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FCNCs	  
§  Transi7ons	  that	  change	  the	  flavor	  of	  a	  

fermion	  without	  changing	  its	  charge.	  	  
§  Forbidden	  at	  tree	  level	  in	  the	  SM	  
§  Suppressed	  at	  higher	  orders	  due	  to	  

GIM	  mechanism.	  
§  Occurs	  only	  at	  the	  level	  of	  quantum	  

loop	  correc7ons	  with	  
ℬ(tàXq)~10-‐17-‐10-‐12,	  X=H,γ,Z,g	  

	  

2	  
Z,γ,g,H	  

u,c	  

in	  BSM:	  	  
ℬ(tàZq)~10-‐9-‐10-‐3	  
à any	  evidence	  of	  FCNC	  will	  

indicate	  the	  existence	  of	  new	  
physics.	  	  



FCNC	  

§  In	  this	  talk:	  “model	  independent”	  searches	  using	  effec7ve	  models.	  	  

3	  

Aguilar-‐Saavedra,	  ACTA	  Phys.	  Pol.	  B	  35	  (2004)	  



Outline	  

§  Search	  for	  FCNC	  in	  
u  cbar	  events	  	  	  

•  tàZq	  decays	  
•  tàHc	  decays	  

u  single	  top	  quark	  events	  
•  ppàt	  
•  ppàt+q/g	  
•  ppàt+Z	  
•  t-‐channel	  cross	  sec7on	  

u  same	  sign	  top	  quark	  produc7on	  

4	  

!



FCNC	  in	  tà(Z,	  γ,H)q	  Decays	  in	  cbar	  Events	  

5	  

ppbar	  @	  1.8	  TeV	   tàZq	   tàqγ	  

CDF1	  (~110/pb)	  dilepton+4j	   33	   3.2	  

ppbar	  	  @	  1.96	  TeV	  

CDF2	  (1.9/f)	  dilepton+4j	   3.7	   x	  

D03	  (4.1/f)	  trileptons	   3.2	   x	  

pp	  @	  7	  TeV	  

ATLAS4	  (2.1/f)	  trileptons	   0.73	   x	  

CMS5	  (5/f)	  trileptons	   0.21	   x	  

pp	  @	  8	  TeV	  

CMS6	  (19.5/f)	  trileptons	   0.07	   x	  

1)	  PRL	  80	  (1998)	  2525	  
2)	  PRL	  101	  (2008)	  192002	  
3)	  PRL	  701	  (2011)	  313	  	  

4)	  JHEP	  90	  (2012)	  139	  
5)	  PLB	  718	  (2013)	  1252	  
6)	  CMS-‐PAS-‐TOP-‐12-‐037	  

*	  limits	  obtained	  comparing	  to	  	  
lepton+jets	  2	  btag	  yields	  

BR	  limits	  @	  95%	  CL	  (%)	  

B(tàcH)	  <	  0.83	  %	  	  @	  7	  TeV	  in	  Hàγγ	  [ATLAS-‐CONF-‐2013-‐081].	  

B(tàcH)	  <	  2.7	  %	  @	  7	  TeV	  	  [Craig	  et	  al.	  arxiv:1207.6794].	  
re-‐interpre7ng	  a	  CMS	  anomalous	  mul7-‐lepton	  (≥3	  leptons)	  search	  [CMS,	  JHEP	  06	  (2012)169].	  	  
B(tàcH)	  <	  0.31	  %	  	  @	  8	  TeV	  in	  HàWW,ττ,ZZ	  [CMS-‐PAS-‐SUS-‐13-‐002].	  	  	  	  



FCNC	  in	  tàZq	  Decays	  in	  cbar	  Events	  

6	  CMS-‐PAS-‐TOP-‐12-‐037	  

§  Trilepton	  final	  state	  
u  Two	  isolated	  opposite	  charged	  

leptons	  in	  a	  Z	  mass	  window.	  
u  Another	  isolated	  lepton.	  
u  No	  4th	  lepton.	  
u  Large	  MET.	  
u  At	  least	  two	  jets	  (exactly	  1	  b-‐jet)	  

Aguilar-‐Saavedra,	  	  
ACTA	  Phys.	  Pol.	  B	  35	  (2004)	  

Assuming	  NP	  involves	  par7cles	  with	  m	  >	  mt,	  
effec7ve	  Lagrangian	  up	  to	  dim	  5:	  	  

N.B.:	  Implementa2on	  of	  each	  term	  
might	  differ	  for	  each	  measurement	  –
results	  not	  perfectly	  comparable.	  



FCNC	  in	  tàZq	  Decays	  in	  cbar	  Events	  
§  Zj	  and	  Wb	  pairing	  to	  reconstruct	  top	  quarks.	  
§  φ(max)	  between	  t(Wb)	  and	  t(Zj)	  by	  examining	  

all	  Zj	  pairings.	  	  	  	  
§  Signal:	  MadGraph+PYTHIA	  
§  Backgrounds:	  data-‐driven.	  

7	  
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§  Dominant	  systema7c	  uncertain7es:	  factoriza7on	  
and	  renormaliza7on	  scales,	  PDFs	  and	  σcbar.	  	  

No	  excess	  of	  events	  over	  the	  SM	  background.	  	  
ℬ(t	  →	  Zq)	  >	  0.07	  %	  is	  excluded	  at	  the	  95	  %	  C.L.	  
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FCNC	  in	  tàcH(γγ)	  Decays	  in	  cbar	  Events	  

§  Signal:	  PROTOS+PYTHIA	  
§  one	  top	  quark	  in	  the	  hadronic	  or	  leptonic	  channel	  +	  Higgs(àγγ).	  	  

u  backgrounds	  for	  non-‐resonant	  γγ	  final	  state	  are	  small	  a�er	  cbar	  selec7on.	  
	  	  

8	  

ACTA	  Phys.	  Pol.	  B	  35	  (2004)	  

§  Higgs	  
u  2	  high-‐pT:	  40	  and	  

30	  GeV	  well	  
iden7fied	  and	  
isolated	  photons	  

§  Leptonic	  channel	  
u  exactly	  1	  lepton	  
u  mT(lep,MET)	  >	  30	  GeV	  
u  ≥	  2	  jets	  (≥	  1	  b-‐jet)	  
u  156	  <	  mγγj	  <	  191	  GeV	  	  
u  135	  <	  mjjj	  <	  205	  GeV	  	  

§  Hadronic	  channel	  
u  ≥	  4	  jets	  (≥	  1	  b-‐jet)	  
u  reject	  leptons	  
u  156	  <	  mγγj	  <	  191	  GeV	  	  
u  130	  <	  mjjj	  <	  210	  GeV	  	  

ATLAS-‐CONF-‐2013-‐081	  



FCNC	  in	  tàcH(γγ)	  Decays	  in	  cbar	  Events	  

9	  

ℬ(tàcH)	  <	  0.83	  %	  @	  95%	  CL	  for	  mH=126.8	  GeV	  
	  à	  limit	  on	  tcH	  coupling:	  λtcH	  =	  1.91	  √ℬ	  <	  0.17	  

ATLAS-‐CONF-‐2013-‐081	  

No	  excess	  of	  events	  over	  the	  SM	  background.	  	  

§  Dominant	  systema7c	  uncertain7es:	  photon	  ID	  and	  isola7on,	  JES,	  b-‐tagging.	  	  

SM	  Higgs	  bkg:	  ggF,	  VBF,	  WH,	  	  ZH,	  cH,	  tH.	  

N had + lep( ) = 3.7−3.7+4.4



FCNC	  in	  tàcH	  Decays	  Reinterpreted	  
from	  Inclusive	  Mul7lepton	  Search	  

10	  
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OSSF pair Emiss
T [GeV] HT [GeV] b-tag data background signal

below Z 0–50 > 200 X 5 9.4 ± 2.6 12.3 ± 3.2
below Z 50–100 > 200 X 10 9.3 ± 3.6 12.7 ± 3.4
below Z 50–100 0–200 X 48 51 ± 25 39.5 ± 9.9
below Z 0–50 0–200 X 35 43 ± 12 23.9 ± 5.2

n/a 50–100 0–200 — 29 28 ± 14 21.8 ± 4.6
below Z 50–100 0–200 — 146 125 ± 29 41 ± 11

n/a 0–50 0–200 X 30 24 ± 11 16.1 ± 3.8
above Z 0–50 0–200 X 17 18.5 ± 6.7 10.8 ± 2.7

on Z 50–100 0–200 X 58 44 ± 13 16.0 ± 3.5
below Z 50–100 > 200 — 11 11.0 ± 3.8 7.1 ± 2.1

Table 20: The 10 most sensitive signal regions for t ⇥ ch along with the number of observed,
background, and expected signal events (assuming BR(t ⇥ ch) = 1 %), ordered by sensitivity.
All signal regions shown have exactly three selected leptons and no hadronic taus. The results
are binned in Emiss

T , HT, the presence of a b-tag, and – if applicable – the OSSF pair invariant
mass with respect to the Z window.

Higgs Decay Mode observed expected 1� range
h ⇥ WW (BR = 22.3 %) 0.37 % 0.38 % (0.26–0.52) %
h ⇥ ⇥⇥ (BR = 6.24 %) 8.4 % 7.6 % (5.8–11.2) %
h ⇥ ZZ (BR = 2.76 %) 1.23 % 0.97 % (0.74–1.42) %

combined 0.31 % 0.31 % (0.21–0.46) %

Table 21: 95 % CLs limits on BR(t ⇥ ch) from individual Higgs decay modes.

BR(t→ch	  =	  1	  %)	  and	  ordered	  by	  sensi7vity.	  	  

CMS-‐PAS-‐SUS-‐13-‐002	  

tt
t→ ch, t→ b(W → ν )
h→WW *→ νν,
h→ ττ ,
h→ ZZ *→ jj,νν,.

All	  signal	  regions:	  =	  3	  leptons	  (no	  hadronic	  τ),	  no	  
OSSF	  pair	  or	  an	  OSSF	  pair	  off	  Z,	  and	  a	  b-‐tag.	  	  

10	  most	  sensi7ve	  signal	  regions	  for	  tàch	  produc7on	  followed	  by	  

•  Complementary	  to	  hàγγ	  	  

20 References

Higgs Decay Mode obs exp 1� range
h ⇥ WW� (BR = 23.1 %) 1.58 % 1.57 % (1.02–2.22) %
h ⇥ ⇥⇥ (BR = 6.15 %) 7.01 % 4.99 % (3.53–7.74) %
h ⇥ ZZ� (BR = 2.89 %) 5.31 % 4.11 % (2.85–6.45) %

combined 1.28 % 1.17 % (0.85–1.73) %

Table 7: Comparison of the observed and median expected 95% C.L. limits on BR(t ⇥ ch) from
individual Higgs decay modes along with the 1� uncertainty ranges.

8 Conclusion
We have performed a search for physics beyond the SM using a variety of multilepton final
states. We see good agreement between observations and expectations in channels with large
SM expectations both on-Z and off-Z.

We used SUSY scenarios as benchmarks for new physics with multiple leptons. We were able
to probe new regions of the natural Higgsino NLSP, slepton co-NLSP, stau-(N)NLSP, T1tttt,
and T6ttWW scenarios. In the absence of any indication of new physics we place limits on
supersymmetric mass spectra.

These models span a range of parameters, and the limits on intermediate and final state masses
illustrate the reach of this analysis for most new physics scenarios with multiple leptons in
the final state. Although we have chosen specific SUSY models to interpret our results, the
masses and couplings from many other SUSY or non-supersymmetric new physics models
can be translated into the framework of the models discussed here, and the limits applied to
those models. The sensitivity of the analysis was further demonstrated by placing a limit on
BR(t ⇥ ch).
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• h ⌅ ⌅⌅,
• h ⌅ ZZ⇥ ⌅ jj��, ⇥⇥��, ����.

If the other top quark in the tt̄ pair undergoes t ⌅ bW with W ⌅ �⇥ decay, up to five leptons
can be produced.

For the generation of the signal, we simulated tt̄ production events with one top quark de-
caying to Wb and the other decaying to ch. We assume mh = 126 GeV with standard model
branching ratios. The signal events were generated using MADGRAPH with the tt̄ NNLO pro-
duction cross-section ⇤(pp ⌅ tt̄) = 245.8 pb for 8 TeV [34].1 The Higgs boson was decayed
exclusively to the modes listed above. In total, we generated 500,000 events to ensure sufficient
signal population in the multi-lepton channels used in this search.

We find that the signal predominantly populates channels that have three leptons (no hadronic
tau), no OSSF pair or an OSSF pair off Z, and a b-tag. The the most sensitive channels are given
in Table 6. No significant excess is observed.

OSSF pair N⌅had Emiss
T [GeV] HT [GeV] Nb-jets data background signal

below Z 0 50–100 0–200 ⇤ 1 48 48 ± 23 9.5 ± 2.3
n/a 0 50–100 0–200 ⇤ 1 29 26 ± 13 5.9 ± 1.3

below Z 0 0–50 0–200 ⇤ 1 34 42 ± 11 5.9 ± 1.2
n/a 0 0–50 0–200 ⇤ 1 29 23 ± 10 4.3 ± 1.1

below Z 0 50–100 > 200 ⇤ 1 10 9.9 ± 3.7 3.0 ± 1.1
below Z 0 0–50 > 200 ⇤ 1 5 10 ± 2.5 2.8 ± 0.8
below Z 0 50–100 0–200 0 142 125 ± 27 9.7 ± 2.1

n/a 1 0–50 0–200 ⇤ 1 237 240 ± 113 13.1 ± 2.6
n/a 0 50–100 0–200 0 35 38 ± 15 4.3 ± 1.1

above Z 0 0–50 0–200 ⇤ 1 17 18 ± 6.7 2.8 ± 0.8

Table 6: The ten most sensitive signal regions for t ⌅ ch along with the number of observed,
background, and expected signal events (assuming BR(t ⌅ ch) = 1 %), ordered by sensitivity.
All signal regions shown have exactly three selected leptons. The results are binned Emiss

T , HT,
the presence of a b-tag or hadronic tau, and – if applicable – the OSSF pair invariant mass with
respect to the Z window.

Using the same procedure as for the other models, we obtain an observed limit of BRobs
95 %(t ⌅

ch) = 1.28 % which corresponds to a bound on the top-charm flavor violating Higgs Yukawa

couplings of
�
|�h

tc|2 + |�h
ct|2 < 0.21. The expected limit is BRexp

95 %(t ⌅ ch) = (1.17+0.56
�0.32)%. This

is a significant improvement over the limit inferred in [33] from CMS multilepton results[18]
with 5 fb�1 at 7 TeV.

To facilitate interpretation in a broader context [35], we also provide limits on BR(t ⌅ ch) from
individual Higgs decay modes. For this purpose, we assume the SM branching ratio for the
126 GeV Higgs decay mode under consideration, and ignore other decay modes. Table 7 shows
the results. This illustrates the sensitivity of this search for the t ⌅ ch decay in each of the
Higgs decay modes.

1To obtain more conservative results, the cross-section was reduced by 1⇤ = 10.5 pb. This applies to all results
derived in this section.



Single	  Top	  FCNC	  Searches	  

11	  

ppbar	  @	  1.96	  TeV	   ℬ(tàgu)	  %	   ℬ(tàgc)	  %	   ℬ(tàZu)	  %	   ℬ(tàZc)	  %	  

CDF1	  (2.2/f)	  ppàt	   0.039	   0.57	  

D02	  (2.3/f)	  ppàt+g/q	  	   0.02	   0.39	  

pp	  @	  7	  TeV	  

ATLAS3	  (2.05/f)	  ppàt	   0.0057	   0.027	  

CMS4	  (4.9/f)	  ppàt+Z	   0.56	   7.12	   0.51	   11.40	  

pp	  @	  8	  TeV	  

ATLAS5	  (14.2/f)	  ppàt	   0.0031	   0.016	  

1)	  PRL	  102	  (2009)	  151801	  
2)	  PLB	  693	  (2010)	  81	  
3)	  PLB	  712	  (2012)	  351	  
4)	  CMS-‐PAS-‐TOP-‐12-‐021	  
5)	  ATLAS-‐CONF-‐2013-‐063	  

tàqg	  impossible	  to	  differen2ate	  from	  mul2jets	  background;	  look	  for	  anomalous	  top	  
quark	  produc2on:	  qgàt	  



FCNC	  in	  Single	  Top	  t+Z	  Events	  

12	  

κgqt /Λ κZqt /Λ

Agram,	  Andrea	  et	  al.	  	  
arxiv:1304.5551v2	  
	  
assumed	  in	  
CMS-‐PAS-‐TOP-‐12-‐021.	  

Also	  probed	  by	  FCNC	  cbar	  



FCNC	  in	  Single	  Top	  t+Z	  Events	  
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Data
VV 
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 tZ 0.1 pb

§  3	  isolated	  leptons	  	  +	  1	  b-‐jet	  
§  Signal:	  MadGraph+Pythia	  
§  Signal	  extrac7on:	  using	  kinema7c	  variables	  

and	  b-‐tagging	  info,	  combined	  using	  a	  
Boosted	  Decision	  Tree	  (BDT)	  
u  BDT	  shapes:	  from	  data	  for	  Z+jets,	  inver7ng	  

third	  lepton	  isola7on	  +	  low	  MET.	  	  
u  Other	  shapes:	  from	  simula7on.	  

§  Main	  background	  from	  fake	  leptons	  (Z+jets)	  
§  Other	  backgrounds	  :	  ZZ+jets,	  cbar,	  tZq.	  	  

CMS-‐PAS-‐TOP-‐12-‐021	  

TeV-‐1	   TeV-‐1	  



FCNC	  in	  Single	  Top	  t+g	  Events	  

§  Top	  quark	  +	  an	  addi7onal	  jet.	  
§  Final	  state	  ~	  SM	  t-‐channel	  single	  top	  

quark	  produc7on.	  
§  Dominant	  background:	  W+jets.	  
§  Signal	  background	  separa7on	  by	  

Bayesian	  Neural	  Networks	  (BNN).	  
§  Signal	  and	  single	  top	  background	  by	  

SINGLETOP	  MC.	  

14	  

largest	  contribu2on	  
D0,	  PLB	  693	  (2010)	  81	  	  



FCNC	  in	  Single	  Top	  t+g	  Events	  
§  54	  variables	  in	  BNN	  (a	  subset	  of	  the	  single-‐top	  measurement	  variables	  +	  

variables	  from	  the	  previous	  FCNC	  analysis).	  	  
u  individual	  object	  and	  event	  kinema7cs,	  top	  reconstruc7on,	  jet	  width,	  angular	  

correla7ons.	  	  
§  Bins	  ordered	  by	  signal/background	  ra7o	  

15	  

D0,	  PLB	  693	  (2010)	  81	  	  

FCNC	  signals	  
normalized	  
to	  5	  pb.	  	  

FCNC	  signals	  
normalized	  to	  	  
their	  observed	  
limits.	  	  

§  Dominant	  uncertain7es:	  jet	  
energy	  scale	  and	  b-‐tag	  modeling.	  	  

tgu	  
tgc	  



FCNC	  in	  Single	  Top	  (gqàt)	  Events	  

§  Signal:	  PROTOS	  (ATLAS,	  7	  TeV),	  TOPREX	  (CDF)	  
§  Signal:	  METOP	  à	  A	  new	  generator	  for	  FCNC	  at	  approx.	  NLO	  (ATLAS,	  8	  TeV)	  
§  Bayesian	  Neural	  Network	  to	  discriminate	  signal	  and	  background	  (W+jets	  

and	  mul7jets)	  
§  Binned	  maximum	  likelihood	  fit	  to	  the	  NN	  output	  distribu7ons.	  	  
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qgàtàWb	  
	  
search	  for	  FCNC	  in	  the	  
2à1	  process	  	  
	  
CDF	  THE	  SAME!!!	  

ATLAS,	  PLB	  712	  (2012)	  351	  
ATLAS-‐CONF-‐2013-‐063	  [8	  TeV]	  

CDF,	  PRL	  102	  
(2009)	  151801	  

§  Main	  differences	  of	  gqàt	  from	  SM:	  
u  top	  quark	  is	  produced	  with	  almost	  zero	  pT 	   	   	   	  

	  	  à	  pT(FCNC)	  <	  pT(SM)	  à	  W	  and	  b	  from	  the	  top	  quark	  are	  
almost	  back-‐to-‐back.	  	  

u  pT(W)	  >	  pT(V+jets)	  and	  pT(diboson)	  à	  decay	  products	  of	  the	  W	  
have	  small	  opening	  angles.	  	  

u  Different	  charge	  asymmetry.	  	  



FCNC	  in	  Single	  Top	  (gqàt)	  Events	  

17	  

qgàtàWb	  
	  
search	  for	  FCNC	  in	  the	  
2à1	  process	  	  
	  
CDF	  THE	  SAME!!!	  

à	  CDF,	  PRL	  102	  
(2009)	  151801	  
à	  ATLAS,	  PLB	  
712	  (2012)	  351	  
à	  ATLAS-‐
CONF-‐2013-‐063	  
[8	  TeV]	  

CDF	  

CDF	  

σ u,c+ g→ t( )×B t→Wb( )
<1.8 pb@95% CL (CDF)
< 3.9 pb@95% CL (ATLAS, 7 TeV )
< 2.5 pb@95% CL (ATLAS,8 TeV )

Best	  limits:	  
ℬ(t	  à	  u	  +	  g	  )	  <	  3.1x10-‐5	  (ATLAS,	  8	  TeV)	  
ℬ(t	  à	  c	  +	  g	  )	  <	  1.6x10-‐4	  (ATLAS,	  8	  TeV)	  

Dominant	  systema7c	  uncertain7es	  	  
(for	  ATLAS,	  8	  TeV):	  JES/JER,	  b-‐tag	  efficiency,	  PDFs.	  	  
	  



Single	  Top	  t-‐channel	  Cross	  Sec7on	  and	  
FCNC	  

§  FCNC	  modifies	  t-‐channel	  
produc7on	  rate.	  

18	  
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[1] PRD 74: 114012, 2006
[2] EPJ C49: 791, 2007
[3] PRD 63: 014018, 2001
[4] PRL 99: 191802, 2007

-1DØ 9.7 fb

Tait	  and	  Yuan,	  PRD	  63	  (2000)	  014018	  	  	  

D0,	  arXiv:	  1307.0731,	  submiced	  to	  PLB	  	  	  

FCNC	  model	  	  
with	  ktug/Λ	  =	  0.036.	  

dominant	  systema7c	  uncertain7es:	  mul7-‐jet	  normaliza7on,	  W/Z+jets	  heavy	  flavor	  correc7on,	  
ISR/FSR,	  cbar	  cross-‐sec7on,	  b-‐tagging.	  



Same-‐sign	  Top	  Quark	  Produc7on	  

§  Effec7ve	  model	  independent	  approach	  (Aguilar-‐Saavedra,	  Nucl.	  Phys.	  B843	  (2011)	  638)	  

19	  

§  Same-‐sign	  top	  pair	  produc7on	  involving	  double	  top	  flavour	  viola7on.	  
§  Sensi7ve	  to	  new	  heavy	  resonances	  	  

u  e.g.	  flavour-‐viola7ng	  Z’	  ß	  a	  possible	  explana2on	  for	  AFB(Zbar)	  discrepancy	  
in	  Tevatron	  	  

CDF/PHYS/EXO/PUBLIC/10466	  

charge	  =	  4/3	  

M(boson)	  >>	  EWSB	  scale	  

(scalars	  can	  also	  be	  
exchanged	  in	  both	  s	  
and	  t	  	  channels)	  

Cxx:	  dimensionless	  consts.	  
Λ:	  scale	  of	  new	  physics.	  	  



Same-‐sign	  Top	  Quark	  Produc7on	  
§  Same-‐sign	  dilepton	  events	  +	  ≥	  2	  jets.	  
§  Dominant	  backgrounds:	  	  

misiden7fied	  leptons,	  charge	  mis-‐id	  

20	  

CDF/PHYS/EXO/
PUBLIC/10466	  

CRR
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, Berger et al.FB consistent with Aσ1

, Berger et al.FB consistent with Aσ2

Combined Observed Limit tt + ttj

 = 7 TeVs, -1 = 35 pbintCMS  L
JHEP	  08	  (2011)	  005	  

CRR

Λ2 < 2.7 TeV −2

CRR

Λ2 < 0.35 TeV −2

ATLAS,	  7	  TeV,	  f-‐1	  

JHEP04(2012)069	  

No	  same-‐sign	  top	  
quark	  produc2on.	  	  
à	  FCNC	  interpreta2on	  
of	  Tevatron	  AFB	  is	  
disfavored	  



Same-‐sign	  Top	  Quark	  Produc7on	  
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ATLAS-‐CONF-‐2013-‐051	  
§  Same-‐sign	  dilepton	  events	  +	  jets	  

(w/	  ≥	  1	  b-‐jet)	  
u  MET	  >	  40	  GeV	  	  
u  HT	  >	  550	  GeV	  

§  Signal:	  PROTOS	  
§  Dominant	  backgrounds:	  	  

misiden7fied	  leptons,	  charge	  mis-‐
id,	  cW+jets	  

No	  same-‐sign	  top	  quark	  produc2on.	  	  



Summary	  
§  No	  sign	  of	  FCNC	  in	  cbar,	  single	  top	  and	  same	  sign	  top	  quark	  

processes.	  	  
u  No	  FCNC	  from	  other	  processes	  either	  (e.g.	  Bs0àµ+µ-‐).	  

§  Limits	  ge�ng	  closer	  to	  the	  predic7ons	  from	  specific	  models.	  	  
§  First	  limits	  on	  tàcH	  

u  almost	  at	  2HDM	  predic7on.	  	  
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§  At	  the	  13/14	  TeV	  LHC	  run,	  	  
ATLAS	  and	  CMS	  expect	  the	  
limits	  to	  be	  an	  order	  of	  
magnitude	  smaller:	  
u  ATLAS:	  Br(tàZq)	  >~	  2x10-‐4	  
with	  300	  f-‐1	  [ATLAS-‐PHYS-‐
PUB-‐2012-‐001]	  

u  CMS:	  Br(tàZq)	  >~	  10-‐5	  with	  
300	  f-‐1	  [CMS-‐
Note-‐2013-‐002]	  

ATLAS-‐PHYS-‐PUB-‐2012-‐001	  

CMS	  (19.5	  f-‐1)à	  



Tevatron	  and	  LHC	  Public	  Results	  
§  ATLAS:	  

u  hcps://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults	  	  
u  hcps://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults	  	  

§  CDF	  
u  hcp://www-‐cdf.fnal.gov/physics/new/top/top.html	  	  
u  hcp://www-‐cdf.fnal.gov/physics/exo7c/	  	  

§  CMS	  	  
u  hcps://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP	  	  
u  hcps://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO	  	  
u  hcps://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS	  	  

§  D0	  
u  hcp://www-‐d0.fnal.gov/Run2Physics/top/top_public_web_pages/

top_public.htm	  	  
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BACKUP	  
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Effec7ve	  Lagrangian	  up	  to	  Dim.	  5	  

25	  

qν = pt − pq( )
ν

:	  boson	  momentum	  

q, t :	  quark	  fields	  

Couplings	  are	  constants	  and	  normalized	  to:	  	  

xqt
L 2

+ xqt
R 2

=1, κqt
L 2

+ κqt
R 2

=1, ... with Xqt,κqt,λqt,ζqt,gqt ∈ℜ+

Aguilar-‐Saavedra,	  ACTA	  Phys.	  Pol.	  B	  35	  (2004)	  

N.B.:	  Implementa2on	  of	  each	  term	  might	  differ	  for	  each	  measurement	  	  
–	  the	  results	  not	  perfectly	  comparable.	  

à Model-‐independent	  framework.	  	  
	  
Coefficients	  can	  be	  constrained	  from	  
direct	  and	  indirect	  measurements.	  

Assuming	  NP	  involves	  par7cles	  with	  m	  >	  mt.	  



§  Background	  Es7ma7on	  
u  Derived	  using	  data	  using	  b-‐tagging	  informa7on.	  	  
u  Events	  with	  different	  number	  of	  b-‐tags	  (all,	  0,	  and	  1)	  
are	  correlated	  with	  the	  efficiencies	  and	  fake	  rates.	  	  
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FCNC	  in	  tàZq	  Decays	  
CMS-‐PAS-‐TOP-‐12-‐037	  
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Events	  with	  0	  b-‐jets	  are	  dominated	  by	  VV	  processes.	  
Events	  with	  1	  b-‐jet	  should	  be	  consistent	  with	  FCNC	  signal.	  	  
Events	  with	  ≥	  2	  b-‐jets	  dominated	  by	  Wcbar,	  Zcbar,	  tbZ,	  cbar.	  	  	  

Number	  of	  events	  for	  each	  category	  is	  es7mated	  by	  inver7ng	  the	  above	  matrix	  
and	  coun7ng	  the	  number	  of	  events	  in	  each	  b-‐tag	  category.	  	  



FCNC	  in	  tàcH(γγ)	  Events	  

§  BR	  to	  tcH	  coupling:	  

27	  

Γt→cH =
α

32sin2θW
gtcH
2 mt 1−

mH
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2
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Γt→bW =
α

16sin2θW
Vtb

2 mt
2

mW
2 1−3x

4 + 2x6( ) with x =mW /mt

Neglec7ng	  ΓtàcH	  in	  Γtot:	  	   Br = gtcH
2

2
x2 1−3x4 + 2x6( )

−1
1− mH

2

mt
2

"

#
$

%

&
'

2

= 0.028gtcH
2

→ gtcH = 5.98 Br

λtcH	  =	  1.91√Br	  (directly	  comparable	  to	  the	  cH	  coupling	  given	  by	  λt=√2mt/v)	  

ATLAS-‐CONF-‐2013-‐081	  



§  Variables	  used	  in	  BDT	  
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FCNC	  in	  Single	  Top	  tZ	  Events	  
CMS-‐PAS-‐TOP-‐12-‐021	  



FCNC	  in	  Single	  Top	  (gqàt)	  Events	  
§  Final	  state:	  b-‐jet,	  isolated	  lepton,	  and	  MET	  	  
§  Signal:	  PROTOS	  (ATLAS),	  TOPREX	  (CDF)	  
§  Bayesian	  Neural	  network	  to	  discriminate	  signal	  

and	  background	  
§  Binned	  maximum	  likelihood	  fit	  to	  the	  NN	  output	  

distribu7ons.	  	  
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qgàtàWb	  
	  
search	  for	  FCNC	  in	  the	  
2à1	  process	  	  
	  
CDF	  THE	  SAME!!!	  

σ u,c+ g→ t( )×B t→Wb( )
<1.8 pb@95% CL (CDF)
< 3.9 pb@95% CL (ATLAS, 7 TeV )
< 2.5 pb@95% CL (ATLAS,8 TeV )

No	  evidence	  for	  FCNC	  process	  

CDF,	  PRL	  102	  (2009)	  151801	  
ATLAS,	  PLB	  712	  (2012)	  351	  
ATLAS-‐CONF-‐2013-‐063	  [8	  TeV]	  



FCNC	  in	  Single	  Top	  (gqàt)	  Events	  
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CDF,	  PRL	  102	  (2009)	  151801	  
ATLAS,	  PLB	  712	  (2012)	  351,	  ATLAS-‐CONF-‐2013-‐063	  [8	  TeV]	  

ℬ(t	  à	  c	  +	  g	  )	  =	  0	  
ℬ(t	  à	  u	  +	  g	  )	  <	  3.9x10-‐4	  (CDF)	  	  
ℬ(t	  à	  u	  +	  g	  )	  <	  5.7x10-‐5	  (ATLAS,	  7	  TeV)	  	  
ℬ(t	  à	  u	  +	  g	  )	  <	  3.1x10-‐5	  (ATLAS,	  8	  TeV)	  
	  
ℬ(t	  à	  u	  +	  g	  )	  =	  0	  
ℬ(t	  à	  c	  +	  g	  )	  	  <	  5.7x10-‐3	  (CDF)	  	  
ℬ(t	  à	  c	  +	  g	  )	  <	  2.7x10-‐4	  (ATLAS,	  7	  TeV)	  
ℬ(t	  à	  c	  +	  g	  )	  <	  1.6x10-‐4	  (ATLAS,	  8	  TeV)	  

κcgt = 0 :

κugt /Λ < 0.018 TeV −1(CDF)

κugt /Λ < 0.0069 TeV −1(ATLAS, 7 TeV )

κugt /Λ < 0.0051 TeV −1(ATLAS, 8 TeV )

κugt = 0 :

κcgt /Λ < 0.069 TeV −1(CDF)

κcgt /Λ < 0.016 TeV −1(ATLAS, 7 TeV )

κcgt /Λ < 0.011 TeV −1(ATLAS, 8 TeV )



Same-‐sign	  Top	  Quark	  Produc7on	  
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Same-‐sign	  Top	  Quark	  Produc7on	  
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CDF/PHYS/EXO/PUBLIC/10466	  



Same-‐sign	  Top	  Quark	  Produc7on	  
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ATLAS,	  7	  TeV,	  f-‐1	   JHEP04(2012)069	  


