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What do we want to know?

What kinds of Higgs fields are in Additional symmetries Why is FCNC
the Higgs sector? Decoupling? suppressed?
or Pew =17 Additional CP phases

non-decoupling?

* How much is “alighmentness” ?

_ SM
Inxx = Kx 9nxx

Ky — 1 (Alignment limit)

* The mass scale of the 2"9 Higgs boson

Decoupling ? or Non-decoupling?



What do we want to know?

What kinds of Higgs fields are in Additional symmetries Why is FCNC
the Higgs sector? Decoupling? suppressed?
or Pew =17 Additional CP phases

non-decoupling?

+ How much is “alignmentness” ? Indications from experiment

SM LHC results are consistent with SM predictions.
Ihxx = Kx Jhxx j‘>

Ky — 1 (Alignment limit)

Ky =~ 1 (Nearly alignment)

Unknown.
No new particle has been discovered.

* The mass scale of the 2"9 Higgs boson [

Decoupling ? or Non-decoupling?

It does not mean decoupling scenario.
= Direct search of additional Higgs bosons remains an important exploring method.



Two Higgs doublet models

We investigate additional Higgs boson decays for direct searches.

* We show analyses of THDM with the softly broken Z, symmetry as an example.

O, = + O,

CDZ — _(DZ
Can avoid FCNC.

4 types of Yukawa interactions =

* We focus on the CP-conserving case.
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How to Search Additional Higgs

In nearly alignment case, additional Higgs bosons’ decays are very interesting !!

* Additional Higgs couplings with SM particles

gHVV

HWW, HZZ 9 _
THDM gﬁ"‘}v
Type-I Hhh ) _cos(F - )
Hhiv = 9,4in 23
Hff Type-l THDM

* Branching ratio of H
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= cos(f —a) In the nearly-alignment case

they play important roles

/

K;-I = cos(B —a) —cotBsin(f —a) —> —cotf

tree — sin(B — a).

@

Roughly, sin(B—a) can be determined by h,,.-coupling

measurements.
It is important to evaluate h,,.-couplings and/or decays

at the same time.

H decays are very sensitive to ky;



Searchable regions in nearly-alignment

Expected excluded parameter region by direct searches @HL-LHC(3000fb1) (95%CL)

Type-| sin(B—a)=1 Type-l sin(B—a) = 0.995 (cos(B-a) < 0)
30l Tree level | | s, Tree level
—— ILC250 :
— A-TT
— A(bb)-t1T ]
10} A(bb)-bb 1 10t ¢ .
o A-tt @ H->hh
=H A\ — A-zh c -'
© A(bb)-Zh S
d o+
3p | H-hh i .
H-ZZ i
A->tt H*-tb A->Zh . Aiko, Kanemura, MK, Mawatari,
1t - H*-w 100 | " Sakurai, Ya
i— - ’ gyu
A IH étb . y 5 [NPB966(2021)115375]
A->TT 500 1000 1500 2000 A->TrT 500 1000 1500 2000
my 4 n1GeV] my A n1GeV]

 Wide parameter region is expected to be surveyed by “Higgs to Higgs decays”.
e Additional Higgs decays are very sensitive to sin(B—a).

They are results at tree level, |$ Precise (.:a.lculatlc?n is necessary for both h,,;-decays
and additional Higgs decays.

We evaluate the correlations with loop corrections by using H-COUP!



e +@_ H-courP - @ @ T

Fortran program for of Higgs bosons with loop corrections in extended Higgs models.
You can obtain H-COUPat =  http://www-het.phys.sci.osaka-u.ac.jp/~hcoup/

[ Characteristics of H-COUP]
* Various extended Higgs models : Higgs singlet model, THDMs (Type-l, II, X, Y), Inert doublet model

of all Higgs bosons:

Ver.1 (2017) : Renormalized vertices of h125. Kanemura, MK, Sakurai, Yagyu, CPC.233(2018)134
Ver.2 (2019) - Two- and Th ree_body decays of h125. Kanemura, MK, Mawatari, Sakurai, Yagyu, CPC 257(2020) 107512
Ver.3 (2023) : Two-body decays of additional Higgs bosons (H, A, H™) Aiko, anemura, MK, Sakurai, Yagyu, CPC 301 (2024) 109231

= Evaluate correlations between behavior of various decay processes.

. . New renormalization scheme
- UV div. —  On-shell renormalizations '

- Gauge dependence - Remove by Pinch technique
- IR div. via photon loop >  Cancel by real photon emission

A. Djouadi, Phys. Rept., 457, 1 (2008),

QCD (NNLO, NLO) corrections (MS-bar scheme). e w.spira, prog. part. hucl. hys., 95, 95 (2017,

. K. G. Chetyrkin, A. Kwiatkowski, Nucl. Phys., B461, 3 (1996)
* Constraints : Vacuum stability(tree level, RGE improved), Tree-level unitarity, Triviality, True vacuum, ST parameters


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

H-COUP ver.3

AT SRUN SO

Processes in THDMs

CP-even CP-odd Charged
H-VV A-ff HE > ff'
H - ff A— Zh,ZH HT - AW
NPB 973 (2021) 115581, Aiko, Kanemura, Sakurai
H — hh A - HTW HT¥ - HW,hW
NPB 983(2022)115906 Kanemura, MK, Yagyu
+ - +
H—-AAHH A-ZZ,WW,yy,vZ H= - Wy Wz NPB 986 (2023) 116047 Aiko, Kanemura, Sakura,
H - AZ H*W
H-vyy,vZ, 99 HSM
P-even
DM
H-VV
CP-even Charged
- H > ff
H - AZ A - ZH HET - AW
H — hh
H - HT*wW A—- HTwW HE¥ - HW
H-vyy,vZ, 99

We show results for decays of H 2hh, A=>Zh, h 2VV* in Type-| THDM.



Loop corrections to N[H—-hh]

NLO contributions works constructively or destructively
cos(B-a) >0 - - - constructively, cos(B-a)<0 * * - destructively

cos(B—a) 2 cos(B—a)
_< bare[ (O ]

* Decoupling? Or Non-decoupling?

M? >» Apv? (m4 =~ M?) - - - Decoupling

MwolH2hh] =
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M? = Apv? * + +  Non-decoupling

h
d / ®=HAH*

1 4
AHod™ » (mIZJ — M?) \ 0——

Scalar self couplings
cos(ff — a) < 1 case

\ 15 2
------- o 1 @ /1hc1>c1>~;(mcb — M*)
H . PY
o
h

(my g+ —my # 0) case

Even if m%l ~ M? , corrections of H, A loop diagrams are not suppressed.



Correlation between “Higgs to Higgs decays” and h,,. 2VV* 10

Type-I
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Kanemura, MK, Yagyu

Correlations between “Higgs to Higgs decays” and h,,.—~>VV* are significantly changed from LO (~O(10)%).

It is necessary to evaluate both h,,.-decays and Heavy Higgs decays
with loop corrections simultaneously.



Summary

 H-COUP is a good tool for determining the Higgs sector by comparing precise predictions
of various processes in some extended Higgs models and future precision measurement.

* h,,s measurements indicate “nearly alignment”.
= “Higgs to Higgs decays” can be main search modes.

* We show results of BR[Higgs to Higgs decays] and BR[h,,s] including radiative corrections
in Type-l THDM.

BR[H =hh] with NLO correction can change LO prediction by O(10)%.

BR[A =2Zh] also receives O(10)% correction if tanf=2.

* Correlations between A 2Zh / H2hh and h 2VV* significantly change from LO.
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Correlation between H=>hH and A=>WIWW*

Tvoe-I NPB 983(2022)115906
ypl m,=500GeV, tanf=5, m,=m,,, Kanemura, MK, Yagyu
- gﬁio(}ev ] THDM [h > WW*] « sin?(f — a)
0.8 | | Am-300Gev |
Am=m, — my ~

NLO (Am = O GeV)

BR(H->hh)
o
(@)

04" ] fcos(B—a)>0 « + + Tyioent > Thtotal
' 2 —NLO ( 30q GeV)
0.2 ) fcos(B—a)<0 « - - OTEPM <M
0 N B Decrease in [/ is canceled by decrease in Ty H2M.
’0.1 20.05 0 0.05 0.1 partial y h,total
Auh - WW*] = BRyLOM[h = WW™] i

BRypolh - WW*]

Correlation between BR(H — hh) and BR(h = WW * ) is changed from LO by O(10)%.

It is important to evaluate both h-decays and H-decays
with loop corrections simultaneously. 10
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Fig. 5. Decay branching ratios for 4, H, A and H + as a function of tan B in the case of m¢p = M = 800 GeV and
sg—o = 0.995. Solid lines show results of cg_ < 0 and dotted lines are those of cg_ > 0. Results for Type-I, Type-II,
Type-X and Type-Y of the THDM are shown from the left panels to the right panels.



Expected uncertainties of g XBR at ILC

ILC250 with 2 at™! total integrated luminosity

Ozn

Table 2.4. Expected accuracies for cross section times branching ratio measurements for the 125 GeV h boson.

X BR(h ->bb)

X BR(h = cc, gg)

X BR(h = 11)
X BR(h =2 pp)
X BR(h = 72)

X BR(h > WW)

0.7%
4%
2%

38%
8%
2.4%

A(o-BR)/(o - BR)
Vs and L 250fb—" at 250GeV | 500fb~" at 500GeV | lab~' at 1 TeV
(P,—,P.+) (-0.8,+0.3) (-0.8,40.3) (-0.8,+0.2)
mode Zh vvh Zh vvh vvh
h — bb 1.1% 10.5% 1.8% 0.66% 0.47%
h — cc 7.4% - 12% 6.2% 7.6%
h — gg 9.1% 14% 4.1% 3.1%
h — WW* 6.4% 9.2% 2.6% 3.3%
h—7tr™ 4.2% 5.4% 14% 3.5%
h— ZZ* 19% 25% 8.2% 4.4%
h — ~v 29-38% 29-38% 20-26% 7-10%
h — utu— 100% - - 32%

arXiv:2203.07622 (Snowmass report2021)

ILC TDR (2013)

15



ILC

16

Snowmass 2021 report [arXiv:2203.07622]

ILC250 ILC500 ILC1000
coupling | full no BSM | full no BSM | full no BSM
hZzZZ 0.49 0.38 0.35 0.20 0.34 0.16
hWw 0.48 0.38 0.35 0.20 0.34 0.16
hbb 0.99 0.80 0.58 0.43 0.47 0.31
htt 1.1 0.95 0.75 0.63 0.63 0.52
hgg 1.6 1.6 0.96 0.91 0.67 0.59
hce 1.8 1.7 1.2 1.1 0.79 0.72
h~y~y 1.1 1.0 1.0 0.96 0.94 0.89
h~Z 8.9 8.9 6.5 6.5 6.4 6.4
hopops 4.0 4.0 3.8 3.7 3.4 3.4
htt — — 6.3 6.3 1.0 1.0
hhh — — 20 20 10 10
| 2.3 1.3 1.6 0.70 1.4 0.50
[ino 0.36 — 0.32 — 0.32 —

Table 12.2: Projected uncertainties in the Higgs boson couplings for the ILC250, ILC500, and
ILC1000, with precision LHC input. All values are relative errors, given in percent (%). The
columns labelled “full” refer to a 22-parameter fit including the possibility of invisible and exotic
Higgs boson decays. The columns labelled “no BSM” refer to a 20-parameter fit including only
decays modes present in the SM.



Renormalization in potential (1)

Parameters in Higgs potential (8)

ms, m%, m2, mzi , M?(m%,), v, a, 14
Parameter shift ;
m(2p—>mg20-|- M? - M? + vov+ a— o+ B -+
3 counterterms
Field shift ; (H) . ( 1+ T 5“) (H) via parameter shifts
h — o 1+ h

()= (e 26D

A -6 1+ A

Gt 1+ + 0B\ (gt 12 counterterms
(Hi) ~ )] 1+ (Hi) via field shifts

Total : 20 counterterms



Renormalization in potential (2)

B On shell conditions

18

R 2 _ FI1PIp, 2
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d - o d _pr; 2
5Z¢ “r‘”" n"ﬁ'ﬁ'ﬁ[l“ ”1”:—"”3;. — (] 82! _d_pznii [p ] p2 m2 X 6
1 ‘
SCHh 5ChH 5ChH == (SCHh 5ChH —OCHh TT?Q Tn,}z (H}Lg[WEi} H}LPI){I{W?%D
'H 7
A 21 _ P 2
Sa Mpplmy]l=Tpa[my] =0, Sa = fLe! + TR [m?
0Cca 0Cye 0C6a = 0Cyg 6Cag = 8Coa =5 — (AP [m3] — 3246 [0])
53 I, colm3 ] =1 ,50[0] =0 ) 4
6B = ¢ [mz] + £ [0])
ZmA
—~ —~ 1
6CHiG$ 5CGiH$ HHiG$ [mIZ_Ii‘] - HHiG$[O] =0 5CHiG$ = 5CGiH$ — 518 mz HI%II-)I-IG+[O]
H*
5CGA — SCAG
dv is determined by EW renormalization. Total : 19



Renormalization in potential (3)

SM? is determined by the MS-bar scheme, which absorb only the divergent part in the hhh vertex at
the one-loop level.

- PI
Lunn = 6 nn + 0T unn + Dhin E—

5thh = 65&hhh + 9/’lhhh5Zh + 6AHhh(5CHh + 56()

Remove only Sv G 4+ 3¢ 2 .
—0 +8 5.2 B—aCatB ¢ r2
divergent part OARhE = —Aphh— — = - omy + F_oa + FB(SB + * XTESM
v dvsyg VS,
2 52
oM* = 1677202 |:2Zchm§‘KJ%+4M2_2m%1i —mi+é(m% —m%)

2CH0 M2 [Ca_ Sg_

—3@m%, +m3) |Apy + —2 P Div(T Py — L2 Div (TP
< v mZ m2
2B h H



Alignment limit at tree level 20

h h .
. hVV coupling is exactly
————— sin(f — a) x gpit o SM
. "V that of the SM.
V V
V > L

----- cos(f — ) x g3l

HVV coupling vanishes.



Alignment limit at loop level (AVV)

At loop level, sin(B-a) is no longer a parameter that represents "alignmentness".
One cannot take the exact alignment limit at loop level.

Since the renormalized hVV vertex cannot take the on-shell momentum, we have to
calculate not the renormalized vertex but the three-body decay or the four-body decayZ.

i 2 2 2 ', f IPI, 2 2 2 I \
Chyv(Pi. P3.q ):Fzge\/e‘F(SFEVV+F;1VV(P1vP2’q ) q ) .

| 2m?, | Sm3, 1 Sv
SThyy = — = | sin(B —a) | —5= +6Zy + 56Zy — — | +cos(B — ) (3 + 6Ci)
|4



Alignment limit at loop level (HVV)

Renormalized HVV vertex

fflvv(P%»P%J CIZ) — Fﬁli;;ee + 5FI§VV + Ilﬂ%] (P1;P2» )

Renormalized HVV vertex

) Zm2 6mV Sv 1 |
Slgyy = — cos(f — a) ” + 87, + §5ZH + sin(f — a)(6Cpy — 66 )
mj
In the case with sin(f —a) =1 ex.>> H
2m2 h //’_\\\ H
STy = —[(EChy — 6B )] # 0 S G S z
T
Ly <p1,p2, %) # 0 AN
Only taking sin(b-a) = 1 does not realize HVV = 0. -—-- + 0

In the case with mHA gt = = M? , these loop contributions vanish. /;’

1
AHHH = %y [Z(M2 — m%]) c0t2ﬁsg_a —2(M? — m%)cﬁ_asé_a + m%{Cﬁ—a] Z



h=>bb, h 21T

my = my+ = 800 GeV, cos(f —a) <0

FTHDM h XX THDM
AR - xx] = Mo 1R = X1 pulh - xx] = Sonio [h= XV
FNLO[h - XX] BRyo[h = XY] my [GeV]
20— Yy 20- [
I Type— 20_Type_ 11 C250 Darker
Type- I Y HL-LHC  (74) 890
< 10 Y < ooy Y I
S L~ Type- |
<
= 0 e 0 \'34 I ’
T 1D P 1 | 7
S ' lype-| Type- | 750
5 -10 Type; Type- | 3 -10 X Lighter
e X
- LO(tang ' |
=20+ N> S L T o ‘ ‘ ‘ | ‘ |
-20 =2J0 0 10 20 2D 10 0 10 20
AR((h—717) [%] A (h = 17) [%]

If |]AR[h — bb/77]]

> several %, prediction of each Type does not overlap
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Combined scale factor results

138 b (13 TeV)
CMS ’
® Observed | 1+13D (stat)
m—+1 SD (stat ® syst) [ | +1 SD (syst)
— 12 SDs (stat @ syst)
B : Stat Syst
KW -@— 1.02:008 005 005
Kz -@- 1.04:007 +005 +0.05
KY *@- 1.1020.08 +0.06 +0.05
Kg "E'- 0.92:008 005 +0.06
Ky —i— 1 .01:g::(1] +0.07 0.08
Kb —'§'— 0.99:8::; +0.12 fg:}g
K —— 0.92:008 +006 +0.06
Ky —m—— 1.3 2j§; tg;g 0.09
1034  +031 +0.14
KZY | I- il | 165, o35 —o0e

0 05 1 15 2 25 3 35 4
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Nature 607 (2022) 60
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rrr!’lvv!vl vvvvvvvv ]rvvarxvrT'rvavvwvrvnu-Irrvv[
.-é

Nature 607 (2022) 52

K ATLAS Run 2
p—_..___q Leptons Quarks
i ve [vi [ ve]lv] c M-
= -0
B Force carriers Higgs boson |
——
| S B z v
@ |
== == - - -——— b i 1
i - —— Binv4=Bu.=O ]
v --m- B, free, B, >0, x, <1
——— SM prediction
s Parameter value not allowed
k @
R R - - 4
....l....l ........ l....l....l....l....l....l....l
0.8 1 1:2 1.4 1.6
68% CL interval
I I " 1 T T T T T
________________________ i
; o i | s 5 o5 g | o5 5 5 5 1 4
0 0.05 0.1 0.15 0.2

95% CL limit
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hhh coupling measurement

138 b (

i Floating x,,, K, ¥

-2 Alog(L)

CMS Preliminary
O I W B

1 Ko

T I T T T
L single-H and HH comb.

K, Ky

+1.7
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I T T T
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Phys. Lett. B 843 (2023) 137745
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Constraint from direct searches (Run2)

gluon-fusion process

(pp—H)

bottom associated
process(pp—H(bb))

Production cross section

Sg—a = 0.995, CB—a
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L 10—1

1072
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1500
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2(©

Upper limits at
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36fb-! data
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Constraints
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Correlation between A-=2Zh and h=>2Z2Z2*

BR(A-Zh)

1.0 e
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L L I

'0'” 5 \;_:-‘..
0.6 LS R
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-25 =20
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—— T " 350
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2l e 100
St R 1
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AR(h—>bb) [%]
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