EEEEEEEEEE

Comparisons of FCNC results from ATLAS and CMS

What did we learn, where can we improve?

Jeremy Andrea (IPHC-Strasbourg) on behalf of the ATLAS and CMS collaborations
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) Introduction
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* Flavour Changing Neutral Currents (FCNC) :
* Forbidden at tree level,
e Exist in the SM via loops, but heavily suppressed => GIM
mechanism, (Br(t - gX) < 10711),

* Can be largely enhanced in the presence of new physics
Br(t - gX) ~10710 - 1073,

* Interests in top-FCNC searches, both on the experimental
Elr_}(é)theory sides, since decades (HERA, LEP2, Tevatron,
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* A lot of progresses at the LHC : e Outline:
* High luminosity and (tt) cross section => large boost of e Discussions on theoretical framework
sensitivity, and interpretations,
* More elaborate data-analysis techniques, * Overview of top-FCNC analyses, ATLAS-
* Higgs discovery => top-FCNC involving a Higgs boson, large CMS comparisons,

variety of decay channels. e Discussions



@ Top-FCNC signatures

* Top-FCNC implying a SM neutral boson. Signatures with possible BSM boson not considered here.

* Two diagram “classes” considered.

» At decay:in tt events, SM produced, one top quark decays with FCNC, the other one decays as in the SM.

* At production (single top): sensitive to quark content of the proton, charge asymmetries in tXu/tXu, lower
cross sections for tXc — tXc, lower “relative to tt-FCNC” cross sections at 13 TeV compared to 7/8 TeV.

* tgq not searched for in the tt events, highly unfavourable S/B.

* Large variety of signatures : Single lepton, multi-leptons, multi (b) jets, tau leptons, photons etc...
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&) FCNC Models and MC generation (1)

EXPERIMENT

* ATLAS :

e Latest results with an EFT
interpretation,
* Madgraph model at NLO (QCD),

* Left-right couplings lead to same cross-
sections/Br, only slightly different

angular distributions. Usually neglected.

Exemple for tHq 4t 4
Lipr = L “‘”061’ 0
EFT = LsMm + Z u¢ A2 ugp
qg=u,c
th +th
qrt.tq _ “ud” ~ug
Cu(/) = 2

* CMS :
 Anomalous couplings interpretation,
* Madgraph model at LO,

* Left-right couplings leads to same cross-
sections/Br, only slightly different
angular distributions. Always neglected.

* Limits on Br can be eventually
re-interpretated within the EFT
framework (at LO).

Exemple for tHq

= ¥ %MHCN (fiqPL + fBqPr)qH +hec
q
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MC generation : separate generations of tt (normalized at NNLO SM cross sectionX Br(FCNC()),
and single top FCNC events.
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ATLAS

EXPERIMENT

FCNC Models and MC generation (2)

single-top

single-top

* Interferences between single top and tt FCNC.

* Interferences taken as negligible in analyses.

* Approximation confirmed at LO (E.P.J.Plus 135

(2020) 339), what about at NLO ?

* EFT model aIsog)redict 4-fermions interactions, not covered by 10°é

experimental FCNC searches.

e Challenges for interpretation at NLO (QCD).
* Top-FCNC appear at loop level,
e Mixing of FCNC couplings,

* Full picture (and optimal sensitivity ?) through a global fit
(G. Durieux&al).

* Top-FCNC to set limits on specific BSM models and other
interpretations (arXiv:1311.202, PLB 850 (2024)138548).
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tyq and tZq FCNC
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£ ty-FCNC

T
ExPERTVENT  PLB 842 (2023) 137379 PRD109 (2024) 072004 &=

Single lepton (e, i), Ni=1, 1 photon, N; = 1, Nj, = 1 b-tag jet. Missing pT cut.

* 1SR (Np=1)and 2 CR: tty (N; =4, N, =2) and ° 4 SR : decay channel, single top (N;=1, N}, =1) and tt
Wy+j (N;=1, Np =1, tight b-tag veto). (N; =1, Np=1).
e Data-driven methods for fake photons. » Data-driven methods for fake photons and fake leptons.
* NN for SR and pT of the photon for CRs.  Fit of the SR using BDT discriminants.
Br(t > uy) < 0.85-107° (0.88-107>), Br(t > uy) <0.95-107° (1.2 -107>),
Br(t - cy) <4.20-107°(3.40-107°) Br(t > cy) <1.51-107° (1.54-107°)
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£ tZ-FCNC

AUl PRD 108 (2023) 032019 JHEP 07 (2017) 003 -
Search in the 3 leptonic channels : N;=3, N; =21, N, =1, OSSF Dilepton compatible with Z mass. Run 1!
* top masses (topsy and topgcyc) reconstruction with kinfit. * top masses (topsy and toppenc) reconstruction,
* SRs : t&-FCNC (N; =2, Nj, =1), single top (N; ==1-2, N, =1, * SR:tt-FCNC (N; =2, Ny, =1), single top (N;=1, Nj, =1),
orthogonality with 1m,,,, cut). mr(W) and ET miss,
 C-tagging for a specific tZq category in tt-FCNC. * CRs (non-prompt lepton, VV, N,=0, low my (W) ).
* CRs :tt -SM (Z-veto), ttZ(N; = 4, Ny =2), M4y * Non prompt lepton estimated from data.
“sidebands”. All backgrounds shapes from simulations. * Signal extracted from BDTs. 2D contours provided
* Signal extracted from GBDTs, left and right handed. without extrapolations.

Br(t->uZ)<2.2-107%(2.7-107%),

Br(t > uZ) <6.2-107°(4.9-107%), Br(t - cZ) <4.9-107* (11.8-107%)

Br(t—-cZ)<13- 10—5 (10 - 10—5)
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L Moving forward with tZ(y)q-FCNC

—g—W{vgf _ =@ W (€0 1 e  Multiple EFT operators can contribute to the
2ew \—af,  2swew A2 L v ’ same signatures.
s
Kig ([t my (3a) | ~(3a)
—e=2{ 19 =72 [(C5F) +C)
tq :I:(C(G’S) _|_ C(CLS))*]
uB v 2 * Example : tensor couplings for tZq and tyq
7 ez : . “H ©
G ¢f —e m ¥ d FCNC-couplings are linear combinations of
—g—Wﬂ{ .tqZ = Qt [(S%V Cﬁg) — 6124/ C’f{y)) the same Wilson coefficients (at LO).
2cw A GhY,  swew A
Jisd gl g2 C’(ag))*}
PRD 91, 074017 W “~uB W ~YuW

* In the EFT framework, tZ and ty should be searched for together (similar to ttZ-tty).
* Requirements :

* Have coherent MC (EFT) based model and MC samples,
* Not a combination results : perform a simultaneous fit of tZ and ty SRs and CRs.

* First possible step toward a global fit approach ? Accounting of the tqgll ?

10



tHqg FCNC

Not covered

ATLAS : JHEP 05 (2019) 123
CMS : JHEP 02 (2022) 169

tHq-FCNC : H - yyeo)bb WW, ZZ

Not covered
JHEP 06 (2023) 155

11



Events /2 GeV

)

ATLAS
experivent  JHEP 12 (2023) 195

tH-FCNC, H- yy

PRL 129 (2022) 032001 & — =

2 photons, N; 21, N =1. Presence of high pr lepton => Hadronic and leptonic channel.

Miop fOr trenc(jyy) and tey (jjb or lvj) => check
consistency with m;,.

Single top vs tt FCNC (selection on N; or compatibility of ¢,

with true top mass).

tcH and tuH separation based on c-tagging.
Fit of yy mass after cut on a BDT.

Non H resonant background from side bands.

Br(t>uH)<4.0-107%(2.4-107%);
Br(t > cH)<5.8-107%(3.0-107%)

.
E ATLAS Vs =13 TeV, 139 fb™

7 > L e s e s e e s s s s B
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Meop TOr trenc(jYY) and gy (jjb or lvj) => best jets
combination from NN and kin fit.

BDTs for trained for tcH and tuH, ST and TT, res. and
non-res based on BDT => categorisation.

Fit of yy mass for each BDT categories.
Fake photons shape from data-driven.

Br(t->uH)<1.9-107%(3.1-107%);
Br(t > cH)<7.3-107%(5.1-107%)
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&) tH-FCNC, multi-leptons

EXPERIMENT  EPJC 84(2024) 757 2407.15172, subm. to PRD =

Dilepton-same sign (e, 1) and 3 leptons, =1 jets, =1 bjets, Z mass veto.

* 2lss vs 3| categories with N; and Nj, selections. e Events SR definition from a BDT, with optimised
* CR for no-prompt leptons (low p; lepton selection) and R
prompt lepton backgrounds (ttW, ttZ, 2 b-jets, Z-mass * Non-prompt backgrounds fully estimated from data.
selection) normalisation. * Charge mis-reco estimated from simulation, found
* Charge mis-reco background from SS at the Z mass. small impact on yields.
 Exts reconaructionan it of N discrmnants for s o <7210 5.9-104,
glons, y pton pr glons. Br(t - cH) <4.3-107* (6.2 - 107%)

Br(t>uH)<2.8-107%(3.0-107%),
Br(t > cH) <3.3-107%(3.8-107%)

*: normalised to total Bkg. *: normalised to total Bkg.
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ol Combinations

PIPERIMENT  EPIC 84(2024) 757 2407.15172, subm. to PRD VA ==
. 'cAj"TL}'wASt: dominated by multilepton. CMS : dominated by Br(t->uH)<1.9-107%(2.7-107%),
iphoton.

Br(t—> cH)<3.7-107*(3.5-107%)

: : : CMS Prelimi 138 b (13 TeV
* Key point : choice of correlations, not always done fully T |re|m|7"|7éfr}|/| T |(| T ?

coherently (because done at different times). B Hobb { s yH
S - H- vy
* Could we foresee ATLAS+CMS combinations ?
Br(t>uH)<2.6-107%(1.8-107%), e leptonic
Br(t-> cH)<3.4-107%(2.4-107%) - .
combined
ATLAS Vs =13 TeV, 140 fo! ATLAS Vs =13 TeV, 140 o —
H-bb H-bb
i | 1 — H-Sayy
H-vyy H-vy
‘ y . = leptonic
H-Tt H-TT
Blt>Hc)=0 d B(t—Hu) =0 . 1 combined
H-VwVv* —— Observed H-ow* —— Observed
g=== Expected +10 _ i #=== Expected +10 _ = 5% CL Expected Limit ™8 +15 Exp. Limit
---- Expected +20 ---- Expected +20
Combination Combination = 95% CL Observed Limit 120 Exp. limit
.é....1|0....1.5..1.2o - é1'01'520 0||||OL||||0.|2||||O.\3||||0.|4|\

95% CL limit on B(t - Hu) x 10~ 95% CL limit on B(t - Hc) x 10 Branching Ratio (°/o) 4
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tg FCNC

Top+0 jet Top+1 jet
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EPJC 82 (2022) 334

* Top+Ojet : N;=1, N;=1, Ny=1, Er-miss and my (W) selections.

* Signal extracted from fit of NN discriminants, for (gu — t,
gc - t,gc —> t)and gu — t.

* VR regions (not part of the fit) for W+jets and tt backgrounds
from (b)jets and NN discriminant selections.

tgqg-FCNC

JHEP 02 (2017) 028

/é/ﬂ/

Run1'!

* Top+ljet : single top t-chan like analysis. N,,=1, N;= 2-3
jet, szl'

* Multi-jet from data (lepton isolation inversion), tt (4j2b)
and W+jets validated from data (0Ob).

* Signal extracted from fit of NN discriminants, for (gg —

g — tc).

Br(t > ug) <2.0-1074(2.8-107%),
Br(t > cg)<4.1-107%(2.8-107%)

50107 (7 TeV)

* Non-prompt lepton from fit of E;-miss (e) and m,(W)(u) . tu, g
Br(t->ug)<0.6-10"%(0.5-107%)
Br(t—>cg)<3.7-107%(2.0-107%)

860000~ a7y a5 <+ Data §90000?;r]1:a;””l"”w'W”:Bla‘:z];””]””lm% x10°
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@ tgg combinations ?

* Top+0jet and top+1 jet tgq could be covered in a single analysis.

* tXq searches can be used to set limits on tgq,
* At NLO-QCD, tgq at loop level of every tXq vertex, although it is a second order effect,

* Single top FCNC tXgq can be produced via a tgq => single top FCNC can all be re-interpreted
as a search for tgq (true at LO).

ubar/cbar

T e
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tbar \q\
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e Since the LHC start-up, several top-FCNC searches were
performed :
* All top-boson couplings are covered, including the Higgs boson,

Single top-FCNC production modes combined with FCNC at
decays,

tHq searches combined and lead to the best existing limits.

e Several progresses on the theory side :

Both collaborations could move to EFT interpretations => first step
toward ATLAS-CMS “combinations” ?

Inclusion of tqll, from tHq and/or tZq (off Z-peak)

NLO QCD modelling is available, mixing has potentially limited
contributions ?

Combinations of tZq and tyq signatures would increase the
sensitivity?

Sensitivity to tgq could be increased by reinterpreting/combining
tXq searches ?

Global fit implementation (also including 4-fermions operator) ?

ATLAS+CMS Preliminary

Conclusions/Remarks

LHCtOpWG Left-handed coupling limits are presented for ATLASt — vy q,t—Zqandt— g qprocesses.

BR(t—> HC) Each limit assumes that all other processes are zero. BR(t—> 'YC)
L LEP
3 CMS
3 ATLAS %
1 |IIIIIII 1 |IIIIIII 1 |IIIIIII 1 |IIIIIII 1 |IIIIIII 1 éé 1 IIIIIII| 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 11111
10" 102 10° 10* 107 10° 10* 10° 102 10"
BR(t_> HC) HERA: PLB 708 (2012) 27, PLB 678 (2009) 450, PLB 668 (2008) 282 BF{(t_> YC)

LEP: PLB 543 (2002) 173, PLB 590 (2004) 21, PLB 521 (2001) 181, PLB 549 (2002) 290, LEP Exotica WG 2001-01
/ATRON: PRL 80 98) 2525, PRL 1( 200¢ 002, P 701 (2011) 313, PF 02 (2009) 151801, P 593 (2010) 81
ATLAS: arXiv:2404.02123, PLB 842 (2023) 137379, EPJC 82 (2022) 334, PRD 108 (2023) 032019
CMS: CMS-PAS-TOP-17-017*, arXiv:2312.08229, JHEP 02 (2017) 028, CMS-PAS-TOP-22-002* *Preliminary

April 2024

BR(t— Zc)

iBR(t—> gc)
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) Conclusions/Remarks

* Observations of experimental aspects :
* Not all channels with the run2 data, some “old” results,

ATLAS+CMS Preliminary ss«CL upper imis <@ ATLAS <@ CMS  -proumia * For similar luminosities, similar sensitivities usually reached,
LHClopWG [1] arXiv:2404.02123 ) . . . .
BIPLB B2 (2020) 197379 () ) N bSO P00 * Major use of multi-variate analyses, more elaborate techniques and
. [5] EPJC 82 (2022) 334 (LH) oo . . u s .
April 2024 oo 10 uzs ccaoro sy HEP 02 @0moz higher regions “granularity” seems to give the best results.
e e o Theory precictons . —SM  [12HOM(FV) E32HOMFC) * Improvement from c-tagging seems moderate.
RPV RS . Di .
ifferent ATLAS-CMS treatments of non-prompt lepton backgrounds :
° t , i h
t-He m = 2 fully data-driven vs partially MC —driven.
| — ! « 2D contours sometimes provided, potentially with extrapolations.
t—>Hu / 2
SRS e
t-yc —e 4
t —e s| ®* FCNC can also be searched for at FCC.
—YUu - e ﬂ
—0 [5]
t—gc
<_. [6] . [ .
trgu < = | ¢ Experimental combinations :
—0 (6] . . . . .
— mme—e~ — — o e Within experiments, for different Higgs decay channels. Leads to the
t=Zc " best sensitivities.
~—0 [8]
57U —o v * “Combinations” between ATLAS and CMS :
[9 . .
| 1'0'_16‘ — - oy — 1'(])_1 * Require same theoretical framework,
Branching ratio * Multi-variate shape analysis,

* Need preparation and coordination *before* the analyses start.
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) tH-FCNC, H- 7

ATLA
EXPERIMENST JHEP 06 (2023) 155

L L L L L L Y L

number of 75,4 an

12} AR NSNE =]
. . . = ATLAS data tuH 3 2 Famas 1IN
* Consider both hadronic and leptonic tg,, decays, 2 Darstovont o B ] BopAmAS e B
FONCWHHST'T o iy | M F roNC ot W Wz :
t¢ThadThad 7 E 104t 1. T, '3j .rmbreal Diboson o
. m tuH(0.1%)x2 = § h*had “had .SM Higgs .hv g
. . Post-Fit ug—>tH(0.1%)x2 < [ Post-Fit 7/ Uncertainty ~ wemtuH(0.1%)x2 |
e Several events cate§or|es : number of a light leptons (e or u), : o | OE - =
number of light jets. [ - S 5

 Signal extraction from BDTs used in SR regions (FIXME def SR).

* Fake Tcllgackgrounds (tt, QCD multi-jet) => SF estimated from data
in tt-CR.
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* Single lepton channel (e or
b-tagged jets multlpI|C|t|es

* tt as the dominant background.

* DNN classifiers used for kinematic reconstruction (combinatorics)

=> |eads to significant improvements in reconstruction efficiency :
5-15% in SR, up to 40% improvements for tt in CR (b4,j4),
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e Signal extracted from fir of a BDT
discriminant in all regions.

Br(t > uH) < 7.9-107* (11.0 - 10™%);
Br(t - cH) < 9.4-107* (8.6 - 107%)

ATLAS results JHEP 05 (2019) 123
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FCC Sensitivity at FCCee FCC ]

H.Khanpour&al. FCCee France-ltaly workshop 2022

* Prospects of Top-FCNC search at FCCee. " hannel — tey (FCNC)
= 06— ViuoOn channe
* Single top production at y/s=240 GeV.  eerkt o

7z

e Simple cut&count analysis could already reach high
sensitivity.
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https://indico.in2p3.fr/event/27968/contributions/115576/attachments/74080/106611/Presentation_FCC_France_Italy_Workshop_2022_Final_Lyon.pdf
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e 2D contours from extrapolations : Linear
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L ammsas Expected limit + 2¢ 1.2= S e . . . . . . . . .
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0.6 . .
i e Statistical fluctuations neglected. Should be correct for
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