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Completion of The Standard Model
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LHC @ 8 (7) TeV with 20 (5) fb–1

provided access to the entire 

particle content of the 

Standard Model. 



Flavor Change in the SM

GIM mechanism used to suppress flavor changing 

neutral currents

Mixing matrices for quarks (CKM) and neutrinos 

(PMNS) result in complex phenomenology

Charged lepton flavor is conserved, although there is 

no known fundamental symmetry requiring it

Fertile ground for exploring new physics in rare 

processes due to LFV models (ex. R violating SUSY)

For example, neutrino mixing induced lepton flavor 

changing decay BR(Zem) is 4x10–60, its 

observation immediately implies new physics!
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CMS Search for Zem

Invariant mass of em

consistent with smoothly 

falling BKG dominated 

by Zttemnnnn

Limit set at 95% CL for

BR(Z→eμ) < 7.3 x 10–7

(expected 6.7 x 10–7)

Indirectly derived limit 

from m3e is 5 x 10–13
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CMS-PAS-EXO-13-005



FCNC & Top

Top quark is the most massive

• Top does not have time to form hadrons

• Provides most pristine of quark environments, 

with reduced QCD corrections, for FCNC search

• GIM suppressed tZq BR prediction: O(10–14)

• Again, observation  new physics

• Possible R-parity violating SUSY models …

• Predictions of tZq BR range are of O(10–5)
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Search for ppttWbZq

Pre-selected events with leptonic Z and W decays:
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PRL112,171802(2014)



Search for ppttWbZq

Pre-selected events with leptonic Z and W decays:

• Final selection requiring two jets (one b-tagged)
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PRL112,171802(2014)



BR(tZq) Limit

Beginning to probe the interesting range for some new 

physics models

• Awaiting 13 TeV data  large top cross section
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PRL112,171802(2014)

PLB 718 (2013)



Top-Photon associated production

Flavor changing tug and tcg coupling

• Select events with m, b, g

• BDT using kinematic variables
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CMS PAS TOP-14-003



tqg Limits & FCNC in Top
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Approaching 

interesting 

territory at 

10–5 and 

below



BSM Single Top Production 

Using tug & tcg couplings

BSM flavor changing tug and tcg couplings 

• Increased rate and distinct kinematics 

• Search for deviations

from SM production

• Significant top-pair

background 
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Strong production from tcg

Similarly, tug; 48 diagrams 

   

L =
k tqg

L
gs fs

mn l a

2
tGmn

a

L ∼O (TeV )

CMS-PAS-TOP-14-007



Neural Nets Trained For tug & tcg

Selected top decays in muon mode with a b-tag jet

• Several kinematic variables used to train neural 

nets separately for tug and tcg cases to 

discriminate against SM BG (top-pair dominant)
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CMS-PAS-TOP-14-007



Limits on FCNC tug & tcg Couplings

Observed (expected) exclusion limits @ 95% CL are:

• ktug/L < 1.8x 10–2 (1.2 x 10–2) TeV–1

• ktcg/L < 5.6 x 10–2 (3.1 x 10–2) TeV–1

Branching fraction limits:

• BR(t  u+g) < 3.55x 10–4 (1.58 x 10–4)

• BR(t  c+g) < 3.44 x 10–3 (1.05 x 10–3)

Individual exclusion limits on ktug/L

are obtained by fixing ktcg/L to zero 

and vice versa.
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CMS-PAS-TOP-14-007



The Minimal Higgs Sector of SM

The single complex scalar doublet

• A scalar boson discovered 

(mH ~ 125 GeV)!

• Fermion masses through 

couplings to Higgs field

• Coupling strength 

proportional to mass

• Flavor diagonal

• Percent level LFV & FCNC

could be looked for
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LYi

= yihfL
i fR
i +h.c. with yi =

mi

v

It appears to couple like the SM Higgs



Flavor Changing Higgs Coupling

Search for tqH(gg) 

Hadronic

Leptonic
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*New* CMS PAS TOP-14-019



Flavor Changing Higgs Coupling

Search for tqH(gg) 

Hadronic Leptonic
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Flavor Changing Higgs Coupling

Search for tqH(gg) 

Combined hadronic and leptonic channels

• Upper limit for BR(tcH) is 0.47% @ 95% CL

• Upper limit for BR(tuH) is 0.42% @ 95% CL

• Both tighter than expected 
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*New* CMS PAS TOP-14-019

tcH tuH



Flavor Changing Higgs Coupling

Contribution to Multilepton Events
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*New* CMS PAS TOP-13-017

Higgs mediated decay to tt, WW, ZZ in leptonic states



Flavor Changing Higgs Coupling

Trilepton Analysis
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*New* CMS PAS TOP-13-017

Higgs mediated decay to tt, WW, ZZ in leptonic states

• Three or more leptons & same sign leptons

• Z-removal important

• Further improve with 2-jet requirement



Flavor Changing Higgs Coupling

Results : tHc < 1% @ 95% CL
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*New* CMS PAS TOP-13-017
Observed yields consistent with SM

Three lepton case

Same-sign di-lepton case



Lepton Flavor Violation

Lepton Yukawa Couplings are:

• Coupling to me constrained by LFV meg search

• Not in LHC domain, but one can double check

• Coupling to mt not well constrained by t decay BR ~ 10%

• Direct search at LHC possible and interesting

• H  mt and H  et 

• Basis of search is H  tt  mt MET analysis
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SM H→ vs H→m

 H→τ
μ
τ

h
and H→τ

μ
τ

e
have a very similar signature to H→μτ

 Allows use identical methods as in CMS SM H→ττ analysis

 Exploit differences in event topology

 Harder P
T

spectrum of muons

 Different Δϕ
μ-MET 

Δϕτ-MET 

23 Aug 2015

Three categories

 0 and 1 jet (dominated by GGF)

 2 jets (dominated by VBF)

Two channels per category

 H→μτ
e

and H → μτ
h



Collinear Mass Spectrum Fit
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 Fit to collinear mass using

 BG & signal shapes

 Categories & Channels

 Extracted 95% CL limits 

on BR(H  mt)

 Systematics included in fit

 Nuisance parameters

 Dominated by tau

 Normalization & shape

 Small excess seen

PLB 749 (2015) 337
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Observed vs Expected Limits
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Small Excess

PLB 749 (2015) 337
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Observed Limit Bands
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A small excess 

at 2.4s level 

with p-value 

of 0.01 is 

intriguing

PLB 749 (2015) 337
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Fitted BR (H → μτ)   
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A small excess 

at 2.4s level 

with p-value 

of 0.01 is 

intriguing

If interpreted 

as BR 

measurement, 

the best fit 

value is 

0.84 ± 0.39

PLB 749 (2015) 337
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BR → Yukawa Couplings

 Width of LFV Higgs decay can be determined 

from LFV Yukawa couplings in Lagrangian

 Dependence of width on LFV couplings gives 

dependence of BR on LFV couplings
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Limits on Yukawa Couplings

 Best prior limit 

on Yukawa 

couplings:

 Current 

observed limit: 

23 Aug 2015

PLB 749 (2015) 337



Search for LFV Het and Hem

No excess seen unlike in mt mode
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*New* CMS-PAS-HIG-14-040



Limits on Yukawa Couplings
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*New* CMS-PAS-HIG-14-040



Summary

Search for LFV Z decay was made to set limit BR(Zem) < 7 x 10–7

• Not as strong as meg but still important to probe at LHC

Flavor changing neutral currents in top are unique LHC territory now

• Searches yielded null results for tZq (< 0.05%) 

• Searches for tug & tcg couplings also yielded null results

• No new flavor change due to top-higgs either

Search for LFV Higgs was made in mt, et and em

• BR for LFV decay to mt is constrained to be less than 1.57 %

• A small excess at 2.4s level with p-value of 0.01 is intriguing

• More data is needed to conclusions

• Null result for et and em seen

What next?

• The LHC Run 2015-17 @ 13 TeV 100 fb–1 is underway

• Stay tuned !!
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