV, cos(p-a)<0

tanf vs Sin(f — a)

M

1000
9
s 800
7
600
6
5
& 400
200
| B mi ey e 0
0.9 0.910.920.930.940.950.960.970.980.99 1
sin(B-a)
my=300GeV, cos(p-a.)>0
10 —H d (B-) . 1000
9
s 800
7
600
6
5
E 400
200
0

.93 0.94 0.9

Sin(B-ct)

tanp

tanp

10

10

my=500GeV, cos(p-a)<0

1
0.9 0.910.920.930.940.950.960.970.980.99 1

sin(p-a)

my=500GeV, cos(p-a)>0

1
0.9 0.910.920.930.94 0.950.96 0.97 0.98 0.99

sin(B-a)

1000

800

600

400

200

1000

800

600

400

200

tanp

m=700GeV, cos(p-a)<0

tanp

R
1 L a3
0.9 0.910.920.930.940.950.96 0.970.980.99 1

sin(p-o)

my=700GeV, cos(B-a)>0

10

|
0.9 0.910.920.930.940.950.96 0.97 0.98 0.99 1
sin(p-a)

1000

800

600

400

200

1000

800

600

400

200

tanp

tanp

0 my=1000GeV, cos(p-c)>0

]
0.9 0.910.920.930.940.950.96 0.97 0.980.99 1
sin(B-a)

0 my=1000GeV, cos(p-0)<0

;
0.9 0.910.920.930.940.950.96 0.97 0.980.99 1
sin(p-a)

1000

800

600

400

200

1000

800

600

400

200



