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1. Introduction

What is the SM-like Higgs boson discovered at LHC?

It can be the SM Higgs boson.
It can be a Higgs boson of New Physics.

This is one of the most important issues in the present particle physics
field!

Here we study a possibility that it is the lightest Higgs boson h° of the
Minimal Supersymmetric Standard Model (MSSM), focusing on the

decays h%(125) > cc,bb,bs ,yy, ggwith special emphasis on
Supersymmetric Quark Flavor Violation.




2. MSSM with QFV

Key parameters in this study are:

* QFV parameters: c;p—t; p & S; p— b; p mixing parameters

* QFC parameter: t, —t, & b, — b, mixing parameters

M? 023 = (¢, — t, mixing parameter)
M?,,; = (cp— tr mixing parameter)
M?,,,=(sp— b, mixing parameter)
Ty5;3 = (Cp— t; mixing parameter)
T3, = (¢ — tp mixing parameter)
T35 = (t,— tp mixing parameter)
T)o3 = (Sp— b, mixing parameter)
Tys, = (s;— b mixing parameter)

Tps3 = (b, — by mixing parameter)




3. Constraints on the MSSM

We respect the following experimental and theoretical constraints:

(1) The LHC limits on the SUSY particle masses.
(2) The constraint on (my, w4+ tanB) from MSSM Higgs boson search at LHC.

(3) The constraints on the QFV parameters from the B & K meson data.
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(4) The constraints from the observed Higgs boson mass and couplings at LHC ; e.g.

121.6 GeV <m_h%< 128.6 GeV (allowing for theoretical uncertainty) ,
0.71< xk,< 143 (ATLAS), 0.56 < x,<1.70 (CMS)

(5) The experimental limit on SUSY contributions to the electroweak p parameter
A p (SUSY) <0.0012.

(6) Theoretical constraints from the vacuum stability conditions for the
trilinear couplings Ty, and Tp, 4.



* We also take into account the expected SUSY particle
mass limits from the future HL-LHC experiment In
our analysis.



* Constraints from W boson mass data:

The recentm, data from CDF 11 [1] disagreessignificantly with the previous
world average. (-> See backup slides.)
[1] CDF Collaboration, Science 376, 170-176 (2022)

Thisissue of the m, data is not yet settled.

Hence, we do not take into accont this my, constrainton the MSSM
parameters in our analysis.



* Constraint from muon g-2:

- Tension btw the new Fermilab muon g-2 data[1] and the SM prediction
IS~ 5 sigma..

- In our scenario with heavy sleptons/sneutrinos with masses of about
1.5 TeV the MSSM loop contributions to muon g-2 are too small to
explain this tension.

However;

- The tension btw the muon g-2 data and the SM prediction with lattice QCD [2]
Isonly ~ 1.6 sigmal

- Moreover, the SM prediction in the data-driven approach using the recent
CDM-3 data [3] supports the SM prediction with the lattice QCD [2]!

[1] Muon g-2 Collaboration, arXiv:2308.06230 [hep-ex].

[2] BMW Collaboration, Nature 593 (2021) 51 [arXiv:2002.12347[hep-lat]].

[3] CMD-3 Collaboration, arXiv:2302.08834 [hep-ex].



* Constraint on the MSSM QFV parameters from B(Z -> b s):

The current best experimental upper limit on B(Z - > b s) can not give any
significant constraint on the sstrange-sbottom and scharm -stop mixings.
(see D. Atwood et al., Phys. Rev. D66(2002) 093005 [arXiv:hep-ph/0203200])

Note that no experimental upper limit on B(Z -> b s) is listedin PDG2022!



4. Parameter scan
- We compute the h’(125) decay widths in the MSSM with OFV.

- We take parameter scan ranges as follows:

1 TeV < Mgy <5 TeV

10 <tanf < 80

2500 <M; <5000 GeV

100 <M, <2500 GeV

100 <M,<2500 GeV

100 <u<2500 GeV

1350 <m (pole) < 6000 GeV
ete. etc.

- In the parameter scan, all of the relevant experimental and
theoretical constraints are imposed.

- 377180 parameter points are generated and 3208 points
survive the constraints.



5.0 = cc.bb,bs inthe MSSM

- We computethe decay widths I'(h’ — c ¢), I'(h’ - b b),
and I'(h’ — b 5) at full 1-loop level in the DRbar renormalization
scheme in the MSSM with QFYV.

- Main 1-loop correction to h’ — c ¢ :

gluino - su loops | su = (f - ¢ mixture)]
can be enhanced by largetrilinear couplings T »;, T35, Tys;

- Main 1-loop correctionsto h’ — b b &b s :

gluino —sd loops | sd = (I; - S mixture)]
can be enhanced by largetrilinear couplings Ty, ,;, Tp;,, Tps;

chargino - su loops | su= (t - ¢ mixture)|
can be enhanced by large trilinear couplings Ty 53, T35, Tys;



Inlarge Cr/.—tr/ & t.—1 < mixing scenario;

- Cqy + :{R/L
1 - H,

s oqe ol ~ s
In our_scenarw, trilinear couplings (CR -t —H,: ¢ -t,—H g ,
couplings) = (T,; Tus,, Tuszz) arelarge!
S hO - /
U, —U, couplings are large!
<

Gluino loop contributions can be large!

4

Deviation of I (h’ — ¢ ¢) from SM width can be large!




In large sp,; - by, & b; - by mixing scenario;

h’ ~ -saH,” +ca H,’

o)

dz,z ~ Spi T hri

- 19 -y - 1% —
In our scenario, “trilinear couplings“(Tp,3Tp 35, Tpsz3) =
(Sp-b;-H,’, s, -bp-H,’, b; - bp- H,’ couplings) are large!

d 12 - d 1.2- h® couplings are large!
e

Gluino loop contributions can be large!

Deviation of I"(h’ — b b/s ) from SM width can be large!




In large cp; - ty; & t; -ty mixing scenario;

h0 ~ H20

~

Up, ~Cpyp T+ Ity

7%~ W + A%

SRR I . “/~ + 0 ~ =~ 0 3 T 0
In our scenario, “trilinear couplings“(C, -t —H,, ¢, -t.—H,), t —t; —H;

couplings) = (T3 Ty 35, Tys3) are large!
—L—

—~

—~ 0 .
U, —U,, —N" couplings are large!

.
Chargino loop contributions can be large!

I =

Deviation of I"(h’ — b b/s ) from SM width can be large!




5.1 Deviation of the width from the SM prediction

- Deviation of the width from the SM prediction:
DEV(H® ->XX) = TTh" > X X) 0y / T (h" > X X) gy - 1
X=¢ b

- Coupling modifier:

Ky = 8(h’X X) /g(h’X X) 5y,

- DEV(h’ -> X X) - Ky relation:

DEV(h® > X X) = Ky* — 1



Scatter plot in DEV(h’ -> ¢ ¢) - DEV(h" -> b b) plane
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- DEV(h? -> ¢ ¢) and DEV(h’ -> b b) can be very large simultaneously!:
DEV(h" -> ¢ ¢) can be as large as ~ = 60%.
DEV(h? -> b b) can be as large as ~ *20%.

- ILC can observe such large deviations from SM at high significance (arXiv:2206.08326)!:
ADEV(h’ -> ¢ ¢) = (3.6%, 2.4%, 1.8%) at (ILC250, ILC250/500, ILC250/500/1000)
ADEV(h’ -=>b b) =(1.7%, 1.1%, 0.9%) at (ILC250, ILC250/500, ILC250/500/1000)




Expected absolute 1 sigma errors of the deviations DEV's
at future lepton colliders

Table 6: The expected absolute 1o error of the deviations DEV(X) and DEV(X/Y) (de-
noted by ADEV(X) and ADEV(X/Y)) at future lepton colliders: ILC-I = ILC250

Giga-Z, ILC-II = ILC2504-500 4 Giga-Z, ILC-III = ILC250450041000 4+ Giga-
Z; CLIC-I = CLIC380, CLIC-II = CLIC38041500, CLIC-III = CLIC38041500-43000;
FCC-ee [ = FCC-ee240 + Z/WW, FCC-ee II = FCC-ee240+365 + Z/WW,; CEPC-I =
CEPC240 + Z/WW, CEPC-1I = CEPC240+360 + Z/WW; MuC-I = MuC3TeV, MuC-II

= MuC10TeV, MuC-III = MuC10TeV4+125GeV. As for ILC the results without Giga-Z
run are almost identical to those with Giga-Z one. The Z/WW denote Z-pole and WW
threshold runs. All results except for MuC-I and MuC-II are those from the free-1"j fit
and the results for MuC-1 and MuC-11 are those from the constrained-I' g fit. where 'y 1s
the total width of the Higgs boson h”. The details of run scenarios of the lepton colliders
are explained in Ref. [14]. The HL-LHC and LEP/SLD measurements are combined with
all lepton collider run scenarios.

Jorge de Blas et al., Snowmass2021 Report: arXiv:2206.08326 [hep-ph/;
Private communication with Jorge de Blas.



Expected absolute 1 sigma errors of the deviations DEV's
at future lepton colliders

T TLC-T | ILC-IT T | CLIC-T | CLIC-II | CLIC-TII
1.7% 1.1% 0.9% 2.2% 1.2% 1.1%

(ADEV (b

\
EQF\Q 3.6% | 2.4% 1.89 8.6% 3.8% 3.0%

)
)
ADEV () | 24% | 22% | 20% | 2.6% | 24% 2.2%
)
il

(7
ADEV (g 1.8% | 1.4% 1.1% 2.2% 1.6% 1.4%
ADEV(b/e) | 312% | 2.07% | 1.3% | 8.16% 3.5% 2.54%
ADEV(~/g) | 3.29% | 2.82% | 2.3% | 3.41% | 3.06% 2.61%
ADEV {umj 1.51% | 1.14% | 0.85% | 1.62% 1.3% 1.1%
ADEV(g/e) | 34% | 2.34% | 1.52% | 8.3% 3.72% 2.75%

FCC-ee I | FCC-ee II | CEPC-I | CEPC-II | MuC-I | MuC-II | MuC-III
ADEV(b) 1.3% 1.2% 0.86% 0.84% 1.8% | 0.92% 1.1%
ADEV (c) 2.8% 2.6% 2.4% 2.2% 12.4% | 3.8% 3.6%
ADEV(~) 2.4% 2.2% 1.8% 1.8% 2.4% 1.4% 1.5%
ADEV(qg) 1.5% 1.4% 0.9% 0.88% 1.7% | 0.92% 1.0%

ADEV(bfe) | 2.22% 2.06% 2.0% 1.94% | 11.92% | 3.53% | 3.3T%

ADEV(y/g) | 3.03% 2.86% 2.07% 2.03% 3.18% | 1.55% 1.55%

ADEV(g/b) | 1.29% 1.16% 0.73% 0.7% 1.69% | 0.73% | 0.72%

ADEV(g/e) | 2.54% 2.33% 2.13% 2.06% 12.0% | 3.59% | 3.43%




Scatter plot in DEV(h’ -> ¢ ¢) - DEV(h" -> b b) plane
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- Recent LHC data:

DEV(H® ->b b) = 0.12 +0.92/-0.62 = [-0.50, 1.04] (ATLA S) (arXiv:1909.02845)
DEV(H® ->b b) = 0.37 +1.52/-1.06 = [-0.69, 1.89] (CMS)  (arXiv:1809.10733)

- Both SM and MSSM are consistent with the recent ATLAS/CMS data!
The errors of the recent ATLAS/CMS data are too large!




5.2BR(h’ — b5/s b)

BR(h’ ->b5/sB) =0(<107) (SM)

BR(h’ -> b s /s b) can be as large as ~ 0.15% (MSSM with QFV)!

(See also Gomez-Heinemeyer-Rehman, PR D93 (2016) 095021 [arXiv:1511.04342].)

ILC(250+500+1000) sensitivity could be ~ 0.1% (at 4 o significance)!

Private communication with Junping Tian;
See also Barducci et al., JHEP 12 (2017) 105 [arXiv:1710.06657].



Scatter plotin T,,; - BR(h’ -> b s/s b) plane

ILC(250+500+1000) sensitivity at 4 o significance
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-There is a strong correlation between Ty ,; - BR(h’ ->bs5/5s b)!

- BR(h? -> b 5/ s b) can be as large as 0.1% for large T)),;!
-ILC(250 + 500 + 1000) sensitivity could be ~ 0.1% at 4 sigma significance!

Private communication with Jun i% Tian; .
See also Barducci et al., JHEP 12 (2017) 105 [arXiv:1710.06657].

- LHC & HL-LHC sensitivity should not be so good due to hu




5.3 Deviation of width ratio from the SM prediction

- The deviation of the width ratio from the SM prediction:
DEV(b/c) = [I'(b) / I () ysspe 7/ [1°(B) /T ()fspy - 1
'(X) =T (h'->X X)
- We find;
the experimental measurement errors as

well as the MSSM prediction errors
tend to cancel out significantly in the width ratios.



Scatter plot in T ;, — DEV(b/c) plane

DEV(b/c)

o
o

c; — tp mixing parameter

- There is a strong correlation between T3, — DEV(b/c)!
- DEV(b/c) can exceed~ +100% for large T35 !
- Expected absolute 1 o error of DEV(b/c) at ILC:
ADEV(b/c) = (3.1%, 2.1%, 1.3%) at (ILC250, ILC250+500, ILC250+500+1000).

|Jorge de Blas et al., Snowmass2021 Report: arXiv:2206.08326;
Private communication with Jorge de Blas. ]

- ILC can observe such large deviation from SM at very high significance!




Expected absolute 1 sigma errors of the deviations DEV's
at future lepton colliders

ILC-T | ILC-IT | ILC-IIT DCLIC-I | CLIC-II | CLIC-III
ADEV (D) 1.7% I.I7 0.9% 2.2% 1.2% 1.1%
ADEV(e) | 3.6% | 2.4% 1.8% 8.6% 3.8% 3.0%
ADEV(v) | 24% | 2.2% 2.0% 2.6% 2.4% 2.2%
ADEV(g) | 1.8% | 14% | 11% | 2.2% 1.6% 1.4%
“ADEV (b/c) | 3.12% | 2.07% | 1.3% 4 8.16% | 3.5% 2.54%
ADEV(~/g) | 3.20% | 2.82% | 2.3% | 3.41% | 3.05% 2.61%
ADEV {umj 1.51% | 1.14% | 0.85% | 1.62% 1.3% 1.1%
ADEV(g/e) | 34% | 2.34% | 1.52% | 8.3% 3.72% 2.75%

FCC-ee I | FCC-ee II | CEPC-I | CEPC-II | MuC-I | MuC-II | MuC-III
ADEV(b) 1.3% 1.2% 0.86% 0.84% 1.8% | 0.92% 1.1%
ADEV (c) 2.8% 2.6% 2.4% 2.2% 12.4% | 3.8% 3.6%
ADEV(~) 2.4% 2.2% 1.8% 1.8% 2.4% 1.4% 1.5%
ADEV(qg) 1.5% 1.4% 0.9% 0.88% 1.7% | 0.92% 1.0%

ADEV(bfe) | 2.22% 2.06% 2.0% 1.94% | 11.92% | 3.53% | 3.3T%

ADEV(y/g) | 3.03% 2.86% 2.07% 2.03% 3.18% | 1.55% 1.55%

ADEV(g/b) | 1.29% 1.16% 0.73% 0.7% 1.69% | 0.73% | 0.72%

ADEV(g/e) | 2.54% 2.33% 2.13% 2.06% 12.0% | 3.59% | 3.43%




Scatter plot in DEV(b/c) — DEV(c) plane
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- There is a very strong correlation between DEV(b/c) — DEV(c)!

- DEV(b/c) and DEV(c) can be very large simultaneously!

- Expected absolute 1 o error of DEV(c) and DEV(b/c) at ILC:
ADEV(c) =(3.6%, 2.4%, 1.8%) at (ILC250, ILC250+500, ILC250+500+1000)
ADEV(b/c) = (3.1%, 2.1%, 1.3%) at (ILC250, ILC250+500, ILC250+500+1000).

|Jorge de Blas et al., Snowmass2021 Regort arXiv:2206.08326;
Prlvate communication with Jorge de

- ILC can observe such large deviation from SM at very high significance!



Expected absolute 1 sigma errors of the deviations DEV's
at future lepton colliders

ILC-T | ILC-IT | ILC-IIT CLIC-T | CLIC-II | CLIC-III
ADEV(b) | 1.7% T TO1% | 0.9% [ 2.2% 1.2% 1.1%
ADEV(c) | 3.6% | 24% | 1.8% o 8.6% 3.8% 3.0%
ADEV(y) | 24% | 22% | 2.0% | 2.6% 2.4% 2.2%
ADEV(g) | 1.8% | 14% | 11% | 2.2% 1.6% 1.4%
“ADEV (b/c) | 3.12% | 2.07% | 1.3% 4 8.16% | 3.5% 2.54%
ADEV(~/g) | 3.20% | 2.82% | 2.3% | 3.41% | 3.05% 2.61%
ADEV {umj 1.51% | 1.14% | 0.85% | 1.62% 1.3% 1.1%
ADEV(g/e) | 3.4% | 2.34% | 1.52% | 8.3% | 3.72% 2.75%

FCC-ee I | FCC-ee II | CEPC-I | CEPC-II | MuC-I | MuC-II | MuC-III
ADEV(b) 1.3% 1.2% 0.86% 0.84% 1.8% | 0.92% 1.1%
ADEV (c) 2.8% 2.6% 2.4% 2.2% 12.4% | 3.8% 3.6%
ADEV(~) 2.4% 2.2% 1.8% 1.8% 2.4% 1.4% 1.5%
ADEV(qg) 1.5% 1.4% 0.9% 0.88% 1.7% | 0.92% 1.0%

ADEV(bfe) | 2.22% 2.06% 2.0% 1.94% | 11.92% | 3.53% | 3.3T%

ADEV(y/g) | 3.03% 2.86% 2.07% 2.03% 3.18% | 1.55% 1.55%

ADEV(g/b) | 1.29% 1.16% 0.73% 0.7% 1.69% | 0.73% | 0.72%

ADEV(g/e) | 2.54% 2.33% 2.13% 2.06% 12.0% | 3.59% | 3.43%




6. h’ — vy, 2 ginthe MSSM

- As the h? decays to photon photon and gluon gluon are loop-induced decays,
these decays are very sensitive to New Physics!

- We compute the widths I"(h’ — yy) andI'(h’ - g g) at NLO QCD level
in the MSSM with QFV .

- Main I-loop contributionsto h’ — y y:

[W*/ top-quark/su) - loops | su = (f- ¢ mixture)]

The su-loops can be enhanced by large trilinear couplings Ty 53, T35, Tyss
resultingin sizable deviation of I' (h’ — yy) fromthe SM width!

- Main I-loop contributionsto h’ — g g:

[top-quark/su) - loops | su = (f - ¢ mixture)]

The su-loops can be enhanced by large trilinear couplings T 55, T3, , Ty;s;,
resulting in sizable deviation of I" (h’ — g g) fromthe SM width!






Scatter plot in DEV(h’ — y ) - DEV(h’ — g g) plane
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- There is a strong correlation between DEV(h’ — yy) and DEV(h’ — g g)!

-DEV(h’ — yy) and DEV(h’ — g 2) can be sizable simultaneously!:
DEV(h’ — y¥) can be as large as ~ £1%
DEV(h’ — g g) can be as large as ~ £4%.

-Expected absolute 1 o errors at (ILC250, ILC250+500, ILC250+500+1000):
ADEV(W’ — yy) = (2.4%, 2.2%, 2.0%)

ADEV(hW — g g)=(1.8%, 1.4%, 1.1%)
[Jorgede Blas et al., Snowmass2021 Report: arXiv:2206.08326;
Private communication with Jorge de Blas.| (See Backup slides)

- ILC can observe such sizable deviation DEV(h’ — g g) at high significance!




Expected absolute 1 sigma errors of the deviations DEV's
at future lepton colliders
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Scatter plotin T ;,— DEV(y/g2) plane

DEV(y/g)

c; — tp mixing parameter

- There is a strong correlation between T3, — DEV(y/g) !

- DEV(v/2) can be as large as ~ + 4% for large Ty,.,! (from scatter plot analysis
(/8 d ~+ 8% for largge T UU3322! %rom contou{f)plot am%ysz)s)

- Expected absolute 1 sigma error of DEV(y/g) at ILC:
ADEV(y/g) = (3.3%, 2.8%, 2.3%) at (ILC250, ILC250+500, ILC250+500+1000).

[Jorge de Blas et al., Snowmass2021 Report: arXiv:2206.08326;
Private communication with Jorge de Blas.| (See Backup slides)

- ILC can observe such sizable deviation from SM at high significance.




Expected absolute 1 sigma errors of the deviations DEV's
at future lepton colliders
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7. Benchmark scenario

- In our analysis we also take into account the expected sparticle mass limits
from the future HL-LHC experiment .

- From the allowed MSSM parameter points in the scan, we have selected
a benchmark point PI shown in Table 2 .

- This benchmark scenario P1 satisfies also all the expected sparticle mass limits

[including (1, ., tanf) limits] from future HL-LHC experiment .
| see CERN Yellow Rep., arXiv:1812.07831;
Snowmass Rep. of EF, arXiv:2209.13128. ]

- The resulting physical masses of the particles are shown in Table 3.



Benchmark scenario Pl

Table 2: The MSSM parameters for the reference point P1 (in units of GeV or GeV?
expect for tan 7). All parameters are defined at scale () = 1 TeV, except m 4(pole). The

parameters that are not shown here are taken to be zero.
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Phvsical masses for Benchmark scenario Pl

Table 3: Phvsical masses in (GeV of the particles for the scenario of Table 2.
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Contours of DEV(h’ -> ¢ ¢) in Ty;,- M?,; plane around P1
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Contours of DEV(c

We find that DEV(c) can be very large (about -30% to 10%) in the sizable region
allowed by all the constraints including the expected sparticle mass limits from the

future HL-LHC experiment!




Contours of DEV(h’ -> b b) in T ;,- M?,; plane around P1
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Contours of DEV(b)

We find that DEV(b) can be very large (about -10% to -18%) in the sizable region
allowed by all the constraints including the expected sparticle mass limits from the

future HL-LHC experiment!

- For DEV(g), DEV(y ), DE V(Zég) and DEV(b/c) we have obtained similar results
to those for DEV(c) and DEV(b).




Contours of B(h’ -> b s/s b) in T;,— tanf plane around P1

||||||’|||f| B!

- B(h"-=> b 5/s b) can be as large as ~ 0.15% in the sizable region allowed by all the
constraints including the expected sparticle mass limits from the future HL-LHC!

-ILC(250+ 500+ 1000) sensitivity could be ~ 0.1% at 4o significance!

Private communication with Junping Tian;
See also Barducci et al., JHEP 12 (2017) 105 [arXiv:1710.06657].




8. Conclusion

- We have studied the decays
h' (125GeV) — cc,bb,bs, yy, gg inthe MSSM with general QFYV.

- For the first time, we have performed the systematic MSSM parameter scan

respecting all of the relevant theoretical and experimental constraints.

- In strong contrast to the usual studies in the MSSM with quark flavor conservation (MFV),
we have found that the deviations of these MSSM decay widths and width ratios
from the SM values can be quite sizable in the MSSM with general QFV.

- All of these large deviations in the h (125) decays are due to
large ¢ - t mixing & large ¢/t involved trilinear couplings Ty»;3, Tz Ty33 and

large § - b mixing & large S/ b involved trilinear couplings Tp sz, T3 Ths;.

- Future lepton colliders such as ILC, CLIC, CEPC, FCC-ee and MuC can
observe such sizable deviations from the SM at high signal significance
even after the failure of SUSY particle discovery at the HL-LHC.

- In case the deviation pattern shown here is really observed at the lepton colliders,
then it would strongly suggest the discovery of QFV SUSY (the MSSM with general QFV).



- Qur analysis suggests the following:

PETRA/TRISTAN e- e+ collider discovered virtual Z°
effect for the first time.

Later, CERN p p collider discovered the Z° boson.

Similarly, lepton colliders, such as ILC, could discover
virtual Sparticle effects for the first time in h'(125) decays!

Later, FCC-hh p p collider could discover the Sparticles!



END

Thank you!
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Expected absolute 1 sigma errors of the deviations DEV's
at future lepton colliders

Table 6: The expected absolute 1o error of the deviations DEV(X) and DEV(X/Y) (de-
noted by ADEV(X) and ADEV(X/Y)) at future lepton colliders: ILC-I = ILC250

Giga-Z, ILC-II = ILC2504-500 4 Giga-Z, ILC-III = ILC250450041000 4+ Giga-
Z; CLIC-I = CLIC380, CLIC-II = CLIC38041500, CLIC-III = CLIC38041500-43000;
FCC-ee [ = FCC-ee240 + Z/WW, FCC-ee II = FCC-ee240+365 + Z/WW,; CEPC-I =
CEPC240 + Z/WW, CEPC-1I = CEPC240+360 + Z/WW; MuC-I = MuC3TeV, MuC-II

= MuC10TeV, MuC-III = MuC10TeV4+125GeV. As for ILC the results without Giga-Z
run are almost identical to those with Giga-Z one. The Z/WW denote Z-pole and WW
threshold runs. All results except for MuC-I and MuC-II are those from the free-1"j fit
and the results for MuC-1 and MuC-11 are those from the constrained-I' g fit. where 'y 1s
the total width of the Higgs boson h”. The details of run scenarios of the lepton colliders
are explained in Ref. [14]. The HL-LHC and LEP/SLD measurements are combined with
all lepton collider run scenarios.

Jorge de Blas et al., Snowmass2021 Report: arXiv:2206.08326 [hep-ph/;
Private communication with Jorge de Blas.



at future lepton colliders
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Higgs couplings at future colliders

Snowmass2021 Report: arXiv:2206.08326
(See Fig. 3 in page 37; Table 29 in page 40)

Higgs coupling precision at future colliders

precision reach on effective couplings from SMEFT global fit
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Hioos couplings at future colliders
ESU2020 Report: arXiv:1905.03764

Higgs coupling precision in % at future colliders

arXiv:1910.11775,arXiv:1905.037 64

CERN-LPCC-2018-04

» Future colliders under consideration will improve
with respect to the HL-LHC the understanding of
the Higgs boson couplings - 1-5%

+ Coupling to charm quark could be measured

el AL
Tl

-10=1

with an accuracy of ~1% in future e+e-
machines

- Couplings to p/y/Zy benefit the most from the

large dataset available at HL-LHC
- At low energy top-Higgs coupling is not

accessible at future lepton colliders
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Caterina Vernieri Energy Frontier Workshop - March 28, 2022
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Hioos couplings at future colliders

ILC White Paper (Snowmass2021): arXiv:2203.07622
(See Fig. 12.1 in page 255; Table 12.2 in page 256)

arXiv:2203.07622

Higgs coupling precision in % for ILC 180607830
oA
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coupling | full no BSM | full no BSM | full no BSM
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hWWwW 0.48 (.38 0.35 0.20 0.34 0.16
hbb 0.99 0.80 0.58 0.43 0.47 0.31
hrt 1.1 (.95 0.75 0.63 0.63 0.52
hgg 1.6 1.6 0.96 0.91 0.67 0.59
hee 1.8 1.7 1.2 1.1 0.79 0.72
heyy 1.1 1.0 1.0 0.96 0.94 0.89
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DEYV error - coupling error relation

ADEV(h — X X) = 2 §g(hXX)

0 g(hXX) = [Expected relative error of coupling g(hXX)]

ADEV(h — X X) = [Expected absolute error of deviation
DEV(h — X X)]



2. MSSM with QFV
The basic parameters of the MSSM with OFV:

{tanﬂa my, MI > MZ > M3’ H MZQ,a,B> M2U,a,39 MZD,a,B: TUa,Ba TDa,B}
(atQ =1 TeVscale) (a,f=1,23=u,c,t or d, s, b)
/’

tanf ratio of VEV of the two Higgs doublets <H’ ,>/<H" >
m,y. CP odd Higgs boson mass (pole mass)
M; M, ,M;: U(l), SUR2),SUB3) gaugino masses
75 higgsino mass parameter
M- 0,0 left squark soft mass matrix
Uaf - right up-type squark soft mass matrix
M- Dap - right down-type squark soft mass matrix

T Uaf - trilinear coupling matrix of up-type squark and Higgs boson
T Dap’ trilinear coupling matrix of down-type squark and Higgs boson

N



2. Key parameters of MSSM

Key parameters in this study are:

* OFV parameters: M 2Q23’ M?y53, M55, Tuoss Tuszs Tpos s Tpss
* QFC parameter: T;; T);;

M?p; = (¢, — t; mixing parameter)

M?,,,; = (cp— tr mixing parameter)

M?,,;=(sg— by, mixing parameter)

Tyr;= (cR tL mixing parameter)

Ty 3, = (¢ — tp mixing parameter)

Ty33 = (t,— tp mixing parameter)

Tp3 = (Sg— b, mixing parameter)
T3, = (s;— b mixing parameter)

Tys33 = (b;— by mixing parameter)




4. Parameter scan for h’ decay in the MSSM

Table 1: Scanned ranges and fixed values of the MSSM parameters (in units of GeV or
g -1} . y . s

(ieV<=, except for tan 7). The parameters that are not shown explicitly are taken to be

zern. My aa are the U(1), SU(2), SU(3) paugino mass parameters.

tan o M, M, My it m 4| pole)

10 = 80 1000 = 25()) 100 = 2500 | 2500 <+ 5000 100 =+ 2500 1350 =+ G000

M?

M Q23

M? o33

| g b
(22

MZ,, M2, M

a a

2500° = 40007 | 2500° = 4000° | < 10007 1000° = 4000 | 600* = 3000° < 2000*

M3, Mss M7, |Tias| |Tir3a| | Tiyas|

a

2500° = 4000° | 1000° = 3000° | < 2000° < 4000 < 4000 < K000

TI-"_"S |-T.|'-"52 TJ'J'H |TJ'.'-'i-i|

< 000 < 3000 < 4000 < o0

M2, | M3 ML,

M} Mj L33 E11

Mj] L11 Lz

11

45007 | 45007 | 45002 | 1500% | 15002 | 1500 | 15007 L5007




Constraints on the MSSM parameters from
K & B meson and h? data:

Table 5:

Constraints on the MSSM parameters from the K- and B-meson data relevant

mainly for the mixing between the second and the third generations of squarks and from

the data on the h” mass and couplings k;,, K

uncertainty, except for B( K}

g1
05% CL obtained by combining the experimental error quadratically with the theoretical
» WL, e and Kb

k... The fourth column shows constraints at

(Ybzervable

Exp. data

Theor. nneertainty

Constr. (95%CL)

107 % |e .'-.l
10'5 % AMg [GeV]
107 xB(K}] — 7 vi)
10« B(Kt — atvi)
_\1..1-.{”__ .p:-_l.l
104 =< B(b — sv)
10°<B(b — s ITI7)
il =€eorpu)
10*=<B(B, — T T
1t =xB({BT = 1)
myo [GeV]

e b

2.228 + 0.011 (68% CL) [21]
3.484 £ 0.006 (68% CL) [21]
=< 3.0 (90% CL) [21]
1.7+ 1.1 (68% CL) [21]

17.767 £ 0.021 (68% CL) [21,41]

3.32 £ 0.15 (68% CL) [21,41]
160 *0-42 (68% CL) [43)

2.69 TD-3T (689 CL) [45]
1.06 £ 0.19 (68%CL) [41]
125.00 £ 0.24 (68% CL) [48]
l.nfi:;:j_ig: (95% CL) [50]
11770 (95% CL) [51]
1.037513 (95% CL) [50]
1187931 (05% CL) [51]
1.00 £ 0.12 (95% CL) [50]
1.0770-27 (95% CL) [51]

—0.24

+0.28 (68% CL) [40]
+1.2 (68% CL) [40]

+0.002 (68% CL) [21]

+0.04 (68% CL) [21]
+2.7 (68% CL) [42]
+0.23 (68% CL) [11]
+0.11 (68% CL) [44]

+0.23 (68% CL) [46]
+0.29 (68% CL) [47]
+3 [49]

3.484 + 2.352
=< 3.0 (90% CL)

=42 16
L.7T 1.70

17.757 = 5.29
3.32 £ 0.4

1.60 T a1

2.69 08
L.0G £+ (.69
125.00 & 3.48
1067537 (ATLAS)
LITT0 20 (CMS)
1.037 13 (ATLAS)
LISTHEL (CMS)
1.00 £ 0.12 (ATLAS)
1075028 (CMS)




* Constraints from W boson mass data:

The recent my, data from CDF II |1] disagrees significantly with the previous

world average. (-> See backup slides.)
[1] CDF Collaboration, Science 376, 170—176 (2022)

This issue of the m, data is not yet settled.

Hence, we do not take into accont this m,, constrainton the MSSM
parameters in our analysis.



From G. Wilson’stalkat ECFA Hi ;
ete- -> WW region, June 10 2022: https://indico.cern.ch/event/1163667/

What to think of my measurements?

LEP W-Boson Mass

a147TE z
L
1432 2 7

Bl3MG = BT

0270 = 65 L3 0.270 + 0.055
0415 = B2

QOPAL 80.415 + 0,052
BO440 5

80378 - LEP B0.376 + 0.033
ATLAS aH037T0 « 1F ¢ TDeF w B Bl

COF I Al433E « § L L | -
800 G0.2 B04 BOG 808 810

M, [GeV]
@ The LEP results are based on 42 separate measurements with a healthy 2.

@ The LEP-combined (33 MeV), LHCb (32 MeV), DO Run Il (23 MeV),
ATLAS (19 MeV) and CDF Run Il (9.4 MeV) measurements have a y?/DoF

= 17.1/4, with p-value of 0.2% for compatibility (neglecting correlations).

T - L= L] Bl L FL L] B3N] i} B0
W boann meaes ||

@ So reasonably strong evidence that the ensemble of experimental results are
inconsistent with each other independent of any SM prediction.

@ The standard PDG procedure is to add a scale factor “"democratically” to all
measurements to parametrize our Ignorance.

Graham . Wilson [ University of Kansas) CERN Precision Waorkshop /ECFA ¢ ™ Seminar June 10, M2



PDG scale factors

(What can happen with supposed high precision measurements)
The new world average mw uncertainty should be scaled up by about 2.1 leading
to an uncertainty of 15 MeV in PDG-2022 compared with 12 MeV in PDG-2020.

WEIGHTED ANE FRGE
1) 577001 {Ermeat mnbe by £ L]

Vb mlowe of Wesghiedd wasim)s, S0GT,
ard moale Incior mm based uzon tha dalan
s keogrars anky. Thay A rol neces
parity the zame s oy benl” vaboms

pbroe reisd froem o bed - o oonrraineed i
piilizing maasrermeme of cier [redpied)
Sl i Sk ORI o DT

2
LERISLY 1 LMIH .7
ALL 2H LCHIM 118
L LA 2 CHTA
BEAEY ERLL 0.1

T
CHERG 7S CHTA 14
BRSKERETO.. 73 CNHTA

. , (Carfdarca Lave - 80002 Plot from Resonaances blog (Adam
WSS SIS SRR AT AmTE o sns e Falkowski). Independently | had also

e ~ done this and concluded that the
The charged kaon mass has been in this .10 ¢ tored world-average is +3.20 off

scale-factored state for 30 years! the SM value used by CDF

Perhaps one or more experiments has underestimated uncertainties. Also may be
difficult to measure the same thing in pp, pp, and e"e™ collisions.
Strong motivation to measure my well in complementary ways in e e collisions!

Graham W. Wilson [University of Kansas) CERM Precision Workshop /ECFA «™ ¢ ™ Seminar June 100 HZ2 5 51




From S. Heinemeyer’s talk at IDT-WG3-Phys Open Meeting on mW ,
12 May 2022: https://7agenda.linearcollider.org/event/9357/

1. Introduction: the mass of the W-boson

st

DO | 80478 + 83

CDF | 80432 + 79

DELPHI 80336 + &7
L3 80270 + 55

OPAL 80415 + 52

ALEPH 80440 = 51
Dol 80376 + 23
ATLAS 80370 + 19
CDF 1l 80433 + 9 L

Ll]]] LLL].]]ILI.].]]I'.[]] ]Llll]]ll

79900 80000 80100 80200 80300 400 80500
W boson mass (MeV/c?)

= large discrepancy with the SM prediction
= large discrepancy with other measurements: M;PG = 80379 £ 12 MeV

Sven Heinemeyer — IDT-WG3-FPhys Open Meeting on My, 12.05 2022




Approximation for a new world average:
my [GeV]

— approximation vyields _".;’.I";i'?"‘”“:"‘ V- — 80410 + 15 MeV ~ 3o
— enlarged uncertainty because of “"bad agreement” between older
and new measurements = PDG prescription

Swven Heinemeyer — IDT-WG3-FPhys Open Meeting on My, 12.05.20




Main SUSY one-loop contributions to h’ ->c ¢

'he main one-loop contributions with SUSY particles in A — c& The corre-

ram to (e) with the self-energy contribution to the other charm quark 1= not




Caveat for very large DEV(h’ -> ¢ ¢)
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Caveat for very large DEV(h’ -> ¢ ¢)

Gluino loop contributionto h’ — ¢ ¢ can be very
large (positive and negative) forlarge Ty ;,*M? ;!

The interference term between the tree diagram and the gluino one-loop
diagram can be very large (positive and negative) for large T;;,*M? ,;, which

can lead to even NEGATIVE width I" (h’ — ¢ c) at one-loop level !

-
In this case perturbation theory breaks down!
< =

A largedeviationof I (h’ — ¢ ¢) from the SM value is in principle
possibledue to largevalues of the product T ;,*M? ;.

Since there is no significant physical constraint on this product, the deviation
DEV(h’ — ¢ ¢) can be unnaturally large. So, we show only the results
with a deviation from the SM up to ~ +/-60%.




Contours of DEV(h’ -> ¢ ¢) in Ty;,- M?,; plane
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Effect of Resummation of the bottom Yukawa coupling at large tanf3

As for I'(h"->bb’) &I (h’->b5s5/s b), we have consideredthe large tanf
enhancement and the resummation of the bottom Yukawa coupling [1].

It turns out, however, that in our case with large m , closeto the decoupling
Higgs limit, the resummation effect (Ay effect) is very small (< 0.1%) [2].

[1] M. Carenaet al., Nucl. Phys. B 577 (2000) 88 [hep-ph/9912516].

2] H. Eberl, E. Ginina, A. Bartl, K. Hidakaand W. Majerotto, JHEP 06
(2016) 143 [arXiv:1604.02366 [hep-ph]];
E. Ginina, A. Bartl, H. Eberl, K. Hidaka and W. Majerotto,
PoS(EPS-HEP2015)146 [arXiv:1510.03714 [hepph]].




Scatter plotin T ;; — DEV(y/g) plane
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-There is a strong correlation between Ty ;; — DEV(y/g) !

- DEV (v /g) can be as large as ~ +4% for large T;; !




8. Conclusion

- We have studied the decays
h' (125GeV) — cc,bb,bs, yy, gginthe MSSM with QFV.

- Performing a systematic MSSM parameter scan respecting all of the relevant theoretical

and experimental constraints , we have found the followings:

* DEV(h? -> ¢ ¢) and DEV(h" -> b b) can be very large simultaneously! :
DEV(h’ -> ¢ ¢) can be as large as ~ £ 60%,
DEV(h’ -> b b) can be as large as ~ £ 20%.

* The deviation of the width ratio I'(h’ ->b b) / I" (h’ -> ¢ ¢)
from the SM value can exceed ~ +100%.

* BR(h’ ->b s /s b) can be as large as ~ 0.15%!
ILC(250 + 500 + 1000) sensitivity could be ~ 0.1% at 4 sigma signal significance!



* DEV(h® -> yv) and DEV(h’ -> g g) can be sizable simultaneously! :
DEV(h® -> y ¥ ) can be as large as ~ 1%,
DEV(h? -> g g) can be as large as ~ £ 4%.

* The deviation of the width ratio I'(h’ -> yy)/ I" (h’ -> g g) from the SM value
can be as large as ~ -4% to +8% .

* There is a very strong correlation between DEV(h? -> yy)
and DEV(h’ -> g g). This correlation is due to the fact that the stop-loop
(stop-scharm mixture loop) contributions dominate the two DEVs.

- All of these large deviations in the h’ (125) decays are due to
large ¢ - f mixing & large ¢/t involved trilinear couplings Tz, Tysy Tys; and

large s - b mixing & large s/ b involved trilinear couplings Ty s Tpz Thss.

- Future lepton colliders such as ILC, CLIC, CEPC, FCC-ee can observe

such large deviations from SM at high significance!

- In case the deviation pattern shown here is really observed at the
future lepton colliders, then it would strongly suggest the discovery
of OFV SUSY (MSSM with QFV)!
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