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Higgs sector

« In SM, there is one iso-doublet scalar field < Minimality

Higgs sector may take the extended form because there is no
principle

* LHC data = Discovered Higgs is SM-like one

. signal sfrength p=o/osm ATLAS+CMS JHEP 08 (2016) 045
production decay
ATLAS and CMS - ATLAS+CMS ATLAS and CMS - ATLAS+CMS
LHC Run 1 - ELL:\S LHC Run 1 = ATLAS
| H :im [ - CMS
———— — 20 : —tlo
uggF g il —— — 126
- ———
Hvee - B
: uzz ————
: =
Mo [ we— =
- W e
Mo * | —'—
o ——— '
i e l-lbb a-—-—_—.__
TR PR TR PO TP PR PR TR Y T ETET RRTEE FTTE TR T SRR PR A \THEP 1608, 045
1050 05 1 15 2 25 3 35 4 -1 05 0 05 1 15 2 25 3 35 4

Parameter value Parameter value

* Data do not indicate SM Higgs sector is correct.
Extended Higgs sectors also can explain current data of Higgs boson.



Higgs Sector is Window of New Physics |

New physics models

require ‘ te’rer‘mme

Higgs sectors P+ P +
S (smgle‘r) ® (doublet) A (triplet)

Bottom up ®: Isospin doublet

Experiments :
lBl.r'ec’rbsecu"cl‘ues of second Precision
'99s boson measurements of h

First step is determining Higgs sector by bottom up way




How to explore extra Higgs bosons

B Direct searches by collider experiments (H, A, H*, ...)

B Coupling deviations from SM predictions

X X

* Field mixing effects at the tree level O

* Loop effects of new particles o "
X H, A H*, Z, T X

hZZ, hWW, hgg, hgg, hgZ, hbb, htt, htt, hhh, ..

Coupling deviations might be detected in the future when
the data will be more accumulated.



Precision measurements

Future prospect

Facility LHC HL-LHC  ILC500  ILC500-up
Vs (GeV) 14,000 14,000 250/500 250/500
[Ldt (fb~1)  300/expt  3000/expt 2504500 1150+1600
K. 5-7%  2-5%  8.3% 1.4%

Kg 6 — 8% 3 —5% 2.0% 1.1%
- 4-6%  2-5%  0.39% 0.21%
Kz 4 — 6% 2 —4% 0.49% 0.24%
Ky 6 — 8% 2 — 5% 1.9% 0.98%
Kd = Kb 10 — 13% 4 —-7% 0.93% 0.60%
Ky = Ky 14— 15% 7 —10% 2.5% 1.3%

Most of the Higgs
couplings will be
measured more
precise accuracy at
future collidersl!

Snowmass Higgs
Working Group Report
(1310.8361)

Higgs coupling measurements will become a powerful
procedure to test extended Higgs sectors.



In my talk ...

Indirect test of extended Higgs sectors by
precision measurements of discovered Higgs boson couplings

« Two Higgs doublet models, Singlet extension model
* Coupling deviations at tree level

* One-loop corrections to Higgs boson couplings
(Renormalization, Remove gauge dependence)

* Fingerprinting Higgs boson couplings

* Summary



Models
» Two Higgs doublet models (2HDM)

* Higgs Singlet Model (HSM)



Two Higgs doublet models (2ZHDMs)
3, 8, (I=1/2, Y=1/2)

In general, multi-doublet structures cause FCNCs.

To avoid FCNCs, &, and &, should have different quantum numbers each other.

Discrete Z, symmetry

e — + &
@2_> _éz

Ly = _QL,i(KijCDl +ﬁgﬁ23fR,j + h.c. Glashow-Weinberg, ‘77

7, charge

b, $, 0r Ly Up dp eR
Type-1 + - + + - - -
. . Type-IT + — + + — + +
4 types of Yukawa interactions — mpex + -+ o+ - -
Type-Y + - + + - + -
Type I Type II Type X Type Y
(Lepton specific) (Flipped)
O, otd b, u u u
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MSSM e.g. Radiative seesaw



2HDMs : Higgs potential

Softly broken Z2 sym., CP invariance N =< o )

1
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B Field mixing
Isospin state Mass eigenstate
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Charged component (wl ) _ (COS b —sinf ) (G+) Ve = vyPHv,2 ~ (2466eV)
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CP-even component hl) _ (cosa  —sinay H o
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(125 GeV)
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Higgs singlet model (HSM)

1"'r((I’. S) = .EH-?[;|(I"2 =+ ’\"|{I}|-—1 + f-‘-’tI)S‘(I)F’ST T A(I)S‘(I)F’STQ T f‘SS + ”"'%’SQ + II'!J-C?'SS + /\554
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CP-even states : 1, H
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SM-like Higgs boson  Extra Higgs boson
® Mass formulae
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Higgs couplings @ tree level

Pattern of deviations strongly depends on Higgs sector | Scaling factor
« Representations (&, A, S, ...)

* Number of Higgs fields Ky = g’;ﬁ(
- Additional symmetries Ihxx
Field mixing VEV sharing
(ﬂ: ) = ( e j) ( j}) V2= Va2 . (V=246 GeV)
B Gauge couplings(hWW, hZZ) Alignment limit
v b ZHDMs Ky =sin(p-a)—1

& g° Z c;vih;VV
i

v HSM ky =cosa — 1

B Yukawa couplings(h##, hbb, htt, ...)

f 2HDM

h m If f couples to @, k¢
f < —Hhiff
l

sin(p-a) + cotp cos(p-a)
If f couples to @, K¢ = sin(p—a) - tanp cos(p-a)

HSM  Kf =ky =cosa — 1 11



Pattern of deviations
Type-I 2HDM , HSM

4Types Of ZHDMS (Yukawa scaling factors are universal)
i ! : : 20 ————= — T —
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AKX = KX _1

There are characteristic deviation pattern in each model at tree level .



Calculations of one-loop corrections



Calculations of one-loop corrections

We calculate renormalized couplings at the one-loop level by modified on-
shell renormalization scheme.

|-loop vertex  Counter
corrections terms

P1
THDM 27— ¢
Thzz p1,p35.q°1= (é I {i + é + ____{
P2
[Involve dive% [A—bﬁe divergence ]

Flow to renormalized couplings

1. Introduce counter terms

2. Determine explicit forms of counter term
3. Calculate loop diagrams

4. Combine the three parts

Tree




Counter terms

Parameter shift ;
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Renormalization conditions

B On shell conditions

2
2 . ; . S5 . 28,Cy
O My~ Mgyl =0, i, = =161y — =61, + 135 [m
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ov 072 > , Determined by renormalization in gauge sector
Composed of gauge boson two-point functions.



Gauge dependence in counter term

It is known that counter terms of mixing angle include gauge dep.

-2 fD ) 1 ;9. )
{?]”Eh'i — thhi{?”hz} 0o = Y 5" [HH}!-{?T.‘!J{IJ - HHh-{?T‘!
2(m4, — m#)
=\U"H h

2,

)]

Nielsen identity N. K. Nielsen (1975).
DIl (p*) = Fi(p*) (0* — m3) + (p* — m?) F5(p?),
For mass counter term, gauge dependence vanish because i=j.

smp o« (mf; — mp) * (Fan(mz) + Frn(mi))

For counter terms of mixing angle, gauge dependence remains

Sa o Fpy(mp) — Fiyp(m3)



Pinch technique

In order to remove gauge dependence from counter terms, we pick
up pinch terms from scattering amplitude ff — ff.

Pinch tech. .}---.ﬂ Q _____ -
I pinching
Vertex corrs. Self-energy like

We can extract

“pinch terms”.

These cancel the 6E

} } Q part in 2p functions!

pinching

Box graphs Self-energy like

Gauge independent two-point functions

Counter terms can be expressed by gauge independent correlation functions

ooy = ! [H (m?2) + My, (m? }}
Tt ;}( ?_”2 Il I’IEQ) Hh h Hh H
“\"'H h




Numerical calculations

Tree 1-loop Counter
vertex terms

q corregtions
v [pf.p3, % 1= é ————— { é
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We numerically evaluate deviations of 1-loop scaling factors from 1 Ak.

A [(mh + my )Z,m‘z,,m,zl] [‘,{}S}M [m]%,m]%,m,zl]

Axy = 5 -1 Akr = -1
SM 2 2 2
A (mh +my, ) ,m‘z,,m,zl] L mg, mf,mi]
T am]
n= -
A, g, 4]



Decoupling behavior

HSM
1- 2%
GeV
1075001000 1500 2000 2500 3000 0¥ 1000
m,, [GeV]

* Coupling deviations indicate new physics scale in each model

« Aky in 2HDMs more quickly reduces compared with case in HSM



Ak, VS Ak,

Tree level One-loop level
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Extended Higgs sectors can be discriminated by
using characteristic patterns of coupling deviations.

Fingerprinting



AKb VS AKT ITr'ee leyel
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— Aky is made by mixing effects.

HSM

2HDM(Type I)

Ak, VS Ak,

There is no charged new particle.

hZZ and hyy deviate to directions
with the rate 1: 1 by the mixing
effect.

L 95% CL(LHC Run-I)
40 ! I

Mixing effects and singly H+ loop

| | | | | | |
contributions modify hyy He o -10 -8 -6 4 -2 0
AK_ [%]
Z

Even in the region with |kz| ~ several %, predictions in 2ZHDMs can be
largely different from those in the HSM because there is H+ loop effect
in only 2HDM:s.



AK_[%]

_ l | l | 1 | l | 1
V0 8 6 4 2 o0

In most of parameter regions except the decoupling limit,
we can discriminate models by using the pattern of deviations in various
Higgs couplings, even if there is no discovery of new particles.




Summary

® Our purpose is to determine the Higgs sector by comparing future
precision data of the Higgs boson couplings with the precise
predictions with radiative corrections in various models.

hgg, h —
II:§ZZ I?bwtfwlgttgzttgﬁhh X Precision De‘rer'.mma’rlon of
measurements the Higgs sector I

Radiative corrections

B Fingerprinting =

In most of parameter regions except the decoupling limit, we can
discriminate models by using the pattern of deviations in various
Higgs couplings, even if there is no discovery of new particles.
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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—ph].
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http://www-het.phys.sci.osaka-u.ac.jp/~kanemu/HCOUP_HP1013/HCOUP_HP.html



