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Flavour violation in the MSSM




Flavour in the Standard Model...

Only source of flavour violation are Yukawa matrices

. Higgs
u%) = Vi u(Lm)
ug) = U, u%m)

d\V = vy d"™

Ay = Uy dyV

Quarks ‘ Force particles

Quark flavour violating (i.e. charged current) interactions...

g2 1=

... proportional to Cabbibo-Kobayashi-Maskawa (CKM) matrix

1 AN
Vokm = VIV ~ A1 )\ A~ 0.2
A N2 1
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...and beyond

Example: Minimal Supersymmetric Standard Model (MSSM)

Minimal flavour-violation Non-minimal flavour-violation
e same flavour structure as in SM, i.e. * new sources of flavour violation
no new sources of flavour violation can appear within SUSY-GUTs
* in super-CKM basis squarks undergo * corresponding flavour-violating
same rotations as quarks terms related to SUSY breaking
e all flavour-violating elements related (e.g. gravity mediation,
to CKM-matrix messenger-matter mixing, ....)

o Example: Xétéfj% interaction e not related to CKM-matrix

proportional to Vs * conveniently considered as free
parameters at the weak scale

see e.g. Gabbini, Masiero (1989); Gabbiani, Gabrieli, Masiero, Silvestrini (1996); Ciuchino, Degrassi, Gambino, Giudice (1998)
for a review on flavour violation in the MSSM see e.g. Lari, Pape, Porod et al. (2008)

Experimental distinction between MFV and NMFYV possible...?
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The Minimal Supersymmetric Standard Model (MSSM)

Supersymmetry relates bosons and fermions: QY = |f) Qlfy = |b)
SM Particles Spin Spin Superpartners
Quarks (u ;. d L) 1/2 Q 0 (ﬂ . d L) Squarks

ul, /2 | a | O i
dt, 1/2 | d | 0 d%
Leptons (v er) 1/2 | L 0 (v ér) Sleptons
el 1/2 | & | 0 &
Higgs (Hf H)) 0 | H,
(HO H—) 0 H 1/2 )2(1) 23 4 Neutralinos
a Hg d 2,3,
W bosons WO W= 1 1/2 )2%2 Charginos
B boson BY 1
Gluon g 1 1/2 g Gluino
Graviton G 2 3/2 G Gravitino

Supersymmetric models cure the hierarchy problem of the Standard Model,
can lead to gauge coupling unification, include candidates for cold dark matter, ....
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The squark sector of the MSSM

Squark mass matrices at the electroweak scale can include off-diagonal (i.e. flavour-violating) terms

T 1 1 2
2 M’LLLL (MuRL) M%L,aﬁ — MC%,O&B + 9 mi,a + 9 gs%/V m22025 Oa3
M’&, — ) )
M’U,RL MURR M%R,aﬁ — M?],aﬁ + 5 [mi,a T §S%/Vm2ZC25] 5045

U2
M2y o = Ay s — Mya——§

Dimensionless (and scenario-independent) parametrization of flavour violating entries

LL 2
Oaf = MQ,aﬁ/\/Mz,aaMfz,ﬁﬁ
uRR 2

RL
535 — AU aﬁ/\/ Uaa [36

Diagonalization through 6x6 rotation matrix leads to mass eigenstates

251 2 2 2 2 2
RaMZR: = dlag(mul,muQ,mug,mM,m%,m )
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Squark masses and flavour contents

Reference scenario: SPSI|a’ [Aguilar-Saavedra et al. 2006] (MSUGRA / CMSSM)

mo = 70 GeV,m; ;5 = 250 GeV, Ag = —300 GeV,tan 8 =10, > 0

Introduce non-diagonal elements in squark mass matrix at the electro-weak scale (Q=I TeV)

—~ 700 o 1
% B z:;': - N
g_ \// - . _i/-',’
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— B — Cp
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23

Increased mass splitting and altered flavour decomposition w.r.t. minimal flavour violation
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Experimental constraints




Experimental constraints

Mass limits from collider searches [PDG 2008-2010]

Consider only additional flavour-mixing between second and third generation squarks

due to strong constraints on mixing involving the first generation from precision measurements

related to B- and K-mesons [Hagelin et al. 1994; Gabbiani et al. 1996; Ciuchini et al. 2007]

Electroweak precision and low-energy measurements [PDG 2008-2010; HFAG 2008-2010]

BR(b — s7)

AMpg

BR(b — su™pu™)

BR(BS — U ,LL_)

__ SM  _exp
Aau = a, a,

(3.57 +0.65) - 10~* Highly sensitive
1 to QFV elements

(17.77 4 3.31) ps™

(1.60 £ 1.00) - 10~°

4.3-107°

(29.0 +8.6) - 10~ ¢ Rather insensitive
to QFV elements

Cosmological constraints due to cold dark matter [WMAP 2010

0.1018 < Qcpuh? < 0.1228
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Constraints on the mSUGRA parameter space

Bozzi, Fuks, Herrmann, Klasen (2007)
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b—sy excluded WMAP favoured
a, favoured charged LSP tan =10, Ao =0, p >0

BR(b—sy) very sensitive to flavour-violating elements (especially in the left-left sector)
Dark matter relic density and anomalous magnetic moment practically insensitive

Constraints from further B-meson observables or lightest Higgs mass less stringent in most cases
(see next slide...)
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Constraints on quark flavour violation
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Computational tools

Supersymmetric mass spectrum

e SPheno 3.0 [Porod (2003-2011)]
Renormalization group equations, supersymmetric mass spectrum,
precision observables, and branching ratios in MSSM with NMFV

* FeynHiggs [Hahn, Heinemeyer et al. (2002-2011)]
Mass spectrum and precision observables in MSSM with NMFV

Production cross-sections

e XSUSY [Fuks, Herrmann (2008-2011)]
Squark and gluino hadroproduction and decays in MSSM with NMFV

* Whizard / O’Mega [Kilian, Reuter, Ohl (2001-2011)]
Monte-Carlo event generator, MSSM with NMFV implemented [Herrmann]

Relic density calculation

e DarkSUSY [Gondolo, Edsjs, Ullio et al. (2004-201 1)]
includes 6x6 rotation matrices for squarks and sleptons

* MicrOMEGASs / CalcHEP [B¢langer, Boudjema, Pukhov et al. (2001-2011)]
Model files for MSSM with NMFV generated
with the help of Mathematica package SARAH [Herrmann, Staub (2010)]
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Signatures related to squark production and decay




Particle production at hadron colliders

QCD factorization theorem: Convolution of partonic cross section with parton density functions

t 1 1/2InTt dé
o= [ar [ ar [y faatea M2) foyn(en03)
_ 4m? /s —1/2InT

Example: Squark pair production through t-channel neutralino exchange

(i
R 4 T kl 4 T kl —_ \ _ J——
do-hahb — (1 . ha) (1 . ha> Z |:N :|11 + (1 T ha) (1 e ha) Z |:N :|22 q _T . o
dt i etk i et --ﬂi
ST T "1 4
—l_( B a>(1+ a) Z t~0t~0 +(1+ a)(l_ a) Z t-0t~0 ———— T —
El=1 Xk Xi kl=1 Xk Xi q
Form factors include coupling constants and Dirac traces
NTIF = ma’ Cr o CI o C2 o CI t—m2m2)(1-06 5
NTlpn = sin® Oy cos? Oy o2 GA'XR T aaxy, T3] T diaxy (u — Mg m@j) (1= dmn) + Mxe Mgy 5 0mn

{Chaxe Cooxet = gt Raasnt ~ {(Ra)jy: (Ra)jigra

Agreement with previous results in flavour-conserving limit [Bozzi, Fuks, Klasen (2005)]
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Squark pair production at LHC

Bozzi, Fuks, Herrmann, Klasen (2007); Fuks, Herrmann, Klasen (2009)

pp—qg +cc. R s
3 100 q q )
4= - i ) g B
o) i gj qj
- = ’ e
10 q q
- T ~
L ~ ~ 100 100 d
1 u,u,
; 80 80
B ~ ~ 60 60
0. 1? d,d,
0.01E g 20 20
- | | | | |
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Cross sections sensitive to flavour violation through to qqg- and qgX-vertices

uius and uju; production cross sections increase with light flavour content in u;
d2ds production cross section decreases with light flavour content in d;
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Squark pair production at LHC

Bozzi, Fuks, Herrmann, Klasen (2007); Fuks, Herrmann, Klasen (2009)
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Flavour exchanges between U3 and Us related to “avoided crossings’ of mass eigenvalues
— flavour exchanges lead to sharp transitions in particular production channels

Resonance-like behaviour of U3t4 production cross section due to smooth flavour exchange
— both squark mass eigenstates receive significant up-quark contributions
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Fermionic squark decays

Bartl, Eberl, Herrmann, Hidaka, Majerotto, Porod (2010)
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Branching ratios of squarks into different generations can become simultaneously sizeable

Potentially large branching ratios may lead to interesting production signatures at colliders
~ o~ : ~0 0
pp — U1z UT,Q — ¢t X1 X1

- -0 ~0
pp — Ui2uUrz2 — T X7 X3
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Production cross-sections and LHC signatures

Bartl, Eberl, Herrmann, Hidaka, Majerotto, Porod (2010)

s s ————————////////(=
% T PP L L
& 10° =L s o
% =~ pp—uu,” e
(o= T
= =0 -0
10 ppP— CtX1X1
TE
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102 B | ] | ] | ] ] | ] | ] |
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23

d

Expect up to 10*events for “jet + top + ET™” production at Ecn=14 TeV and Lin:=100 fb"!
Event rate for top-top production found to be rather small (o <0.1 fb at Ecn=14TeV)

Loop corrections for dominant (flavour-conserving) channels increase cross-section by about 30%
[Beenakker, Hopker, Spira, Zerwas 1997]
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Discrimation and Background

Bartl, Eberl, Herrmann, Hidaka, Majerotto, Porod (2010)

o P o — 0 ~
pp — U1p0f 5 — ct (tC) X1 X pp — U205 5 — tE X7 X3
|dentification of top-quarks crucial: t — bWt = b qq
Efficient charm-tagging useful, otherwise search for pp — 1 2 ?T{,Q — qt (tq) )2(1) )2(1)
o 0.0 1 - - 20 <0
pp — u12U; 9 =t X1 X3 pp — uUi2U; o — L1 X7 X1
Discrimination between top and anti-top necessary: t = bWT —blty
t - bW~ —=bl v
~ ~ k 7 — ~O ~O ??? ~ ~O n — ""O ~O
pp — Ui2uj o — ¢t (t€) X1 X3 pp—gx; — ct(tc) x1xa

Gluino production channel found to be numerically small

miss

Most important background is pPp — tt + E7"° with missed / misidentified lepton from top decay
Cross-section for single-top production numerically small (due to weak interaction)
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Bosonic squark decays

Bruhnke, Herrmann, Porod (2010)
Within MFV, only one (two) squark(s) can decay into a given squark plus a neutral (charged) boson

Considering NMFYV, additional decay channels with the same final state can be opened
due to the modified phase space and squark flavour contents

05— ¢ — 0.5+ _

: 1 — BR(i1p - i1y, Z°) : | —BR(d; = iy, W)
04 | BR(ii¢ - it1, Z°) 04" 3 BR(d, > i, W)

: : — BR(iis > @iz, Z) : i —BRd, = i, W)
03" \ | / ] 03 ‘ ~--BR(dg — ii;, W)
02 | : 02"
0.1 | | 0.1 |
OO: .\ e : ] _‘/‘-——- ] 0_0'_———“’ I A : I B S ‘~T~‘~T—"‘:

0.5 0.0 0.5 06 -04 -02 00 02 04 06
St SRR

Characteristical signatures found in wide ranges of NMFV-MSSM parameter space
qi — qj ZO/HO for given i and (at least) two different values of j (or vice-versa)

q; — (j‘;.I/VjE (H jE) for given i and (at least) three different values of j (or vice-versa)

If squarks are observed at LHC, bosonic modes can provide complementary information
w.r.t. fermionic decays (which will be helpful for reconstruction of couplings and mass parameters)
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Variation of two QFV parameters

Bruhnke, Herrmann, Porod (2010)

BR(i, - iy, Z°)
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o o

Each of the seven QFV-parameters has specific impact on squark generation mixing
Simultaneous variation superimposes the corresponding effects and amplifies signal patterns

Studies of other scenarios (e.g. SPSIb, ...) show qualitatively similar signatures
However, differences in the mass spectrum lead to quantitatively different results
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Signatures related to gluino production and decay




Gluino two-body decays (including subsequent squark decays)
Hurth, Porod (2009); Bartl, Hidaka, Hohenwarter-Sodek, Kernreiter, Majerotto, Porod (2009)

100 dBR(g — ujukxl)/dMu

0.2 A m; = 800 GeV, §u'F = (0.144
' ' mg, = 098 GeV, myg, = 642 GeV
ct
017 o BR(§ — f — cix?) = 46%

BR(§ — qd — cex?) = 38%
12%

—_—
—_—
—

BR(§ — qf — ttx3)

L I'______\

0 I’

T R ST [ ST WO SO S AY ST S ST R I
200 300 400 500 600

Invariant mass distribution of produced quark pairs from gluino (and subsequent squark) decay
No additional edge structure for top-top final state (only @i can mediate this channel)

Additional (well seperated) edge structure for top-charm corresponding to kinematical endpoints

g — tu] — ctxy M, = [253,526] GeV
g — cti — ctxy M, = [254,580] GeV
g — ciy — ctx) M,. = [219,497] GeV
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Gluino three-body decays

Bartl, Ginina, Eberl, Herrmann, Hidaka, Majerotto, Porod (to be published)

If the gluino is lighter than all squarks, three-body decays may lead to flavour-violating signatures

~

1 ~ sinf ép+cosb tp

t
; Us ~ cosl cgr —sinf tp

U; I (cos@sinf) 4 (—cosfsinf) ~ 0

Na¥

§—>cf>~<(1)

However, strong destructive interference between U, and U contributions if masses are similar

= 0251
© |
(o) |
o |
"/'r’ 0.2
2 - Sizeable flavour violation effects
0.15— . .
- - for rather large off-diagonal entries
0.1—_ (where mg S mal)
0.051~ For mg, < mj, two-body decays
B : uRR
0_ Y R S . G become dominant ( 523 z 0.8 )
1 -08 -06 -04 -02 0 02 04 06 08 1

uRR
0.

Bjorn Herrmann (DESY) LAPTH, Annecy-le-Vieux, 24 february 201 | 25



Gluino three-body decays at LHC (preliminary results)

Bartl, Ginina, Eberl, Herrmann, Hidaka, Majerotto, Porod (to be published)
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Dominating gluino pair production from gluon fusion insensitive to flavour violating couplings
Gluino-gaugino production practically insensitive (squarks only in internal propagators)
Gluino-squark production enhanced with QFV elements due to squark flavour decomposition

Smooth invariant mass distribution (no edge structure) due to off-shell squark in the propagator
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Gluino three-body decays at LHC (preliminary results)

Bartl, Ginina, Eberl, Herrmann, Hidaka, Majerotto, Porod (to be published)
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Expect up to 10% to 10* events for each signal at Ecn=14 TeV and Lin.=100 fb"'
with contributions from flavour conserving processes (enhanced through altered squark mass)

Again, top / anti-top identification necessary and efficient charm tagging useful
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Dark matter annihilation




Neutralino pair annihilation

Bozzi, Fuks, Herrmann, Klasen (2007)
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Relic density almost constant for small flavour violating entries
— Squarks only appear in propagators (as also in the case of gaugino production)

Rapid fall-off when lightest squark and neutralino get close in mass due to coannihilations
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Neutralino pair annihilation

Herrmann, Klasen, Le Boulc’h (to be published)
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Flavour violating couplings can open new (co-)annihilation channels
In consequence, the relic density decreases with increasing flavour mixing

Co-annihilation mainly influenced by decreasing mass difference between squark and neutralino
Effects of rotation matrix in couplings less important in this context
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Conclusion




Conclusion and Outlook

Flavour-violating terms can a priori be present in soft-breaking terms at the weak scale
Possibly not related to CKM-matrix but to SUSY breaking (non-minimal flavour violation)
Important impact on phenomenology (e.g. masses, flavour contents, ....)

Effect on dark matter relic density (e.g. new annihilation channels)

Observation of characteristic signatures at colliders might rule out hypothesis of MFV
New decay channels of squarks are possible in NMFV
Fermionic decays may lead to sizeable event rates at the LHC

pp — U124, — ct X1 X3 pp—§g—ccttXix
Bosonic decays may give additional information (once squarks are observed)

G — q;2°/H" G — ;W= /H*

This clearly calls for detailed Monte-Carlo studies

Explore feasibility in current collider experiments

Determine regions of parameter space where signals would be observable
[Herrmann, Porod (in preparation)]

Bjorn Herrmann (DESY) LAPTH, Annecy-le-Vieux, 24 february 201 |

32



