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Introduction

Motivation:

@ Discovery of SUSY partners and study of their properties are
essential for testing the MSSM.

@ Here we focus on squarks — super partners of quarks
@ With the start of the LHC at CERN a new era of particle physics has begun.

@ If weak scale SUSY is realized in nature, squarks and gluinos will have
high production rates for masses up to O(l) TeV at LHC.

@ The main decay modes of squarks are usually assumed to be
quark-flavor conserving (QFC).

@ However, the squarks are not necessarily quark-flavor eigenstates.
The flavor mixing in the squark sector may be stronger than that in the
quark sector. Then quark-flavor violating (QFV) decays of squarks can occur
with a significant rate.
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Introduction

Purpose of this study:

@ We study the effect of scharm-stop mixing on production and subsequent
decays of squark at LHC in the general MSSM with R, conserved.

@ We show that due to the mixing effect the branching ratios of QFV squark
decays can be very large in a significant region of the QFV parameters
despite the very strong experimental constraints on QFV from B meson
observables.

@ This could have an important impact on the search for squarks
and the MSSM parameter determination at LHC.

September 2010 Corfu Summer School, workshop H. Eberl



Quark Flavour Violation in the MSSM

In the Standard Model, all quark flavour-violating terms are prop. to CKM-matrix

Beyond Standard Model, e.g. Minimal Supersymmetric Standard Model (MSSM)

Minimal flavour-violation (MFV) Non-minimal flavour-violation (NMFV)
* new sources of flavour violation

* no new sources of flavour violation can appear within SUSY-GUTs

* in super-CKM basis squarks undergo * e.g. gravity-mediation, messenger-
same rotations as quarks matter mixing, flavour

* all flavour-violating entries related symmetries, ...
to CKM-matrix * corresponding flavour-violating

e Example: X; 4;qx interaction entries not related to CKM-matrix
proportional to V,q; * considered as free parameters

The flavour-violating terms are incorporated in the 6x6 mass matrices at the

electroweak scale, e.qg.
M2 . ( M’I%LL (‘]\41%1'5&)]L >

2 2
M'&RL MﬂRR
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Quark Flavour Violation in the MSSM

The 3x3 soft-breaking matrices can include off-diagonal, i.e. flavour-violating, entries

1 2
(MZ, [ )ag = Méuaﬁ + [(5 ~3 sin? Oy ) cos 23 m%, + mia] dap
2
(MZrR)ap = M@aﬁ + [§ sin” Oy cos 28 m% + mia} 0ap
(Mzrp)as = (92/\/§)TUB<% — My 7 Ot 0ap

Introduce dimensionless parametrization for flavour-violating entries

w{LL,RR} __ 2 2 2
0 = M{Q,U}aﬁ/\/M{Q,U}aaM{Q,U}BB
SuEE = (02/ VD) Tugal \| Mo MB gy

Diagonalization through 6x6 rotation matrix leads to mass eigenstates

@; = R Gg, and REM2RY = diag(my,, ..., ma, ), where mg, < mg, for i < j
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Constraints on the MSSM parameter space

@ Mass limits from collider searches [PDG 2008-2010]

@ only mixing between second and third generation squarks considered

@ Electroweak precision and low-energy measurements [PDG 2008-2010; HFAG 2008-2010]
BR(b — sy) = (3.57+£0.65)-10"*

Highly sensitive

. —1
AMp, = (17.77+3.31)ps to QFV elements

S

Ap(SUSY) < 0.0012
BR(b — sputp”) = (1.60£1.00)-107°

BR(b - putp~) < 4.3-1078
Aay = ap" —af™ = (29.04+8.6)-1071 Rather insensitive
to QFV elements

@ Cosmological constraints due to cold dark matter [wmAP 2010]

0.1018 < Qcpyh? < 0.1228
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Squark decays

@ The branching ratios of the squark decays
?7,172 — C )2(1) and /&/]_,2 — 1 )2(1)

are calculated by

@ taking also into account
~ ~ ~0 ~+ ~ 70 3 + ~ 10
U — Uk G, Uk Xy Ak Xy, Uj £, dy W, u; b
where uy = (u,c,t) and dp, = (d, s, b)

Analytic formulas see G. Bozzi et al (2007),A. Bartl et al. (2004),
M. Bruhnke, B. Herrrmann,W. Porod (2010)
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Squark Pair Production at Hadron Colliders

QCD factorization theorem
iy 1 — % InT d&

o= dt dr dy faja(za, M2) fo/5(xs, M)

4m?2 _% In 7 dt

Tap = /TETY

Flavour-violating channels

qi di
\__-r-“_ ="
q q
g Xk
N. / N» N/.
q _ 45  q,q _ 459
/ _-('-—— _-("——

Analytical expressions for squark production cross-sections and decays published in

rlier work
earlier works Bozzi, Fuks, Herrmann, Klasen (2007); Fuks, Herrmann, Klasen (2008)
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Production and Deca_ys of Squarks at LHC

Interesting production signature due to potentially large squark branching ratios
— U1 212 — ct XIXY
pp — Uy, 2U1,2 = CL X1 X1

Calculation of the corresponding cross-sections

0l = olpp — Wiy X)x (B(i — exd)B(i; — B9)+ B — 1x3)B(d; — oxy) )

Numerical calculation
* SPheno3 for mass spectrum, constraints, and branching ratios [Porod 2003-2010]

* Whizard/O’Mega for production cross-sections [Kilian, Ohl, Reuter 2001-2010]
(MSSM with QFV implemented!) [Herrmann 2009]

* Verification using FeynArts/FormCalc [Hahn 2001-2010]

* CTEQGL parton distribution functions [Pumplin et al. (CTEQ)]
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Numerical scenarios

@ [nput parameters:
tan 3, myo, My, My, Ms, i, Méaﬁ, M(%aﬁ, Ml%aﬁ,TUa@ and Tz

(at the weak scale and real)

@ QFV parameters:
Méaﬁ? M?]Oé,B’ Ml%O‘B’ TUO&ﬂ and TDCVB Wlth 87 # 5
@ Two reference scenarios:

— Scenl: QFV signals at LHC maximized:
can serve as a benchmark scenario for further studies

— Scen2: mSUGRA scenario SPS1a’: has already served for
several exp. studies
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Scenl

(22

4)?

Oubl — 225 — ().068
Mggaﬁ 51 B2 53 23 880X 840
a=1 | (9202 | O 0 My | My | Mz | p | tanf | mao
a=2 0 (880)2 (224)2 139 | 264 | 800 | 1000 10 800
a=3 0 | (224)% | (840)° 4 All of Tyap and Th,p are set to zero
M%aﬁ B=1 B=2 B=3 Mlzjaﬁ B=1 B=2 B=3
a=1 | (830)2] 0 0 a=1 || (82002 ] 0 0
o2 0 | (8202 0 . 0 | (600)2 | (373)2
2 2 2
=3 0 0 | (810) =3 0 | (373)% | (580)
(all numbers in GeV, SuRR _ (7137 _
except tan/3) 23 600580 .
’L~L1 ’L~L2 ’l~L3 ’l~L4 ’l~L5 Ug CZl CZQ Jg dv4 Ci5 Jﬁ
472 1 708 | 819 | 837 | 897 | 918 || 800 | 820 | 830 | 835 | 897 | 922
gl XY XS | X3 | x? | x| x2 || R° | HY| A | HF
800 || 138 | 261 | 1003 | 1007 || 261 | 1007 || 122 | 800 | 800 | 804
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|RE| || ar cr tr | Ur | cCr tr 1 )
@ | 0.001 | 0.004]0.024] 0 [0.715 | 0.699 ur ~ = 5Cr T 5lR
Uo 0.003 | 0.014 | 0.055 | O '« 0.699 | 0.713 —I—\fCR -+ \[tR
U3 0 0 0 1.0 0 0

Uy 0.128 | 0.584 | 0.800 | O | 0.021 | 0.053

Us 0.181 | 0.781 | 0.598 | 0 | 0.008 | 0.024

Ug 0.975 1 0.221 | 0.005 | O 0 0

@ Two main channels for u; and us: (B — branching ratio)
B(ﬂ1—>c>~<(1))—059 B(uy, — tx )—039

B(ﬂ2—>c>~<(1)) = 0.44, B(uy — tx ) = 0.40
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Squark decays
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((a) \ (
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limit: ¢7, - tg mixing ~ 0
Ty —
tan(2 eeRtR) 2M{93/ (AMG — mg)

AME —m?2 > 0: @, ~ tg (+ ¢g)
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o S
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©
8
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%‘ o 8

AMg = MU22 MU33

Mg, fixed AM —mi <0: 4y ~ ¢g (+ tg)
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Scen |

@ Charm-top associated production — interesting signature

\l\IlIIIIlIIlllIllllllllllllllllllll/l}
\

5
T IIIlI'HI
1 IIIIIJ-II

o(pp ~X) (fb)

10' F E
100 11 I L1 I 11 I L1 1 I 11 l L1 1 I 11 )L‘ 11 I L1 I 11
-10 -08 -06 -04 -0.2 0.0 0.2 04 0.6 0.8 1.0
uRR
d 23

ol =o(pp — w1, X)

olt = ot x (Bl — ex?) - Bliin — %)) + B(iiy — t13) - By — ex?))
Expect ~ O(10) events for “jet + top + ET™” production at 100 fb-! integrated luminosity

Loop corrections for dominant flavour-conserving channels enhance cross-section by ~ 30%
[Beenakker, Hopker, Spira, Zerwas (1997)]
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Scen |
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o2(7TeV) “ 0 (7TeV)

L1 1 11 I L1 1 I 11 I L1 1 11 I L1 |*I L1 I L1 1 1

10 -08 -06 04 02 00 02 04 06 08 1.0
uRR
0 23

Q
Il

a(pp — ﬂz?izX)

02 = 02 x (Bl(iiy = ¢x3) - Bliia — #X3) + Bliiy — tx9) - B(iiz — ¢x?))
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Scenll -SPSI12’

M3as || 6= B=2 | B=3 M, My | Ms wo | tan 8 | myo
a=1 || (526)2 0 0 103 193 | 572 | 398 10 373
a=2 0 (526)* 0 Tvir | Tu2e | Tuss | Ip11 | Tp22 | Tpss
a=3 0 0 | (471)% | |-0.007 | -2.68 | -488 | -0.19 | -3.26 | -128
Ml%aﬁ B=1 B=2 B=3 Méaﬂ B=1 B=2 B=3
a=1 | (505)? 0 a=1 | (508)? 0 0
a=2 (505)? a=2 0 (508)% | (280)?
a=3 0 (501)? a=3 0 (280)2 (387)2;
o O = i = 04
Uy | Uz | Uz | ug | Us | Us || di | do | d3 | dy | d5 | dg
332 | 541 | 548 | 565 | 565 | 612 || 506 | 547 | b4T | b47 | 571 | 571
goIXY XS | XS XS | XT | xe || RO | HO| A | HE
608 || 98 | 184 | 402 | 415 || 184 | 417 || 112 | 426 | 426 | 434
H. Eberl
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Scenll

|RL| | ar Cr, tr | ar | cr tr

i | 0010|0032 0457 | 0 |0.369 | 0.809 Uy ~ (£r,,Cr, tr)
iy | 0.014 | 0.015 0.691 | 0 | 0.720 | 0.062 iy ~ (t1,CR)
i3 0 0 0 |10| O 0

iy || 0.896 | 0.444 [ 0.011 | 0 | 0.003 | 0.001

s | 0.443 | 0.893 [ 0.036 | 0 | 0.062 | 0.008

iig | 0.021 | 0.058 | 0.559 | 0 | 0.585 | 0.585

@ We get for u; and us:

(B — branching ratio)

B(ii; — ¢x%) = 0.10, B(i; — tx°) = 0.23
By — %) = 0.15, B(iis — tx?) = 0.004
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Scen i

o(pp->X) (fb)

10

_IIIIII|T| IIIIIIlT] TTTT

102

ol =o(pp — w1, X)

ol = o1 x (Blin — exd) - B(iiy — #3) + Bl — t39) - Bty — ex?))

Again, expect up to O(10%) events for “jet + top + Et™*” production at 100 fb"! integrated
luminosity
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Signal and Background

pp — U1 2012 — ct (t2) X1} ? pp — U1 2012 — tE XIS

Main SUSY background
|dentification of top-quark crucial: t — bW — bgq
Efficient charm-tagging useful, otherwise search for pp — 1 2112 — gt (tq) XX}

pp — T 20 2 — ct (te) X9XY - 2 pp — Gx§ — ct (t€) XIXY

Xsection very small in our scenarios

SM background: pp — ttZ°X — ttvv X
pp — WZ°X — thvoX

However, these Xsections are very small because they involve weak processes.
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Conclusions and Outlook

Conclusions:

@ effects of squark mixing of 2" and 3" generation ¢z, /R - fL/R
on squark production and decays at LHC in the MSSM studied

@ branching ratios B(1; o — ¢/tx})can be up to 50% simultaneously

@ QFV signal events 'pp — ct (t¢) + EF* + beam-jets' with a
significant rate at LHC with rather low background

@ Next step: detailed Monte Carlo study

Outlook:
@ Study of further squark and gluino decays ...

@ Inclusion of higher order corrections in production and decays ...

@ Study of lepton flavour violating processes and signatures ...
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