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1. Introduction

Whatis 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 the most important issue in the present particle physics world!

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

decay h® — c -

We compute the width af full one-loop level in the DR scheme in the
MSSM with non minimal Quark Flavor Violation (QFV).

We find that the difference of the MSSM and SM predictions for the width
can be quite significant compared with expected experimental errors at
Juture lepton colliders such as ILC.




2. MSSM with QFV

The basic parameters of the MSSM with
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Key parameters in this study are:

QFV parameters: &Ly, , 38Ry, , FRL,, , §LR ),

OFC parameter: &L,

5y, (~M 5?3 )= (¢1—t: mixing parameter)

M. )= (cz—tz mixing parameter)
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.,) = (cr—{: mixing parameter)
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65" (~T,,,)=(t, —t, mixing parameter)




3. Constraints on the MSSM

We respect the following experimental and theoretical constrainis:

(1) The recent LHC limits on the masses of squarks, gluino, charginos and
neutralinos.

(2) The constraint on (m 4 tanf) from the recent MSSM Higgs boson search at LHC.

B(b—>sy) AM; B@B,—-uuy) BB,—o1 V) ec

(allowing for theoretical uncertainty): 122.7 GeV<=m_h" < 127.6 GeV.

(5) Theoretical constraints from the vacuum stability conditions for the
QFC/QFV trilinear couplings T3

(6) The experimental imit on SUSY contributions to the electroweak p parameter
Ap(SUSY) < 0.0012.



4. Benchmark OFV Scenario

Table 1: Reference QFV scenario:
125.5 GeV =~ myo, except for m 40 which is the
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Benchmark OFV scenario

< up-squark sector > < down-squark sector >

—

mass-splitting due to large




Physical masses in our benchmark scenario

Table 2: llhl'l.':-a'li';i] masses in GeV of the [];!I'I icles for the scenario of Table 1.




Main features of our scenario:

- Large scharm-stop mixing terms M? o3 M?1:33, Ty:23, T3,

- Large QFV/QFC ftrilinear couplings Ty;53,T132, Trrzz

-

The gluino loop contributions to the width T (h" — ¢ ©) are
enhanced! (see next page)

-

Large deviation of the MSSM predictionfor T (h® — ¢ ©) from

the SM prediction!

This makes it easier to discover the QFV SUSY effects in
this decay h® — c T !




In this large Crii1—1 ri1 & [ 1—1 » mixing scenario;

~Crir T lzyg

In our scenario “trilinear fﬂﬂpﬁﬂgﬂ"(ﬁl —I‘;E -H?, ER —

rr

couplings) = (Ty23 Tyzz, Tyzz) are large!

Gluino loop contributions can be large!



5. h’ — c char at full 1-loop level

+  We compute the width T (h' — ¢ T) at full 1-loop level in the
DR renormalization scheme in the MSSM with QFV.

+ Wetake the normalizationscaleas Q=M o,

We sﬁnﬁ the nﬂrmﬂfi'ﬂﬁﬂn scale Q dependences of the width
- II [ 1—loop - { - ~ - 4
L(h® > co)™ ™ 1 the range Mo/ 2 < Q < 2m ,,

ils, see Phys. Rev. D 91 (2015) 015007 [arXiv:1411.2840 [hep-ph] ]|




o Invariant decay amplitude M » (h° — c C):
% L= Moee + Nfl-loop +

o . df /C
.y + I <+ i e O
‘)<E — E ——‘3"&5 (\\_

C
M-loop = NfSUSYQCD-loops + NJEW-loops
= M{(gluon-loop) + M(gluino-loop)
+ My /Z°/W=/h°/H°/ A4/ H* —loop)

+ M(neutralino/chargino/squark - loop)

(Note) ME"-20ps js small.
(Note) In our benchmark scenario, M(gluino-loop) is significantly

larger than M(gluon-loop):
M{gluon-loop): M(gluino-loop) ~1 : 2




Main one-loop contributions with SUSY particles

Figure 2: The main one-loop contributions with SUSY particles in A" — c&. The corre-
sponding diagram to (e) with the self-energy contribution to the other charm gquark 1s not
shown exphcitly.




» Thedecay width I (h° — c¢):

['(h’ > cE) ~ M,

= (_.LMFEE + M I-loop 4 .)'-‘-' (iwﬂ*gg + M 1-loop + .)

~ | M |2 + 2 Re(M ™" M 1oop)

-

Each 1-loop diagram contributes to the width 1" ( h "' 5 ¢ c ) separately

without interfering with each other!

(Note) We include real photon /gliuon emissions in the width in order to

cancel the IR divergences.

(Note) We improve gliuon loop contribution by including gluonic o f
contributions. (See M. Spira, Fortsch. Phys. 46 (1998) 203 [hep-ph9705337])




5. Numerical results

Contour plot of the deviation of the MSSM prediction from the SM prediction
T (h® - c?)=0.118MeV (PDG2014) in S5 -55" plane

ci—1 g mixing parameter “e— [ g mixing parameter

- The MSSM prediction T (h° — ¢ ©)’ Jull 1=loop  is vepy sensitive to the
QFV parameters 525 _ 557 !

- The deviation of the MSSM prediction from the SM prediction can be very
large (as large as ~- 35%)!




Contour plots of the deviation of the MSSM prediction from the SM prediction
in Sy - 5% plane

-

a
. 2
1 -L
b, .

E-:'-'-'_E:E- mixing parameter Cir—[ Mixing paramerer
5 " ] « 0
- The MSSM pre*dwm:-ﬁ I'(h”

OQFV parameters sl _ 5uR

11! — o ] .
A b L=loor s very sensitive to the

- The deviation of the MSSM prediction from the SM prediction can be ver)
large (as large as ~ 20%)!




Contour plots of the deviation of the MSSM prediction from the SM prediction

. T ol
in 55 55" plane

ci1—1 gz mixing parameter ~ —1 1 mixing parameter

- The MSSM prediction T (h" — c )™ L=loop s very sensitive to the
QFV parameters 5 _ 5uF |

ot

- The deviation of the MSSM prediction from the SM prediction can be very
large (as large as ~- 30%)!




QFV parameter dependences of one-loop g, improved g,
contributionsto T' (A" — ¢ @)
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- The gluino loop contribution ST ¢ is sensitive to the QFV parameters!

- The gluino loop contribution ST & | T M can be very large (up to 45%)!




Commenton QFC SUSY contributions

If we switch off all the QFV parameters in our benchmark QFV scenario,
then the MSSM prediction becomes nearly equal to the SM prediction!:

r-:| T

T'(h® -5 ce)&c ™" =0.116 MeV
T(h® > ce)™ =0.118 MeV

by only ~ -1.5% compared to the SM value.




7. Theoretical and Experimental Errors
(@) AT /T (W’ > ce)~ 6%

See; arXiv:1310.8361: Higgs WG Report Snowmass2013
arXw:1307.1347: Report of the LHC Higgs Cross Section Working Group
arXm:1311.6721v3; L. G. Almeida et al, Phys. Rev. D 89 (2014) 023006
arXmw:1404.0319: G. P. Lepage, P. B. Mackenzie, M. E. Peskin

(b) ATMSSM | T MssM (;?D >ce)x 6%

(for our benchmark QFV scenario)

* uncertainties due to error of charm quark mass m (m ]ﬁ : =32%
m_ (m )= =1275 £0.025 GeV (at 68% CL) (PDG2013)
* uncertainties due to error of QCD coupling o _(m ; )E . =29
e (m,)™ =0.1185 +0.0006 (at 68% CL) (ICHEP2014)
* uncertainties due to errors of the other SM input parameters, such as
m, (m,)*" | are negligible.
* uncertainties due to renormalization scale Q dependences of the width:

(see next plot)




The renormalization scale Q dependence of the
MSSM width in the range 7,0 /2 < Q < 2m
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The renormalization scale Q dependence of the MSSM width is small;
it results in ~ 0.5% theoretical uncertainties.




(c) AT /T (W’ > cc) = 3% (5.6%)
(at ILC (500GeV) with 1600 fb-1 (500 fb-1) )

See; ILC Higgs White Paper, arXiv:1310.0763
J. Tian and K. Fujii, PoS(EPS-HEP2013) 316, arXiv:1311.6528

The deviation of the MSSM prediction from the SM width can
be very large (as large as ~ 357%) as shown above!

Such a large deviation can be observed at ILC (500GeV),
even if we take into account the theoretical uncertainties
of the predictions!

(Note) A measurement of the width T (h° — ¢ &) at LHC (even at HL-LHC)
is very difficult due to the difficulty in charm-tagging.




8. Conclusion

We have calculated the width of the SM like Higgs boson decay
at full one-loop level (in the DRbar renorm. scheme)

in the

The (iLe. scharm-stop mixing effect) on the width
despite the very strong constraints on QFV from the B meson dara.

- of the MSSM prediction from the SM width can be
(up m ~ 35%) (iLe. scharm-stop mixing effect)
- of the MSSM prediction from SM width can be
compared with the expected experimental errors at ILC(500GeV),
even if we take into account the theoretical uncertainties of the predictions!

- Therefore,



- Our analysis suggests the folloning:

PETRA/TRISTAN discovered virtual Z° effect for the
first ime.



=\ID,

Thank you!
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Higher Mass QFV Scenario

Higher Mass QFV Scenario:
The benchmark QFV scenario with all mass parameters scaled up by a
factor = 1.5 (except Tyz3=-2050 GeV — 1323 GeV).

For example;
{M;, My, M3} = {250, 500, 1500} GeV — {375, 750, 2250} GeV

Physical masses (in Higher Mass QFV Scenario):

my =2.13TeV
iy my oy  my g my b ={1.1,15,2.6,3.4, 3.4, 35} TeV

{”H" :'?HE-. :HIEH:-?HE :?Hi :'HIE;} = {25. 34. 34. 34. 34, 35} Tel

{m~la:m~a:m;:-:.m~3:.m I } = {390, 800, 2030, 2030, 800, 2030} GeV

m., =125.15 GeV




Higher Mass OQFV scenario

< up-squark sector > < down-squark sector >

p—

~ 2.8TelV

mass-splitting due to large




Deviation in Higher Mass QFV Scenario

Deviation of the MSSM prediction from the SM prediction in 51“3'?& = cﬁ':'g“ﬁplﬂﬂe
”]5“(;, —r-':r."]—l
/
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Cz—[ g Mixing parameter

The deviation of the MSSM prediction from the SM prediction can be
very large (as large as ~ 40%) even in a Higher Mass Scenario!




Gluino mass dependence of T (h° — cc)/er
in our Benchmark QFV Scenario
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- T(W —>ceY""°* decreases mildly with increase of gluino mass!
- The deviation from the SM width remains to be sizable even for
higher gluino mass (>3 1elV)!




Constraints on the MSSM parameters from
B meson data and Higgs boson mass

Table 4:

Constraints on the MSSM parameters from the B-physics experiments relevant

mainly for the mixing between the second and the third generations of squarks and from
the data on the h” mass. The fourth column shows constraints at 95% CL obtained by
combining the experimental error quadratically with the theoretical uncertainty, except

for mype.

(Ybservahle

Exp. data

Theor. uneertainty

Constr. (95%CL)

AMg, [ps™'
104 xB(b — 7)

(Il =€ or pu)

10 xB(Bt — 1
myo |GeV|

[h

108xB(b — s I117)

IE]EEKH'ZHH # ,u},u )
)

17.76%
3.40
1.60

29
1.154

£ 0.024 (68% CL) |53
+0.21 (68% CL) (39
i (68% CL) [57

(.7 (68%CL) |59-61

0.23 (68% CL) [63-65|

125.03 £ 0.30 (68% CL)(CMS) |2],
125.36 + 0.41 (687 CL)(ATLAS) |1

£0.23 (6
+0.20 (68% CL) [63]

+3.3 (95% CL) [54,55
+0.23 (68% CL) [56]
£0.11 (68% CL) |55

0.23 (68% CL) [62]

17.77 + 3.30
3.40 £+ 0.61
1.60 £33}

2090+ 1.44
1.15+0.73

125.15+ 248




Example of gluonic a ? contributions




ATLAS 2 3 b- tags 0,1 Ieptons
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STOP mass limit from LHC(7/8
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From J. Hewett’s talk at LCWS2013

Study of the pMSSM (Neutralino/Gravitino LSP)

Scan with Linear Priors Subject these points to

Perform large scan over Constraints from:
Parameters  Flavor physics

100 GeV = Mypemons =4 TeV  © e B s
50 GeV = M}, My, ul =4TeV . collider searches
400 GeV = M; <4 TeV - Cosmology
100GeV=s My, <4 TeV

1 <tanp = 60

|Acpl =4 TeV

(1 ev<m¢ <1 TeV) (log prior)

~225,000 models survive constraints for each LSP type!




From J. Hewett’s talk at LCIWS2013

_ =
ATLAS MET-based SUSY Analyses
@ 7/8/14 TeV

* Apply the general LHC SUSY MET-based searches to our
model sets

« We (almost) exclusively follow the ATLAS analysis suite as
closely as possible with fast MC (modified versions of PGS,
Pythia, SoftSUSY, SDECAY, HDECAY)

Generate signal events for every model for all 85 SUSY
processes (~1072 events!) & scale to NLO with Prospino

Validated our results with ATLAS benchmark models

We combine the various signal regions (as ATLAS does) for
~ 35 analyses: and we quote the coverage for each as well
as the combined result..

This approach is CPU intensive!!




Squark - gluino mass limit from LHC(7/8 TeV)

Effects of LHC Searches on Neutralino LSP
Model Set 7/8 TeV

Simplified Model result (ATLAS)
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Our benchmark QFV scenario: {Mz.Mm,) = (1473,2400)Ge
m, = (degenerate mass of 1** & 2"* generation squarks)




FromJ. Hewett’s talk at LCWS2013

14 TeV LHC pMSSM Coverage for 0.3 & 3 ab

Jets+MET Analysis (ATLAS European Strategy Study)
Stop search (ATLAS Snowmass study)

- Ln - = o
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Fraction ¢
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FC;LE‘TF] From Y. K. Kim’s talk at ICHEP2014
evia
1000 — Direct squark _ LHC: 8 TeV 20fb
mgrrsy = Mg
t — 1| ATLAS-CONF-2013-037 Example of “difficult” SUSY channels!
] Assume ATLAS and CMS detector
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