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i.e. it is a SM-like Higgs boson

@ Nevertheless, it can be a part of a more general theory

@ We study the possibility that it is the lightest MSSM Higgs boson,
h®, focusing on its decay to a pair of charm quarks

@ The decays of h° are usually assumed to be quark-flavour conserving
(QFC)

@ Generation mixing in the MSSM squark sector may influence the
decay widths of A" at 1 loop level

@ One can observe then quark flavour violating (QFV) h° decays with
sizeable rates
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Squark generation mixing in the MSSM

@ In our study we assume non-minimal flavour violation (NMFV):
new sources of QFV appear (not connected to the CKM matrix) that are free
parameters in the theory

@ The flavour-violating terms are contained in the mass matrices of the squarks at

the electroweak scale

M= <M§LL (MgRL)T> g=ud
/ M%RL MQRR

@ The 3 x 3 soft-breaking matrices can introduce flavour-violating (off-diagonal)

terms, e.g. in the up-squark sector

. 1 2
(Mu LL) = ]\'1622”(18 + |:(2 - g Sin2 9W) CcOos 26 m2Z + mia:| 6&5
2
(M%RR)aﬁ = Mﬁw + [(3 sin? Ow) cos 23 m2Z + mia} 0ap

(Mu RL)ap = (U2/\/§) Tvga —muy, p* cot 5 0o

@ After diagonalization with the rotation matrix U, s, the mass eigenstates are

obtained @; = Uiﬂaﬁom where Uﬂ./\/l%UﬂJr = diag(maq,,...,mag) and mg, < ma, fori <y
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Squark generation mixing in the MSSM

@ In order to estimate the amount of QFV dimensionless parameters are
introduced. In the up-type squark sector (o, f = u,c,t, o # )

LL _ 2 / 1
5aﬁ = MQaﬁ/ MC%aaM%ﬂﬁ

5251% = M(%aﬁ/ M(?/ozaMIZJ,Bﬁ
Gafit = (0/V2)Tus, [\ MEaaMdgs

@ Analogously in the down-type squark sector (o, 8 = d, s,b, a # [3)

5163615%]% = M%aﬁ/ M%)aoaM%ﬁﬁ
5ggL = (UQ/\@)TDBa/ M%aaMé,Bﬂ

1sull — §dLL — SLL
5(1 :6(1 :5(1
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Constraints on the MSSM parameters
Theoretical constraints

@ The vacuum stability conditions are placing constraints on the trilinear
coupling matrices

Tvaal? < 3Yia (Mjaa + Miae +m3)
‘TDaa|2 < 3 Yl%a (MCQQaa + M%aoz + m%) )
Tuasl” < Y, (Moo + Migs+m3)

Tpasl> < YD27 (Mgzaa + M%BB +mi) ,
where a, f =1,2,3, a # 3; v =Max(«, ) and

. . 1
m? = (m3+ +m%sin Oy ) sin? § — imQZ,

. 1
m3 = (m3+ +m%sin® fyy) cos® B — §m2Z

Yo and Yp,, are the Yukawa couplings of the up-type and down-type
quarks.
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Constraints on the MSSM parameters
Experimental constraints

@ Strong constraints on mixing involving the first generation squarks
from precision measurements of K and B meson decays
@ = only mixing between second and third generation squarks is
considered. Appreciable mixing is still possible despite the B physics
constraints
@ SUSY mass limits and Higgs mass limits from direct collider searches
@ Electroweak precision and low-energy measurements
B(b — sv) = (3.37£0.23) x 10~*
AMp, = (17.725 + 0.049) ps~!
Ap (SUSY) < 0.0012
B(b— s putp) = (1.60 +0.50) x 1076
B(Bs = putu™) <42x107?
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h? — c¢ @ full one-loop level

@ We study the decay of the lightest neutral Higgs boson, h? — c¢, at full
one-loop level in the MSSM with non-minimal flavour violation

@ The partial decay width, including one-loop contributions can be written as
L(h% — ce) = T"(h° — ce) + ATMP(h0 — ce)

where the tree-level decay width is

- Nc¢ 4Am? 3/2 .
Ftree(ho — ct) = 87mh0(3§)2 <1 _ mizl;:) ,  with Ng =3,

and the tree-level coupling s{ reads

. M. COSQ he
s{ = — = ——cosc.

Here « is the mixing angle of h? and HY.
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h? — c¢ @ full one-loop level

Contributions

o All 1-loop contributions to AT'M°P(h% — ¢¢) include: SM
contributions, Higgs contributions, SUSY contributions

@ The flavour mixing is induced by 1-loop diagrams with SUSY
particles
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h? — c¢ @ full one-loop level

Flavour violation

@ Flavour violation enters through mixing of the squarks, example:
schematically in the up-type squarks -gluino contribution
(ﬁLg = (ERJ, —tRL mixture)
9

g X
g X
_____ « P
‘R Cr, h() . x
x _x - ~
¢ £ c X,Y =¢ép p.t z
‘R iR °L ‘LR tLR en ~

@ In the super-CKM basis, the Lagrangian including the coupling of up-type
squarks to h° contains the trilinear couplings (71/);; which are explicitly
flavour-breaking terms that couple left-handed to right-handed squarks

LSina cos v Vg (Tv)j0 >+hc]

g2 O ~x ~
L > — ! [ Sl ( — 04
2myy UL YRYLAH smﬁmu’l Wt dng sin 8 f
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h? — c¢ @ full one-loop level

Renormalisation

@ Calculating higher order corrections requires renormalisation due to UV
and IR divergences

@ For the UV divergences we employ the DR renormalisation scheme at
one-loop level: all tree-level input parameters (masses, fields and
parameters in the couplings) of the Lagrangian are UV finite (everywhere
A = 0) and defined at a fixed scale Q) = myo = 125.5 GeV

@ The renormalised finite one-loop amplitude is given by
Mlloop _ Mverte:{; (+MCT) + MWFR

@ The Higgs wave-function renormalisation constants read

5Zh0h0 = —Re ]j[}l;{)ho(m;%o)
5ZHOHO = —Re ﬂgoHo (m%{o)
071010 = # (Re HHO 0(m20) — dtro 0)
hYH mio — m%{o hOH h hOH
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h? — c¢ @ full one-loop level
Renormalisation

where dt0 0 are the tadpole contributions

6th0H0 = —1 |:Tho (Sica + Cgsa) + Tgo (— Casa + 8260[) :|
v C/B SB Cﬁ Sﬁ

with 7,0 and 70 are the loop corrections from the tadpole diagrams with k"
and HO respectively

@ The charm quarks wave-function renormalisation constants are

1

me

6ZER = —Re E/F(m) + 5—Re (15 “/%(me) — 1157 ©/E(m) )
—mc.Re {mc (ﬂfc/R(mc) + IR/L (mc)>

I3 DR () + 115, 1 L(mc)}
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h? — c¢ @ full one-loop level
Bremstrahlung

@ In order to get rid of the IR divergences one must include the contribution
of the real soft/hard gluon and photon radiation from the final charm

quarks
@ The convergent decay width T (kY — c¢) in the limit of vanishing
gluon/photon mass, A = 0, is given by

(b0 — ) = T(h° — &) + TR0 — ceg /)
where e.g. the hard gluon radiation width is given by

20|55 |2
Fhard(ho — ccg) = 772|m;11(’) [Jl — (m,%o — 4mz)(J2 — (m,zlo — 2mz)J3)]

with Jq, Jo, J3,= Ji, Jo, Jg(mc, mpo, )\) [Denner, ’93]
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h? — c¢ @ full one-loop level
One-loop gluino contribution

@ The gluino 1-loop contribution, renormalised in the DR scheme reads

5 NC c c.d 4m 3/2
Ariglo = Emho S1 Re(ASl’g) (1 2 >
hO

@ ASTY acquires contributions from the vertex correction and the
wave-function correction due to gluino interaction

ASC’Q 55 c(qv) + 55 c(G:w) (—i—(SSf(q’O))
where the individual contributions are given by

5557 = %03 a, [mg BUS+ UEURICY

1,5=1

FmUF U + UFURCY + CY)
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h? — c¢ @ full one-loop level
One-loop gluino contribution

6
c(g,w Qs ¢ ° u : :
551(9 ) _ _ECFSI E {(Ui2|2 + \UZ_5|2)(BO + Bj)
i=1

_ _ T L
+ame | (UB + [UBP)B + B) - 220U + UEURBG | |
(&
c(§,0 - c @ a2 A Mg a Wk Th
(551@ ) = Z;TCF51{(|UZ'2|2‘1'|Ui5|2)2_ mZ(U‘z s+ Us i2)A}>

with Cp = 4/3. Here A is the UV divergence factor and B; and C}, are the two- and
three-point functions

Bj, = By(mZ,m?% ,m?), k=0,1.

g
i — 2B i m) k=01
k — apQ ) — Yy L.
p2=m?
cy :Ck(mg,m?ﬂ,mf,mg,m%i,m%j), k=0,1,2.
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h? — c¢ @ full one-loop level
Numerical results

@ The numerical calculations are performed with our own developed
code with the help of FeynArts and FormCalc. We have also used
SPheno v3.3.0 and SSP

@ The corresponding theoretical and experimental constraints are taken
into account

@ Mixing between the second and the third generation up-type squarks
(¢ — t mixing) is considered

@ Ms is chosen so that the guino is within the reach of the LHC

@ The gaugino masses M1, My and Mj are satisfying GUT relations
My = 0.5 My, Mz/My = g3/g3, where g, and g3 are the SU(2) and
SU(3) gauge coupling constants, respectively

@ The lightest Higgs mass is within the range of the Higgs signal at
the LHC, h° ~ 126 GeV 2

2At our reference scenario
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h? — c¢ @ full one-loop level

Reference scenario

@ MSSM input parameters at Q = mpo = 125.5 GeV for our reference scenario.
Tvaa = Tpaa = 0, except for Tyrzz = —2050 GeV ( 4475 = —0.34)

l M, [ Mo [ M3 l
[ 170 GeV [ 350 GeV [ 1000 GeV |

I Y T
[2000 GeV | 20 [ 1500 GeV |

l [ a=1 [ a=2 [ a=3 |
M3, | (2400)> GeV? [ (2360)% GeV? [ (1850)® GeV?
Mg . | (2380)2 GeVZ | (836)% GeV? (804)2 GeV?
M3, | (2380)% GeVZ | (2340)% GeVZ | (2300)% GeV?
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h? — c¢ @ full one-loop level

Numerical results

@ Physical masses in GeV of the particles in our reference scenario

mer e |

175 [ 373 ] 2020 [ 2021 [ 373 [ 2022 |

Lm0 [ mgo [ myo [ my+ |
[ 125.95 | 1498 | 1500 | 1504 ]

[ mg [ ma, [ may, | mag | may | ma; | mag

[ 1058s | 663 [ 920 [ 1859 [ 2351 [ 2352 [ 2386 |

@ Flavour decomposition of @ and s in our reference scenario (shown are the

squared coefficients)

[ Tac] & [ & [ar] é [ ir |
U] 0 0.0001 | 0.0024 0 0.694 | 0.303
U2 0 0.0004 | 0.0184 0 0.304 | 0.677
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h? — c¢ @ full one-loop level

@ We consider ¢ — ¢ mixing = the relevant QFV parameters are

55 (= MC2923) = {1, — {7, mixing parameter

5%{5’“(% M}%%) = (g — tp mixing parameter
OULR(x~ Tyes) = &1, — tp mixing parameter
(S%%L(% Ty32) = ér — tr, mixing parameter

@ Plus an important QFC parameter

5§‘§L(’w Tyr33) = tr, — tr mixing parameter
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h? — c¢ @ full one-loop level

Numerical results

@ Dependence of the decay width T11°°P(h0 — ) on the ér — f1, and the ég — tx mixing

parameters (534*L and §%fF) LD L, c0) [MeV]

0.6 06 7 <
04 017
ozl | o5
: 0‘15/\
& o0
S
—0.2( 014
_04 \ 0197 ]
g0t
~0.15-0.10-0.050.00 0.05 0.10 0.15
5

@ Relative dependences of T11°°P(h0 — ¢¢) to I'SM = 0.118437 MeV and I'QFC = 0.175951
MeV as functions to the QFV parameters 52“3RL and 6§‘§L

1- oo M0, ¢ e e e (Y
06 s | 06 AN
04 04
02 70.5"\ 02 0'/\
0.05

oof | -03 €5 00 |
EX o,
~02 -02 0150'1 SN
-0.2 -0.6 g
70.4\ \ / N -0.4\0.2\ \
-0.1

—0.1:
~0652 —06La P
~0.15-0.10-0.050.00 0.05 010 0.15 ~015-0.10-0.050.00 0.05 0.10 0.15
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o5 033
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h? — c¢ @ full one-loop level

Numerical results

@ The finite part of the gluino contribution @ The finite contributions of gluon, gluino

to THooP (R0 — (¢¢) relative to and EW diagrams to T'1eoP(p0 — cg)
ISM (RO 5 cg) relative to T'11°°P (R0 — ¢¢) as functions
as a function of the QFV parameters of the QFV parameters 62“3RL and 6%“‘

uRL uRL
0%s*" and 033

Arg,fin(ho N CC)/rqulIOOp(hO -co) Al-Xfm/rVulllloop(hU > c0)

06 03
x=-9

% \0 035_ .

02 s\ .

URR

i 00 \ ) 02 01 X=g
~02 2\
\\0_ 045 00
04 ~o 0.051\\ X - EW
-06 =~ -0lf—————
—-0.15-0.10-0.050.00 0.05 0.10 0.15 -0.15-0.10-0.05 0.00 0.05 0.10 0.15

SURL
o5 0%
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h? — c¢ @ full one-loop level
Error estimation: theoretical errors

o T9M(h0 — ¢¢) = 0.118437 MeV (see PDG and Higgs WG report,
arXiv:1310.8361), SM prediction uncertainty ATSM(h0 — c¢) ~ 11%,
from which ~ 7% are due to the error of as(myz)

o ATMSISM(PO y ¢G) ~ /42 + 772 4 22 ~ 8.3%"

* error in the charm quark mass m.(m.) (~ error in the charm
Yukawa coupling Y.(m.)) ~ 2%

* uncertainties due to the error in the strong coupling constant
as(Q) ~ 7%

(Note: QCD/ SUSY QCD 1-loop corrections are proportional to as(Q)! )
(Note: The error in a5(Q) induces additionally uncertainties in the scale
evolution m.(m.) — me(Q = myo)! )

* uncertainties due to the renormalisation scale dependences of the width
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h? — c¢ @ full one-loop level

Error estimation: theoretical errors

@ Dependence of T'(h° — cc) on the renormalisation scale Q in the
range mpo/2 < Q < 2myo

ol ————

> r1loop

]

s 0.14}

o [ _ Artreejarlioop _ 54

'8 0.13 Q= mo /i

J o012t

= \ rtree

= 0.11F — ]
0.10 L L L h

100 150 200 250
QlGeV]

@ The renormalisation scale Q dependence of the MSSM width is
rather small => it results in ~ 2% theoretical uncertainties
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h? — c¢ @ full one-loop level
Error estimation: experimental errors

@ Measurement at the LHC: looks bad

@ However it is possible to be performed at the ILC

@ Higgs coupling uncertainty in % from ILC at its various stages,
ArXiv:1312.4974

| 250 | 500 | 500up | 1000 | 1000up
cc|64|26]| 1.2 [098 | 0.72

o ATPATA(RO 5 ce) ~ 1.2% (at ILC(500 GeV and LumiUP))

@ We find that the difference between MSSM and SM predictions for the
width can be large compared to the expected experimental errors at the
ILC, even if we take into account the theoretical uncertainties of the
predictions
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h? — c¢ @ full one-loop level
Summary

@ We have studied the decay of the lightest neutral Higgs boson,
h® — ce, at full one-loop level in the MSSM with non-minimal
flavour violation

@ We have renormalised the process in the DR renormalisation scheme

@ In the numerical analysis we consider mixing between the second and
the third squark generations and the relevant constraints from B
meson data are taken into account

@ We have found that the full one-loop-corrected decay width
['(h° — ce) can differ up to ~ 60% from its SM value, due to large
¢ — t mixing and large QFV/QFC trilinear couplings. The leading
contributions are those with gluino

o After summarising the theoretical and experimental errors we
conclude that an observation of these SUSY QFV effects is possible
with a good chance at the ILC.
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Thank you for your attention!!! )
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