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1. Introduction

» Ifweak scale SUSY is realizedin nature, and will have
high production rates for masses up to O(1) TeV

» The main decay modes of gluinos and squarks are usually assumed to be
quark-flavour conserving (QFC).

«  However, can induce
decays of gluinos and squarks.
Here we study the effect of on squark and gluino
production and decays at LHC with focus on mixing

between 2nd and 3rd generation squarks.



2. MSSM with QFV

The basic parameters of the MSSM with

{mﬂ.ﬁ:mﬁlMl :MJJMSFJH: 3 3 3 3 }
( scale (SPA convention)) (a,f=1,23=u,c,t or d,s,b)
CtanB:  ratio of VEV of the two Higgs doublets <H" y>/<H?;>
My . CP odd Higgs boson mass (pole mass)
:  Uf1),8U(2),SU(3) gaugino masses

M; M;,M;
J75

higgsino mass parameter

. left squark soft mass matrix
. right up-type squark soft mass matrix
. right down-type squark soft mass matrix

trilinear coupling matrix of up-type squark and Higgs boson
trilinear coupling matrix of down-type squark and Higgs boson



OFV parametersin our study are:

Mgy, : Cr— 1 mixing term

MPys; @ Cr— 1 r mixing term
Tyos = (C;— [, mixing term

P

Tyzz < Cr—1[ 1 mixing term

(Note) Weworkin the super-CKM basis of squarks.




3. Constraints on the MSSM

Recent ATLAS and CMS SUSY searches at 7TeV with ~1-5 fbr!

<

In a simplified model;

squark mass =850 GeV (for 1" & 2™ generation squarks)

In the context of the CMSSM (mSUGRA);

squark mass = 1100 GeV (for I & 2™ generation squarks)

<

[ (Note)



< Blb—=s <4 '
¥ <Blb—=4 95%CL) (BELLE.BABAR)

 (69% CL)(BELLE,BABAR)
AM, =17.77 +0.12 ps* (68% CL) (CDF)  AM, =17.630.11ps* (63%CL) (LHCb)




4. OFV gluino 3-body decays

4.1

We take the following scenario as

Table 2: Weak scale parameters at ) = 1 TeV for our prototype QFV scenano, except

for m o which 1s the pole mass (1.e. physical mass ) of A", All of Trran and Tpa. are 0.

We add (i.e.
) to this scenario:

: y . . (H#ﬁ)



Prototype OFV scenario

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

=

We add c:—t: mixing to this scenario




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

T~ | mass-splitting due to large
.- -E.}E_.f R mixfng

In this large ¢ ,— f , mixing scenario all sqyarks other than 7;, are very heavy.
So, gluino decay is dominated by virtual @ xchange.




In this large C:x— [ » mixing scenario;

* Gluino decay is dominated by virtua exchange contribution.
* 1 is a strong mixture of ¢, and [z . |
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-
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QFV branching ratio B(g —> @J ﬂ) could be very large!




4.2 Impact of squark generation mixing
on gluino 3-body decays

QOFV decay BR B(g —>ciz))+B(g >tcz)

BR{g-+ 3-body)
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Figure 4: The branching ratios of the decays § — cty] + &y}, 4 — c&y] and § — v as
functions of -'l::'_:""' for the other QFV parameters being #zero and the other parameters are

. <

OFV gluino decay .-f:-mnchmg ratio B(g _}@ 0) can be very large
(up to ~40%) for large Cz— = mixing parameter & “RR.'

fixedd as in Table 2




Contour plots of BR in our scenario

B(g —}Wﬁ) contours excluded by B(b > sy) data
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The QFV decay branching ratio B(g 4@-_3) can be very large (up to ~40%) in a

ull uf R

- &,, plane allowed by all of the constraints.

e

This can lead to large QFV effects at LHC!

significant part of the Eﬁ;

i




4.3 Impact on gluino signals at LHC

Example of OFV gluino signal at LHC

Gluine pair production and the QFV gluinoe 3-body decay g’r -5 ijEID lead to

OFV gluino signature at LHC :
pp —> 88X — (e z)tc )X

‘top-quark + top-quark + 2 jets + missing-Er+ beam-jels*

[ >bW* bl

‘1solated same sign dilepton + 4 jets + missing-E + beam-jets*



Example o

FV sluino signal at LHC

isolated same sign dilepton

‘tsolated same sign dilepton + 4 jets + missing-E + beam-jets*
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5. OFV squark bosonic decays
5.1

We take the following scenario as

decoupling Higgs scenario

These weak scale parameters are defined ar Q = 1 TeV stale (SEA convention).
(M; M, ,M;) = (450, 855, 1000) GeV

U=2400 GeV,Gan =20, mypole) = 1500 GeV

(M*2 Q11, M2 Q22, M*2 Q33) = (240042, 2360*2, 1450"2) GeV*2
(M"2 U1, M2 U22, M*2 U33) = (23802, 780"2, 750"2) GeV"2

(M*2 D11, M*2 D22, M*2 D33) = (2380"2, 2340"2, 2300"2) GeV*"2

All of Ty ggand Ty gq are zero, except

large L —1 mixing scenario
(large top- rﬂfnzfﬂf coupling scenario)

We add (ie. )
to this scenario: ; ; \ ; (a=f)



Physical masses in the prototype OFV scenario

m._o=m_.=m; 1500 Gel

ms - =1141GeV

- CP-even lighter Higgs boson h' is SM-like!
- its mass mi® = 125.5 GeV is in the LHC “possible Higgs
signal” range ! : 122 < mn® < 128GeV.

These masses are fairly insensitive to the QFV paramefters.




Prototype QFV scenario

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

=

Weadd c¢:—t: mixing to this scenario




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

=

~1.45TeV

m;

mass-splitting due to large
Czr—1 z mixing

large mass splitting between ni; and m;, !

B(u, — u,h°) could be sizable!



Inthis large t;1—1: & Cr—1zr mixing scenario;
Ui~ I +c, + 1
U2~ Cp +1L, +1L

h' - H)

— i 0 - -
u,—u,—h coupling is large!

7 . . - ' A 77 1,9 a
QFV branching ratio B(u, — u,h") can be large!




Inthis large { ,—f, & Ca—1zr mixing scenario;

L &

u1~fR+cR+z‘L

QFV BR B(u, — uh’ —} h° 7)) can be large!




5.2 Impact of squark generation mixing
on squark bosonic decays

QFV decay BR B(u, — u,h")

0.8

M;:., .,.“'1..,.'.‘».‘," oM a5

Cr—[ » mixing parameter

. . ~~ ~ 7 U
OFV squark decay branching ratio B (uz —> ulk ) can be very large

r e i . w uft R
(up to ~350%) forlarge cp— f, mixing parameter 5, /!




OFV decay BR B(u, _)'é/b:flﬂ

1.0
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OQFV squark decay BR E(yl _;..@/1 ) can be very fﬂrge
simultaneously forsizable ¢,— f , mixing parameter 5

23




We have obtained a similar result for @ lependence of OFV
BR B(ii, > u,h") and B(@i, > c/t 7)) T

- _ L™ [} ¥ — = o
B(u, > u,h”) can be very large (up to ~50%) for Iarge

mixing paramelter @




3.3 Impact on squark signals at LHC
Example of OFV squark signal at LHC

Gluino pair production and the QFV squark bosonic decay can lead to
OFV squark signature at LHC :

fUﬁ[h “(Uﬁ ;fnc‘li ( rrc*c*h':h 770X

‘2 top-quarks + 2 jets + 2 h? + missing-E -+ beam-jets*

t >bW™ = bl v

‘isolated same sign dilepton + 4 jets + 2 h’ + missing-E + beam-jets*




Example of OFV squark signal at LHC

isolated same sign dilepton

‘isolated same sign dilepton + 4 jets + 2 h? + missing-E; + beam-jets‘




h® decay branching ratios

« B(h" - tau tau*)=9.1%

* B(h® >bb_bar)=57.3%

« B(h" — photon photon) = 0.52%
« B(h" >WW*)=22.7%

. B(h0— Z Z*)=2.5%

hO is SM-like in our scenario!




In our scenario;
- gluino prod. cross section is significant:
| at LHC(14 TeV)!

We can expect copious production of @

from gluino prod. and decays at LHC(14 TeV)!

OQFV squark signal rates can be significant
at LHC(14 TeV)!




6. Conclusion

Our analyses suggest the following:

*One should take into account the possibility of significant

contributions from QFV decays in the squark and gluino

search at LHC.

* Moreover, one should also include QFV squark parameters
(i.e. squark—generation mixing parameters) in the determination

of the basic SUSY parameters at LHC.




We have studied production and decays of squarks and gluinos in the MS5SM wirth

squark generation mixing, especially C p/1 — lp,; mixing.
We have shown that QFV squark and gluino decay branching ratios such as

— — — y ) — " _
B(i, > #h"), B(tiy >c/t 1), B(§ = ct7) can bevery large (up to ~50%) due to

-

the ¢ r/1 — lp,; mixing in a significant region of the QFV parameters despite the

T
!

very strong constrainis from B meson data.

This can result in remarkable QFV squark and gluino signal events such as

‘pp > ttcc WK + E?”+ beam-jets’ and ‘ pp —>1tic ¢ + E;m + beam-jets’

with a significant rate at LHC(14 TeV).

These could have an important impact on
the search for squarks and gluinos and
the MSSM parameter determination at LHC.
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1. Introduction

(1) Motivation;

Ifweak scale SUSY is realizedin nature, and will have
high production rates for masses up to O(1) TeV

The main decay modes of gluinos and squarks are usually assumed to be
quark-flavour conserving (QFC).

However, the squarks are not necessarily quark-flavour eigenstates.

The flavour mixing in the squark sector may be stronger than that in the
quark sector.

In this case decays of gluinos and squarks
could occur.



(2) Purpose of this work,

* In this work we study the effect of on
squark and gluino production and decays at LHC
with focus on mixing between 2nd and 3rd
generation squarks.

* Taking into account the constraints from B-physics experiments ,
we show that
various regions in parameter space exist where

of up to ~ 50%.
Here we consider both

* This could have an important Jor squarks and
gluinos and the MSSM at LHC.



2. MSSM with QFV

o The basic parameters of the MSSM with :

{mﬂﬁ:mﬁlMl :M}:Mj'!#: ) ) ) ) }
(at Q = 1TeV scale (SPA convention)) (e, p=1,23=u,c,t or d,s,b)

CtanB:  ratio of VEV of the two Higgs doublets <H' ;>/<H';>

my. CP odd Higgs boson mass (pole mass)
M; M, M;: U(l),S8U(2),SU(3) gaugino masses
H: higgsino mass parameter
. left squark soft mass matrix
. right up-type squark soft mass matrix
. right down-type squark soft mass matrix
trilinear coupling matrix of up-type squark and Higgs boson
trilinear coupling matrix of down-type squark and Higgs boson




» We study ¢ —t mixing effect:

OFV parameters in our study are:
mixing term (S ;— E ; mixing term)
— ?R mixing term
mixing term
mixing term

(Note) We work in the mpw -CK M basis afsquﬂrks:
(1 :.C :. N ](a’ b-_d--_




3. Constraints on the MSSM

Recent ATLAS and CMS SUSY searches at 7TeV with ~1-5 fbr!

<

In a simplified model;

squark mass > 850 GeV (for 1™ & 2" generation squarks)

In the context of the CMSSM (mSUGRA);

squark mass > 1100 GeV (for 1" & 2¢ generation squarks)

<

[ (Note)



3. Constraints on the MSSM

(continued)




(Note) We find that these constraints are very important:

B(b—sy) and AM data == strongly constrain the QFV squark parameters

B(B, >y i) data == strongly constrain the QFV squark parameters
B(B, > v) data == strongly constrain(m _. tan )

Vacuum stability conditions == strongly constrain QFV trilinear couplings 11 25. Tpap

(Note) We use the public code SPheno v3.1 in the calculation of the B-physics observables.




4. OFV gluino 3-body decays

4.1 OFV Benchmark Scenario

We take the following scenario as

Table 2: Weak scale parameters at () = 1 TeV for our prototype QFV scenario, except

tor m 0 which 1s the ].m|4.' mass (1.e. }':|'|_'-.';~.i.;-;1] mass ) of .-1"'. All of Tae and 1 paa are 0,

We add (i.e.
) to this scenario:

) ) ) 5 (H;fﬁ )



Physical masses in the prototype OFV scenario

lable 3: Physical masses of the |!':l'||I|']-'—.- in the scenario of Table 2, Mitpjo 1= the mass of

the heavier CP-even neutral Higes boson H”

ML ;
(T35 GeV | 2913 GeV | 10179 Gy
- R

These masses are fairly insensitive fo the QFV paramefters.

(Note) We can easily push up m,to 125 GeV without changing
our final conclusion, for example, by taking tan [ =20

and m,, =1500 GeV !




Prototype QFV scenario

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

e

We add c:r—tr mixing to this scenario




“Prototype QFV scenario” + “large ¢cz—t z mixing”

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

d
.

mas
;‘L

=3 | mass-splitting due to large

PC\'JR—I".:. mixing

In this large ¢ ,—t r mixing scenario all squarks other than 35, are very heavy.
So, gluino decay is dominated by virtual @ xchange.




In this large Cr— [ » mixing scenario;
* Gluino decay is dominated by vfrma@excfmnge contribution.
* 31 is a strong mixture of ¢, and [ . |

C
-~ r
-"-..
- .'.-..-
i i
L -
r
~

QFV branching ratio B(g @J ﬂ) could be very large!




4.2 Impact of squark generation mixing
on gluino 3-body decays

We study the effect of squark generation mixing on gluino production and decays

at LHC for the case that the gluino is lighter than all squarks and dominantly

decays info three particles:
— _~0 — _y ~a
g 299X, g 2499 X;

Incaseof € — I mixing, gluino could decay as follows:

g —>ciy, g—>tey)




QFV decay BR B(g >ci})+B(g »>1tcZ)

BR{g— 3-body)
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Figure 4: The branching ratios of the decays § — ety + &y}, § = cey] and § — Y] as
functions of -":;'_:'I“m for the other {.ﬂ'“"-.' parameters being zero and the other parameters are

. <

fixesd as in Table 2

QFV gluino decay E}rm:chmg ratio B(g —}@ ) can be very large
(up to ~40%) for large ¢z— Iz mixing parameter 8 55 =




Contour plots of BR in our scenario

B(g — W;S ) contours
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The QFV decay branching ratio B(2 E-E) can be very large in a significant part o
! 4 1 . 5 1 P

ull uf R

- &,, plane allowed by all of the constraints.
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This can lead to large OFV effects at LHC!




Contour plots of

B(g — W;ﬂ ) confours
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We have obtained a similar result for the OFV 3-body decay
branching ratio B(g — "‘1”) =B(g > sb7 )+ B(g > vb7") :

It can be as large as ~35%!

Figure 5: Contours of the QFV decay branching ratio B(g — sby{) in the 8 - sufif
plane, with the other QFV parameters being zero for the scenarno of Table 2, but with
the values of M and .HI-".“ . inter '.'I.IT._:Hl (solid lines). Also shown are the contour lines
flll _"'l.ll..lr| ]::.-‘l |":- : .lllll _"'1.1-.|r| _’I] |:':- I |I|.|:-|I1"| |i'|'.l'.='. JII I:l"'_ill'l'. bt W l..'ll'
two dashed lines 1s allowed by all the constraints mentioned in Section 2, illl':l1l|i1'.:_1 the
AMp, constrant.




B(g —}@f{“) contours in u— M, plane

1000 =

EOO

&00

Figure 6: Contour plot for B(§ — ct¥?) (solid lines) in the g — Ms plane for S4% = 0.8,
the other QFV parameters being zero, and the other parameters specified as in Table 2
with -'IJ'-_ 139 GeV. |1"|'__']- m (A): bino-hke LSP resion; resuonn (B): wino-like LSP ref 1o,
region (C): higgsino-like LSP region. The pont " X7 corresponds to our reference scenario

given in Table 2: My = 264 GeV, u 1000 GeV.

- -~

The branching ratios of the OQFV 3-particle gluino decays depend
quite strongly on the parameters of the neutralino/chargino sector!




4.3 Impact on gluino signatures at LHC

Large Cr—1 & mixing

¥

Large OFV BR B(g @lﬂ)

¥

The signature of the QFV gluino deca @

'ﬁq]-q;”n‘k +jf3f + miwing-mwrg]*'

g }r/"©
Ty 20
=
A1




Example of OFV gluino signal at LHC

Gluino pair production and the QFV gluino 3-body decay g —3 ijElﬂ lead to

OFV gluino signature at LHC :

pp — 28X — (e 7, e 7 )X

‘top-quark + ftop-quark + 2 jets + missing-E+ beam-jets*

t bW > bl

‘tsolated same sign dilepton + 4 jets + missing-E + beam-jets*




| QFV gluino decay

beam — jet

‘isolated same sign dilepton + 4 jets + missing-E + beam-jets*




Example o

FV sluino signal at LHC

isolated same sign dilepton

‘tsolated same sign dilepton + 4 jets + missing-E + beam-jets*
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Figure 9: Signal rates for pp = ggX at /s = 14 TeV where at least one of the gluinos
f 833 with the other QFV parameters being zero
and the other parameters fixed as in Table 2. Shown are the l“ = for the final states
with cctt ET (full blue line), cctt E¥ (QFV + QFC) I3ﬂ||1wl]inrl.-vTFffT'“'[llT'--ulvl
(dashed red hine), cttt E4" (dashed green hine), cect £7°° (hall green hine).

decays as _'._:' J f'.":r'-f";.l-_l- as a [unction «

QFV signal rates such as g’(pp—}ggX —>ttcc n 7 X )

can be significant for large Cr— t: mixing parameter s " at LHC!




5. OFV squark bosonic decays
5.1 OFV Benchmark Scenario

We take the following scenario as

decoupling Higgs scenario
These weak scale parameters are defined ar Q = 1 TeV stale (5FA convention).

(M; M, M;) = (450, 855, 1000) GeV

U=2400 GeV,Gan =20, mypole) = 1500 GeV

(M~2 @11, M*2 @22, M*2 Q33)=(2400"2, 23260"2, 1450"2) GeV*"2

(M~2 Ull,M*2 U22, M*2 U33) = (2380"2, 7802, 750"2) GeV*2

(M~2 D11, M*2 D22, M*2 D33)=(2380"2, 2340"2, 2300*2) GeV*"*2

All of Ty ggand Tp g are zero, except

large f —f mixing scenario
(large top- rﬂfnzfﬁrf coupling scenario)

We add (i.e. )
to this scenario: \ ; ; ; (=)



Physical masses in the prototype QFV scenario

ey i el T T g = q i : -I__,.i"
M o =M, . =M, 1500 Gel

my  =1141GeV

L

- CP-even lighter Higgs boson h’ is SM-like!
- its mass mn’ = 125.5 GeV is in the LHC “possible Higgs
signal” range ! : 122 < mn® < 128GeV.

These masses are fairly insensitive to the QFV parameters.




Prototype OFV scenario

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

=

My~ }{M TeV
™
.
- G.STE‘I{R
————large 7, _ T, mixing

We add ¢/ —t /. mixing to this scenario




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

-

~1.45TeV

Mg

mass-splitting due to large
Cz—1 z mixing

large mass splitting between n; and my, !

B(u, — u,h°) could be sizable!



Inthis large t;1—1: & Cr—1zr mixing scenario;
Ui~ I +c, + 1
U2~ Cp +1L, +1L

h' - H)

— i 0 - -
u,—u,—h coupling is large!

7 . . - ' A 77 1,9 a
QFYV branching ratio B(u, — u,h”) can be large!




Inthislarge {,—t, & Cx—1z mixing scenario;

L 5,

u1~z‘R+cR+z‘L

< L

QFV BR B(u, —> @ 7)) can be large!
< L

T

QFV BR B(u, — ui,h° —)@ h° 7.) can be large!




5.2 Impact of squark generation mixing
on squark bosonic decays

large f,—Fr & Ca—[2 mixings

This can lead to large QFV effects at LHC!



QFV decay BR B(u,

DR I

— s . i 2 BT - 2
C=—1 = mixing parameter bag = Myaa/ MiiaaMirgs

. . et i D
QFV squark decay branching ratio B(u, — u,h' ) can be very large
R

o ~50%, arge ¢ a— f g Mixing er 5., /!
(up to ~50%) forlarge cz— [ mixing parameter s




OFV decay BR B(H —>clty ,1/1 )

I
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We have obtained a similar result for @ lependence of OFV
BR B(u, —> uh ") and B(it, > c/t ;‘EID ) I
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o Sqguark decay branching ratios in our scenario:

QFV decay BR B(u, —>u,h’)
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» Sqguark decay branching ratios in our scenario:
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5.3 Impact on squark signatures at LHC

OQFV squark signals with significant rate at LHC !



Example of OFV squark signal at LHC

Gluino pair production and the QFV squark bosonic decay can lead to

OFV squark signal at LHC :

pp — ggX — (), )X — () (h'e) X

= (cH )t H'E)X (

‘top-quark + 3 jets + h? + missing-E .+ beam-jets




Example of OFV squark signal at LHC

Gluino pair production and the QFV squark bosonic decay can lead to

OFV squark signal at LHC :
pp — 28X — (W) (i,0)X — () @h'e)X

—> (@ D7 h’e)X (

-|

‘2 top-quarks + 2 jets + h? + missing-E ;+ beam-jets*
t >bW™ > blv

‘isolated same sign dilepton + 4 jets + h? + missing-E; + beam-jets*




Example of OFV squark signal at LHC

Gluino pair production and the OFV squark bosonic decay can lead to
OQFV squark signature at LHC :
pp — 28X — (1,¢)(1,e)X — (uh’e)(u,h’e) X

ttech’h’ 7, 7 X

— (t7, B o)t h’e) X (

‘2 top-quarks + 2 jets + 2 h’ + missing-E  + beam-jets*
I —>bW ™ —>blv

‘isolated same sign dilepton + 4 jets + 2 h? + missing-E ; + beam-jets*




Example of OFV squark signal at LHC

isolated same sign dilepton

‘isolated same sign dilepton + 4 jets + 2 h? + missing-E; + beam-jets*




h® decay branching ratios

« B(h" - tau tau*)=9.1%

* B(h® >bb_bar)=57.3%

« B(h" — photon photon) = 0.52%
« B(h" >WW*)=22.7%

. B(h0— Z Z*)=2.5%

hO is SM-like in our scenario!




In our scenario;
- gluino prod. cross section is significant:
at LHC(14 TeV)!

from gluino prod. and decays at LHC(14 TeV)!

QFV squark signal rates can be significant
at LHC(14 TeV)!




6. Impact on squark & gluino
search at LHC

Our analyses suggest the following:

*One should take into account the possibility of significant

contributions from QFV decays in the squark and gluino

search at LHC.

* Moreover, one should also include QFV squark parameters
(i.e. squark—generation mixing parameters) in the determination

of the basic SUSY parameters at LHC.




7. Conclusion

We have studied the effect of squark generation mixing on squark and gluine

production and decays at LHC in the MSSM with focus on mixing between 2nd

and 3rd generation squarks.

Taking into account the constraints from B-physics experiments, we have shown that
various regions in parameter space exist where decays of squarks and/or gluinos

into flavour vielating final states can have large branching ratios of up to ~ 507%.

Here we have considered both fermionic and bosonic final states.

Rates of the corresponding signals, e.g. * pp —>1tCcC + E}m + beam-jets’ , and
‘pp —>ttcc W'h’ + }m + beam-jets’ can be significant at LHC(14 TeV).

We conclude that the inclusion of flavour mixing effects can be important for the

search of squarks and gluinos and the determination of the MSSM parameters

at LHC,




