<7

Karlsruhe Institute of Technology

Light Stop Decay in the MSSM with Minimal Flavour
Violation

in collaboration with M. Miihlleitner,  JHEP 1104:095,2011
Eva Popenda | 5.10.2011

INSTITUTE FOR THEORETICAL PHYSICS

KIT — University of the State of Baden-Wirttemberg and
National Research Center of the Helmholtz Association



I Outline

Karlsruhe Institute of Technology

@ Introduction and Motivation

@ The FCNCdecay & — ¢ + ¥J at tree level
@ One-loop calculation and renormalisation

@ Numerical analysis

@ Conclusions

Eva Popenda — Light Stop Decay in MSSM with MFV 5.10.2011 2/15



I Introduction

Karlsruhe Institute of Technology

m Precision measurements in flavour physics:
- In agreement with predictions of Standard Model (SM)

- Observed flavour violation can be described by Cabibbo-Kobayashi-Maskawa
(CKM) mechanism of SM

= New Physics cannot contain much more flavour violation than SM

a Minimal supersymmetric extension of SM (MSSM):
In general many new flavour violating sources

= “New Physics Flavour Problem”

a Minimal Flavour Violation (MFV):

Provides solution, agrees with precision measurements
- All flavour changing transitions are governed by the CKM matrix

- No flavour changing, neutral currents (FCNC) at tree level at p = ppyry

w Supergravity models

Flavour independent scalar mass terms at high scale Mp:
MFV arises naturally
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r AN ~0
I FCNC decay £ C + Xj A“(IT

’ Name \ Spin 0 \ Spin 1/2 H Mass eigenstates

Higgsino | HY, HS | HY, HY
Wino wo o 9 %5 %5 %8
Bino BO B°
Stop [ i tr H hb

m Light stop % arises naturally

u In MFV no tree level coupling & — ¢ — %9 at ey
= Decay mediated via one-loop diagrams with charged particles in loops

c
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I FCNC decay t;y — ¢ + {9

’ Name \ Spin 0 \ Spin 1/2 H Mass eigenstates

Higgsino | HY, HS | HY, HY
Wino wo l/:v0 %9 %9 %3 %8
Bino BO B°
Stop [ I, tr H hb

m Light stop % arises naturally

u In MFV no tree level coupling & — ¢ — %9 at pmey

= Decay mediated via one-loop diagrams with charged particles in loops

m Suppressed by small CKM matrix elements: | V| = 0.04

m For scenarios with light #; with

mc+m)20<m? < My + Mp+ Mo
1 1 X1

= Dominant decay mode: #; — ¢ + X9
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Phenomenology

u Exclusion limits from Tevatron assume BR(fH — ¢+ XJ) = 1

- Analysis of 2 c-jets and large MET final state

CDF Run 11 295 pb™"
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I Phenomenology

Karlsruhe Institute of Technology

u Exclusion limits from Tevatron assume BR(fH — ¢ + X9) = 1
- Analysis of 2 c-jets and large MET final state

m Light stop searches in this scenario

- Light stops can be discovered at LHC [Bornhauser, Drees, Grab & Kim '10]
pp — Htrbb, i — ¢+ X9
Signature: Large MET + 2 b-flavoured jets

Statistical signal significance, v/s = 14 TeV, 100 fo— 1
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Phenomenology

 Exclusion limits from Tevatron assume BR(H — ¢+ X9) = 1
- Analysis of 2 c-jets and large MET final state

m Light stop searches in this scenario

- Light stops can be discovered at LHC [Bornhauser, Drees, Grab & Kim '10]
pp — htrbb, i — ¢+ %I
Signature: Large MET + 2 b-flavoured jets

- Stop decay length measurements: [Hiller & Nir '08]
CKM suppression in MFV — large % lifetimes
Test minimal flavour violation by observing secondary vertices

a Existing work [Hikasa & Kobayashi '87]
Approximate calculation:
- Calculation with no FCNC at high scale Mp
- Taking into account only leading log = In(M2/M2))

a In this work: ~
- Complete one-loop calculation of t; — ¢ + >2‘1’ in MFV
- Full renormalization program, including finite non-logarithmic terms

= Study importance of neglected non-logarithmic pieces in previous work
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I Resummation

Karlsruhe Institute of Technology

m Assumption of MFV not invariant under RGE’s [D'Ambrosio, Giudice, Isidori, Strumia '02]

- Weak interactions affect squark and quark mass matrices differently
- Squark and quark mass matrices cannot be diagonalized simultaneously
- Top superpartner receives admixture from charm superpartner

= FCNC coupling between f; — ¢ — i? at tree level

C
f < #0atany p # pmry

Xt

m Solving renormalization group equations (RGE) for scalar soft SUSY breaking
squark masses: Resummation of large logarithm

m Exact one-loop result = First order in expansion in powers of «

o (A1 log + Ag) + o? (Bzlog? + By log + By) + o3 (Cslog® + ...) + ...

m Comparison of exact one-loop result and tree level FV decay:

= Estimate importance of resummation of large logarithms
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I Calculation: Tree level ﬂ("‘

stitute of Technology

In MFV the decay is forbidden at u = pyry:

What does that mean for corresponding expressions?

Flavour mixing in the SM:
g magr  with g =U%q™ gg=UFq™  g=ud
® Unitary Matrices ULt U9t = 13,4
u U9LA diagonalize mass matrix m: UYL m UYR = mpjaq
® CKM-Matrix VCKM — yuLt (ydR
a No further flavour transitions possible in SM
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I Calculation: Tree level

Karlsruhe Institute of Technology

Flavour- & RL-mixing in MSSM:

- . . T T
U Squark- ur m Unitary matrix WTW = 1646
?1 mixing- ?L ® Diagonalizes mass matrix:

L"112 = | matrix: W Ui—, WIMIw = Mpiag

[ (6x6) Cr m In general: Many, new flavour
A g violating sources

Factorization in MFV:

— (UL 0 cosfy  sinfg \ _
W= < 0 UWR ) ( —sinfy cosfy ) U \V,VJ
flavour diagonal

(&
= Process vanishes at tree level: &1 -~ < ~ Wg=0

X1

Eva Popenda — Light Stop Decay in MSSM with MFV 5.10.2011 8/15



I One-loop: Feynman diagrams & Divergencies ﬂ(l

uhe Institute of Technology

At one-loop level 3 types of diagrams contribute:

Squark self-energies Quark self-energies Vertex diagrams
C C C
- é t .
tl T ”"L” tl 7777777777777 t] 77777777777
X X X
Divergencies + Divergencies + Divergencies #0
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I Field renormalization

Karlsruhe Institute of Technology

At one-loop level 3 types of diagrams contribute:

Squark self-energies Quark self-energies Vertex diagrams
¢ c ¢
~ t ~
i] 7777777 ('/'li" tl 7777777777777 tl 777777777
X X X
Divergencies + Divergencies + Divergencies #0
1. Field renormalization On-shell scheme
<0 Squarks1 ~ . Propagator in higher orders:
Qs = (dst + 5Zst)0qt
¢ i i
i & k2 —m? k2—m24+%
+ b O m On-shell renormalization condition:
X! m keeps meaning of physical mass
=% . (m2 .
=245 (Mg $(m?) =0
5.10.2011 915
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Field renormalization

At one-loop level 3 types of diagrams contribute:

Squark self-energies

Quark self-energies

C c
. . t
T = €L.. B
X X
Divergencies + Divergencies
1. Field renormalization
Squarks Quarks
@ = (dst + 30Z51)at QP = (G + $0ZK)ak
c (&
c - t
T Xt + b
X i
=0 =0
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I Vertex Counterterm

At one-loop level 3 types of diagrams contribute:

a2 = (6st + %
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AT
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Vertex diagrams

+ Divergencies

Vertex Counterterm

X
Lt sqyU
(AszZ5t + oUC\,L)i cos 6;
o .
+§52&Lf1 + 6W&L?1
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I Mixing matrices ﬂ("'

® Renormalization of quark U9 and squark mixing matrices w necessary
O — (54 +6U) Uy~ WO = (65t + 6 Wet) W,
U,'j —( ik + /k) kj su —( st + st) tu

MFV imposed on U, W at scale Y=
U, W unitary = Antihermitian counterterms:

1 — 1~ =,
Uy = 1(52,- —0Z;) OWst = Z((SZS' —6Z5)
[Denner & Sack '90]
a Finite part of counterterm depends on renormalization scheme:

Minimal Subtraction = gauge independent ) ) o
[Degrassi, Gambino, Slavich '06]

1 . . — 1 ~n ~
Uy = ;(52/3’” - azk*,D'V)‘ 2o SWer = Z(azsf,"v —62Z;:Pvy

= Result depends on MFV scale pyey
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I Results: Formulas & Scenarios

2 1 <
Ml — o) = £y ) e

a Complete one-loop calculation:

2
Fr =~ .. VeV ... Iog% + “finites’

loop
m Calculation by Hikasa/Kobayashi:

M2
FRK =~ ... VeV Iog

a For numerical analysis: mMSUGRA framework
- Flavour independent parameters at GUT scale Mgyr = 10'8GeV = pyey:

- Scenarios with very light stop: X1 LSP and #; NLSP [SPheno, Porod 03]

[SOFTSUSY, Allanach '02]
= possible decay modes
H—c+ X1 dominating V, ~ 0.04
t1 —u + X1 suppressed by V,, =~ 0.003
— X1 b ff suppressed due to phase space
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I Results: Widths AT

stitute of Technology

Comparison of exact one-loop formula to approximation by H/K

nk

5 =130GeV m o =92GeV m_s =175 GeV
1 %3 e

’ [11oop[GeV] H FHK[GeV] ‘

| 5.86210—° || 6.44610° |

[SUSY-HIT, Djouadi, Miihlleitner, Spira '07]

a Exact and approximate decay width differ by O(10)%
m Finite terms extracted one-loop formula contribute with ~ 3 — 5% to Fgr

m Finite terms account for difference of form factors
= 10% effect in decay widths

m Difference in branching ratios negligible
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I Results: Resummation effects ﬂ("'

of Technoloay

Renormalization group approach: Includes resummation of large logarithms

c
fy e < ~ r|/\V/t1(~:1 =0 at puyey = 10'6GeV

MFV assumption is not RGE invariant and holds only at scale pyry = 10'6GeV
Flavour off-diag matrix element = Result of RG evolution down to EWSB scale

= tree level FCNC decay at EWSB scale

C
— < ~ Wye #0 FEY = fﬁ[z“ tan by + %2 ] W,

Comparison of one-loop MFV to FV tree level result:

| e Gev] | ™ [Gev] |

[ 5.862-10-° [[ 3.006- 101 |
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Results: Branching ratios AT

stitute of Technology

- Yu  :Resummed flavour off-diag matrix element WD1 i

- ;?b ff': Calculation including tree level FV couplings not available
= Additional contributions expectetd to be small due to CKM suppression

branching ratio | BR(} — %%¢c) | BR(} — %%u) | BR(} — %%bfF’
1 1 1

Exact 1-loop 0.9443 0.0053 0.0504
Resummed TL 0.4884 0.0032 0.5084

m Decay width of 4 body decay unchanged in both cases
® Branching ratio of & — %Ju always suppressed by 2 orders of magnitude

® Resummation effects reduce I' (¥ — X7 ¢) by factor ~ 20
= Decrease of branching ratio by factor 1/2
=- No longer in agreement with BR=1, as used in all analyses

= Resummation effects important for large scale uyry = Mgyt
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I Summary & Outlook Q(IT

Karlsruhe Institute of Technology

a Complete one-loop calculation of ; — ¢ + iﬁ’ in MFYV, including finite terms, which
do not depend on log ppry

m Full renormalization program, including gauge-independent renormalization of
mixing matrices

m Comparison to existing approximative formula by Hikasa/Kobayashi: Difference in
partial width ©(10)% because of finite terms

m Comparison to tree level decay with FV coupling due to RGE evolution
— Resummation effects important for large pyey
— Big impact on branching ratio

= Next step: Improve predictions for light stop decay width by calculating one-loop
corrections to FV tree level decay
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Feynman diagrams

Karlsruhe Institute of Technology

i G+ 1t
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I Results: Analysis for different .y

Wlth decreas'ng lLMFV : Karlsruhe Institute of Technology
- One-loop MFYV result approaches resummed FV tree level result
- One-loop MFYV result better than approximate formula by Hikasa/Kobayashi

For numerical analysis:
Scenarios with different pry but the same mass spectrum
= achieved by adjusting input parameters at high scale

5

Flloor pEv

1-loop 2 H/K
4+ T i I/Fn/

102 10* 108 108 1010 101210 1010 [GeV)

KMFV
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I Results: Analysis for different .y

Size of decay width: Does not only depend on size of log
Coefficient of logarithmic term:

% (m%L — 1P+ A+ M+ B (MG(15 — 1) + MEE) + miAptan a?)
4 cL

[GeV]

1079 |

10710 ¢

10°1 F

10712 |

10719 |

10~ - . . . . . -

10? 10* 109 10% 1010 10" 10 10'% [GeV]
.

Small stop decay widths — Long stop lifetimes — Secondary vertex [Hiller & Nir '08]

a Observing secondary vertex: Strong support to MFV principle
m Measuring lifetime: Information on size of flavour changing coupling
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Results: Branching ratios, exact formula A\‘(IT

(1) my =104 GeV mgo = 92 GeV M+ = 175 GeV

Mo =200 GeV My, =230 GeV Ay=—920GeV tanp =10 sign(p) = +

(2) m; =130GeV  mg =92GeV  mgy =175GeV

Mo =200 GeV My, =230 GeV Ay = —895GeV tanpg =10 sign(p) = +

branching ratio | BR(} — %{¢) | BR(} — %%u) | BR(H — %9bff')

Scenario(1) 0.9944 0.0056 4.587 105
Scenario(2) 0.9443 0.0053 0.0504

a FCNC decay dominating in both scenarios

m Decay into up-quark suppressed by 2 orders of magnitude

m 4-body decay is less important in (1), due to reduced phase space
a Effect on BR of interest only at the percent level
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I Results: Branching ratios, exact formula vs. H/K

(1) my =104 GeV Mo = 92 GeV m~+_175GeV
(2) mf1_130GeV mo_92GeV m~+_175GeV.

Exact 1-loop result:

| branching ratio | BR( — 9¢) | BR(k — 0u) | BR(H — bf7) |
Scenario(1) 0.9944 0.0056 4587 105
Scenario(2) 0.9443 0.0053 0.0504

Approximation by H/K:

branching ratio | BR(} — %9¢) | BR(s — %%u) | BR(H — %9bfF')
Scenario(1) 0.9944 0.0056 4..10°
Scenario(2) 0.9486 0.0053 0.0460
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I Results: Branching ratios, 1-loop vs. FV TL

(1) my =104 GeV mo—QZGeV m-+_175GeV
(2) my =130 GeV m0_92GeV m+_175GeV.

Exact 1-loop result:

branching ratio | BR(} — %9¢) | BR(s — %%u) | BR(H — X{bfF')
Scenario(1) 0.9944 0.0056 4587 -10~°
Scenario(2) 0.9443 0.0053 0.0504

Resummed FV TL:

branching ratio | BR(} — %9¢) | BR(} — %%u) | BR(H — %9bfF')
Scenario(1) 0.9925 0.0066 8.956- 104
Scenario(2) 0.4884 0.0032 0.5084
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I Results: Analysis for different pyFy

With decreasing upyey :
- One-loop MFYV result approaches resummed FV tree level result
- One-loop MFYV result better than approximate formula by Hikasa/Kobayashi

Karlsruhe Institute of Technology

For numerical analysis:
Scenarios with different pr, but the same mass spectrum

[GeV]

1079 |

10710 |

1071 |

10712 |

10719}

1014

10? 10t 109 108 1010 10%2 10t 1016 [GeV]

HMFV

A=—p2+ A2+ MgR + c5(MG, (15 — 1) + M313) + miAptan 6;
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Light Stop Searches at the LHC in Events with
two bJets and Missing Energy

Karlsruhe Institute of Technology

[Bornhauser, Drees, Grab, Kim '10] ;359 T Tt A
-] i ]

Production of #; bb %@007 ]
including pure QCD as well as mi- £ g ]
xed electroweakQCD contributions B P
-~ - 200 i 27

pp — titbb i
}1 —~c+ )2(1) 150 .
Small ; — 9 mass splitting 100 E
= cjets too soft to be useful ol . ; . ]

150 200 250 300 350

Signature: ™ [GeV]

large missing energy +
2 b-flavoured jets

5. 10: Statistical signal significance at the LHC with
f 14 TeV as a function of the stop and neutralino
mass. The red, g nd turquoise region cor
5¢, 30 and 20, respe
an integrated luminosity of 100~ The chargino mass
is fixed by Eq. {@}. The parameter space_below the black

to an excess of at le

region abowve the blue curve, the stop pair
(“monojet”) signal has significance > 5

T'he pa-
rameter region where £1 decays into a charm and a neu-
tralino are expected to dominate is given by the condition

Mige +Me < Mg, < Mgy +mw + m.
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Measuring Flavor Mixing with Minimal Flavor
I Violation at the LHC A\‘(IT

[G. Hiller & Y. Nir, arXiv:0802.0916]
Challenging task: Experimentally establishing MFV, in case it holds
Under certain circumstances measuring mixing with MFV models might be possible
= Stop NLSP, m; — myg <m =1 — ¢+ %9 dominating
m CKM suppression — stop lifetime unusually long
— secondary vertex

1) Flavour suppression need for secondary vertex = unique to MFV models
Observing secondary vertex — strong support to MFV principle

2) Measuring lifetime — information on size of flavour changing coupling
(after higgsino/gaugino decomposition of neutralino
+ left/right decomposition of stop known)
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I Calculation: Tree level |

C
In MFV framework the decay is forbidden ~ #1 — - < =0
at tree level:

What does that mean for our terms?
Flavour mixing in the SM:

wimpwd  owith Wl =Ultq™ vl =UTq  q=ud

= Unitary matrices U9t Ut =1
u U9LF diagonalise mass matrix mj: U“Lm,]U“R My Sm

® CKM matrix VCKM — yuLt (yaR
= no further flavour transitions possible
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I Calculation: Tree level Il Q(IT

Flavour & LR mixing in the MSSM:

i squark 7 w Unitary matrix WHW = 1

? mixing E;L w Diagonalises mass matrix:

fl12 = | matrix: W u; WIMIW = MG,

Co (6 x6) Cr m In general: Lots of new flavour
t is violating sources

Mixing matrix factorises in MFV:

— (UL 0 cosfy —sinfy \ _
W= < 0 UR ) ( sing, coso, )Y WL
flavour diagonal

C
= Process vanishes at tree level: i - < ~ Wg¢=0

X1
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Calculation: Tree level 1l

Karlsruhe Institute of Technology

Mixing matrix factorises in MFV:

— (Ut o0 cosfy —sinfg \ _
W= ( 0 LR > < sinf;  cosby ) U \VL
flavour diagonal

a MFV hypothesis not renormalization group invariant
[G.D’Ambrosio et al., arXiv.0207036]
At weak scale:
- Scalar mass terms obtained by solving RGE’s
- Weak interactions affect squark and quark mass matrices differently
- Squark and quark mass matrices cannot be diagonalized simultaneously
= stop state receives admixture from scharm

C
— < ~We=0 at p=pury

X1

C

[ ~ Wi #0 at p# pmry
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I Renormierung: 1. Squarkfelder A“(IT

Karlsruhe Institute of Technology

Einfihren der Renormierungskonstanten:
& = Zya jk=1,2...6

Z = 8 + 582

Einsetzen in die Lagrangedichte fihrt auf renormierte Selbstenergie:

2
N . e N 2 a
Ty e O rrrrrrrr cr 712;151 (q )712[1&1 q) + 5 (62[161 +6ZC1 ’1)

- %(m 52[101 +m §Zc h)

= Teilchenpropagator in hdherer Ordnung: Waﬁ(;@)

m On-shell Renormierungsbedingung
m soll Bedeutung der physikalischen Masse behalten:

Sz, (M mZ) =0 =%

_ 2 m2
e — m§1—m2 f101( )
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I Renormierung: 2. Quarkfelder Q(IT

Karlsruhe Institute of Technology

Einflhren der Renormierungskonstanten:
0 LR LR 1 LR
Runyi=2 P aas 2T =t 9% !

Einsetzen in die Lagrangedichte flihrt auf renormierte Selbstenergie:

st 2
t —@—-c = 0%
= ipECP+ pEEPR+PLEE + PRES
—_—
fur mg=0,—0

oo, 2 2 m R
E0H = TS - 6z

ax.ct; 2 *,0t, 2 L a—
ZSC(P) = ZSC(P)*?sttC

a On-shell Renormierungsbedingung: D(p)i’c(pz)\(pgzmzzo) =0

2
mg

2

= 6zut = thg“(m sz = Z5)=0
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