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Current status of Higgs measurements
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e Discovered Higgs boson is consistent with the prediction of the SM.

— This does not mean that Higgs sector of the SM is confirmed.

__EX. SM.
Rx = ghXX/ghXX
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Extended Higgs sector [1/2]

e Many models can take SM-like limit.

M? > v
1

=P LN~ Lou MQ(cIffcb)3

/iXNl

e Mystery of extended Higgs sector

Number of Higgs, its representation

Decoupling feature (Nondecoupling/decoupling) m%{) ~ M? —+ )\7;1}2

Symmetries Shape of the Higgs potential

Decoupling limit

- efc.
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Extended Higgs sector [2/2]

e Relation between Higgs sector and BSM.

BSM phenomena

Extended Higgs sector DM (mediator, axion)

Baryogenesis (strong 1st OPT, CPV)

P+ 54 ... —
ijl{) A gt y U masses (Type-ll seesaw, radiative seesaw)

Anomalies (muon g-2, B-physics, W mass, ...)

- Relating with structure of Higgs sectors, decoupling features

Probe of Higgs sector is a key to purse NP beyond the SM
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Two Higgs doublet models (2HDMs) [1/2]

| - 1 9 + 1 \/§w+
e Two Higgs doublet fields: @, = 7 (vl J;/;:;wi iz1> P2 = NG (vg + ho —2|—zz2>

e Oiriginally prosed by T.D. Lee to introduce CPV.

e Restrictions for the shape of Higgs sector

=1

mi P Y0 (Is(Is, + 1) — 1Y)
- p parameter pz( W ) = S 1

my cos Oy s02Y?
- FCNC
~ c c S Flavor changing neutral current (FCNC
£Y5 QVur®S + Vo0 up ong o
+Q(Yy1P1 + Ya2P2)dg * () <
+L(Ye 1Py + Ve oPo)lp _
c,t

— We impose softly broken Z> symmetry (I)l T, (1)2 .

— 4 types of Yukawa interactions: Type |, Typell, Type X, TypeY
(uR7dR7€R) — (_7_7_) (_7+7+) (_7_7+) <_7+7_)

Kodai Sakurai Radiative corrections to heavy Higgs bosons decays in 2HDM 6 /35



Two Higgs doublet models (2HDMs) [2/2]

V =mi|®q]* + m3|Py|* — '77'2%((1;{(1)2 + h.c.)

1 1 1
+ 5P [* 4 S 20| Dol 4 Ag| Dy [*] 0o + Ag| D1 Do|* + §A5[(<1>’{<1>2)2 +h.cl,

e Physical fields

() =70 (). (2) =m0 (%) (i) =m0 (52)

H, A, H*, H- :additional Higgs bosons, h : SM-like Higgs boson

e Input parameters: m,, m,, mg+, sin(3-q), tanf3, M2 (=m3/cpss )
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Alignment limit and decoupling limit

Alignment limit

Higgs boson couplings : <y = sin(8 — a) k¢ =sin(f — a) + &¢ cos(f — a)

sin(f —a) — 1 Kv,kf — 1

—_— —5— T All Higgs states are
&= 9  diagonalized by B.

Decoupling limit

Mass of additional Higgs : m?p ~ M? -+ )\wz

M? = 0o

5 Alignment limit is
Z@- Ci AU . 0 automatically satisfied by

Z- ci)\ifUQ + M? decoupling limit.
(/

Definition of a: tan2(f — a) =
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Distinct scenarios

Decoupling limit

SM like-limit
Alignment with Non-alignment with
decoupling decoupling
Alignment w.o. Non-alignment w.o.
decoupling decoupling

Alignment limit
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Distinct scenarios

Decoupling limit

SM like-limit o sin(f—a)#0, M?>>v?
| : : CAy?
Alignment with Non-alignment with tan 2(f — a) = LAY
decoupling decoupling 2. CAVE+ M?

o sin(f—a)#0, M> ~v?

Alignment w.o. Non-alignment w.o.

. . Az ~ (1 = As\)Sa(p—a) T ASMC(p-a)
decoupling decoupling

—> 4L>1 (iftg>1)

« 1 — Slﬂ(@ - Oé) These are excluded by theoretical

Ali t limit Vi
ignment limi arguments (e.g. perturbativity)
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stinct scenarios

O

Decoupling limit

- Alignment w.o0. decoupling is
accessible by collider experiments.

Non-alignment with
decoupling
Theoretically not allowed

~ \ Difficult to test

Non-alignment w.o.
decoupling

Theoretically not allowed

1 —sin(f — «)
Alignment limit
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O

stinct scenarios

Decoupling limit

 Alignment w.o. decoupling is

SM like-limit accessible by collider experiments.
Alignment with Non-alignment with
decoupling decoupling

Difficult to test Theoretically not allowed

'{8a| near alignment region |

:I i . |

1t = Alignmentw.o. 1 Non-alignment w.o.

11, decoupling I decoupling
i, 0

: i : Theoretically not allowed
!

! I

Alignment limit |

tao =1 1 —sin(8 — a)
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Distinct scenarios

Decoupling limit

SM like-limit

i
- -

-----‘

@ B Em EE Em W E
| o= BN BN B BN B B B = Ny

Alignment limit

SB—a — 1

near alignment region |

Alignment with Non-alignment with
decoupling decoupling

Difficult to test Theoretically not allowed

———----“

Alignment w.o.
decoupling

Non-alignment w.o.
decoupling

Theoretically not allowed

Alignment w.o. decoupling is
accessible by collider experiments.

It is favored by measurements
of the signal strength of h:

Co—a S 0.3 (0.1) for Type | (1)

Y
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Distinct scenarios

Decoupling limit

» Alignment w.o. decoupling is
SM like-limit accessible by collider experiments.
- |t is favored by measurements
Alignment with Non-alignment with of the signal strength of A :
decoupling decoupling cs-o < 0.3 (0.1) forType | ()
e Theoretically not allowed
Difficult to test

i
3 L — — — — — — — — — — — — — — —

. . . ' nt region
near alignment region In near alignment regio

27D¢ 7é 1
Alignment w.o. Non-alignment w.o.
decoupling decoupling » The scenario can be tested
by future precision
Theoretically not allowed measurements of K x .

L S Importantly, non-decoupling
. effects can be comparable with
« 1 — Sln(ﬁ — Oé) the precision measurements.
Alignment limit
NLO corrections should be
Included to compare the
experiments.
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Fingerprinting by Higgs boson decays

me = Mg =mg = mgy+ cos(pB-a)<0

Type |,Y (NLO)

2000 Type II,X

9
*A-
N
N .
T .
< -10
=10
4
-15..
20 5040 20 0 20 40
AR(h—>tt) [%]
I'(h — XX)
AR(h — XX) = 1
= XX ) = 5 S X X ey

- We can distinguish the type of
2HDM.

« The size of deviation determine the
upper bounds of mo .

« Theoretical predictions can be
changed by loop effects within
several %.

— Future precision measurements is
needed to detect the loop effect.

Kodai Sakurai
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stinct scenarios

Decoupling limit

Non-alignment with
decoupling
Theoretically not allowed

SM like-limit
Alignment with
decoupling
~ : Difficult to test
'{8a| near alignment region .
'
g I
n gt : .
11, Alignment w.o. y
'}, +  decoupling .
! -
.3’ f i
‘jl

Alignment limit

rpn 1 1 —sin(8 — a)

Non-alignment w.o.
decoupling

Theoretically not allowed

* Heavy Higgs boson is
relatively light.

- Large parameter regions can be
probed by a synergy between
direct searches of ® and the
Indirect searches.
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Branching ratios for the Heavy Higgs bosons

100 my+=mpy=m,=M=800 GeV, tanf=3, cos(p-a)<0, Type-| 100 my+=my=m,=M=800 GeV, tanf}=3, cos(p-a)<0, Type-|
B ! T F I I T T T ‘ ] B I — T T T T T T ‘ _]
: tt
hh
.
— —~ 10 [ L — =
> § B ]
X T WW
< T
is o
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-3 \ 3 \A L ‘
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lcos(p-a)l lcos(B-a)l

3
I'(A — Zh) x cos(f — 04)21?—142
™

. sin(f —a) =1: A, H — tt are dominant process.

2 M
['(H — hh) ~ cos(B — a) T6m0?

. sin(8 — «) # 1: Scalar to scalar decays are important

— Behaviors of BRs strongly depend on the alignment parameter.
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Synergy between direct and indirect searches|[1/3]

Alignment limit: sin(f —a) =1

Sg—q ¢ sin(f — a)

(Ex.): Expected exclusion; Type-I at HL-LHC
30._ e Cg—o @ COS(B — )
[ — A-TT
10} g
o A-tt
C .
g
3 L
H* tb ['(A— ff) x m’;
1F | tan” (8
| E D(HY — th) oc — 1=
- PR N N = tan ﬁ
500 1000 1500 2000

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

Direct searches : Lower bounds for ms and tan 8 are given.

Indirect searches : No sensitivity since Higgs couplings do not deviate.
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Synergy between direct and indirect searches|2/3]

Near alignment scenario: sin(8 — ) = 0.995

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

N e _ Sg—q ¢ sin(f — a)
30 SB—a=0-995: CB—a<0 | Cg—a @ cos(f — )
- ILC250
— A-TT
10 —— A(bb)-T1T
A(bb)-bb
ﬁg} — Aot
_Eg ASZh
3 A(bb)-Zh
....... HShh .
....... Ho77 ['(A — Zh) o« cos(B — a)? 167:1‘)2
1 -——=- H + —’tb X
== Ty ['(H — hh) ~ cos(8 — a)? i

16702

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

Direct searches : A — Zh and H — hh give wider sensitivity regions for (mge, tan ) plane.
Indirect searches : If a deviation in hZZ founds, the upper bounds for ¢ 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

[M. Aiko, S. Kanemura, M. Kikuchi, K. Mawatari, KS, K. Yagyu, NPB 966 (2021) 115375]

Expec.t.ed 'exc_lu_s'io'n; Typ.e.'l Expected exclusion; Type-|
ol Siia=1 30'2 Sgq=0.995, cs_a< 0§
| B — ILC250
— A-TT
10 ' —— A(bb)->TT
. A(bb)—bb
- — A-tt
B — A-Zh
3 A(bb)~Zh
....... H-hh
....... H-ZZ
1 ———- HE*otb
_ | --=- H*>71p
" 500 1000 1500 2000 500 1000 1500 2000
mae(=mpg =ma = myg+) [GeV] me(=mpg =ma =mpg+) [GeV]
0000
Sensitivity regions by direct searches are A A o xcos(f—a)
drastically changed by sin(f — a), especially for BRs. o for (A = Zh,H — hh)
QQQQQ tan 3

=P |oop effect to heavy Higgs decays can be significant. We should
include it in alignment w.o the decoupling scenario.

Kodai Sakurai Radiative corrections to heavy Higgs bosons decays in 2HDM 20 /35



H-COUP

We have calculated full NLO corrections to two-body decays of H,A,H=.
They will be implemented in H-COUP ver. 3.

_ Fortran program to evaluate loop-corrected Higgs observables
H-COUP in the improved on-shell scheme.

Observables (NLO EW+NNLO QCD) Model

[Kanemura, Kikuchi, KS, * Higgs Singlet model
Mawatari, Yagyu] (VQO) BR(h _>ff)a BR(h — VV*)’/lhhh :
* Two Higgs doublet models

[Aiko, Kanemura, Kikuchi, v3.0): BR(® — ff),BR(® — SV/VV),BR(® — SS) .
KS, Yagyu] ( ) Inert doublet model

- Heavy Higgs decays for all models

Predictions for each model are evaluated in the same scheme

Kodai Sakurai Radiative corrections to heavy Higgs bosons decays in 2HDM 21 /35



Open questions

Impact of NLO corrections to scalar-to-scalar decays
(e.g, A —> Zh,H — hh)

e How large is the size of NLO corrections?
What is the origin of sizable corrections?

e Correlation between heavy Higgs boson decays and
observables for hi2s at 1-loop level.

-

~

Definition of Alignment limit: K17 = 1
(tree): Ky =sin(f — «)

(loop): ky = sin(B — a) + (loop corrections)
_ )

The dependence of I _, 7, ;;_,;, on Ky, may change from the tree-level analysis.
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Detalil of calculations




Detalls of the calculations of NLO EW corrections

Ex). A—>ff

Tree 1-loop Counter terms (CTs)

‘p/
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.]

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

) 7
T
e 5 a:?
Yo

l

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

provend

O - D +Av, m=12)

e Difference between STS and ATS

- While in STS tadpole affects only scalar self-energy, ﬁngS — 11
ij

in ATS all self-energy has tadpole contributions.

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

Gauge invariant CTs can be obtained in ATS.

mi

2 t2=0,1,=0
=B fan)+rP T Ay, = YR, I
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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: 5m§ = H}};I(mh)
afnhh(p% =0 atp’= m}f ) ém,f IS gauge-independent.

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

delly, #0  at p*=myj = m;% m) Gauge dependence for o

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

oM 0 roe
§§_>Zh — af ( Eﬁl—)Zh + leﬁlFiZh + 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—Wml/m . %H_)VRIVRI . & 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

My, = 125GeV, My, = 300GeV, My g+ = 460GeV,

BP: A1
A5 = —1.9, t5:2, 05_04:0.1, ,u():(mH2—|—mH1—|—MA—|—2MHi)/5
FH1—>4f[MeV] BP: Al Hy, input scheme: OS12 A1
| | S MS(PRTS) —— O0S12
130  MS(FITS) 0S1 Scheme LO NLO
10 082 Tl MS(PRTS) || 147.102(4)>H9% | 104.86(2)<;,2%
MS(FJTS) | 64.096(2)Z%5% | 92.17(1)7 %07
90 - 0S1 80.992(2) 97.145(7)22%
2 082 71.429(2) 96.95(1) 1025
70 0S12 || 78.304(2) 08.812(8) 057
—2.2%
=0 BFMS 94.265(2) 100.117(5)- %22
5 0S1,2,12: On shell with H, h = vp,Up.
0.50 0.75  1.00 L.50 2.00 BFMS: On-shell with IT,;, and the PT
1/ o
Theoretical uncertainty (scheme difference) for on-shell scheme is a few %.
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Results for A—>Zh and H—>hh




Non-decoupling effectsinl ', _, ,,

Typical graph :

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

30

‘ | ‘ | fermion loop Suppression by g, m(%

20

10

1 sg_o mf

F
MA—>Zh ~ —

<
1672 tg v2mé (my < me)

Apw(A—Zh) [%]

Boson loop
a0l M T e , 6.
| / (Mqu,) 5 "' :/\(f(f ~ (m3 — M?)/a
- N , Boson loop ) R
20 o AM Mpin ) e  sin(8 — o)
| | e
_30 | ‘ | ‘ | ‘ | ‘ | ‘ | l | - 1 ’TTL2
100 200 300 400 500 600 700 800 o sﬂ_av—f (M ~v)
Mg(=My=ma=my) [GeV] ME_ .~ L
S—a—s1e (M > 0)
B 16727 v2mZ
- Some diagrams are not suppressed by Chg -
« Fermion loop and Boson loop are destructive. — Total corrections reach ~15%.
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BR(A —> Zh) vs Aky

[M. Aiko, S. Kanemura, KS]

Type,l

10? ——

Ma = Ilsz o !oocsev

215 -1.0 -05 00

s =2 . M[GeV]
] 350 F2HDM )
AK/Z _ ~h=>ZZ* 1
300 oM 22
i | 250
% ee} - 200
s m
'? L 150
s 100
”ﬁ?; 50
. o -t
¥
{ .? 0
05 1.0 15
Akz| [%]

Sign(cg _q)

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

~ -
>\hHH s - >\HHH
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NLO corrections for BR(A —> Zh)

_ NLO
Type-l, tanB =2 CB—a pr _ BRAZ
100_""!'"'l"*ﬁl""l""l"' AEW_ LO _1
: ‘ 0.100 BR". 7,
By ‘ ;
i 1 0.075
50 F ]
= : ; 1 [} 0.050
L 25 F 9, o : .
s : - 0.025
) Or /"’; L 0.000
S : | :
=2 2 ' 1 |} -0.025
< : :
—S0F | ; —0.050
-75 F > -0.075
_100:1.,Al.AA‘lA.,lLLAA.lA..AllAA.: _0100
-15 -1.0 -05 00 05 10 15-
Sign(cp — o) |AKZ| [%]
: : BR __ A—Zh
‘Cﬁ—a’ ~ (.1 : ABRis close to 0% Apw = 1—|—A;W -1 ~0
l tot ]
~ AEW
A—Zh

2
g loo loo
Akz| <0.5% : ABRcan exceed 100%  [M(A = Zh)[* = Cazn, <4cha + gzes_aRelIOP 4 [Tloor 2>
i1
Tree 1-loop
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Correlation betweenl ', ., and 4,,,

m,,=300GeV, tanP=3 Am = my — My m, =300GeV, tanP=3
BRY e S—H9 - -~
NLO =P | | Am=0GeV ) Am=400GeV |
0.8F | Am=300GeV |
Max = Am=400GeV & | I
£ 0.6 - = |
Mol == .
T f e 2
% 0.4 : =
< 1r n
0.2 il Om
| I Am ()(JL\/ | 1 Tree
9O.l -0.05 0 0.05 0.1 -]0.1 -0. 0’5 0 0.05 0.1
A’wa A“ww

Nondecoupling effect inI,,_,, predicts sizable deviationin 4,,, .

— if His discovered and the BRs are precisely determined, the
scenario of EWBG can be tested.

A
L —_— Anhh
[ Realization of strong 1st OPT : /1}% —1210% ]
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How can we discriminate types of 2HDMs?

prves

Near alignment regions (sin(ﬁ — ) # 1) —> precise measurements of h (ILC, CLIC, FCC-ee, etc.)

| Exact alignment regions (sin(ﬂ —a) = 1) —> Decay pattern of A (HL-LHC, FCC-hh, p collider, etc.)

my =800GeV |, MA=MH=> MK

100 e .
i R i B 200 - Different tan f dependence.
— m
Type-Il | [ 3% —ZA (type )
' _ 4
- F300 5 Fapr P ,
? 3 - myl (type II)
i =
3 250 Is
o S :
& oo & Suppressionby T, « (m, —my)*
150
5 - I'y_;7 does not depends on sin(f — a)
| Type-X | 100
10—6 T BTN B BT ) A J MEPEPETTT BTN . .
10-7 107° 107> 10~* 10 1072 10! 10° — Characteristic decay pattern of A
BR(A-TT) even in alignment limit

— Direct search of A and precision measurements of h are complimentary to determine Type.
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Summary

e Scalar-to-scalar decays (e.g., A—>Zh,H —>hh) are proportional to cos(B-a).In near
alignment region (sin(3-a)#1), loop corrections to those processes can be significant.

e \We calculated NLO corrections to two-body decays of heavy Higgs in 2ZHDMs.

e \We discussed the correlation between heavy Higgs decays and observables for
hi2s at the 1-loop level.

Loop corrections can affect both of them. Correlations at
loop level are changed from the tree-level analysis.

100 eerype L tg =2 M[GeV]
[ \ ] 350
X m, =300GeV, tanf=3 m_=300GeV, tanp=3
o 300 = Tree I A
o L | — Am=0GeV Am=400GeV |
/v Am=150GeV ~ 1= €
— e;'.?.- - 250 081 | Am=300GeV | L 4 i
= - . — Am=400GeV £ o i
" P L 200 — ’ A\ . ~ 3f
;E 10—1 - -.:.".-r %0.6 - Ig L
= [ *. - 150 > 7. 2F .
. ", % 0.4 R = |
> 100 < 1F .
o 0.2 i I |
3’.' 50 OM
o # . . [ Am=0GeV | | Tree
10-2 mA—mH“—BOOGeV el 0 0] 0.05 0.1 1T 005 o0 005 od
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 bty Aty

Sign(cg —q) [AKZ| [%]
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