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Introduction

Quark flavour in the Standard Model
and the MSSM




The Standard Model of Particle Physics

Based on the gauge groupe SU(3)xSU(2)xU(1), the Standard Model successfully describes a wide range of phenomena and has been tested
to very good precision — however, important questions remain unanswered... driving the exploration of new physics models!
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The Minimal Supersymmetric Standard Model

Supersymmetry relates bosonic and fermionic degrees of freedom — superpartners for all Standard Model particles
Supersymmetry must be broken at the TeV scale — introduce soft-breaking terms into the Lagrangian
Minimal Supersymmetric Standard Model ranks among the best studied new physics frameworks
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The Minimal Supersymmetric Standard Model

Supersymmetry relates bosonic and fermionic degrees of freedom — superpartners for all Standard Model particles

Supersymmetry must be broken at the TeV scale — introduce soft-breaking terms into the Lagrangian
Minimal Supersymmetric Standard Model ranks among the best studied new physics frameworks
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Quark flavour in the Standard Model

Yukawa matrices are the only source of flavour violation
— flavour-violating interactions stem from the misalignment of up-type and down-type rotations
— parametrization through the Cabbibo-Kobayashi-Maskawa (CKM) matrix

u(Li) = VuL ugm’)
u%) = Vur u%m)
A\ =V d™

A = Vg di7
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Quark flavour in the Standard Model

Yukawa matrices are the only source of flavour violation
— flavour-violating interactions stem from the misalignment of up-type and down-type rotations
— parametrization through the Cabbibo-Kobayashi-Maskawa (CKM) matrix
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Flavour-changing interactions proceed through charged currents (VV-boson)
— no flavour-changing neutral currents (FCNCs)
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Quark flavour in the Standard Model
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Similar description for the lepton and neutrino sectors involving the PMNS matrix (more later...)
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Quark flavour in the Standard Model... and beyond

[Assume same flavour structure as in the Standard Mod$
— Yukawa matrices remain only source of flavour violation

— all quark flavour violation related to CKM matrix
— Minimal Flavour Violation (MFV)

//S S
«
+ A~ X ‘/;58 ;(i X ‘/;58
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Quark flavour in the Standard Model... and beyond

[Assume same flavour structure as in the Standard Mod$
— Yukawa matrices remain only source of flavour violation

— all quark flavour violation related to CKM matrix
— Minimal Flavour Violation (MFV)
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~

— may allow for flavour-changing neutral currents (FCNCs)
— Non-Minimal Flavour Violation (NMFV)

[Allow for additional sources of flavour violation
— corresponding interactions not related to CKM matrix
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Quark flavour in the Standard Model... and beyond

[Assume same flavour structure as in the Standard Mod$
— Yukawa matrices remain only source of flavour violation

— all quark flavour violation related to CKM matrix
— Minimal Flavour Violation (MFV)
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«
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— corresponding interactions not related to CKM matrix

— may allow for flavour-changing neutral currents (FCNCs)
— Non-Minimal Flavour Violation (NMFV)
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R4 ~ /
Wi A~~~ e Xi

Experimental constraints on such terms...?
LHC signatures stemming from such couplings...?
Distinguish MFV and NMFV experimentally...?
Implementation in Grand Unification frameworks...?

/Allow for additional sources of flavour violation \
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The squark sector of the MSSM with NMFV

In the super-CKM basis, and in the most general case, the squark sector is parametrized by two 6x6 mass matrices
— diagonalization through two 6x6 rotation matrices carrying all information about flavour content (generalized “mixing angles™)

2171 2 y
p o N L
%Tu — mut:nﬁ Mlgj -+ m%b + Dﬂ,R (ul,u2, . ,U@) — Rﬂ, (uLacLatLvuRa CthR)
~ o~ ~ T ~ . T 3 . 7T \T
M2 Mc% +mi+Dj;, %TC}L — mgq tan (d1,dz,...,ds)” =R;(dr,5L,bL,dR, 3R, bR)
d %Td — mgaqp™ tan 5 M% + m?2 + Djg
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In the super-CKM basis, and in the most general case, the squark sector is parametrized by two 6x6 mass matrices
— diagonalization through two 6x6 rotation matrices carrying all information about flavour content (generalized “mixing angles™)
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Non-Minimally Flavour Violating terms manifest as off-diagonal entries in the soft mass and trilinear matrices
— dimensionless and scenario-independent parametrization by normalizing w.r.t. the corresponding diagonal elements
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Outline

Experimental constraints on quark flavour violation

LHC phenomenology of the MSSM with NMFV

NMFV within Grand Unification frameworks — A4xSU(5) case study



Part |

Experimental constraints on quark flavour violation

K. De Causmaecker, B. Fuks, B. Herrmann, F. Mahmoudi, B. O’Leary,W. Porod, S. Sekmen, N. Strobbe

“General squark flavour mixing: constraints, phenomenology and benchmarks”
JHEP 1511 (2015) 125 — arXiv:1509.054 14 [hep-ph]

G. Brooijmans et al.

“Les Houches 2013 — Physics at TeV Colliders: New Physics Working Group Report”
arXiv:1405.1617 [hep-ph]

B. Herrmann, Q. Le Boulc’h, M. Klasen

“Impact of squark flavour violation on neutralino dark matter”
Phys. Rev. D84 (201 1) 095007 — arXiv:1 106.6229 [hep-ph]


http://inspirehep.net/record/916561

Flavour constraints on new physics

New particles affect predictions of any observable through their loop contributions
— a large variety of precision observables can serve as test for new physics, especially through flavour-violating effects
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Flavour constraints on new physics

New particles affect predictions of any observable through their loop contributions
— a large variety of precision observables can serve as test for new physics, especially through flavour-violating effects
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Flavour constraints on new physics

New particles affect predictions of any observable through their loop contributions
— a large variety of precision observables can serve as test for new physics, especially through flavour-violating effects

Observable Experimental result
M0 (125.2 £ 2.1) GeV ATLAS/CMS 2018
b—> BR (B — Xs7v) (3.324£0.15) - 10~  |HFLAV 2018
BR (B = Xopit) 2ei16) Gev (0.66 +0.55) - 1075  |BaBar 2014
BR (B — Xoft) 25144 Gov (0.60 +0.26) - 1075  |BaBar 2014
- . BR (Bs — pup) (2.741.0) - 107 PDG 2018
€A BR (B = K*ji1) 2 (1:6] Gov? (1.740.26) - 10~7  |LHCb 2013
b——=< |X" x VipVis ~ 0.04 AFB(B = K*upt) 2eri 16 eve | (—0.075£0.030) - 1077 |LHCb 2015
e BR (B, — 7v) /BR(B, — V) 1.04 £ 0.34 PDG 2018
Y BR (K7 = 7vw) <26-10° PDG 2018
BR (Kt — 7ntuv) 1.73 2% - 10710 PDG 2018
e A S AMg. (17.757 £ 2.266) ps—' |PDG 2018
b——e_ |- x Viy Ve ~ 1 €K 2.228 +0.243 PDG 2018
e Aa, = aS®P —ay” (26.1+£10.74) - 10~ |PDG 2018
Y Qcpnh? (0.1200 &+ 0.0020)  |Planck 2018
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An MCMC study of the NMFV-MSSM parameter space — Setup

Study the parameter space of NMFV in the squark sector of the MSSM w.r.t. experimental constraints
— consider only mixing between 2nd and 3rd generation squarks (Ist generation mixing heavily constrained by meson mixing)

— use Markov Chain Monte Carlo algorithm to efficiently scan the |9-dimensional parameter space under consideration

Parameter Scanned range Parameter | Scanned range
tan 3 10, 50] Mg, 300, 3500
I 100, 850] Mg, 100, 3500
ma 100, 1600 Mg, 300, 3500
M, 100, 1600 Mg, 100, 3500
M; 100, 3500 Mp, 300, 3500
5L 0.8, 0.8 M, 100, 3500
U 0.8, 0.8 A -10000, 10000]
0% 1 -0.8, 0.8
U 0.5, 0.5
U 0.5, 0.5
0% o -0.05, 0.05
0% -0.05, 0.05
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An MCMC study of the NMFV-MSSM parameter space — Setup

Study the parameter space of NMFV in the squark sector of the MSSM w.r.t. experimental constraints
— consider only mixing between 2nd and 3rd generation squarks (Ist generation mixing heavily constrained by meson mixing)

— use Markov Chain Monte Carlo algorithm to efficiently scan the |9-dimensional parameter space under consideration

Parameter Scanned range
tan 3 110, 50
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M, 100, 1600
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Yo -0.8, 0.8
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0% o -0.05, 0.05
0% -0.05, 0.05

Parameter | Scanned range
Mg, 300, 3500
Mg, 100, 3500
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Mg, 100, 3500
Mp 300, 3500
M, 100, 3500

A, ~10000, 10000)

/’ obs 2
gy -3 (ojm) oy ) W

Eccept hew point x\zw Kaccept new point x;
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An MCMC study of the NMFV-MSSM parameter space — Setup

Study the parameter space of NMFV in the squark sector of the MSSM w.r.t. experimental constraints
— consider only mixing between 2nd and 3rd generation squarks (Ist generation mixing heavily constrained by meson mixing)

— use Markov Chain Monte Carlo algorithm to efficiently scan the |9-dimensional parameter space under consideration

Parameter Scanned range
tan 3 110, 50
m 100, 850]
ma 100, 1600
M, 100, 1600
M; 100, 3500
Orr -0.8, 0.8
Yo -0.8, 0.8
0% 1 -0.8, 0.8
Yo -0.5, 0.5,
w -0.5, 0.5,
0% o -0.05, 0.05
0% -0.05, 0.05

Parameter | Scanned range
Mg, 300, 3500
Mg, 100, 3500
My 300, 3500
Mg, 100, 3500
Mp 300, 3500
M, 100, 3500

A, ~10000, 10000)

4 N2
O'ZIZi —OQbS
w 10g[f($i)2( i) 0, )w

0 |

accept new point x\zw Kaccept new point a:z-\‘
‘ /| with probability

Kp: L(%)/ﬁ(%—l)

Flavour and mass constraints evaluated using SPHENO rorod 20032019 aNd SUPERISO Mahmoudi 20082019

— in addition, require neutralino dark matter plus vacuum stability (VEVAcIous o'Leary2013)
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An MCMC study of the NMFV-MSSM parameter space — Selected results

0(6 | th) OLL OuRR p(6 | th)

— p(O | th exp) — p(6 | th exp)

Lol b b b b b Ly coav v b b b b b b
-0.8 -06 -04 -02 0 0.2 04 0.6 0.8 -0.8 -0.6 -04 -0.2 0 0.2 04 0.6 0.8

~
NMFV in the squark sector W
OulR P91 th) ~ allowed by exp. constraints |

— p(81th exp) 9 (B-physics, Higgs mass, ...)
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An MCMC study of the NMFV-MSSM parameter space — Selected results

(6 | th) OLL OuRR (0 1 th) Mui,2 (0 | th) (6 | th) Mu3
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~
NMFV in the squark sector )
OulR P91 th) ~ allowed by exp. constraints |

— p(6 1 th exp) 9 (B-physics, Higgs mass, ...)

Typically several squarks accessible at the LHC... |

— lightest squark mostly not stop-like...

1 1 1 1 1 ] | | | | | | | | | | | | | | | |
0 1000 2000 O 1000 2000 O 1000

2000 3000
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Example scenarios within the NMFV-MSSM

(6L =014 8%, —0.17

Example |
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u - u _ “ -
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1000 - » .
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Example scenarios within the NMFV-MSSM

(S5 =014 6%, —0.17
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Example scenarios within the NMFV-MSSM

/5LL — (.14 5}"2}3 = (0.17 (5[/[/ = (.99 5%}2 = (.60 D

Example | Example Il
u u | : u u
\5LR = (.09 5RL = —0.10 /f ) \\(SLR = (.10 5RL = —0.07
- _/ Ug ) , d*6 a6
2500 - i 2500 - i
ds ds s iis g
i
2000 - o i 2000 - °
i3 i
1500 4 ¥~ I~ i 1500 - HO 4
H
H0> Hj: AO>
A° ds .
1000 - . I 1000 - dy P N
X ~ ~ - ~ _ 3 = —U9
) X4 X2 do i)
X3 )Nf i o 0 J
500 - X2 P dsw . 500 - X B
~0 // X2 X1
Xi- O/
1 X1
N N
0 / 0 /!
v ﬁ - i N
~ ~0\ _ o ~ ~0\ |
CBR(’LH — tX1) = 0.99 | Limits on squark masses...? BR(U1 — txl) ~ (.12
- | Identification of flavour structure...? | ~ ~0
\BR(ul — cX1) ~ 0.88 |
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Part ||

LHC phenomenology of the squark sector with NMFV

A. Chakraborty, M. Endo, B. Fuks, B. Herrmann, M. M. Nojiri, G. Polesello, P. Pani

“Flavour-violating decays of mixed top-charm squarks at the LHC”
Eur. Phys.|.C78 (2018) 10,844 — arXiv:1808.07488 [hep-ph]

G. Brooijmans et al.

“Les Houches 2017 — Physics at TeV Colliders: New Physics Working Group Report”
arXiv:1803.10379 [hep-ph]

J. Bernigaud, B. Herrmann

“First steps towards to the reconstruction of the squark flavour structure”
SciPost Phys. 6 (2019) 66 — arXiv:1809.04370 [hep-ph]



LHC sighatures of NMFV in the squark sector

The flavour-violating elements influence squark masses, flavour decomposition, production cross-sections and open new decay channels
— characteristic NMFYV signatures at colliders, e.g. the LHC

— consider simple two-generation squark model including flavour mixing (parametrized through one mixing angle)
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LHC sighatures of NMFV in the squark sector

The flavour-violating elements influence squark masses, flavour decomposition, production cross-sections and open new decay channels
— characteristic NMFYV signatures at colliders, e.g. the LHC

— consider simple two-generation squark model including flavour mixing (parametrized through one mixing angle)

Squark masses
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LHC sighatures of NMFV in the squark sector

The flavour-violating elements influence squark masses, flavour decomposition, production cross-sections and open new decay channels

— characteristic NMFYV signatures at colliders, e.g. the LHC

— consider simple two-generation squark model including flavour mixing (parametrized through one mixing angle)
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LHC sighatures of NMFV in the squark sector

The flavour-violating elements influence squark masses, flavour decomposition, production cross-sections and open new decay channels
— characteristic NMFYV signatures at colliders, e.g. the LHC

— impact of NMFV on squark production moderate (for fixed squark mass) — however, important impact on squark branching ratios
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LHC sighatures of NMFV in the squark sector

The flavour-violating elements influence squark masses, flavour decomposition, production cross-sections and open new decay channels
— characteristic NMFYV signatures at colliders, e.g. the LHC

— impact of NMFV on squark production moderate (for fixed squark mass) — however, important impact on squark branching ratios

—— Mmp=50GeV —— mp=200GeV  —— my =300 GeV
mg, =500 GeV
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LHC sighatures of NMFV in the squark sector

The flavour-violating elements influence squark masses, flavour decomposition, production cross-sections and open new decay channels
— characteristic NMFYV signatures at colliders, e.g. the LHC

— impact of NMFV on squark production moderate (for fixed squark mass) — however, important impact on squark branching ratios

—— Mmp=50GeV —— mp=200GeV  —— my =300 GeV
mg, =500 GeV

Expect weaker mass limits in the NMFV case...!
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Experimental limits on squark masses by ATLAS and CMS

Pure Bino LSP model: Tﬁ; production, ﬂebff"{(?, T;—>Wb§‘(?,'tw1et52?
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Current squark and gaugino searches and mass limits are very helpful and an important starting point...

— based on (over-)simplifying assumptions such as specific decay patterns, often involving one single decay channel...

— such limits are expected to be weakened when more complex decay patterns are considered

ATLAS coll. — arXiv:1805.01649

1000
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Recasting limits on squark masses including NMFV

Evaluate the sensitivity of the two relevant searches (tt and cc channels) within the simplified setup
— relying on the acceptances and efficiencies provided by the ATLAS collaboration (“discovery tN med” and“discovery tN high”)
— estimate signal yields and compare to ATLAS model-independent upper limits

4 ) .
pp — tt+ E1 | ATLAS coll. — arXiv:1711.11530

pp — cC+ KT | ATLAS coll. — arXiv:1805.01649

NLO+NLL corrected stop pair production
Borschensky et al. — arXiv:1407.5066
combined with relevant branching ratios

(seen on previous slide)

Habilitation a Diriger la Recherche — Bjorn Herrmann — June 12,2019

|18


http://arxiv.org/abs/arXiv:1407.5066

Recasting limits on squark masses including NMFV

Evaluate the sensitivity of the two relevant searches (tt and cc channels) within the simplified setup
— relying on the acceptances and efficiencies provided by the ATLAS collaboration (“discovery tN med” and“discovery tN high”)
— estimate signal yields and compare to ATLAS model-independent upper limits
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Recasting limits on squark masses including NMFV

Evaluate the sensitivity of the two relevant searches (tt and cc channels) within the simplified setup

— relying on the acceptances and efficiencies provided by the ATLAS collaboration (“discovery tN med” and“discovery tN high”)
— estimate signal yields and compare to ATLAS model-independent upper limits

4 — ) .
pp — tt+ E1 | ATLAS coll. — arXiv:1711.11530

| PP = cCt BT | ATLAS coll. — arXiv:1805.01649

NLO+NLL corrected stop pair production
Borschensky et al. — arXiv:1407.5066
combined with relevant branching ratios

(seen on previous slide)

This method cannot reproduce the ATLAS multi-bin fit
— obtained limits are more conservative...
— but impact of modified decay pattern clearly visible
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Proposal for a dedicated squark search including NMFV

Shortcomings of previous analyses may be overcome by taking into account the specific sighature stemming from NMFV
— expected reach at the LHC for a dedicated search for the “top-charm” final state shows importance of “non-standard” searches

[pp% ULt — tcf{(ffg(l) — lbc Bt
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Proposal for a dedicated squark search including NMFV

Shortcomings of previous analyses may be overcome by taking into account the specific sighature stemming from NMFV
— expected reach at the LHC for a dedicated search for the “top-charm” final state shows importance of “non-standard” searches

[pp% ULt — tcj{?)z(l) — lbc Bt 1

Model implementation in FeynRules
Christensen, Fuks et al. 2008-2015

Use MadGraph5 aMC@NLO
Alwall, Maltoni et al. 2008-2015

Generate LO matrix elements using NNPDF 3.0
Ball et al. 2014

Parton showering and hadronization with PYTHIA
Sjostrand et al. 2014

Reweight events to match NLO+NLL accuracy

Borschensky et al. 2014
Jet reconstruction using FastJet and DELPHES

Cacciari et al. 2008-2011, de Favereau et al. 2014
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Proposal for a dedicated squark search including NMFV

Shortcomings of previous analyses may be overcome by taking into account the specific sighature stemming from NMFV

— expected reach at the LHC for a dedicated search for the “top-charm” final state shows importance of “non-standard” searches
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Model implementation in FeynRules
Christensen, Fuks et al. 2008-2015

Use MadGraph5 aMC@NLO
Alwall, Maltoni et al. 2008-2015

Generate LO matrix elements using NNPDF 3.0
Ball et al. 2014

Parton showering and hadronization with PYTHIA
Sjostrand et al. 2014

Reweight events to match NLO+NLL accuracy
Borschensky et al. 2014

Jet reconstruction using FastJet and DELPHES

Cacciari et al. 2008-2011, de Favereau et al. 2014
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Towards the reconstruction of the flavour structure

Study the possibility to infer the flavour content after discovery of “squark-like” particle at the LHC
— Distinguish Minimal and Non-Minimal Flavour Violation...?

— Focus here on the stop-content of the lightest up-type squark (supposed to be observed)

2 2 |
[xg — (Ra)?, + (Ra)?, |

r;~0, ;=1 MFV-like situation

0Sz; S 1 NMFV-like situation
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Towards the reconstruction of the flavour structure

Study the possibility to infer the flavour content after discovery of “squark-like” particle at the LHC
— Distinguish Minimal and Non-Minimal Flavour Violation...?

— Focus here on the stop-content of the lightest up-type squark (supposed to be observed)

2 2 |
[xg — (Ra)?, + (Ra)?, |

r;~=0, =1 MFV-like situation
0Sz; S 1 NMFV-like situation
- Apply two methods: A

Likelihood inference (value of x;)

\\Multivariate analysis (MFV vs. NMFV) |
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Towards the reconstruction of the flavour structure

Study the possibility to infer the flavour content after discovery of “squark-like” particle at the LHC
— Distinguish Minimal and Non-Minimal Flavour Violation...?

— Focus here on the stop-content of the lightest up-type squark (supposed to be observed)

2 2
[5’75 — (Rﬂ) 13 + (R’&) 1(} Distribution of £; from MCMC study
. o arXiv:1509.05414 [hep-ph]
r;~=0, =1 MFV-like situation
0Sz; S 1 NMFV-like situation

- Apply two methods: W

Likelihood inference (value of x;) |
\Multivariate analysis (MFV vs. NMFV) |

0 0.2 0.4 0.6 0.8 I

Note that stop-content distribution may be expected to peak at the “MFV-like” extremities!
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Likelihood fit — Selected results

[Model databasew /{observed data” (here: test scenariom
( )

here: MCMC study
| S my

BR (a1 — eV
. k 1 Rc/t _ ( 1)

:3R(1~61 — tX(l))

- BR(u1 — bx7)
b BR(Ty — txy)

~
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Likelihood fit — Selected results

[Model databasew /{observed data” (here: test scenariom
( ) -

here:MCMC study) |
i : __,./

log L
\_

Average likelihood for
distinct bins in x;

v

ECE e
L ™ i

Inference of stop component

by fitting a Gaussian likelihood...
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Likelihood fit — Selected results

Model database
(here: MCMC study) |
7 , __f,/

/{ observed data” (here: test scenariom
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3k1
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Inference of stop component

by fitting a Gaussian likelihood...

Ma R — BR(al — CX(l)) | telst |
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1nf ° 3
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Likelihood fit — Selected results

Model databasew /{ observed data” (here: test scenariom

here: MCMC stud

(here >t Y)‘/ My BR (i1 — cx})

| i Rc/t — _ 5 | test — 0.69 o
BR(u; — tx57) Lt Lol
1nf o
r: =0.62+0.18 N
//. ®
| > ®
. ; .
% ‘\
4 .‘ ‘.
o ®
log L(0) = — . — . ; .
. ¥ o/
. | ./ ~ e
9: %
Average likelihood for A “
distinct bins in x; 7
‘ t M | | 1 | 1 l\l
v | 0 0.2 0.4 0.6 0.8 |

4 w Lt
Z L (0 |

| Interesting approach managing to reconstruct stop content in certain cases...

L ~7 k=1

) — but requires additional information on other sectors (especially gauginos)

Inference of stop component — suffers from dependence on the prior...
by fitting a Gaussian likelihood...
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Multivariate analysis — Selected results

Training data // Set of test observables
(here:MCMC database) |

\ A
4 MVA classifier
(MLP, neural network)
k Root TMVA

h J |
MLP “super” variable
to classify the data
kaccording to given categories |

4 )
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Multivariate analysis — Selected results

( Training data \j // Set of test observables \
( ) | -

here: MCMC database

\

4 MVA classifier
(MLP, neural network)

/'I{est categories for the NMFV—MSS%

0.00 < z; < 0.05
0.05 < z7 < 0.50
0.50 < z; < 0.95

0.95 < 7 < 1.00

\_ Root TMVA
“charm” MFV
v “charm” NMFV
~ MLP “super” variable top” NMEV
to classify the data ‘ \tOp MFV
Kaccording to given categories } \
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Multivariate analysis — Selected results

( Training data \j // Set of test observables \
( ) | -

here: MCMC database

\

4 MVA classifier
(MLP, neural network)

/'I{est categories for the NMFV—MSS%

0.00 < 27 < 0.05
0.05 < z7 < 0.50
0.50 < z; < 0.95

0.95 < 7 < 1.00

B P

\_ Root TMVA
“charm” MFV
v “charm” NMFV
~ MLP “super” variable top” NMFEFV
to classify the data ‘ \tOp MFV
Kaccording to given categories }

Bl ;<0.05
Bl other classes

MLP
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Multivariate analysis — Selected results

Training data // Set of test observables \ — e
(here: MCMC database) _ 105 - : '
f . Bl other classes |
10% 1
v 10° |
4 MVA classifier |
(MLP, neural network) 102 | |
\_ Root TMVA .
/'I{est categories for the NMFV—MSSM\:“ 0.0 0.2 0.4 0.6 0.6 1.0
| | |
“charm” MFV ~ 0.00 < z; < 0.05 . MLP .
v “charm” NMFV  0.05 < z; < 0.50 . .
~ MLP “super” variable “top” NMFV 0.50 <27 <0.95 Efficiency 89% Efficiency 72%
to classify the data ‘ QOP” MEV 0.95 <27 < 1.00 misid. rate 5% misid. rate 1%

kaccording to given categories |
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Multivariate analysis — Selected results

10°

104 1

10° -

104

10°

107

N 1 1
B 5 <0.05
Bl other classes ||
0.0 0.2 0.4 0.6 0.8 1.0
MLP
N 1 |
] B 0.5<z;<0.95
Bl other classes |
0.0 0.2 0.4 0.6 0.8 1.0
MLP

10°
102 |

10"

B 0.05<2;<0.5 |
B other classes ||

CMLP

N ! |
] o 0.95 |
Bl other classes ||
0.0 0.2 0.4 0.6 0.8 1.0
MLP

Efficiencies for 10% misidentification rate:

Categories Efficiency
“charm” MFV 0.00 < z; < 0.05 95%
“charm” NMFV  0.05 < z; < 0.50 51%
“top” NMFV 0.50 < z; < 0.95 41%
“top” MFV 0.95 < z; < 1.00 697

MVA classifier less efficient for stop-like cases...

mainly due to prior!

MVA classifier more efficient for the full NMFV-MSSM

than for the simplified setup

(the opposite holds for the likelihood inference approach)
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Part i

NMFV within Grand Unification Frameworks
— A4xSU(5) case study —

J. Bernigaud, B. Herrmann, S. F. King, S. . Rowley

“Non-minimal flavour violation in A4xSU(5) SUSY GUTs with smuon assisted dark matter”
JHEP 1903 (2019) 067 — arXiv:1812.07463 [hep-ph]
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The MSSM with SU(5) unification conditions and an A4 flavour symmetry

[Standard Model matter fields neatly fit into complete A
representations of SU(5):
SU(5) — SU(3) x SU(2) x U(1)
5=F=d°®L 10 =T = u°®Q®e"
N |
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The MSSM with SU(5) unification conditions and an A4 flavour symmetry

¢ | N

tandard Model matter fields neatly fit into complete

representations of SU(5):
SU(5) — SU(3) x SU(2) x U(1)
5=F=d°®L 10 =T = u°®Q®e"

Extending to Supersymmetry, SU(5) symmetry provides
relationships between soft terms at the GUT scale:

M%:M%EM% Ad:A’ézAFT

| |
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The MSSM with SU(5) unification conditions and an A4 flavour symmetry

¢ | N

tandard Model matter fields neatly fit into complete

representations of SU(5):
SU(5) — SU(3) x SU(2) x U(1)
5=F=d°®L 10 =T = u°®Q®e"

Extending to Supersymmetry, SU(5) symmetry provides
relationships between soft terms at the GUT scale:

M%:M%EM% Ad:A’ézAFT

Define NMFV parameters at the GUT scale:

(M%)w (5TT)7;j _ Vu (Tu)ij
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The MSSM with SU(5) unification conditions and an A4 flavour symmetry

s

representations of SU(5):

tandard Model matter fields neatly fit into complete

SU(5) — SU(3) x SU(2) x U(1)

5=F=d°®L 10 =T = u°®Q®e"

Extending to Supersymmetry, SU(5) symmetry provides

relationships between soft terms at the GUT scale:
2 2 _ g2 t

Q

Define NMFV parameters at the GUT scale:

(M7),,

(5TT)z'j = (TU)ij

~

[Unify three families of 5 into the triplet of A4
while the three 10 are singlets of A4

m% 0 0

Méz=1 0 m% 0

0 0 m%
mZT1 0 0
Mz=1 0 m3 0

0 0 m5
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The MSSM with SU(5) unification conditions and an A4 flavour symmetry

s

representations of SU(5):

tandard Model matter fields neatly fit into complete

SU(5) — SU(3) x SU(2) x U(1)

5=F=d°®L 10 =T = u°®Q®e"

Extending to Supersymmetry, SU(5) symmetry provides

relationships between soft terms at the GUT scale:
2 2 _ g2 t

Q

Define NMFV parameters at the GUT scale:

~

[Unify three families of 5 into the triplet of A4
while the three 10 are singlets of A4

m% 0 0
Méz=1 0 m% 0

0 0 m%
mZT1 0 0
Mz=1 0 m3 0

0 0 m2T3

Generally, non-minimal flavour violation is expected in this

(57 (M%)w (577 Va (Tu)ij ; type of setup (presence of flavons related to the breaking of As...)

v (Mr),,(Mr) v 2 (M), (Mr).. S.Antusch, S. F King, M. Spinrath — arXiv:1301.6764 [hep-ph

'J M. Dimou, S. F. King, C. Luhn — arXiv:1511.07886 [hep-ph]

\\\ /’/ M. Dimou, S. F. King, C. Luhn — arXiv:1512.09063 [hep-ph]
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The MSSM with SU(5)xA4 unification conditions

PHYSICAL REVIEW D 97, 115002 (2018)

Muon g -2 and dark matter suggest nonuniversal gaugino masses:
SU(5) x A4 case study at the LHC

Alexander S. Belyaev,l’z’* Steve F. King,” and Patrick B. Schaefers'"

(r ex SM , ) —10\

~ ag® —a;" = (28.8£8.0) - 10
Qcpvh? < 0.1224 W

- -

arXiv:1801.00514 [hep-ph]
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The MSSM with SU(5)xA4 unification conditions

PHYSICAL REVIEW D 97, 115002 (2018)

Muon g -2 and dark matter suggest nonuniversal gaugino masses:
SU(5) x A4 case study at the LHC

Alexander S. Belyaev,l’z’* Steve F. King,” and Patrick B. Schaefers'"

arXiv:1801.00514 [hep-ph]

g a, "’ — aiM = (28.8 + 8.()) : 10_10N

Qcpvh? <0.1224

4 - )

specific MFV mass spectrum:
mgo ~ mp, ~ 100...200 GeV

X1
L all other states heavy (>3 TeV) |

S
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The MSSM with SU(5)xA4 unification conditions

PHYSICAL REVIEW D 97, 115002 (2018)

Muon g -2 and dark matter suggest nonuniversal gaugino masses:
SU(5) x A4 case study at the LHC

Alexander S. Belyaev,l’z’* Steve F. King,” and Patrick B. Schaefers'"

arXiv:1801.00514 [hep-ph]

g a, "’ — aiM = (28.8 + 8.()) : 10_10\

Qcpvh? <0.1224

4 - )

specific MFV mass spectrum:
mgo ~ mp, ~ 100...200 GeV

X1
L all other states heavy (>3 TeV) |

S

What about NMFYV effects in this setup...?
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The MSSM with SU(5)xA4 unification conditions
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What about NMFYV effects in this setup...?
/" More generally, NMFV in flavoured GUT frameworks...?
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The MSSM with SU(5)xA4 unification conditions including NMFV

Introduce NMFV elements in the Lagrangian at the GUT scale around two reference scenarios based on previous study
— impose hadronic and leptonic constraints using SPHENO Porod 2003-2019 and SARAH Staub 2007-2018
— impose neutralino dark matter and relic density using MICROMEGAS Bélanger et al. 2003-2019

Observable Constraint
mp (125.2 £ 2.5) GeV
BR(u — ev) <4.2x 1071
BR(u — 3e) <1.0x 1071t
BR(7 — e7v) <3.3x107°
BR(7 — uvy) <44 x107°
BR(7 — 3e) <2.7%x1078
BR(T — 3u) <2.1x107°8
Qcpmh? 0.1198 £ 0.0042
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In a multi-dimensional parameter space, it is not enough to study each parameter individually...
— interference effects in simultaneous analysis are important and lead to larger allowed intervals!
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Interplay and importance of different constraints

HAII constraints ﬂ —r ey
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Interplay and importance of different constraints
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Correlations and TeV-scale phenomenology

RGE running
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Correlations and TeV-scale phenomenology
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Part IV

Conclusions and Outlook



Summary and perspectives: Supersymmetric models

Additional sources of flavour violation w.r.t. Yukawa matrices may be present in new physics models
— Non-Minimal Flavour Violation (NMFV) in the squark sector not related to CKM-matrix

Here: Minimal Supersymmetric Standard Model (MSSM) with most general flavour mixing (NMFV in the squark sector)

N 4

TeV-scale phenomenology GUT-scale implementation

Experimental constraints (mostly related to flavour Study of SU(5)xA4 framework reveals interesting
observables) leave room for sizeable NMFV elements in phenomenology...

the MSSM Lagrangian — Pursue studies in a more complete framework,

e.g. SU(5)xAq

LHC limits on squark masses are considerably
Bernigaud, Forster, Herrmann, King, Rowley (ongoing work)

weakened when introducing squark flavour mixing
Use flavour-related observables to test SU(5) hypothesis
based on LHC observabiles...

Fichet, Herrmann, Stoll — JHEP 1505 (2015) 091

Dedicated search for “mixed top-charm” final states
required to improve the situation

Multivariate analysis techniques seem interesting to . — Propose tests for arbitrary mass configurations
identify the flavour structure of an observed squark (Bayesian statistics, multivariate analysis,...?)
— Understand treatment of uncertainties in this | | Fichet, Herrmann (preliminary studies to be completed)

framework... Bernigaud, Herrmann (future project)

| _ o
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Perspectives: Non-supersymmetric models — Lepton flavour violation

Lepton flavour violating decays experimentally more constraining than hadronic observables
Recent measurements (Rx and Rg+) point towards lepton flavour violation and non-universality
Lepton flavour violation related to the generation of neutrino masses via the PMNS matrix

New physics effects on leptonic observables

Extend Standard Model by a number of fermions and scalars,
impose Z, symmetry to ensure stable dark matter candidate

¢ MV

o
&
X

V; > [ X | <« Vj g +\T¢\
14

Phenomenology of such classes of models
— Interplay of lepton-flavour violation (£F—=2y, =Yy ,—3¢) and dark matter

Herrmann, Klasen, Sarazin, Zeinstra (future project)
— Differences w.r.t. to Seesaw mechanism

— Constraints from anomalous magnetic moments (and more...)
Herrmann, Sarazin (future projects)

N
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The MSSM with SU(5)xA4 unfication — Reference scenarios and scan boundaries

Parameter/Observable | Scenario 1 | Scenario 2
mp 5000 5000
= mr, 5000 5000
g mr, 200 233.2
= mr, 2995 2995
“ aid -940 -940
5 alid -1966 -1966
% M 250.0 600.0
Dc‘gs M, 415.2 415.2
> Ms 2551.6 2551.6
= My, 4242.6 4242.6
My, 4242.6 4242.6
tan 3 30 30
" -2163.1 -2246.8

Parameters Scenario 1 Scenario 2
(6712 —2.00,2.00] x 1072 | [-5.57,5.15] x 10~*
(6113 —8.01,8.01] x 10~2 [—0.267,0.301]
(6123 0.0 —5.73,5.73] x 1072
(6F) 12 —8.00,8.00] x 1072 | [-8.00,8.00] x 10~3
()13 —1.00,1.00] x 1072 | [-8.00,8.00] x 10~*
(6523 —1.60,1.60] x 1072 | [-8.00,8.00] x 10~*
(677) 19 | [~8.69,10.43] x 10~* | [-7.46,8.95] x 104
(61113 [—1.74,1.74] x 1072 | [-3.48,1.74] x 10~
(61193 [—0.0174,0.145] [—0.0871,0.124]
(65115 —4.64,4.64] x 107> | [~5.47,5.47] x 107
(65113 —7.74,7.74] x 107° | [-3.87,3.87] x 1074
(6F 1) oy 0.0 —1.04,1.04] x 1074
(6103 —1.16,1.16] x 1074 | [-2.32,2.32] x 1074
(65131 —1.39,1.39] x 107> | [-8.81,8.81] x 107°
(65139 0.0 —1.49,1.49] x 10~
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The MSSM with SU(5)xA4 unification — Results overview

Parameters Scenario 1 Most constraining obs. 1 Scenario 2 Most constraining obs. 2
(6112 -0.015, 0.015] uw— 3e, u— ey, Qﬁ)h2 -0.12, 0.12]" Qg(l)h% [ — ey
(6113 [-0.06, 0.06] Qgoh? -0.3, 0.3] Qgoh?

(6793 0,0]* Q)Z?h2’ w— 3e, L — ey -0.1, 0.17 Q;’g({h2> uw— 3e, L — ey,
(65) 19 -0.008, 0.008] 1w — 3e, L — ey -0.015, 0.015]" 1w — 3e, L — ey
(6F)13 ]-0.01, 0.01] [ — ey -0.15, 0.15|" 1w — 3e, | — ey
(6593 |-0.015, 0.015] p— ey, Qgoh? -0.15, 0.15]" Qeoh?, p— ey, p— 3e
(61119 -3, 3.5] x107° prior -1, 1.5]7 x1073 prior, Qgoh?
(61113 [-6, 7] x107° prior, Qx?hQ -4, 2.5|T x1073 prior, Q)Z?hQ
(61193 ]-0.5, 4] <107 prior, Qgoh? -0.25, 0.2] prior, Qgoh?
(65115 -0.0015, 0.0015] Qgoh? 1.2, 1.2]" x107* |y — 3e, Qpoh?, p — ey
(65113 |-0.002, 0.002] Qoh? -5, 5] x1074 Qpoh?, 1 — 3e, p— ey
(6519 0,0]* prior -1.2, 1.2]T x10~* Qgoh?, prior
(65195 || ]-0.0022, 0.0022] Qgoh? -6, 6|7 x10~4 p— 3e, Qzoh?, 1 — ey
(6131 || ]-0.0004, 0.0004] Qgoh? -2, 2|7 x10~* Qgoh?

(65139 0,0]* prior -1.5, 1.5] x10~* Qgoh?

* parameter not varied

I extrapolated range

Habilitation a Diriger la Recherche — Bjorn Herrmann — June 12,2019

36



The MSSM with SU(5)xA4 unification — constraints
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The MSSM with SU(5)xA4 unification — constraints

Individual variation
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Soft SUSY Breaking Grand Unification: Leptons vs Quarks on the Flavor

Playground

M. Ciuchini,! A. Masiero,? P. Paradisi,>%° L. Silvestrini,® S. K. Vempati,”® and O. Vives*

Bounds on leptonic mass

Nucl. Phys. B 783 (2007) 1 12-142 — arXiv:hep-ph/0702 144

Bounds on hadronic mass

ij\AB| LL LR RL RR
12 |1.4x1072{9.0 x 107°]9.0 x 107°(9.0 x 10~2
13 9.0 x 1072]1.7 x 1072|1.7 x 1072|7.0 x 10~2
23 1.6 x 1071(4.5 x 1073[6.0 x 1073{2.2 x 10~}

mposing SU(5) unification conditions,
nadronic mass insertions supposed to

Type of 64y| pu—ex L —eee | [ — e conversion in 1%
LL 6x107% 2x107? 2 x 1073
RR - 0.09 -
LR/RL 1x107°] 3.5x107° 3.5 x 107°
Type of 65 T —> ey T —>eee T — et
LL 0.15 — -
RR - - -
LR/RL 0.04 0.5 -
Type of 85, T — Wy T — W T — uee
LL 0.12 - -
RR - - -
LR/RL 0.03 - 0.5

be smaller than leptonic ones, e.g.

g d m2L l W
[(05;)rr| < " ()L |
\¥ d¢ ) #I/J
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