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£ Top quark decays before hadronization. 
• almost 100% decays to b-quark and W boson in the SM. 

£ Decay to lighter down-type quarks (d or s) are 
allowed but suppressed due to CKM matrix.  

£ Flavor changing neutral currents (FCNC)
• Transitions that change the flavor of a fermion without 

changing its charge.

• FCNC is suppressed by GIM mechanism (can occur only 
at quantum loop corrections).
• In the SM, the branching ratio of FCNC is expected to 

be smaller than 10#$%. 
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Introduction



£ FCNCs are enhanced in many beyond the SM. 
£ Any small deviation would indicate new physics.
£ Top rare decay should be sensitive to new physics 

already.
£ Model independent searches using effective 

Lagrangian were pursued. 
£ More 2 M events produced with 30 𝑓𝑏#$ for Run2.

Motivation
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Searches for 𝑡𝑡̅, 𝑡 → 𝑞𝑊

Nej Nµj Nee Nµµ Neµ N`⌧

N`j N``

Measured 30.62±0.26 30.57±0.29 3.06±0.12 3.19±0.10 6.06±0.12 6.39±0.30
61.19±0.40 12.31±0.20

SM 30.40±1.2 30.40±1.2 2.86±0.11 2.86±0.11 5.72±0.20 6.39±0.25
60.64±2.4 10.95±0.44

𝑅 =
𝐵 𝑡 → 𝑊𝑏
𝐵(𝑡 → 𝑊𝑞)

= V45 %

|𝑉89|=1.007±0.016
R > 0.96 if R ≤ 1

PLB 736 (2014) 33

Phys. Rev. D 92, 072005 (2015)

Branching ratio in top decays
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𝑡𝑡̅, 𝑡 → 𝑞𝐻 at ATLAS
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-1 = 8 TeV, 20.3 fbs �����Total     Stat.    Syst.

Combined  0.10) %± 0.10 ± 0.14 ( ±  0.22 

bb→H  0.17) %± 0.12 ± 0.21 ( ±  0.17 

γγ→H  0.10) %± 0.26 ± 0.28 ( ±  0.22 

ττWW*, →H  0.21) %± 0.18 ± 0.27 ( ±  0.27 

Obs. (Exp.) B(tàcH) < 0.46% (0.25%)
Obs. (Exp.) B(tàuH) < 0.45% (0.29%)

• Combination of 𝐻 → 𝑏𝑏= with 𝐻 → 𝛾𝛾 and 𝐻 → 𝑊𝑊∗, 𝜏𝜏
improves the sensitivity.

Best fit result 

CL limit
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£ Combination of 𝐻 → 𝛾𝛾, 𝑏𝑏, 𝑊𝑊,𝑍𝑍, 𝜏𝜏 decay modes.
£ Most sensitive channel in 𝐻 → 𝛾𝛾 decay mode (hadronic channel)

with two highest photons. (pC >	𝑀GG/3, pC >	𝑀GG/4)
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𝑡𝑡̅, 𝑡 → 𝑞𝐻 at CMS (8 TeV)
19.7 fb-1 at 8 TeV CMS-PAS-TOP-13-007 (paper in preparation)

29 events
in hadronic

8 events 
in leptonic



𝑡𝑡̅, 𝑡 → 𝑞𝐻 at CMS (8 TeV)
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• Combination 
Obs. (Exp.) B(tàcH) < 0.40% (0.43%)
Obs. (Exp.) B(tàuH) < 0.55% (0.40%)

• 3 b jets + one lepton channel

2016-09-26 Tae Jeong Kim (HYU)

CMS-PAS-TOP-13-007 (paper in preparation)

New!



 [GeV]llm
75 80 85 90 95 100105110

Ev
en

ts
 / 

4 
G

eV

1

2

3

4

5

6

fake leptons

Vtt

Other 3l

WZ

 bWqZ signal→tt

data

stat. uncertainty

ATLAS  
-1 = 8 TeV, 20.3 fbs

2016-09-26 Tae Jeong Kim (HYU) 9

𝑡 → 𝑞𝑍, 𝑍 → 𝑙𝑙	at ATLAS (8 TeV)
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• Three isolated leptons,  at least two jets, MET.
• Kinematic reconstruction using 𝑚8MN and 𝑚O .
• Correct assignment : 𝜖8QRSR = 79.9% 𝜖8XY = 56.3%

Eur. Phys. J. C (2016) 76:12



Observed 7× 10−4

(−1σ) 6× 10−4

Expected 8× 10−4

(+1σ) 12× 10−4
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𝑡 → 𝑞𝑍, 𝑍 → 𝑙𝑙	at ATLAS (8 TeV)

Sample Yields
WZ 1.3± 0.2± 0.6
tt̄V 1.5± 0.1± 0.5
tZ 1.0± 0.1± 0.5
Fake leptons 0.7± 0.3± 0.4
Other backgrounds 0.2± 0.1± 0.1
Total background 4.7± 0.4± 1.0
Data 3
Signal efficiency [×10−4] 7.8± 0.1± 0.8

• Main uncertainties 
on background are 
from its modeling. 

• Uncertainties of the 
signal modelling are 
from the production 
cross section and 
ISR/FSR modelling , 
b-tagging. 

Eur. Phys. J. C (2016) 76:12
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𝑡 → 𝑞𝑍, 𝑍 → 𝑙𝑙	at CMS (8 TeV)

Single-top-FCNC

𝑡𝑡̅ FCNC 

• New analysis searches 
for tZq-FCNC in single-
top and 𝑡𝑡̅ production. 

• Previous analysis 
PRL 112 (2014) 171802
in 𝑡𝑡̅	production : 
Br(tà qZ) < 0.05%

New!CMS-PAS-TOP-12-039
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𝑡 → 𝑞𝑍, 𝑍 → 𝑙𝑙	at CMS (8 TeV)
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• Four decay modes : eee, 𝜇𝜇𝜇, 
e𝜇𝜇, ee𝜇. 

• Single-top-FCNC : exclusively 
one b-tagged jet . 

• 𝑡𝑡̅ FCNC : at least two jets 
with one b-tagged jet. 

• Single-top-FCNC, 𝑡𝑡̅ FCNC 
and background-enriched 
samples are combined in a 
single fit.

CMS-PAS-TOP-12-039
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𝑡 → 𝑞𝑍, 𝑍 → 𝑙𝑙	at CMS (8 TeV)

Branching ratio Expected 1s range 2 s range Observed
BR(t! Zu) (%) 0.027 0.018-0.042 0.014-0.065 0.022
BR(t! Zc) (%) 0.118 0.071-0.222 0.049-0.484 0.049

Limits at 95% C.L. for 
different combinations 
of tZu and tZc couplings. 

More stringent limit is 
observed on the tZu 
couplings for its larger 
cross section.

CMS-PAS-TOP-12-039
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FCNC 𝑡𝑐𝑔 and 𝑡𝑢𝑔	in single top 
ATLAS-CONF-2013-063
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£ 𝐵𝑟 𝑡 → 𝑢 + 𝑔 < 3.1×10#d	 1.58×10#f

£ 𝐵𝑟 𝑡 → 𝑐 + 𝑔 < 1.6×10#f	(1.05×10#g)

14.2 fb-1 at 8 TeV



£ Search for FCNC 𝑡𝑐𝑔 and 
𝑡𝑢𝑔	coupling in the t-channel 
single top production.

£ one isolated 𝜇, 2-3 jets, at 
least one b-tagged jet

£ Using Bayesian Neural 
Network (BNN) 

£ 𝑊+ 𝑗𝑒𝑡𝑠 is one of the main 
uncertainty source.  

FCNC 𝑡𝑐𝑔 and 𝑡𝑢𝑔	in single top 
CMS-PAS-TOP-14-007 (submitted)7 TeV and 8 TeV
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New!



£ Effective Lagrangian  
klmn
o
𝑔p𝑓	q𝜎st𝜆v𝑡𝐺stv

FCNC 𝑡𝑐𝑔 and 𝑡𝑢𝑔	in single top 

2016-09-26 Tae Jeong Kim (HYU) 16

£ 𝐵𝑟 𝑡 → 𝑢 + 𝑔 < 2.0	 2.8 ×10#f ß observed (expected)

£ 𝐵𝑟 𝑡 → 𝑐 + 𝑔 < 4.1	(2.8)×10#f

7 TeV and 8 TeV CMS-PAS-TOP-14-007 (submitted)

New!
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FCNC ATLAS summary 
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CMS summary 

Top decay Br (%)
4−10 3−10 2−10 1−10 1

CMS Preliminary, 8 TeV              September 2016

Phys.Rev.Lett 112 (2014) 171802

 Z q)→, Br(ttt

TOP-12-039

 Z u)→, Br(ttsingle top+t

 Z c)→, Br(ttsingle top+t

JHEP04(2016)035

 u)γ →single top, Br(t

 c)γ →single top, Br(t

TOP-13-017 (paper in preparation)

γγ,b,bττ WW,ZZ,→ H u), H→, Br(ttt

γγ,b,bττ WW,ZZ,→ H c), H→, Br(ttt

95% CL Observed Limit
95% CL Expected Limit

 Exp.Limitσ1±
 Exp.Limitσ2±

All FCNC results 
except the result of 
𝑡𝑐(𝑢)𝑔	coupling in 
TOP-14-007 à



£ Search for 𝑡𝑞𝑍 coupling in 𝑡𝑡̅ pair production with upgraded 
detector at 14 TeV scenario with high pileup conditions.  

£ 10 times better limit expected at 3000 fb-1 

Projections of 𝑡 → 𝑐𝑍 at 14 TeV
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CMS-PAS-FTR-13-0163000fb-1 at 14 TeV



Projections of 𝑡 → 𝑐𝑍 at 14 TeV
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ATL-PHYS-PUB-2016-0193000fb-1 at 14 TeV

Layout Set “�” t!Zu “�” t!Zu “�” t!Zc “�” t!Zc “�” t!Zu+Zc “�” t!Zu+Zc

Reference A 18 · 10�5 16 · 10�5 41 · 10�5 36 · 10�5 13 · 10�5 12 · 10�5

B 13 · 10�5 13 · 10�5 24 · 10�5 23 · 10�5 8.9 · 10�5 8.3 · 10�5

Middle A 18 · 10�5 18 · 10�5 44 · 10�5 40 · 10�5 13 · 10�5 13 · 10�5

B 13 · 10�5 13 · 10�5 26 · 10�5 25 · 10�5 9.0 · 10�5 8.9 · 10�5

Low A 18 · 10�5 17 · 10�5 48 · 10�5 43 · 10�5 14 · 10�5 13 · 10�5

B 14 · 10�5 13 · 10�5 29 · 10�5 28 · 10�5 9.8 · 10�5 9.3 · 10�5

Table 5: FCNC-induced t!Zq decays branching ratio limits at 95% CL using the two systematic uncertainties sets
described in the text for the di↵erent ATLAS detector upgrade layouts.

It can be expected that by the time of the HL-LHC era, much progress in theory and the availability of
very large sets of data for calibration, will allow to significantly reduce systematic uncertainties.

6 t!Hq analysis

6.1 Event selection

The t!Hq analysis uses tt̄ events, where one of the top quarks decays via the FCNC-induced transition
(t!Hq!bb̄q), while the other top quark decays leptonically (t!Wb!`⌫b). Therefore, the signature of
interest is an energetic lepton, three b-quarks and either a u- or a c-quark. Reconstructed signal events
in an ideal case should contain an isolated energetic lepton, three b-tagged jets and one non-b-tagged jet.
Some reconstructed t!Hc events may contain four b-tagged jets due to a significant probability to b-tag
a jet produced by a charm quark. Due to the limited acceptance of the ATLAS detector, the presence of
pile-up and gluon radiation jets, the b-tagging ine�ciency and fake rate, the reconstructed jet multiplicity
and composition may not coincide with the assumed quark multiplicity and composition in the event2.
A t!Hu event may have 4 b-jets only due to wrongly tagged light jets, which cannot be predicted for
pile-up jets with the needed accuracy. The event rate with exactly 4 b-jets for t!Hc events is small and
also contains an important fraction of fake b-jets. To reduce the influence of the non-perfect description
of the light and charm jet b-tagging probabilities in the upgrade simulation on the analysis results and to
make the description of the t!Hu and t!Hc events more similar, the events with 4 and more b-tagged
jets are not considered in the present analysis. Events with one b-tagged jet are dominated by various
backgrounds. Therefore, only events with two or three b-tagged jets are used in this analysis.

The final-state composition defines the analysis strategy. The event selection starts by the application of
the parameterised single isolated lepton trigger e�ciency. Events that passed the trigger requirement are
divided into several categories, depending on the reconstructed number of jets and b-tagged jets. The
dominant part of the signal events is expected to fall into six categories, listed in Table 6.

2 The analysis uses the 70% b-tagging working point which corresponds to ⇠20% e�ciency to b-tag a charm jet. Therefore, the
probability to reconstruct exactly 4 b-jets for a t!Hc signal event is (0.7)3 · 0.2 = 0.07%, only, not considering acceptance
losses.
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Projections of 𝑡 → 𝑐𝐻 at 14 TeV
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ATL-PHYS-PUB-2016-0193000fb-1 at 14 TeV

• 6% relative uncertainty in the normalisations of the signal and non-tt̄ backgrounds;

• 2% relative uncertainty in the b-tagging e�ciency;

• 10% relative uncertainty in the light jet fake rate.

Similarly to Section 5.4 the expected limits on the FCNC-induced top-quark decays t ! Hu(c) are cal-
culated using the profile likelihood method [24] as described in Section 6.2. The statistical package
RooStat [21] is used to combine all discriminant variables D0 into a single statistics following the stat-
istical analysis method used in Ref. [10] where further details can be found. Table 14 shows the 95% C.L.
limits on the FCNC-induced top-quark decays t!Hq estimated using the Asimov dataset fits in the dif-
ferent ATLAS detector upgrade scenarios.

Layout Set t!Hu t!Hc t!Hu+Hc

Reference A 2.4 · 10�4 2.0 · 10�4 1.1 · 10�4

B 2.4 · 10�4 2.0 · 10�4 1.1 · 10�4

Middle A 2.9 · 10�4 2.4 · 10�4 1.3 · 10�4

B 2.9 · 10�4 2.4 · 10�4 1.3 · 10�4

Low A 3.5 · 10�4 3.0 · 10�4 1.7 · 10�4

B 3.5 · 10�4 3.0 · 10�4 1.7 · 10�4

Table 14: FCNC-induced t!Hq top-quark decay branching ratio limits at 95% C.L. for the di↵erent ATLAS de-
tector upgrade layouts using the two sets of the systematics e↵ects described in the text. Hu+Hc limits are obtained
assuming equal branching fractions for u and c quarks.

The profile likelihood fit with the systematic uncertainties shows a factor ⇠2, ⇠2.2 and ⇠2.6 degradation
in the reference, middle and low upgrade scenario, respectively, as compared to the corresponding limits
obtained using statistical uncertainties only. The degradation caused by the inclusion of systematic e↵ects
is thus significantly smaller than in the t!Zq case. In contrast to the t!Zq analysis, where the perform-
ance degradation in the limit setting with the systematic e↵ects between reference and low scenarios is
⇠10%, in the t!Hq case this degradation reaches ⇠50%, while for the middle scenario it is ⇠20%. The
di↵erent responses of the t!Zq and t!Hq FCNC limits to systematic uncertainties can be understood by
the very di↵erent data statistics in these two analyses. The t!Zq analysis at 3000 fb�1 uses ⇠3 · 104 data
events, while for the t!Hq case the number of events is ⇠3 � 30 · 106 in the six analysis regions. The
large number of expected data events and the use of multiple fit regions allow to contrain the background
normalisations in the profile likelihood fit and, therefore, to reduce the influence of the background related
systematic uncertainties on the t!Hq analysis sensitivity.

All assumed systematic uncertainties in the t!Hq analysis are expected to be strongly constrained (e.g.
a reduction factor ⇠50 for the tt̄ normalisation) in the profile likelihood fit when using a dataset corres-
ponding to 3000 fb�1. In future a significant reduction of systematic uncertainties is to be expected due
to high statistics measurements using the HL-LHC data.
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£ LHC was indeed top quark factory.  ATLAS 
and CMS have performed the rare top decay 
searches. Rare processes in top quark sector 
are now reachable. 

£ Exciting time is ahead of us for rare process 
searches with more data in 2016.

£ The results at 13 TeV will be coming soon. 
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Conclusions
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Backup



£ Search for anomalous 𝑡𝑞γ coupling in the single 
top production àThe first at the LHC and the 
most stringent bounds on the FCNC 𝑡𝑞𝛾 to date. 

£ only one isolated µ with 20 GeV, only one b-
tagged jet, one isolated γ with 50 GeV

£ Photon energy scale and 𝑊𝛾 + 𝑗𝑒𝑡𝑠,𝑊 +
𝑗𝑒𝑡𝑠	(estimated in data driven way) are one of 
main uncertainties.

£ Boosted decision tree (BDT)

FCNC 𝑡𝑞γ in single top production
JHEP 04 (2016) 035
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19.1 fb-1 at 8 TeV
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