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The shape of the Higgs sector is unknown

- Extended Higgs sector is interesting possibility for new physics.
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- It is not completely excluded by the current LHC experiments.

[ATLAS, Nature 607,60—68 (2022)] [CMS, Nature 607,60-68 (2022)]
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Reconstructing Higgs sector is an important task for finding new physics.
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How is the Higgs sector tested?

Direct search

t Dlscove ry

(LHC, ILC, )
|_FCC, ,LI., "

Indirect search

H A

% Mixing, loop correction

| Higgs observables, ?

| S,T parameters, - |

Precision
h measurements

A combination of these two ways can test the Higgs sector.
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Two Higgs doublet models (2HDMs) [1/2]

2HDM is a simple example of the extended Higgs sector. It has
several motivations to study.

» Higgs potential

V =m?®1 > + m3| 0% — m3(d] @y 4 hec.)

1 1 1
+ 511" + S A2 @af* + A3 @17 2] + A4 @] @2l + SAs[(@]02)° +hec.].

. Softly broken Z, symmetry is imposed.
(I)l — (I)l, (I)Q — —(I)Q

- Component fields and physical states

wi |
i = %(vi+hi+izl') =12, " = |
| B R(Ot) R(O) — cosf —sinf
bl N/ ’ ( )_(sine cos 6 )
3 of 8d.o.fare G*, G* 5 h : SM-like Higgs boson

i H, A, H* : Heavy Higgs bosons
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Two Higgs doublet models (2HDMs) [2/2]

» Model parameters o™
cos f#sin 3
Mi-3, Ap-s »

 Yukawa sector

mH,A,Hi9 Mza Sin(ﬁ_a)a tanﬁ,

v (=246GeV), m, (= 125GeV)

- Due to Z, symmetry, either ®, or O, couple with each matter field.

— Flavor-changing neutral current (FCNC) is forbidden at the tree level.

- There are 4 types of interactions.

—Ly = YuéLiO'Qq)ZUR -+ Yd@LqudR -+ YGZL(I)GBR + h.c.

Typel | &5 | @y | Py Light H* scenario
Typell | &5 | &1 | & MSSM

I'ype X | @5 | @5 | &1 Radiative seesaw models
1ype Y (I)Q @1 (I)Q
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Decoupling limit and alignment limit

Alignment limit: a — [ — w/2

| . D, H\\ 3 h
- All scalars are diagonalized by / <(D2> = R(p) <H2> S H A HE

- Higgs boson couplings coincide with the SM:

ky=sin(f—a) — 1

K= sin(f —a) + ¢ecos(f—a) — 1

Decoupling limit: M? — 0o

.- Heavy Higgs masses is governed by M 2 m(% ~ M?* +f (/11-)‘/2

. All effects of heavy Higgs is suppressed by 1/M?.
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The relation between o and M

tan 2(f — a) =

Y cAv?

i

Zi Ci/’{ivz + ]\42

—

M? = oo

- The decoupling limit leads to the alignment limit ( if A; perturbative).

- The opposite is not true : 0

a— [—nl2

p—

— Z C, /11‘"2 This doesn't
Alignment 4= depend on M.
limit l

M?* = oo

In 2HDM, alignment without decoupling scenario is possible.

counterexample: MSSM

a—pB—n/2{

q

2

mA—>oo

tan2a  mp/mi + mi/m;

tan2f 1+ m2/m3

m? = ms + m3(1 — cos*2p)
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Distinct scenarios [1/3]

We can describe the model parameter space by the decoupling
parameter and the alignment parameter.

t SM like-limit

imit

Decoupling |

Alignment limit

9 /25



Distinct scenarios [2/3]

Exact alignment or nearly alignment scenarios are favored.

[ ATLAS collaboration, PRD 101, 012002 (2020) ]
ATLAS (] Obs. 95% CL

'.E Vs=13TeV, 24.5-79.8 b x Best Fit Obs.
— P . . . | :HD=M 1$s.oes-leev, lv,<25 __ Exp. 95% CL
o SM like-limit o] -
: 5
: 3
- 8 E
~ Excluded by
2 Higgs measurements L e oy S Z
ATLAS (] Obs. 95% CL
Vs=13TeV,24.5-79.8 fb" x  Best Fit Obs.
- i 12an f;M 1 :S.OQ-HGeV, lv,|<25 __ g):l) 95% CL
Exact i Nearly alignment \.-.;._,'
alignment } ;a
\ 1 E
€= 1 —sin(B— o)
Alignment limit L[Vl ey e 05 1




Distinct scenarios [3/3]

E o 4
E SM like-limit
S | Alignment with
') f .
{ decoupling
~ 1 Excluded by
S Higgs measurements

| Alignment w.o.
Jdecoupling

Alignment limit

alignment with decoupling\

- |t is difficult to test.

\_ _/

KAIignment W.0. decoupling\

- Deviations in the HCs.

- Strong1st EWPT

- Gravitational wave

Intriguing scenario. The

testability should be studied.

\_ J
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Synergy between direct and indirect searches|[1/2]

Exact alignment scenario: sin(8 —a) =1

(Ex.): Expected exclusion; Type-l at HL-LHC

30} Sg-a=1
[ — A-TT
10¢ g
o A-tt
c
S B
3 L
H* tb ['(A— ff) x 7”?
11 | tan“ (8
| | T(H — th) o tmffﬁ
- PG S an
500 1000 1500 2000

me(=mpyg =ma =mpyx) [GeV]

Direct searches : Lower bounds for me and tan § are given.

Indirect searches : No sensitivity since Higgs couplings do not deviate.
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Synergy between direct and indirect searchesc [2/2]

Near alignment scenario: sin(8 — «) = 0.995 (cos(f — a) ~ —0.1)

[M. Aiko, S. Kanemura, M. Kikuchi, K. Mawatari, KS, K. Yagyu, NPB 966 (2021) 115375]
(Ex.): Expected exclusion; Type-l at HL-LHC

a0l Sgq=0.995, cg_q <O}

ILC250

A-TT
A(bb)-TT
A(bb)-bb
A-tt

ASZh

A(bb)—-Zh

H-hh

H-ZZ

- H*->tb
- HE>TV

500 1000 1500 2000
me (= mpg =mag =mpy=+) [GeV]

Kz = sin(f — a)

3
my

N2
I'(A — Zh) x cos(f — «) 62

2 My
['(H — hh) ~ cos(B — «) 602

Direct searches: A — Zh and H — hh give wider sensitivity regions for (ms, tan ) plane.

Indirect searches: If a deviation in hZZ founds, the upper bounds for m& are given.

— Most parameter space can be surveyed by the combination of scalar-to-scalar
decays and precision measurements of the Higgs coupling.
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Importance of NLO corrections to heavy Higgs

Expected exclusion; Type-|

Sensitivity regions by direct searches are drastically . oa=1 |
changed by sin(f — a), especially for BRs. ol
Q.
x cos(f} — 1 .
for (A~ Zh.H — hi L
\ QQQQQ tanﬂ Expected exclusion; Type-I
. s,g_a'=0.995, éﬁ_a<o |
=» The loop effect on heavy Higgs decays can o
be significant. e
IS
3\
NLO _ 1LO/ 2 NLO
FsZsy =17 (cg_q + A7) 1 p
oo Tooo Iooo 2000
ANLO > Cﬂ_a ? mcI)(E mg = ma :mHi) [GeV]

Our interest : impact of NLO corrections on heavy Higgs boson decays.
Correlation between decays of heavy Higgs and h(7125).
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H-COUP ver. 3

http://www-het.phys.sci.osaka-u.ac.jp/~hcoup/

- @< o @< H-COUP @ por @:Z:,

- Fortran program to evaluate the NLO EW corrections and
(N)NLO QCD corrections to various Higgs decays.

« Qutputs (EW correction: On-shell scheme, QCD correction:MS scheme)
h:  On-shell 2-body decays (e.g., h — ff)
Off-shell 3-body decays (e.g., h — ZZ* — Zff)
H,A,H*: On-shell 2-body decays (e.g., A — ff,Zh)

- Model  Two Higgs doublet models (Type I, Type II, Type X, Type Y)
Inert doublet model

Higgs singlet model (without global symmetry)
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Other public tools

- 2HDECAY, sHDECAY, NHDECAY
- 2-body decays of all Higgs boson with NLO EW and the state of the art

QCD corrections.

- Model: THDMs (2HDECAY), the Singlet extension of the SM with Z,
(SHDECAY), THDMs + real singlet (NHDECAY)

- PROPHECY4F
- CP-even Higgs decays into 4fermions with NLO EW and QCD corrections.

- Model: THDMs, the Singlet extension of the SM with Z,.

 Flexibledecay

- 2-body decays of neutral Higgs bosons with SM QCD/EW corrections in
HSM, Type Il 2HDM, CMSSM,MRMSSM.

- BSM effect is at LO.

16 /25



Numerical analysis

h H HZE
h— ff H— ff H* — ff
h— WW* | H— hh VA= Zh 1 H" > WH WA
h — gg H—ZAWH*T | A5 HZ, WH* | HF > W~, WZ
h—~y,Zv | H— gg

H — v, 2y

e WechoseA — Zh and h — ZZ* to illustrate the NLO corrections.

A — Zh : Suppression of Fngh h — Z/* : precise measurement in future

colliders (e.g. 0.76% @ILC)

e Benchmark scenarios for alignment w.o. decoupling (|c;_, | < 0.1)

(I) my = my= = 300GeV in Type | 2HDM
The scenario can be explored by HL-LHC.

(1) my = my = 800GeV in Type |1l 2HDMs
A realistic scenario for Type Il due to B = Xy (my: 2 600GeV).
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Non-decoupling effects in ', _,,

_301

Type-1,Il; sin(B-0)=0.995, ¢, <0
| ‘ | ‘ T T ‘ -

w T —
\

'\/ rrrrrrrrr rrrrrrr ,’/-— rrrrrrrrrr Bosonloop -
T e

] , Boson loop ‘ 5 )

L MMy e d

| | | | | ‘ | ‘ |
00 200 300 400 500 600 700 800

Mg (=Mpy=my=my=) [GeV]

- Some diagrams are not suppressed by Chg -

« Fermion loop and Boson loop are destructive.

Typical graph :

fermion loop Suppression by g, m(%

B
Ma_zn ~ 1 4

— Total corrections reach ~15%.
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Scenario I: BR(A —> Zh) vs Akvat LO

Type I tﬁ — 2 mHA gt = 300GeV

Fi

h—Z77%

0.01

Sign(cg — o) |AKZ| [%]

o Ak, and BR(A — Zh) are governed by ¢2 - Positive correlation.

my

i 164,12

Ay =Sp_o— 12— cﬁ 12, BR(A - Zh) ~

e The maximum of Ak, is 0.5% at LO.
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Scenario |: BR(A —> Zh) vs Akvat NLO. ... ...«

BR(A-Zh)

10% ——

1071 |

ma = Mpy: = 3ooc3e\I
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Scenario |: BR(A —> Zh) vs Akvat NLO. ... ...«

BR(A-Zh)

Type I, tB = 2

I e
L \\k
:&jf 3
L. "
.o;?. ‘"v ". :o
_1 i "o.f., '.
10 : } ,
i ib 5 B T,
. . R
0 "' l., Rk 4
0' . . ! Z".q:'
mA-:l;H !ooee\I 573
102 S

M [GeV]

FZHDM

h—/Z7%

300 1ﬂh—)ZZ*

350

- 250

- 200

It 150

215 -10 -05 00 05

Sign(cg — o) |AKZ| [%]

100

50

0

M? ~ 0, Co—an 0 : Nondecoupling effect of H,A,H+ enhances Akz = Akz # 0 but BR~1%
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Scenario |: BR(A —> Zh) vs Akvat NLO. ... ...«

T _
100 e AYPEL tg =2 M [GeV] ST
! s ~2 I 350 - h—>ZZ*
B ) 300 h—)ZZ*
g, ok - 250
= B
? 1 . o. ° . - "" i 200
1071} RS .
I : o ¥ "3 1
z ‘&_ . - 150
oa T Y _
3 e ; 100
13 l’ MY/ .
1 : l . é I 50
ma = My =!oooe\I 573 0
102 |E====="="= .

215 -10 -05 00 05 1.0 15
Sign(cg — o) |AKZ| [%]

M? ~ 0, Co—an 0 : Nondecoupling effect of H,A,H+ enhances Akz = Akz # 0 but BR~1%

M?* ~m?%,|cg_a| ~ 0.1

H V4
"-.~“ 1
h ---.. “ '.---- cos(f — a) ~ 16722 (m%I - M2)265—04
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Scenario I: NLO corrections for BR(A —> Zh)

[M. Aiko, S. Kanemura, KS]

_ NLO
1)) J— Type-l tanp=2 Cg-a ABR _ BRAZZn 1
RN DR R R 0.100 EW ™ BRLO
: , 0.075
50 F
o) N : 0.050
= : L 0.025
N 0 [
T : - 0.000
NS : , :
== ~2F k . 1 |} -0.025
< : :
—0F | : ~0.050
-75F ] ~0.075
_100:-.-.1....1....1....|....|,.,,- _0.100
-15 -10 -05 00 05 10 15-
Sign(cp — o) |AKZ| [%]
14+ AW
. BR A—Zh
‘Cﬁ—a’ ~ ().] : ABRis close to 0% Apwr = 1—|—AE—3>W —1 ~0
l tot ]
~ AEW
A—Zh

2
loop

g loo
Akz| <0.5% : ABRcan exceed 100%  [M(A = Zh)[* = Cazn, <f€%a + gzcs_aRel Soh + [T hor 2)
il

Tree 1-loop
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Scenario ll: Correlation in h(125) decays

mip 4 = 800GeV, cpq < 0

e Y,
| ILC250 AR, = — _
O % 27 SM
— Z h—Z27*
S
*N I
2"
N
T
= -3 3
E; ﬁ I
B ey
<4 2
_5_ ‘‘‘‘‘
-40

AR(h - 17) [%]
O HSM, IDM: ARh—>TT =~ ARh—>ZZ’ 2HDMs: | ARh—>TT| > ARh—>ZZ

— The models can be distinguished from the difference in the gradients

o ltm, —my ~ 50GeV, the loop effect of A, H™ make AR, _, . small.

24 /25



Summary

. The tree-level contributions to scalar-to-scalar decays (A — Zh and
H — hh) are suppressed by the scalar mixing Chg -

We evaluated the NLO corrections by using H-COUP.

We investigated the impact of NLO correctionsto A — Zh and h — ZZ*.

We found that the NLO corrections to A — Zh dominate if
| Ty gz T30 )2 =11 < 0.5%.

Also, the correlation between A — Zh and h —» ZZ* can be
different from the tree-level result.
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Back up




200 T .

Ex.) S, T parameter

Top mass had been severely restricted 5 § Toaron
before the discovery. = Sar oL

-

1/ Direct search lower limit (95% CL)

o0 1995 2000 2005
2 Year
3GF ) ) mh [Physics Reports 427(2006)257 ]
~ —_ _—
aEMT - (mt mZSW log ) ) oo LEP('96) + SLC('96) + L.E.N.C.
8y/ 22 my T G T
~ m=150GeV -
15— 5 ¢ I‘ \ + m=125GeV
N Q. p Iree :
10 - 2 Y e 3
. T : + :u 0.0\: 2 > 200 SU(S)
Non-decoupling effect LB N E
- 150 one doublet E
00 - 7T so%cL RBI25 precimeoiot,
-/ 90%CL My '8 .
- 99% CL =
_0.5 1 1 1 I L1 1 1 I L1 1 1 I L1 1 1
-1.0 0.5 0.0 0.5 1.0

[ Hagiwara, Haidt Matsumoto ]

Same things can be applied to the Higgs physics.
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Renormalization




Detalls of the calculations of NLO EW corrections

Ex). A—>ff

Tree 1-loop Counter terms (CTs)

‘p/
Ry <
N

Renormalization scheme : on-shell scheme

OMy, 02103 :

} On-shell <4— The CTs are renormalized by f[l..(pz)
5a, 56: !

oMz : MS scheme  [' another choice: [y =0 -

 Limit for parameter space by kinematics

* Numerical instability

eanvad

OTh, 6TH: standard tadpole scheme, alternative tadpole scheme
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Renormalization of tadpoles

e Standard tadpole scheme (STS) [W.F.L. Hollik, Fortschr. Phys. 38 (1990) 165.]

provend

P =1"+6t,  (=hH)

l

e Alternative tadpole scheme (ATS) [J. Fleischer and F. Jegerlehner, PRD23, 2001 (1981) ]

provend

O - D +Av, m=12)

r ;=0 fi =0)
L D=7+ f(Av,) + T - Av, = Z R, T m?

e Difference between STS and ATS

- While in STS tadpole affects only scalar self-energy, ﬁgTS — f[,,-|-

in ATS all self-energy has tadpole contributions. Y

- This makes self-energy gauge-independent at on-shell mass.

Gauge invariant CTs can be obtained in ATS.
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Gauge dependence in mixing angles

* In renormalization of mixing angle, there is a technical issue, namely, gauge
dependence appears.

* We can check gauge dependence from Nielsen identify:

S i, j=hH A H*
Oell; = = (2p*—m} - & )HU IT; : function of loop functions
-i=j=h: smf = 11 (my)
aénhh(pz) =0 atp’= m,f =) 5m,f IS gauge-independent.

-i=h,j=H: déa={I1;(m)+I(m)} (ms; — m?)

delly, #0  at p*=mp=my, m) Gauge dependence for o

* Though this , the decay amplitudes are also gauge-dependent.

oM 0 roe
§§_>Zh — af ( Eﬁl—)Zh + M}LXFiZh + 5MA—>Zh)

0
R

(MU0 + £620) + g(60.68) + hém,)) = Jrg(d0.68) # 0
=0
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Gauge independent renormalization of mixing angles

- In order to remove the gauge dependence in da, of , we utilize pinch technique.

Basic idea: 1y, — HHh+Hgi;l‘Ch «— T = |>| + }<I n

i

=) J:5a=0,0:56=0 This should arise from the full NLO amp.
e.g., gg = A/H — ff

NLO SE—like
MogSna—gr 2 M hm

- Another scheme for mixing angles in gauge invariant way
- px scheme : [, (p* = [m} + m2/2) =0

- On-shell conditions with S matrix (THDM+ Vg; (i=1,2), y,; = 0 )

loop tree Up:

%H—Wkll/m . ﬂH_)VRIVRl . & ki _

%loop - M tree - g h (H ) -=F — yyica (Sa)
h—Up Uy h—vg LR a Upi
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Scheme difference in counterterms of mixing angles

BP: A1

[Hi=4/[MeV]

BP: Al Hy, input scheme: OS12

My, =125GeV, My, = 300GeV, Ma g+ = 460GeV,
A =—19, tg =2, cg_o, = 0.1,

po = (mp, +mp, + Ma +2Mpg+)/5

1301

110+

/
/
/

MS(PRTS)
MS(FJTS)

082

— OS12
OS1

— BFMS

90 -
701

20 -

%050

0.75

1.00

1/ Ko

1.50

2.00

Al
Scheme LO NLO
MS(PRTS) || 147.102(4)> 1997 | 104.86(2)=,,'9%"
MS(FJTS) || 64.096(2)75%5% | 92.17(1)75L4%
0S1 | 80.992(2) 97.145(7) 12 2%¢
0S2 | 71.429(2) 96.95(1) 10350
0s12 | 78.304(2) 98.812(8) 0-5%
BFMS 94.265(2) 100-117(5)1%?,-52

0S1,2,12: On shell with H, h = vp,Up.
BFMS: On-shell with IT,;, and the PT

Theoretical uncertainty (scheme difference) for on-shell scheme is a few %.
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Other plots




AR(h—-bb) [%]

20—

-10

-20

10
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20

10 o0
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.10. .

20

ARMh—-ZZ") [%]

mig 4 = 800 GeV, cp_q < 0

0 iczso | Typel, X | TypeIl Y 85, g,
-1 E ! “:_—"
: /
-2~ §
— 3 _— &\ 'l Py N
I It = (mn=500,1000GeV)
R 1' il
S, 0L
-4 S5 S| |Hswv }
i i = (MH=500GeV)
_ 5 I ! f | ! .‘ 1 1 . | . . ,
-40 -20 0 20 40
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Au(h— bb) [%]

my 4 = 800 GeV, cgq <0

201

10

0‘ HL-LHC (ATLAS)
HL-LHC L
(CMS) |’
10 ILC250 |
_2 N ST H
9 20 -10 0 10 20

Ap (h - 717) [%]

Au(h— W W) [%]

cos(Bf-a)<0

20—

A HL-LHC (ATLAS)
\ HL-LHC (CMS)
' ILC250

-207
~20

H—1OIHIOI1OIH

Au(h - 7t1) [%]

20



[1710.07621]

ILC250 +ILC500
kit  EFT fit K fit EFT fit
g(hbD) 1.3 11 0.60 0.58
g(hcc) 2.4 1.9 1.2 1.2
g(hgg) 22 1.7 0.97 0.95
g(RWW) 18  0.67 0.40 0.34
g(htT) 1.9 1.2 0.80 0.74
9(hZZ) 0.38  0.68 0.30 0.35
g(hyy) 11 12 1.0 1.0
g(hpw) 5.6 5.6 5.1 5.1
g(h7Z) 16 6.6 16 2.6
g(hbb)/g(hWW) 0.88 0.86 0.47 0.46
g(htt)/g(hWW) 1.0 1.0 0.65 0.65
g(hWWW)/g(hZZ) ] 7 0.07 0.26 0.05
I'y, 3.9 2.5 1.7 1.6
BR(h — inv) 0.32 0.32 0.29 0.29

BR(h — other) 1.6 1.6 1.3 1.2



ATLAS

3000 fb~ " relative uncertainty [%]

CMS

Total Stat Exp SigTh BkgTh 3000 fb~ " relative uncertainty [%]
g S 60 12 47 33 1.4 Total Stat Exp SigTh BkgTh
02 39 12 29 1.8 0.6 B S1 44 13 26 3.3 0.3 [1902.00134]
gww S1 58 10 28 43 2.6 230 13 L7 19 0.3
S2 B 10 24 3.2 1.6 gWW S1 40 10 14 3.5 1.0
RZZ S1 53 16 30 3.7 1.7 S2 B 10 L1 2.2 0.9
S2 08 6 2F 19 W0 81 0 16 00 a0 09
Rbb S1 7.6 20 24 5.0 4.7 S2 32 1.6 1.7 2.1 0.7
250 20 19 28 32, S 70 21 23 52 36
prr 81 60 17 27 44 24 s> i 1 23 09
2 om0 s L s 0 s 06
pges  S1 149 127 32 68 0.3 2 29 16 14 19 0.6
82 sl 12 32 3.7 0.3 s S1 128 9.1 176 4.7 0.8
pzy S1 242 203 45 122 00 296 91 17 26 0.8
S2 242 203 45 122 0.0
-80% e, +30% et polarization: ILC 250 fo/{-1}
250 GeV 350 GeV 500 GeV [1708.08912]
Zh vvh Zh vUh Zh vvh
o [50-53] 2.0 1.8 4.2
h — invis. [54,55] 0.86 1.4 3.4
h — bb [56-59] 1.3 8.1 1.5 1.8 2.5 0.93
h — cc [56,57] 8.3 11 19 18 8.8
h — gg [56,57] 7.0 8.4 7.7 15 5.8
h — WW [59-61] 4.6 5.6 * a0 L0 3.4
h — 77 [63] 3.2 4.0 * 16 * 6.1 9.8
h— ZZ [2] 18 25 * 20 * 35 * 12"
h — vy [64] 34 * 39 * 45 * 47 27
h — pu [65,66] 2" 87 * 160 * 120 * 100 *
a [27] 7.6 2k 4.0
b 2.7 0.69 * 0.70
p(a,b) -99.17 -95.6 * -84.8

+80% e, -30% et polarization:




