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Introduction

B Although a Higgs boson was discovered, there remains a lot
of mysteries in the Higgs sector.

Negative mass term,  Elemental scalar? or Composite scalar?,
# of scalar multiplets, their representations, -

We don’t know the nature of the Higgs field and the structure of the Higgs sector!

B How can we determine the Higgs sector by collider experiments?

B Direct search of the second Higgs boson
B Indirect search through coupling constants of 125GeV Higgs boson!

hZZ, hWW, hyy, hgg, hyZ, hbb, hzz, htt, hhh, ...

« A pattern of deviations in Higgs couplings from the SM predictions
depend on the structure of the Higgs sector.

» It is useful to discriminate extended Higgs sectors by the deviation
pattern among various Higgs boson couplings.

« Higgs boson couplings will be measured with high precision at future

collider experiments (LHC Run-Il, HL-LHC, ILC, ...). Typically O(1) % level

We should investigate these couplings with radiative corrections in various
extended Higgs sectors.
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B We calculate a full set of 125 GeV Higgs boson couplings with
radiative corrections in the 7 models.
« Higgs Singlet Model (HSM)

Kanemura, MK, Yagyu, in preparation hzZZ hWW. hbb
« 4 types of Two Higgs Doublet Models (2HDMs) htT, htt, hcc,

Kanemura, MK, Yagyu, NPB 896,80(2015)

Kanemura, MK, Yagyu, PLB731 (2014)27 hyy, hyZ, hgg,
. Inert Doublet Model & 3 hhh

Kanemura, MK, Sakurai, in preparatlon

« Higgs Triplet Model (HTM)

Aoki, Kanemura, MK, Yagyu; PRD87,015012(2013),
Kanemura, MK, Yagyu; arXiv:1511.06211

B Our purpose ; To determine the Higgs sector by comparing
future precision data of various Higgs couplings with the precise
calculations including one-loop corrections.

hzz, h\WW, hrv, hgg,

hxZ, hbb, hrr, htt, hhh, ... Precision Determination of
Radiative corrections X measurements the Higgs sector !!

We make the program code group of the calculation for the 1-loop corrected
Higgs boson couplings.




Radiative corrections to Higgs boson
couplings in the 2HDM/MSSM

hzZ
hWw

hff

hhh

Hollik, Penaranda (2002) [in the MSSM]
Hahn, Heinemeyer, Weiglein (2003) [in the MSSM]
Kanemura, Kiyoura, Okada, Senaha, Yuan PLB558, (2003);

Kanemura, Okada, Senaha, Yuan (2004).
Kanemura, Kikuchi, Yagyu (2015)

Guasch, Hollik, Penaranda (2001) [in the MSSM]
Guasch, Hafliger, Spira (2003) [in the MSSM]
Haber, Logan, Penaranda, Temes, (2006) [in the MSSM]

Kanemura, Kikuchi, Yagyu (2014)
Kanemura, Kikuchi, Yagyu (2015)

Hollik, Penaranda (2002) [in the MSSM]
Dobado, Herrero, Hollik, Penaranda (2002) [in the MSSM]
Kanemura, Okada, Senaha, Yuan, PRD70 (2004).

Kanemura, Kikuchi, Yagyu NPB896 (2015)




Pattern of deviations in h couplings

with radiative corrections

Deviations in scaling factors :

AKX =

FhXX[p%rpgi CIZ]

P

l—‘hXX SM [plr pZi qZ]
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We scan inner parameters under the constraints from
perturbative unitarity, vacuum stability and wrong vacuum condition.
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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.



Determination of inner parameters

How much precise can we extract values of inner parameters by using
future precision data?

Bench mark set | HC3000 ILC500
EX)) | ARy =-2.0 +2.0 +0.4%
AR=+5 420 +1.9% » Type-II 2HDM
AR, =+5 +4.0 +0.9%
Errors are from ILC(500) in Snowmass 2014 Rep.

We survey parameter regions in which Ak are agreement with the future
data within 10 uncertainties, by scanning inner parameters.
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(x = cos(B—a))
« AtILC, inner parameters can be extracted more precise.

« We can obtain information of upper limit on mg and the magnitude of
loop corrections and so on.




Summary

B 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.
« Higgs Singlet Model
e 4 types of 2HDMs hZZ, hWVV, hbb, hTT, htt, hCC,

. Inert Doublet Model hyy, hyZ, hgg, hhh
« Higgs Triplet Model

hZz, n\WWW, hrv, hgg,

hvZ, hbb, hrr, htt, hhh,... | e rir:acéiifer;nems

Determination of
the Higgs sector !!

Radiative corrections

A full set of fortran code for Higgs couplings in extended Higgs sectors had been completed.

B 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.

B In order to determine inner parameters by using future precision data
of various Higgs boson couplings, studies of radiative corrections to
Higgs boson couplings are critically important.







Higgs singlet model

V(®,8) =m2|®|? + A®|* + p1gs|P|2S + A\gg|®|2S? + t5S + m2S? + s S + AgS%,

G'l'
b= ( (¢ +v+iG°) ) 5 =5+ us

® Mass eigenstates ]2 H
s\ [ cosa —sna H 3
6 ) \ sina cosa h, | SM-like Higgs boson Extra Higgs boson

. . fu’i
m; = 2\’ + O (,.—)

M? ) (M2 > o?)
9 Ve : v ~
my = M7+ A\ggv? + O (ﬂfp) M? = 2mé +12A5v¢ + 6vgug
® Parameters(8)
v =246 GeV m, = 126 GeV My A us Aps As Vs

® Scaling factors of h,,- couplings at tree level
Ry = Ry = COS

20 .
3 2 ] ]

m h 9




< Parameter range in HSM >
300GeV < mw< 1000GeV,

—-15 < dos< 15,

-15 < As< 15,

0.80 < cos a <1,

—2000GeV < us < 2000GeV.

< Parameter range in 2HDM >
300GeV < mu(= ma= mn:) < 1000GeV,
0 < MN2< (1000GeV)™2,

0.80 < sin(#—a) < 1.

< Parameter range in IDM>
300GeV < mu(= ma= mn:) < 1000GeV,
0 < ™2 < (1000GeV)"N2
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One-loop contributions

Approximate formulae (SM like limit) X << 1

Ak,=ky—1 (1-loop level) (2=H" A H) 2
. A IR
) 1, 11 m2, M2\*  Z--U -
My =—ga’ a5 2. (1 _mT) | i
mixin P=AILHE ’
g Loop mé ~ )\1)2 -+ M2
Loop effects —— 1

oc (M>>y) Decoupling! (n—0)

2 a2
5 M? ms
m(l) 1 — — -
m(b

oc mé, (M ~ v) Non-decoupling! (n—1)

1 2m2 7?12 ﬂ-’fﬁ 1 1.
Ak~ Agv + &1 — u t - — - : - i
Ky, KV + {d z 167?2{-: {d v2 ( ??11%!@: qui ) ’ ﬁgd Z

Ak, ~ Aky + &, .

. 3 I 11, mil z'mgm?
Ak, = Aky +&, 2, A“*A“‘f”“fmzs[ﬁu D
=AH,




PARAMETRIC UNCERTAINTIES

Parametric Uncertainties
of hXX couplings

omp(10)  das(myz)  dm.(3) | hbb, hce, hgg [%]
current errors [10] 0.70 0.63 0.61 |0.77 0.89 0.78
+ PT | 0.69 0.40 0.34 |0.74 0.57 0.49
+ LS| 0.30 0.53 0.53 |0.38 0.74 0.65
+ LS?| 0.14 0.35 0.53 |0.20 0.65 0.43
+PT 4+ LS| 0.28 0.17 0.21 | 0.30 0.27 0.21
+ PT + LS? 0.12 0.14 0.20 |0.13 0.24 0.17
+ PT + LS* + ST | 0.09 0.08 0.20 | 0.10 0.22 0.09
ILC goal 0.30 0.70 0.60

Lepage, Mackenzie,

. Ath '
PT ; 4t order QCD perturbative theory Peskin [1401.0319]

LS, LS?; reduction of lattice spacing
ST, increasing the statistics of simulation
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2HDM, IDM

JHDMs -« Softly breken Z2 sym.

(Dl — 4+ (‘Dl PR V) D, u u u
b, > -0, d e d e d e d e
Type I Type I1 Type X N T\_/peY
e.g. neutrino-philic e.g. MSSM e(.lilﬁggiglt)isgggesaw (Fl'ppe‘j)e
- Mass eigenstates (D:H, A H*)
]1, H A H* Soft breaking

_ scale of Z2 sym.
« h(125) coupling constants (tree level)

ky = sin(B - a)
If f couples to @, Ke = Si_n(B—Cl) + cotp cos(p—a)
If f couples to @, Ke = sin(B—a) — tanp cos(B—a)

IDM - Additional scalar field @, is Z,-odd
. FEigenstates A, H A H* my*>=Av?+ HZZ

« h(125) coupling constants Ky =1
(tree level) 13




ELECTROWEAK PRECISION DATA

Higgs Singlet Model with a spontaneously broken Z2 sym

T. Robens and T. Stefaniak, Eur. Phys. J. C75, 104,(2015)
1""

— \\ boson mass

OC SR B S R S—— EWPO (S,T.U)
[ A S [ M perturbatIVIty

0.8 F
0.7 F
0.6 F
0.5F
0.4 F
0.3 F
0.2 F

| sinc.| (upper limit)

- . : . : : . . : ]
100 200 300 400 500 600 700 800 900 1000
m [GeV]

14



CONSTRAINTS BY HIGGS SEARCH

Higgs Singlet Model with a spontaneously broken Z2 sym

T. Robens and T. Stefaniak, Eur. Phys. J. C75, 104,(2015)
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THDMs D, O,

In general, multi-doublet structures cause FCNCs.
To avoid FCNCs, ®, and @, should have different quantum

R S @ e W y
d e d e d e d e
ch — + (Dl Typel Type II Type X Type Y
cDZ — — CDZ e.g. neutrino-philic  €9- MSSM é.;?lgggigtpisgiggesaw (Flipped),
4 types of Yukawa interactions Barger, Hewett, Phillips(1990), Aoki,

Kanemura, Tsumura, Yagyu(2009),
] ] Logan, Su, Haber, ---.
® Softly broken Z, & CP invariance

.. ; 2
Ve = m=|dq |2 + m2|®s |2 — m2 (I)T by + h.c. 2 __M3
THDM 1P 5| ®o (P Do ) M SinBcosp

1 . 1 , ; : x 1
+ 5)\1‘(1)1‘4 + 5)\2‘(1)2|4 + )\3|(I)1‘2‘(I)2‘2 + )\4|(I)J{(I)g‘2 + 5)\5 ((I)J{(I)Q)Q + h.c.|.

Mass eigenstates: b H, A, H*
vZ

mcpz ~ /'llvz + MZ tanB = v—l V2 = V12+V22 ~ (246GeV)2

Soft breaking scale of Z2 sym.
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Renormalization

>  Kinetic term p=—TW __ —4

. . 2 2

- Parameters in Lagrangian -+ g, g, v mz”cos"Ow ,

« Physical parameters +-- my,, m,, sin6,, , G-, ., . 9 myy
sin“ Oy =1 — —,

iy
- Counter-terms :-- omy, om 0s,, 0Gg 0a.,, , G Moy
. " B )
- Renormalized conditions V2m, sin® Gy

ReTlyw (p*)l ooy = 0, omg, = Rellyht(m3),
Rellzz(p?) pr=m =0, 6171% = Reﬂgg (m%),

On-shell conditions

1Pl
= —7 2 5[1' I':?] a4 25'“_ I'_[}E H:”
ey em _ ]_IWI(F'”F?:[] _Z

- i ¥ 7
aem  dp? cwoom;

« Counter term of v

my/? sin‘8,, Sv
v2 = R —
na » =

em v

bo| =

2 - ;o2
OMmiy Oy OSpy
3 T T T3

My, e Sy
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Counter terms in V

Parameters; m, v m, a pus As As Vs 8

Tadpoles ;: T, T.
P ol 2 Filed mixing ;

Mass eigenstates ;h H G° G* 4 H-h 1

Paramater shift : m-—m + 0m

Field mixing ; HY 1+ 26Zy  6Cy, +da H
h —oa + 5(,—:’;1]_[ 1+ %5Zh h

Counter terms; om, ov 0my 04 Ous OAs OAs OVs
0T, oT;
0Z, 0Z, 0Zs, 0Zc
0C,, 0Cyy, 16
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Counter terms of Higgs couplings

] 22 om? dv  sina . . 1.

0T}y = —YL cosa ( QV _ g2 oCy +0Zy + OZh)
v my; v COS (v 2

o q m om dv  sin o , 1.

Ofiff = Y cosa ( ;T -+ OC;1+OZ?+OZh)
v my v COS (v 2

Ol = 0Appn + App (0C), + dar) + 5)\}1.%0211.-

where
3 2 3
N Ch - m;i c; )

3m? _ i
+ ( 21“‘1 SaC 4+ Apgv(sd — 2s002) + 352 capig + 12 gugsien | da + s2OA.,

OA = —(cavdAgs — Sadfts — 45aV50As). <= Combine due GAs OAe into GA

O/ is determined by the minimal subtraction condition.
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CURRENT DATA OF
SCALING FACTORS

19.7 b (8 TeV) + 5.1 fb" (7 TeV)
CMS #68% CL

m==Q5% CL
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Eur. Phys. J. C (2015) 75:212
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Flavor experiments

F. Mahmoudi and O. Stal, (2010)
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