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Introduction

ATI;AS+CMS Preliminary 95%CL upper limits <—@ ATLAS <—@ CMS
LHCtopWG [1] JHEP 10 (2017) 129 [2] JHEP 02 (2017) 079
* Flavor-changing neutral currents (FCNC) are forbidden at tree level and strongly Novembor 2017 Emo T 0t 85 81 HER oz a0t o8
. . [7] ATLAS-CONF-2017-070 [8] JHEP 07 (2017) 003
su ppressed at hlgher order in SM, ex. SR Theory predictions —SM | |2HDM(FV) ~ [[]2HDM(FC)
from arXiv:1311.202§ Imssm [ ]Rpv 7 Ors
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e Large enhancements in branching ratio are possible in some beyond Standard o ,
. — . —0 “l
Model (SM) scenarios, B(t = Hc)~0.1% (~10~1> in SM) -
(4]
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» Search for FCNCin tt decays, 0rcne = 0+ * Brene * (1 — Brene) * 2 - — i
—® (6]
t—=Zc ‘] :‘. Z:
e ATLAS Run 1 results: 95% CL observed (expected) upper limit on B tZu — {;;
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* B(t > Hu) < 0.45(0.29)% e B(t—-> Hc) <0.46(0.25)% 10 10" 10" 107 10 107"

Branching ratio
b

: x ; B(t - Wh) > 99%
FCNC —2Iss0t ( ) > 99%

e ATLAS Run 2 analyses (by Higgs boson decay):
« H-vyy: B(t > Hc) <0.22(0.16)%*

*| H—> WW?, ZZ%, T}, Tiep: this presentation

* Decay chain example (assuming H - WW™):

F 4 jets (incl.1b) + 2¢S8** + E,ITﬂiss
tt> Wb+ Hq-3W+b+q <

2 jets (incl. 1b) + 3¢ + EXvss

B(t > Hq) = x%

*JHEP10(2017) 129 **Same sign afc



https://link.springer.com/article/10.1007/JHEP10(2017)129

Analysis strategy

Nb A V=W, Z
A i
* The analysis is based on 36.1 fb~! of data at /s = 13 TeV o
2+ P £ tW, ttZ ttH>WWbbVV
- £ 2 | reNCtSWbHgSOWbvvg | Cl3TeV
o X
* Two relaxed (pre-MVA*) regions with no 75,4 1|5 5 o1sTev)=1eaos o r oo
. — - 3 B(t2>Hq) x B(H>VV) fb
1. 2058 :Njer>=4 + Np_jor>=1
2. 3°C: Njet>=2 + Nb—jet>=1 0
* Constrain on Nj,; comes from fake lepton estimate (need a
. . ] 1 l 1 >
Control Region with N;.:=2,3 to measure fake lepton rate) 3. 4 5 6 74
Nj(2LSS)
Nj(3L)+2

* Inthe pre-MVA region the background is dominated by ttV and fake leptons (coming from b decays in tt events)
{7V — 2W +V + 2b — 4j (inc. 2b) +2£SS + EP™ or 2-4j (inc. 2b)+3¢ +EF™

tf — 2W + 2b — 3j (inc. 1b) +2£SS +EM™ or 1j (inc. 1b)+3£ +EP
* Main backgrounds treatment
1. dedicated algorithm to reduce leptons from b decays (at the level of pre-MVA region)
2. dedicated MVA to separate FCNC from ttV and fake leptons (on top of the pre-MVA region)

Fit data distribution of the MVA discriminant

*Multivariate Analysis



|. Event yields in pre-MVA region

* Pre-MVA basic selections Background composition (pre-fit)
o 2¢S8S ATLAS Simulation [ J{Tw [tz
* pr Ieptons(la—r lli) >(20’20) GeV (s =13 TeV,36.1tb" [tTH [[]Diboson
] Non-prompt [ | Other
IVjet>=4i Nb—jet=1r2
2SS (526 events) 3¢ (276 events)
* O07Thaq

e 3¢
» pr leptons(I§I¥13) >(10,15,15) GeV

b I\Ijet>=2' Nb—_]et>=1
* O7Tpga
* Pre-fit event yields t —» Hq signal composition
imulati mm H- W
Category | Non- Diboson | Other Total SM | FCNC** | FCNC** ATLAS Simulation ] H- zZzZ*
(s =13 TeV H - Oth
prompt prompt SM t->Hu | t=>Hc Bl /7 Other
mm H- T
2¢8S 266140 165+19 4344 25415 28+6 526139 61+13 62+13 2¢SS 37

3¢ 126+31 8418 23+3 20%11 24+5 276133 3246 30+6 258

**assuming B(t —» Hq) = 0.2%

e Around half of the background is non-prompt
e H-> WW?*isdominant



II. Background estimates (1)

g joi_ ATLJAS | | ¢E1atzl l .iElH % 70; ATL“AS ‘ ‘ ¢Dat; .lﬁH I
> IrredUCibIe baCkgrounds B 5% gjfxg;V! %1 qu%:‘::-prompt %gier ] B 601 \E=_13TEV, % fbﬁ%gi\:;son Slt\l?;-prompt B
40 ; Pre-Fit 77 Uncertainty E [JOther % Uncertainty
35;— —; 50 —
 Dominated by ttW (2¢5S), ttZ(3¢) and Diboson 30 E 40 £
25 =
20;// E 30 —
* MC models well the data in the dedicated ttV i E . E
(V=W,Z) validation regions ol E / m
= o ] 10 [ S , E
% 0751 %/%W/ r’ o s 075: /” W%////Z
S sk : g°
3 T s+ s 6 28 T s 4 s 8 7 =8
» Reducible backgrounds (a): QmisID (mainly from tt) Humoer efjets Number ofjets
(electrons with mis-identified electric charge) .
% [ ATLAS
e Use a data-driven method el 13TV 3611 — 3
— BasedonZ - ete” events - o
— Charge flip rate extracted in bins -
g p . PT:TI ol .
— apply weight on the opposite sign events 3 —+— { — e
in the pre-MVA region -] 3 *
p g i i
1ot —v— p_€[130,1000] GeV
3 p. € [90,130] GeV
WOmisID = €misid,1(1 = €misid.2) + €misid,2(1 — €misid1) - = p, €[60,90] GeV
n —— pT € [15,60] GeV c
1 L 1 1 I 1 1 L 1 | 1 1 1 1 | 1 L 1 1 ‘ L 1 1 1

o
o
n

1.5 2 25
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II. Background estimates (2)

» Reducible background (b): Fake Leptons (mainly from tt)

Use Matrix Method

— Real lepton efficiency &, in tt events CR (opposite sign)
— Fake lepton efficiency &¢ in same sign tt events (2 - 3 jets) 0085_

N Er,1€r2 Er1Ef2 Ef1Er2
N"/ | &t Er ‘féf,z Ef ¢
NI" L damn $a8r2 Epa8n2
N1 fradr0 Erafrn Fraten

Good closure test with tt MC

Validation in dedicated region:
— Good agreement with data

Special treatment needed because of signal
contamination in the fake lepton CR

Subtract signal in CR

Ef1Ef,2
&1 ¢ £.2
Fr1612
Fr1¥rn .

-1 NTT

NTT
NTT

NTT

‘ T T T T | T T T T ‘ T T T T ‘ T T T T
¢ Data WiH

o~ T | | 1 2 [ amas o —
- s i il 2 jo°L fs=13TeV,36.1fp"' ENon-prompt Mg mis-id |
0.14: ATLAS Data - p*et . 5 10 = 52 Ny <3VR Claw iz
- Vs=13TeV, 36.1 fo" = Np.tags = 2 o [Diboson  [JOther |
012j ] T Pre-Fit 77 Uncertainty
C e Nb-tags =1 ] r
0.1" ! = 1025_ —
0.06F } 5 10
0.04F .
U e ¥
002__ . - 1 E g
- 4 @ 125 7 :
= - o
0 | | | | ~ 1 / : W//
50 100 150 200 & on: o +//;
p, [GeV] *%0 05 1 15 2 25
AR(l jet)
Nr.r'ghr _ agtight _ pgtight _ Nr.r'ghr
_ " data gmis—ID(data) promptlepton(MC) t—Hu
f Nfoose _ Nirmse _ Afloose
data gmis—ID(data) promptlepton(MC)
new __ Norig _ B X Nsub
fake — *fake 0.2% fake



I1l. Event MVA

* To further reject background 2 BDTs scores are computed (per channel) against the 2 main backgrounds
* BDTitpgr: FCNC signal vs non-prompt (Data Driven)

* BDTyy: FCNCsignal vs (HZ+ttW) t > Hu final discriminant (post-fit)

T L R B B B L B R B R
ATLAS . ATLAS ¢ Data .!_—) Hu

B g -t = Huer [JHW g -t —= Hut OQuw
I Vs =13TeV,36.11b oz OiiH I \s=13TeV,36.11b otz COtiH

. tHu measurement tHc measurement 10°5 postit OOther 7 Uncertainty 10%E postfit CJOther - Uncertainty =
£ -:- Pre-fit bkg. ] F -~ Pre-fit bkg. ]

2¢8S (t— Hu) [ Diboson  [@Non-prompt _| 3¢ (t — Hu) [ Diboson [ Non-prompt_|
r * normalised to obs. limiton 8 L . i Jimi ]
Z‘ESS (tHU'l'tHC) A non-prompt (tHu+tHc) (V&Y non-prompt o ] : normalised to obs. limit on B

BRI e e e R I
¢ Data W - Hu

Events / bin
Events / bin

(tHu+tHc) vs ttV (tHu+tHc) vs ttV v
3¢ tHuvs non-prompt tHc vs non-prompt
tHu vs ttV tHc vs ttV

Ee 10%

B 125 ¢ + B o5t
. . . H H H H o 5555 2 2 G58565% 27 y E Z
* A combined BDT score is obtained with a linear combination Sorm. 4 3 oo ;WWWWWWMW%/
e 0'5—:‘1 -08-06-04-02 0 02 04 06 08 1 g 6.5:

. o —:1 -08-06-04-02 0 02 04 06 08 1
a BDTttbar + BD TttV FCNC discriminant FCNC discriminant
a+1

FCNC discriminant =

* Optimization procedure is performed in terms of best expected limit on B(t —» Hq) for:

* Linear combination weight: a
* Number of bins in each category : 6 bins for 2¢SS, 4 bins for 3¢
* Bin widths: equal amount of signal events in each bin (flat signal)

*Boosted Decision Tree



I1l. Event MVA input variables

e List of input variables used in BDTs training in the two categories

Variable 2(SS 3¢
pr of higher-pt lepton X > T T e 2 o T T T T
pt of lower-pt lepton X g ?227 ?ET;—-;:gTeV, 36.1 fb" ;;—Z)HC* Eg:/ E g B %Ti-‘:‘:TeV, 361 1o :It:i—;tHc* D;;v:’ Y
Y] 27 - Al I Z H
PT 0? 1ept0n g{] X = 10 Pre-fi Eleoson ,Non-prcmpij E 100 :;fe_ﬁt =I§ib050n =IN{On-pr0mp1_—
IS E e — _, [other 7 Uncertainty 5 - er 7 Uncerainty ]
I—e pton 21 zf IZEEEE E’]) i L%J 140 r—fl " normalisedio total bk; = LE 80 _— __________ *Eg:rnalisedfoutota?bk; —
. - F | E C ]
properties [ Dilepton invariant masses (all combinations)*_l x [ x] EgE_ E
Trilepton invariant mass X sk 3
Best Z candidate invariant mass X 605_ I e ¢+
17| between leptons X sof e
Lepton flavor X 20
Number of jets X X o= S + ]
Jet Number of b-tagged jets X X £1.25 b , E 81250 s y b
ti pr of highest-pr jet X %0_751 / 7 . W%WW////% 20_7; W (/%///é e 3
Droperties pr of second highest-pr jet X O 0505 400 600 800 1000 1200 1400 1600 1800 2000 S 05t T R R T
pr of highest-pr b-tagged jet X My [GeV] m(#o, 1) [GeV]
&R(fo | ) X
Angular AR(o. C2) 8
AR(higher-pr lepton, closest jet) X * Signal particularities (compared to main backgrounds) :
Istances AR(lower-pr lepton, closest jet) X .
AR((y. closest je) y Relatively soft events (lower meff)
Smallest AR((y, b-tagged jet) X — Lower m(ly, l;) and AR(l,, 1,) for 3l
miss .
Global I f?T z L — Only one true b-jet
eff

Number of variables: 11 18 Mefs = Emiss 4 ZplTep n Zp%et .

*3 combinations for 3l



V. Fit results summary

Upper limit @95% CL under background only hypothesis on top FCNC branching ratio in %:

B(t — Hu) [To]

Observed (Expected)
Upper Limit on B(t — Hu) [%]

stat. stat. + syst. stat. stat. + syst.
2£SS 0.08 1008 0.08 101} 0.23(0.15) 0.28 (0.21)
3¢ 0.01*50s  0.01 750 0.20(0.18) 0.22 (0.21)
Combined ~ 0.04*0-9¢ 0.04 *0-08 017 (0.12) 0.19 (0.15)

B(t — He) [%]

Observed (Expected)
Upper Limit on B(t — Hc) [%]

stat. stat. + syst. stat. stat. + syst.
2088 0.05 1098 0,05+l 022(0.15)  0.25(0.20)
3t —0.09 1010 _0.09 1011 019(0.23)  0.20(0.25)
Combined —0.01 996 _0.01+0% 15(0.13) | 0.16 (0.15)

Results still dominated by statistical uncertainty
Results comparable with latest ATLAS FCNC result on t » Hc (H — yy) with 36.1 fb~1 of pp collisions at 13 TeV

observed (expected) limit is 0.22% (0.16%) (/JHEP10(2017) 129)

2¢SSt— Hu

3t — Hu

Combinedt— Hu

2/SSt— Hce

37t— He

Combinedt— Hc

ATLAS {s =13 TeV, 36.1 fb™
{555 Expected +16
----- Expected +2¢

— Observed

T R |
0 01 02 03 04 05 06 0.7 08

95% CL limit on B(t — Hg) [%]


https://link.springer.com/article/10.1007/JHEP10(2017)129

Summary & Conclusions

* Asearch for flavor-changing neutral currents (FCNC), t - Hq (q = u,c), with H > WW,ZZ, T1)Tjep

based on 36.1 fb~! (13TeV) was presented
1. Consider 2¢S8S and 3% channels (no hadronic T decay)

2. Optimize an MVA against fake lepton and ttV, combined into a final discriminant

* Combined 2¢S5S + 37 fit for B compatible with O:
« B(t - Hu): 0.047398%
« B(t - Hc):—0.011008
e Combined 2¢SS + 3¢ observed (expected) upper limit at 95% CL :
e B(t—=Hu):0.19%(0.15 %)
e B(t—=Hc):0.16 % (0.15 %)
e Statistics limited results
* Best limits to date on B(t = Hu) and B(t = Hc)
* Results already published: Phys. Rev. D 98 (2018) 032002

t—Hc
t—>Hu
t—yc
t—yu
t—gc
t—gu
t—Zc

t—Zu

from arXiv:1311

.2028

ATLAS+CMS Preliminary 95%CL upper limits <—@ ATLAS <—@ CMS
LHCtopWG [1] arXiv:1805.03483, sub. to PRD [2] JHEP 02 (2017) 079
[3] arXiv:1712.02399, sub. to JHEP [4] JHEP 04 (2016) 035

May 2018 [5] EPJC 76 (2016) 55 [6] JHEP 02 (2017) 028
[7] arXiv:1803.09923, sub. to JHEP [8] CMS-PAS-TOP-17-017
Each limit assumes that [9] JHEP 07 (2017) 003
all other processes are zero Theory predictions =—SM 2HDM(FV) EZHDM(FC)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.032002
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LHC and ATLAS

Q Detector characteristics
Muon Detectors Electromagnetic Calorimeters | “{idth‘ 44m
/\ \\ — Diameter: 22m
\ « Weight: 7000t
Solenoid \ ) CERN AC - ATLAS V1997
\ \\ Forward Calorimeters
End Cap Toroid
/

CMS

LHC o

CNGS

Gran Sasso

East Area

A

N \-‘, <Z
et
n-1ot \¢ ) S e R ol | oA I ===
rd LINAC z/ @
N — LINAC {/ . LEIR

Ions /

Inner Detector Shielding

Barrel Toroid Hadronic Calorimeters

° The La rge Had ron COIllder (LHC): innermost layer ——» outermost layer
racking electromagnetic hadronic muon
proton'proton accelerato r’ ‘\/ S = 14* TeV ts stemg ca}g?imegtert calorimeter  system

* Linac2 ?Booster 2PS 2>SPS2LHC photons

m Vs [TeV] integrated luminosity [fb~1] electrons
- -

Run1 2010-2011

2012 8 22.8 tuons_
i protons
Run 2 2015-2016 13 43.1 Kaons
2017 13 50.4 ploms
2018%* 13 40.1 %%utrons
L

12
*design **as of 215t of August 2018

. Lipprmann — 2003



Object Reconstruction

* Trigger: Lowest unprescaled single-lepton and di-lepton trigger chain

L* - less loose (Loose+isolated + non-prompt BDT)

e 1
L L* T |L L* T|
[solation No Yes No Yes
* Use standard objects: Non-prompt lepton MVA No Yes No Yes
— Jets: anti-kt algorithm with R=0.4 Identification Loose | Tight Loose
— B-tagging working point (70% efficiency): MV2c10 Charge 1'1'111R—;1.w.x1gr1r1'1em veto - No ) Yes N/A
i Tranverse impact parameter significance < So < 3o
— Loose and tight leptons (table) Pactp “
|dol/a,
Longitudinal impact parameter < (0.5 mm
|zp sin 6| ‘

* Use dedicated algorithms for reducible background:
— Non-prompt lepton MVA:

— Used to reduce leptons from b decays (non-prompt leptons) at the level of the pre-MVA regions

— Charge flip MVA :

ttHML:Phys. Rev. D 97 (2018) 072003

— Used to reduce events with electrons that have wrongly reconstructed charge at the level of the pre-MVA regions


https://doi.org/10.1103/PhysRevD.97.072003

Lepton MVAs: Non-prompt lepton MVA

Yariable

Description

Nigack in track jet
IP2 log(Pp/ Prght)
IP3 log( P/ Pright)
Ntaavee SV +JF

lepton ; _track jet
Py Py
AR(lepton, track jet)
prVarCone30/pr
ErTopoCone30/pr

Number of tracks collected by the track jet
Log-likelihood ratio between the b and light jet hypotheses with the IP2D algorithm
Log-likelihood ratio between the b and light jet hypotheses with the IP3D algorithm
Number of tracks used in the secondary vertex found by the SV1 algorithm
in addition to the number of tracks from secondary vertices found by the JetFitter algorithm with at least two tracks
The ratio of the lepton py and the track jet pr
AR between the lepton and the track jet axis
Lepton track isolation, with track collecting radius of AR < 0.3
Lepton calorimeter isolation, with topological cluster collecting radius of AR < 0.3

14



Lepton MVAs: charge flip MVA

Variable Description
P Transverse momentum
n Pseudo-rapidity
chargexdj Electric charge times the transverse impact parameter
Elp Ratio of the cluster energy to the track momentum
Ry Ratio of the energy in 3 x 3 cells over the energy in 3 x 7 cells centred at the electron cluster position
A A¢ between the cluster position in the strip layer and the extrapolated track
Adrescaled A¢ between the cluster position in the middle layer and the extrapolated track.
where the track momentum is rescaled to the cluster energy before extrapolating the track to the middle layer
;Ef:—’ Significance of the curvature of the track defined as the ratio of the reconstructed charge to the track momentum

15



Lepton MVAs

* Non-prompt lepton MVA:
» uses lifetime information to veto non-prompt leptons that otherwise pass standard isolation selections

Find a track jet within AR < 0.4 : Use track jet information : Check if track jet + lepton
from selected e (u) (99% of cases) to train BDT (tthar MC) compatible with a b or ¢ jet

* |Input variables:
* Use lepton and overlapping track jets properties variables
» |lepton track/calorimeter isolation variables
* Improves over combination of impact parameters cuts + isolation + lepton identification
* Charge flip MVA:
e Use electron track and calorimeter information
* Factor 17x background rejection for a 95% signal efficiency

e Calibration performed with dedicated method in Z — uu and Z — ee events ttHML:Phys. Rev. D 97 (2018) 072003
& | amas | ] & [ Amas ' 7
® 1= s=13TeV,36.1 fb — e — & 1 Vs=13TeV,36.1 fo' —
2 - L e . = - e
Y o9f o E Yol . :
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g ] S
e P e S Al = I P =
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10 20 30 40 50 6070 100 10 20 30 40 30 6070 100 16

Muon P, [GeV] Electron P, [GeV]


https://doi.org/10.1103/PhysRevD.97.072003

Event MVA input variables: 21ss
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Event MVA input variables: 3|
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V. Fit model

Maximume-likelihood fit is performed on 2€ss and 3¢ channels
simultaneously to extract the branching ratio B and its 95% CL upper
limit under background-only hypothesis.

The test statistic, gg, is constructed from the profile log-likelihood ratio:

2InA 21 £(3,0)
g = —<INAg = —Z2In——==
. ’ ’ L(B,9)
where B and 8 are the parameters that maximize the likelihood and 6
are the nuisance parameters (NPs) that maximize the likelihood for a

given B

1>

The same likelihood is also used to obtain 95% CL upper limit on B
using the CLs method.

One parameter of interest (POI): B(t - Hu) with B(t - Hc) = 0 and
vice-versa

Smooth distributions for the logarithmic likelihood (plots)

-21In A,

—21In A,

T

- ‘ T
28\ ATLAS .
. 4 {s=13TeV,36.1 fb™ / ]
24 [ \ ' —
DLV —2r88 . |
20 ;“ . “ - g?SS stat. only p E
C v\ Y --- 3¢ stat. only ]
16 1\ — Combined ; y |
', + --- Combined stat. only / .
12 ‘\\ \‘ " —]
8 .
4 =
0 I y 16
-0.2 0.2 0.4 0.6
Bt — Hu) [%]
[ ' [ 71
321 ATLAS ; 7
281 {s=13TeV,36.1 1" &
L — 2¢SS / ]
24 --- 2788 stat. only N -
- “\ —_— 37 r .
204, --- 3¢ stat. only —
oY —— Combined )
R -- - Combined stat. only .

JJIIII\II'I




V. Fit: Resultst = Hu

Fit performed on optimized combined BDTs
Combined fit 2Iss & 3l

B(t - Hc) assumed to be 0

Fitted B(t » Hu) compatible with 0

Best-fit
B(t = Hu) [%]
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V. Fit: Resultst — Hc

Fit performed on optimized combined BDTs
Combined fit 2Iss & 3l

B(t —» Hu) assumed to be 0

Fitted B(t — Hc) compatible with O
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Fit results: expected best fit
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