Top quark properties and searches
N ATLAS and CMS

Sebastian Wuchterl
on behalf of the ATLAS and CMS collaborations C M\S
N
B
\ AN

- \
S \

58th Rencontres de Moriond i\ |

CE/RW Electroweak Interactions & Unified Theories u T L u S

26 March 2024 EXPERIMENT




The top quark in the standard model (SM)

Top quark is the most massive elementary particle

= High relevance for EWK symmetry breaking (—=BSM)
s Short lifetime (~10-25s) < thad. (~10-24s) < tspin (~10-215)

Only quark that decays before forming bound states
— Unique way to study ‘bare quark properties

High production rate at LHC
— High precision SM measurements, e.g. for O

— Study SM QCD + EWK parameters
— Portal to beyond-the SM (BSM) physics

Direct
production  SNMEFT 1
ZLsyerr = Lsu + 2 Z ¢,0;
L i
F CE e E > ElHc

— Selection of property measurements and fundamental
searches
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Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
Mygp = 172.5 GeV, o (M,) = 0.118 = 0.001

Inclusive tt cross section [pb]

.
! 10° — +
— \ 4
— A
B N
B A
— L]
A
B o
o
[11PR
10

[2] JHEP 06 (2023) 138
[3] JHEP 04 (2022) 144
[4] JHEP 07 (2023) 213
[5] JHEP 07 (2023) 141

Tevatron comb. (1.96 TeV, <8.8 fb™) [1]

ATLAS comb., ee, uu, ey, l+jets (5.02 TeV, 257 fb™) [2]
CMS comb., ey, I+jets (5.02 TeV, 27.4-302 fb™) [3]
LHC comb., LHCtopWG, eu (7 TeV, 5 fb™) [4]
LHC comb., LHCtopWG, eu (8 TeV, 20 fb™") [4]
ATLAS, eu (13 TeV, 140 fb™) [5]

CMS, eu (13 TeV, 35.9 b ™) [6]

ATLAS, I+jets (13 TeV, 139 fo™") [7]

CMS, I+jets (13 TeV, 137 fb™) [8]

ATLAS, eu (13.6 TeV, 29 fb™") [9]

CMS, ee, uu, eu, l+jets (13.6 TeV, 1.2 fb™) [10]

D 89 (2014) 072001  [6] EPJC 79 (2019) 368

[7] PLB 810 (2020) 135797
[8] PRD 104 (2021) 092013
[9] arxiv:2308.09529

[10] JHEP 08 (2023) 204

A Y
Q-LS 1.12—I S
g3 EES ' f :
T
2 4 6 8 10 12 14
/s [TeV]
e U T q
Ve, Vus Ve, G
EWK
parameters
e, 1, T, q
VesVus Vi, G


https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOPSummaryFigures

ATLAS

EXPERIMENT

CMS

ATLAS + CMS mass combination larXiv.2402.08713]

Uncertainty category  p Scan range ?;Zt\//? A{ﬁ’lt\ﬁlz
. . - [Me e
e Legacy combination of Run-1 ATLAS+CMS m JES 1 0 — T — [ =
¢ JES 2 0 [-025-+025 @ 8 7
Mmeasurements JES 3 05 [+0.25,4075 @ 1 <1
: o b-JES 085  [+05,+1] | 26 5
+ -
= 6 (ATLAS) + 9 (CMS) individual measurements I 085 (10541 | 2 | <1
: L : , u : 1-JES 0 —(0.25, +0.25] 1 <1
s Wide range of final states and techniques: The ‘only correlation  ~ /72| D e B
— . . . . that matters JER 0 [-025,+025 | 5 1
tt (dl l+jets, all-jets), single-t, J/Psi, SV Leptons 0 [-0254025] | 2 >
. . . b tagging 0.5 [+0.25,+0.75] 1 1
s Best Linear Unbiased Estimator (BLUE) prmiss 0 [-0254025] | <1 | <I
: : . Pileup 0.85 [+0.5, +1] 2 <1
combination ATLASHENS total o =78 TeY Trigger 0 [—0.25,40.25] <1 <1
"""""" ATLASTOMS combined ————i ' ]
total uncertainty stat ME generator 05 [+0.25,40.75] | <1 4
ATLAS ol & iat ey (BT QCD radiation 0.5 [+0.25,40.75] | 7 1
lnepton e —t——— 173.79+ 1.42 (= 0.54 + 1.31 . . - -
Ieptgn+jets 7 TeV —ci— 172.33+ 1.28 Ei 075+ 1.04)) Hadronization 0.5 |+0.25,40.75 1 <1
a!l-jets 7 TeV — = 175.06 + 1.82 (+ 1.35+ 1.21) CMS b hadron B _A il | - —
dilepton 8 TeV -+ 172.99 + 0.84 (= 0.41= 0.74) ]
lepton+jets 8 TeV i 172.08 + 0.91 (= 0.39 = 0.82) Color reconnection 0.5 [+0.25,+0.75] 3 1
ll-jets 8 TeV i—|+|—| .72+ 1.15 (= 0.55= 1.02) .
P combined | 173712 0.48 (= 025 2 0.41) Underlying event 0.5 [+[0-25f +0-]75] P <1
— PDF 0.85 +0.5, +1 1 <1
m - y W m C<:Ivllst 7 TeV ———o 172.50  1.58 (+ 0.43 = 1.52) "
top / tOp Ielgtgr(\:r-]jets ?Tev |-—|—o—|—| 1;3.391 1.36 (+0.43+ 0.27) CMS top quark Pt Fe T B s
ll-jets 7 TeV |—'-|—°—|—| 49+ 1.41 (= 0.69= 1.23)
i diepton 8 Tev A 172222095 (- 018+ 09 Background (data) 0 [-025,4025] | 8 | 2
. — lepton+jets 8 TeV HeH 172.35+ 0.48 (= 0.16 = 0.45) |
| W aelﬁjgtn;éeTSeV ’ e 1;2.3210.62 (= 0.25 0.57) Background (MC) 0.85 +0.5,+1] 2 | ﬂ<1 Stable
ingle top 8 TeV = 172.95+ 1.20 (= 0.77 + 0.93) i | "
jI/TpgSe TZ‘\)/ ’ - 1;3.5213.14& 3.2310.94) Method 5 o | F wrt.
secondary vertex 8 TeV F—te— 173.68 = 1.12 (x 0.20 = 1.11) Other 0 — — — , ,
combined HeH 172.52 + 0.42 (= 0.14 = 0.39) variations
ATLAS+CMS LHClopWG
dilepton H+H 172.30 + 0.59 (+ 0.29 = 0.51)
lepton+jet H=H 172.45+ 0.36 (x 0.17 + 0.32) ' L ;
alljots b 17260+ 045 & 020+ 030 e \ery detailed study of systematics, their
other H——H 173.53+ 0.77 (+ 0.43 + 0.64)
combined R 172.52 + 0.33 (= 0.14 = 0.30) . .
Sl AN ol correlations, and impacts
, 165 170 175 180 185 , /
26.03.24 | Sebastian Wuchterl m, [GeV] 14



https://arxiv.org/abs/2402.08713

@AT LAS |2

Uncertainty impact [GeV]

CMS b hadron B 0.07 — 0.12

> o Ty 1 LE _neertainty CHIeBOY LHC ATLAS s
S 175 ATLAS+CMS L (5=78TeV. | | .7 bIEs 018 017 025
= -, Simultaneous i S Dominant in the LHC combination b tagging 009 016 003
(é) i combination ggggggggggggg : - ME generator 0.08 0.13 0.14
Qe 174 Weanct - / bl 008 018 006
i LH:Z;(;VLG ] Dominant in individual combinations - ﬁiﬂzmd 88§ g(l)é 8(1)8

173

e 0 CD radiati 006 007  0.10
PSPPI ISP I I IIIIIIY VSIS IS I SIS, Q radlation * . :
WIS ISP ISP IS S S S

<SS S S S S S
b/ 7 T T T T 7 7 A
SIS ISP ISP ISP
WP ISP SIS IS IIIIYY
SIS SIS ISP I I IO
LSS S S
S S S S S S S S S S S S S S S S

S S S S S S S S S S S S A
------ A Leptons 006 0.08 0.07

0000000000 JER 0.05 0.09 0.02
CMS top quark py 0.05 — 0.07

1 72 //////////////////_
w - e |ower precision alternative results Background (data) ~ 0.05  0.04  0.06

LSS KNS S S S

3 e Combinations are worth the effort!
==~ ATLAS Color reconnection 0.04 0.08 0.03
U L OMIS

171

22222%222222 O ATLASLCMS - g-JES 0.03 0.02 0.04

2 — .
. %%%%2 _____ O _ ATLAS _ ovs - M O St p recl|se C M S Background (MC) 0.03 0.07 0.01
I T R T N M vt vt vt s I A A N B A R A B Other 0.03 0.06 0.01

¢l T T 1 | L |
>
L g

171 172 173 174 175 0.48 GeV — 0.42 GeV I-JES 0.03  0.01 0.05
CMS JES 1 0.03 = 0.04

miTHAS [GeV] Pileup 003 007  0.03
JES 3 002 007 001

Best result Combination Best / Hadfonizatin 88; 88411 881
. pmiss . . .

[GeV] [GeV] combined DF 0oz \ 006% <00l
Trigger 0.01 0.01 0.01

Total systematic 0.30 0.41 0.39
Statistical 0.14 0.25 0.14

CMS Total 0.33 0.48 0.42

Uncertainties

ATLAS

4
26.03.24 | Sebastian Wuchterl (,/:1


https://arxiv.org/abs/2402.08713

e Comprehensive review of CMS m: measurements

s Evolvement over time!

CMS

7 TeV (5.0 fb™") ideogram
m, = 173.49 + 1.07 GeV
JHEP 12 (2012) 105

8 TeV (19.7 fb™") ideogram
m, =172.35 = 0.51 GeV
Phys. Rev. D 93 (2016) 072004

13 TeV (35.9 fb™") ideogram
m, = 172.25 + 0.63 GeV
Eur. Phys. J. C 78 (2018) 891

13 TeV (36.3 fb™") profiled
m,=171.77 + 0.37 GeV
Eur. Phys. J. C 83 (2023) 963
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- Run 1

Single most precise result

CMS,

p——i |
stat. total
BEEEE ATLAS+CMS combination m{°® = 173.4°)% GeV

[JHEP 07 (2023) 213]

----- CMS 7+8 TeV comb. m"® = 172.52 + 0.42 GeV
B  CMS 7+8 TeV comb. stat. uncertainty

[arXiv:2402.08713]

Lagrangian mass extractions

Pole mass from cross section

Inclusive tt 7 TeV, NNLO ® CT10 m®°=177.0 2% (tot) GeV [PLB 728 (2014) 496]
Inclusive tt 7+8 TeV, NNLO ® CT14 m{?*=1743 7, (tot) GeV [JHEP 08 (2016) 029]
Inclusive tt 13 TeV, NNLO ® CT14 mP® =170.6 = 2. [JHEP 09 (2017) 051]
Inclusive tt 13 TeV, NNLO ® CT14 m{**=173.7 7 (tot) GeV [EPJC 79 (2019) 368]
Differential tf 13 TeV, NLO + 3D fit (m{*"®, a,, PDF) O mPo® = 170.5 =0.8 (tot) GeV [EPJC 80 (2020) 658]
Dilepton 7+8 TeV, ATLAS+CMS cross section m®®=173.4 > (tot) GeV [JHEP 07 (2023) 213]
Differential tt+jet 13 TeV, NLO ® CT18 mP® = 172,13 = 1.43 (tot) GeV [JHEP 07 (2023) 077]

MS mass from cross section
Inclusive tt 13 TeV, NNLO ® CT14
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*"z (tot) GeV

my(m,) = 165.0 [EPJC 79 (2019) 368]
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|
Direct measurements
| Full reconstruction
| Dilepton 7 TeV, KINb and AMWT — m"°=1755 =46
| Lepton+jets 7 TeV, 2D ideogram
\ Dilepton 7 TeV, AMWT
' All-jets 7 TeV, 2D ideogram
Lepton+jets 8 TeV, Hybrid ideogram
All-jets 8 TeV, Hybrid ideogram
Dilepton 8 TeV, AMWT
Single top quark 8 TeV, Template fit
Dilepton 8 TeV, M, +M>25 Hybrid fit
Lepton+jets 13 TeV, Hybrid ideogram
All-jets 13 TeV, Hybrid ideogram
Dilepton 13 TeV, m,, fit
Single top quark 13 TeV, In (m,/ 1 GeV) fit
Lepton+jets 13 TeV, Profile likelihood

Combination 7+8 TeV

stat) + 4.

sys) GeV [JHEP 07 (2011) 04]

mY'® = 173.49 = 0.43 (stat

I+

0.98 (sys) GeV [JHEP 12 (2012) 105]

m®=1725 +0.4 (stat sys) GeV [EPJC 72 (2012) 2202]

+4.6
9
=15
mi'® = 173.54 + 0.33 (stat) + 0.96 (sys) GeV [EPJC 74 (2014) 2758]

m\'® = 172.35 + 0.16 (stat) = 0.48 (sys) GeV [PRD 93 (2016) 072004]

mC = 172.32 = 0.25 (stat) = 0.59 (sys) GeV [PRD 93 (2016) 072004]

+0.97
oss (SYS GeV [EPJC 77 (2017) 354]

m\'° =172.22 + 0.18 (stat 0% sys) GeV [PRD 96 (2017) 032002]

-0.93

mVC = 172.25 + 0.08 (stat) = 0.62 (sys) GeV [EPJC 78 (2018) 891]

m'® = 172.34 + 0.20 (stat
mY'° = 172.33 + 0.14 (stat

+0.66

(stat) (sys)

(stat) (sys)

(stat) (sys)

(stat) (sys)

(stat) (sys)

(stat) (sys)
m\'© = 172.82 + 0.19 (stat) = 1.22 (sys) GeV [PRD 93 (2016) 072004]
m\'° =172.95 + 0.77 (stat) (sys)

(stat) (sys)

(stat) (sys)

(stat) (sys)

(stat) (sys)

(stat)

(stat)

(stat)

ogs (SYS GeV [EPJC 79 (2019) 368]

+0.69

m\° =172.13 + 0.32 (stat (sys) GeV [JHEP 12 (2021) 161]

-0.71

mY© = 171.77 + 0.04 (stat

+0.70 (sys) GeV [EPJC 79 (2019) 313]
+ 0.37 (sys) GeV [EPJC 83 (2023) 963]

m\'® =172.52 + 0.14 (stat) = 0.39 (sys) GeV [arXiv:2402.08713]

Boosted measurements
Boosted 8 TeV, C/A jet mass unfolded |

Boosted 13 TeV, XCone jet mass unfolded
Boosted 13 TeV, XCone jet mass unfolded

m©=170.9 +6.0 (stat)=6.7 (sys) GeV [EPJC 77 (2017) 467]
m©=172.6 +0.4 (stat)=2.4 (sys)GeV [PRL 124 (2020)202001]

mMC = 173.06 = 0.24 (stat) = 0.80 (sys) GeV [EPJC &3 (2023) 560]

Alternative measurements
Dilepton 7 TeV, Kinematic endpoints m, =173.9 =0.9 (stat) ;j (sys) GeV [EPJC 73 (2013) 2494]

1+2 leptons 8 TeV, Lepton + secondary vertex
1+2 leptons 8 TeV, Lepton + J/¥

mVC = 173.68 = 0.20 (stat) ' (sys) GeV [PRD 93 (2016) 092006]

-0.97

m{"'c =173.5 +3.0 (stat)+0.9 (sys) GeV [JHEP 12(2016) 123]
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https://arxiv.org/abs/2403.01313

Review of mi measurements larxiv:2403.01313

CMS

e Comprehensive review of CMS m: measurements

s Boosted jet mass, bridging

Indirect m: measurements

petween direct /

= Promising HL-LHC extrapolations!

Theor. calculations for
ot > 750 GeV
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C IVI S stat. total
BEEEE ATLAS+CMS combination m{°® = 173.4°)% GeV
[JHEP 07 (2023) 213]

----- CMS 7+8 TeV comb. m"® = 172.52 + 0.42 GeV
B  CMS 7+8 TeV comb. stat. uncertainty

[arXiv:2402.08713]

Inclusive tt 7 TeV, NNLO ® CT10 mf®*=177.0 2. (tot) GeV [PLB 728 (2014) 496]
Inclusive tt 7+8 TeV, NNLO ® CT14 m{?*=1743 7, (tot) GeV [JHEP 08 (2016) 029]
Inclusive tt 13 TeV, NNLO ® CT14 mP©=170.6 =27 (tot) GeV [JHEP 09 (2017) 051]
Inclusive tt 13 TeV, NNLO ® CT14 m{**=173.7 7 (tot) GeV [EPJC 79 (2019) 368]
Differential tf 13 TeV, NLO + 3D fit (m*®, « . PDF) mPo® = 170.5 =0.8 (tot) GeV [EPJC 80 (2020) 658]
Dilepton 7+8 TeV, ATLAS+CMS cross sectlon m®°=1734 7 (tot) GeV [JHEP 07 (2023) 213]
Differential tt+jet 13 TeV, NLO ® CT18 mP°® =172.13 = 1.43 (tot) GeV [JHEP 07 (2023) 077]

I+

—

+1.8

Inclusive tt 13 TeV, NNLO ® CT14 —eo— m(m)=165.0 " (tot) GeV [EPJC 79 (2019) 368]
Dilepton 7 TeV, KINb and AMWT I— m°=1755 +4.6 (stat)=4.6 (sys) GeV [JHEP 07 (2011)04]
Lepton+jets 7 TeV, 2D ideogram m}'® = 173.49 + 0.43 (stat) + 0.98 (sys) GeV [JHEP 12 (2012) 105]
Dilepton 7 TeV, AMWT mf®=1725 +0.4 (stat)y=1.5 (sys)GeV [EPJC 72 (2012)2202]
All-jets 7 TeV, 2D ideogram mV® = 173.54 = 0.33 (stat) = 0.96 (sys) GeV [EPJC 74 (2014) 2758]
Lepton+jets 8 TeV, Hybrid ideogram m}'® = 172.35 + 0.16 (stat) + 0.48 (sys) GeV [PRD 93 (2016) 072004]
All-jets 8 TeV, Hybrid ideogram mM© = 172.32 + 0.25 (stat) = 0.59 (sys) GeV [PRD 93 (2016) 072004]
Dilepton 8 TeV, AMWT mMC® = 172.82 + 0.19 (stat) = 1.22 (sys) GeV [PRD 93 (2016) 072004]
Single top quark 8 TeV, Template fit m'®=172.95+0.77 (stat) " (sys) GeV [EPJC 77 (2017) 354]
Dilepton 8 TeV, MbI+M$.t2’ Hybrid fit mMC® = 172,22 + 0.18 (stat) izzz (sys) GeV [PRD 96 (2017) 032002]
Lepton+jets 13 TeV, Hybrid ideogram m}© = 172.25 = 0.08 (stat) + 0.62 (sys) GeV [EPJC 78 (2018) 891]
All-jets 13 TeV, Hybrid ideogram mMC = 172.34 + 0.20 (stat) = 0.70 (sys) GeV [EPJC 79 (2019) 313]
Dilepton 13 TeV, m, fit mM© = 172.33 + 0.14 (stat) izjz (sys) GeV [EPJC 79 (2019) 368
Single top quark 13 TeV, In (m, / 1 GeV) fit m'®=17213+0.32 (stat) " (sys) GeV [HEP 12 (2021) 161]
Lepton+jets 13 TeV, Profile likelihood miC = 171.77 = 0.04 (stat) = 0.37 (sys) GeV [EPJC 83 (2023) 963]
Combination 7+8 TeV m\'® =172.52 + 0.14 (stat) = 0.39 (sys) GeV [arXiv:2402.08713]
Boosted 8 TeV, C/A jet mass unfolded | | mi©=170.9 +6.0 (stat)=6.7 (sys) GeV [EPJC 77 (2017) 467]
 Boosted 13 TeV, XCone jet mass unfolded mif®=1726 =04 (stat)=2.4 (sys)GeV [PRL 124 (2020) 202001
k Boosted 13 TeV, XCone jet mass unfolded mMC = 173.06 + 0.24 (stat) + 0.80 (sys) GeV [EPJC 83 (2023) 560]
Dilepton 7 TeV, Kinematic endpoints m, =173.9 =0.9 (stat) ;j (sys) GeV [EPJC 73 (2013) 2494]
1+2 leptons 8 TeV, Lepton + secondary vertex mM° = 173.68 + 0.20 (stat) :)Zi (sys) GeV [PRD 93 (2016) 092006]
1+2 leptons 8 TeV, Lepton + J/¥ m"°=173.5 3.0 (stat)=0.9 (sys) GeV [HEP 12(2016)123]
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Observation of quantum entanglement in tt laxiveswo7288!

larXiv:2003.02280]
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Q
~—
Observed Affected Q
<

Alain Aspect  John Clauser Anton Zeilinger

0.1

e tt system described as two-qubit system

gg - spin singlet

e Spin-density matrix already measured by ATLAS [1] + CMS [2] e T
e Cross section dependent on decay-lepton properties: M| GeV]
. . A o~ 1 0.0 [arXiv:2003.02280|
1 do 1+B7-q4+—B"-4q- —q4 ﬂq_ Spin correlations | -
odQ,dQ_ (47)2 | Exploited in analysis strategy!
' ' : "4’/—’—:“’4’—' """"
e Criterium for entanglement. tr[C]+1 < 0 | —
tr|C ~ )
D = [ ] D= -3. <COS ‘,0) SR 0.6}
3 e — - VR | no-entanglement VR
1 do D 1/3 < 330 Ge\/ ol | |
Eﬂtaﬂglemeﬂt marker 000 500 600 700 800 900 1000

Y- Angle between leptons in tt restframe M[GeV]
26.03.24 | Sebastian Wuchterl [1] [JHEP 03 (2017) 113] [2] [Phys. Rev. D 100, 072002] (//:1
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https://arxiv.org/abs/2311.07288
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.072002
https://link.springer.com/article/10.1007/JHEP03(2017)113
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Observation of quantum entanglement in tt laxiveanozzes)f

o1l ATLAS
| /s=13TeV, 140 b’

e 1M high-purity electron-muon events

-0.2 +
[ n : .
e Calibrate from detector-level D to particle-level D a .. _ °
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b Fmmmmmmmmmmmmmmmommee-
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+ - . . . — n .
© | : m  Reweighting points | I B Theory Uncertainty
o 0.2 _ 340 < m;< 380 GeV o Powheg + Pythia8 | sl > 5 S|g ma ® Dot 1
L e Entanglement limit | : v @ Powheg + Pythia8 (hvq) |
- é B Powheg + Herwig7 (hvq) -
or . i 0.6
No entang[ement region 1 340 < mg < 380 380 < my < 500 My > 500
0.2 B 3 Particle-level Invariant Mass Range [GeV]
i = ]
R i | D = — 0.547 + 0.002 (stat.) = 0.021 (syst.)
i » ’
-0.4 .
I * |
Result e . :
-0.6 |- Entang [ement reg 1oN 4 Source of uncertainty AD opserved(D = =0.547)  AD [%]  ADexpected(D = —0.470)  AD [%]
_I [ 1 | | [ [ | | [ [ | | [ [ | | [ [ | | [ [ | | [ [ | | [ [ | I [ | I_ Slgnal mOdeling 0017 32 0015 32
-0.2:-0.18 -0.16 -0.14 -0.12 -0.1 -0.08 -0.06 —0.04 4 Electrons 0.002 0.4 0.002 0.4
/~ Muons 0.001 0.1 0.001 0.1
Detector-level D
Measured value Jets 0.004 0.7 0.004 0.8
Dominant b-tagging 0.002 0.4 0.002 0.4
: | Pile-up < 0.001 < 0.1 < 0.001 < 0.1
Systematlcs \\ Emiss 0.002 0.3 0.002 0.4
. . . 4 Backgrounds 0.010 1.8 0.009 1.8
® Cal-lbrated fOr eaCh reglon and SyStematIC Total statistical uncertainty 0.002 0.3 0.002 0.4
Total systematic uncertainty 0.021 3.8 0.018 3.9

Total uncertainty 0.021 3.8 0.018 3.9
Y | 8 /
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Searches for FCNC with top + Higgs *’c‘“\f‘

e FCNC suppressed in SM, enhancement would be a direct signh of BSM

ohysics

e Higgs mediated FCNC increased in 2HDM-like scenarios

7 <
u/c
u/c

H,
top-associated production

e Analysis of same-sign dilepton
final state events (e/muon)
e BDTs fortHc and tHu signals
= Charm ID as input
e Limited by signal modeling/

backgrounds

[CMS-PAS-TOP-22-002]

\
\
\
\
\
\

tt decay

Events

MS Preliminary 138 b (13 TeV)
IIIII |IIII|IIII|IIII|IIIIIIIIIIII|IIII|IIII|IIII—
= gl?nngéompt postfit
I Charge Flip —— signal (ic,,, = 0.1)

¢+ Data

Uncertainty (stat. + syst.)

SATLAS -

> T I T T T T I T T T T I T T T T I T T T ]

5 s=13TeV,139 0" —

ﬁ ® Data

"g ----- Non-resonant bkg.

L%J ---------- + SM Higgs _
—— + IcH(yy)

1 I 1 1 1 |
150 160
m,, [GeV]

| | I | | | | | | | I | | |
120 130 140

e Analysis of diphoton

final state events

e BDTs fortHc and tHu signals

= Charm ID as input

e Statistically limited

26.03.24 | Sebastian Wuchterl
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-002/index.html
http://dx.doi.org/10.1007/JHEP12(2023)195

Searches for FCNC with top + Higgs + Combinations!

CMS Preliminary 138 fb" (13 TeV)
[ B B B O
I H— bb t — uH
= H— vy
e leptonic
= combined
B H>Dbb t — cH
N H— v v
- Ieptohic
ks combined
""""""" 95% CL Expected Limit ™ +15 Exp. Limit
— 95% CL Observed Limit +20 Exp. limit
I T O O O B N N R R e
0 0.1 0.2 0.3 0.4
Branching Ratio (%)
[CMS-PAS-TOP-22-002]
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ATLAS

EXPERIMENT |,

e CMS FCNC same-sign dilepton results combined with

" »bb  [JHEP 02 (2022) 169) ———— —
‘Most stringent limits to date: W
. "YY [Phys. Rev. Lett. 129 (2022)] " ” *
Up to factor 1.15 improvement wrt. single best result!
[JHEP 12 (2023) 105]
I‘I@i 13 TeV, 139 fo ATLAS /s =13 TeV, 139 fb
H—vry li H — Wﬂ
— | —
H— 1t B(t— uH) =0 H— 1t A(t— cH)=0
—— Observed — —— Observed —
_ === Expected =10 _ === Expected =10
Combined\ 'l | oo Expected +20 Combined) ‘| .o Expected +20

o ATLASFC
n »bb
| > TT

AN T N T N T N SO M M A N
12 14 16 18
%B(t - uH) x 10*

coeo e b Ly (RN TR T A N WO T A B R
12 14 16 18 0O 2 4 6 8
%(t — cH) x 10*

NC yy results combined with

JHEP 07 (2023) 199]

[JHEP 06 (2023) 155]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.032001
https://doi.org/10.1007/JHEP02(2022)169
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-002/index.html
https://link.springer.com/article/10.1007/JHEP06(2023)155
https://link.springer.com/article/10.1007/JHEP07(2023)199
http://dx.doi.org/10.1007/JHEP12(2023)195

LFV in production and decay in CMS  laxiv:2312.0310914

Neutrino osci
flavour violat
Some stuc

In decay

on (cL
Ies INC

ol

Search in EFT context, probing several operators

BD

s dedicated to
production and

decay sighatures

Limited by

nonprompt bkg.
and jet radiation

modelling
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BDT dlscrlmlnant

BDT dlscrlmlnant

>
o
llations and flavour anomalies suggest charged lepton ;
=V) 3
icate within LHC reach [UHEP07(2019)025]
Measurement in triple-lepton final state with electrons & muons
e u/c e
U/C ﬁ{ Ve
\ > > wt e’ Ve
L e NE X : : o
w In production b
=
X
CMS 138 fb™' (13 TeV) CMS 138 fb™' (13 TeV) )
o oul 4 Data 000 5 CEO #'bété""dt'a'>'+>'<k>'<) """ - 3
5 [ Shmen<isocey IV Fowor 2 b Shmen>ts0cey RV C 3 1
L% —CLFV(u:;:m:S) L%J 3_ —CLFV( 005) 3 EE
decay v oroduction
"%MM/////M%}% "

~ CMS

EFT Interpretation

CMS

138 b (13 TeV)

95% CL upper limits

CLFV Exp:1c Obs

L1 L 1 L1
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| |
0.12

2 2
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0.6
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0.5 Tensor --=---weo-
N Vector ---------- —
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u
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Most stringent to date, order of magnitude improvement!w

B(t—euu) x 10°

0.04
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https://link.springer.com/article/10.1007/JHEP07(2019)025
https://arxiv.org/abs/2312.03199

LFV In production and decay in ATLA

larXiv:2403.06

e TJargeting same diagrams, but in (hadronic) tau & muon final state

Events

g.

—

Data / Bk
o

4
4
3

IR
o

m  A\LQ steers SM—S; cou

T

First direct cLFV search with tau & muon final state
Limited by statistical uncertainty

AC

5'_
oF
5'_

- ATLAS ¢ Data []Signal (dec.)
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7 Uncertainty
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o

/////////4%/////////////////%////////////////////////////////;E
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oling

ditional scalar leptoquark (S,) interpretation:
nter-generational couplings considered

95% CL limits
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ATLAS

EXPERIMENT

742] EFT interpretation
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Order of magnitude improvement!
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https://arxiv.org/abs/2403.06742

Search for baryon number violation (BNV) larxiv.24021846114

Needed to explain matter-antimatter asymmetry, included in many BSM

extensions

Model-independent search for high-energy BNV in dilepton final states

In single-top production,

for the first time
Combined BD

signhal sensitivity

Interpretation in EFT couplings for

all lepton-quark combinations

Limited by background (tW//tt)

modelling
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trained to enhance
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https://arxiv.org/abs/2402.18461

Summary

e Jop quarkis akey instrument to study standard model and look for BSM effects

e AITLASa
top C

e Conclusions:

nd CMS have a many SM measurements and BSM searches involving

Uarks.

To

0 quark mass combination / review (ATLAS+CMS)

Observation of guantum entanglement in tt (ATLAS)

- (ATLAS+CMS) and baryon number violation (CMS)
ts for FCNC searches involving Higgs bosons (ATLAS+CMS)

Lepton flavou o

t—=yc

t—=yu

Updated resu

t—gc
t—=gu
t—=Zc

t—=Zu

Combination of individual results are useful!

'op quark mass and FCNC searches

All results in good agreement with the SM & no new physics observed

Avallable LHC Run 3 data will give rise to more opportunities

26.03.24 | Sebastian Wuchterl

CMS

CMS

Inclusive tt 7 TeV, NNLO ® CT10

Inclusive tf 7+8 TeV, NNLO ® CT14

Inclusive tf 13 TeV, NNLO ® CT14
Inclusive tf 13 TeV, NNLO ® CT14

— i

_—
1
e _oml

Differential tt 13 TeV, NLO + 3D fit (mf°", a,, PDF)
Dilepton 7+8 TeV, ATLAS+CMS cross section

Differential ti+jet 13 TeV, NLO ® CT18

Inclusive tf 13 TeV, NNLO ® CT14

Dilepton 7 TeV, KINb and AMWT
Lepton+jets 7 TeV, 2D ideogram
Dilepton 7 TeV, AMWT

All-jets 7 TeV, 2D ideogram

o

Lepton+jets 8 TeV, Hybrid ideogram

All-jets 8 TeV, Hybrid ideogram
Dilepton 8 TeV, AMWT

Single top quark 8 TeV, Template fit

1
.

—e—

—

BB CMS 7+8 TeV comb. stat. uncertainty

| mf©=1755 4.6 (stat)=4.6 (sys)GeV I

stat.  total

ATLAS+CMS combination mi*® = 173.4'}% GeV

[JHEP 07 (2023) 213]

CMS 7+8 TeV comb. mi'® = 172,52 = 0.42 GeV

[arXiv:2402.08713]
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t N -33

mP*=1743 %} (tot) GeV

mP®®=170.6 =2.7 (tot) GeV
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+2.1
-23
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m*=1734 7
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mi®=172.95+0.77 (stat) "% (sys) GeV [P
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Each limit assumes that

[1] arXiv:2309.12817
[3] PLB 842 (2023) 137379 (LH)

[5] EPJC 82 (2022) 334 (LH)

[7] PRD 108 (2023) 032019 (LH)
[9] JHEP 07 (2017) 003

ATLAS+CMS Preliminary 95%CL upper limits <@ ATLAS <—@ CMS

[2] CMS-PAS-TOP-22-002* | !(sta) = 0.70 (sys) GeV.
[4] CMS-PAS-TOP-21-013* | ) o 9966V

! GeV
[6] JHEP 02 (2017) 028 (G120 gy (59 G

[8] CMS-PAS-TOP-17-017*

*Preliminary
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Mass combination

ATLAS+CMS \s =7,8 TeV
ATLAS dil 7 TeV 042 051 006 007 013 022 0.41 018 023 013 010 -0.06 -0.15 1
ATLAS 1j7 TeV | -0.07 0.00 -0.07 -002 009 008 003 008 004 001 010 002 -0.04 0.8
ATLAS aj7 TeV | 042 -0.01 -006 0.00 011 019 041 013 021 0.6 0.09 -0.01 -0.04
ATLAS dil8 TeV | 051 0.00 0.29 031 009 016 008 012 0.16 0.10 0.07 -0.04 -0.10 0.6
ATLAS 18 TeV | 0.06 -0.07 -0.06 -0.18 0.02 -0.00 -0.00 -004 005 -0.03 0.03 -0.01 0.00 —0.4
ATLAS aj8 TeV | 0.07 -0.02 0.00 031 -0.03 011 0.06 -0.01 014 0.08 0.07 0.01 0.10
CMS dil7TeV | 0143 009 011 0.09 0.02 0.10 057 031 046 036 026 008 0.13 —10-2
CMS1j7TeV | 022 o008 019 0.6 -000 0.11 0.31 0.10 | 041 045 029 -0.03 0.03 —0
CMS aj7TeV | 011 0.3 011 008 -0.00 0.06 057 053 034 035 021 -0.03 0.07
CMS dil8 TeV | 0.18 008 0.13 012 -0.04 -001 031 010 0.12 0.09 -0.04 -0.16 —-0-2
CMS1j8TeV | 023 o004 021 016 005 0.14 046 041 034 0.23 0.48 0.06 0.15 04
CMS aj8TeV | 013 0.01 0.6 010 -0.03 008 0.36 045 035 0.07 0.47 0.05 0.22
CMSt8TeV [ 010 010 009 007 003 007 026 029 021 009 048 047 -0.01  0.08 -0.6
CMS J/W 8 TeV | -006 002 -001 -0.04 -0.01 001 0.08 -0.03 -0.03 -004 0.06 005 -0.01 0.12 0.8
CMS vix 8 TeV | -0.15 -0.04 -0.04 -0.10 000 010 013 003 007 -0.16 015 022 008 0.12
AT 48 TLag Ll TL g TLa g TLa$ls WS WS oClis J-Ms j7ls oClis SMs Chas &
Uy 7 To 7T 8 8 el 8 Tap Tey, TV " Tel 8 1o Tel € Te? Tl W a7 e 1,
ATLAS CMS
2011 (7 TeV) 2012 (8 TeV) 2011 (7 TeV) 2012 (8 TeV)
dil y aj dil y aj dil ly aj dil ly aj t ]/ vitx
Pull +0.93 —0.15 +1.43 061 —051 +1.09  —0.01 +096 4071  —033 —047 —037 4038 +0.31 +1.08
Weight —-0.02 4-0.07 +0.00 -0.16  +0.17 +0.03 —0.08 —-0.01 +40.03 +0.12 +0.34 +40.12 —-0.03 +0.01 +40.08
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Recoil

for mass combination

e Improvement in understanding of

modelling:

m  Off-shell effects
= NNLO calculations

= [Op-

quark radiation pattern and decay

— Choice of recoller in gluon radiation

IN

top quark decay

— Pythia specific setting

e 5Sfrong
e Add. U

y correlated with b-JES

ncertainty added on the order of

70% of b-JES
=  Change of 35 MeV In central value
= 20 MeV in uncertainty

26.03.24 | Sebastian Wuchterl
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Measuring the top quark mass

Direct measurements Indirect measurements
e Measuring mMC using reconstructed decay e Measuring observable with direct sensitivity to my
oroducts and Monte-Carlo templates = e.g. eitherinclusive or differential cross section
» Very high experimental precision of ~0.4 GeV e Compare measured observable to fixed-order
» Relies on details of simulation predictions

, 18
26.03.24 | Sebastian Wuchterl (/Z



Measuring the top quark mass

Measuring m{MC using recons

Direct measurements
ructed decay e Measuring observable with direct sensitivity to m

26.03.24 | Sebastian Wuchterl

Indirect measurements

oroducts and Monte-Carlo templates . eg. either inclusive or differential cross section
Very high experimental precision of ~0.4 GeV e Compare measured observable to fixed-order

n
»  Relies on details of simulation P
ATLAS+CMS Preliminary Mip SUMMary, Vs = 7-13 TeV June 2023 ATLAS+CMS Preliminar Miop from cross-section measurements
P p
LHCIOpWG LHCtopWG June 2022
....... Z\tl;)trld comb. (Mar 2014) [2] t (:) = Siat? : otal siat m,,, = tot (stat = syst = theo) Ref.
Oofal Sta
total uncertainty ) My, * total (stat = syst = recoil) Vs Ref. VS G(ti) inclusive, NNLO+NNLL

LHC comb. (Sep 2013) LHCtopwG = 173.29 = 0.95 (0.35 = 0.88) 7TeV [1] " ’ o
World comb. (Mar 2014) H*H 173.34 = 0.76 (0.36 = 0.67) 1.96-7 TeV [2] ATLAS, 7+8 TeV I = I 172.9 55 [1]
ATLAS, I+jets H——t= 172.33 =+ 1.27 (0.75 = 1.02) 7 TeV [3] 7
ATLAS, dilepton e 173.79 = 1.41 (0.54 = 1.30) 7TeV [3] mt]u C m CMS, 7+8 TeV = 1738 e . (2]
ATLAS, all jets B = = 1751 1.8 (1.4 = 1.2) 7 TeV [4] t CMS, 13 TeV | | 169.9 :"21 (01 +15 :"15 ) 3]
ATLAS, single top I —a—t— 172.2 2.1 (0.7 = 2.0) 8 TeV [5] 20
ATLAS, dilepton = 172.99 = 0.85 (0.41= 0.74) 8 TeV [6] ATLAS, 13 TeV —— 173.1 27 [4]
ATLAS, all jets = 173.72 + 1.15 (0.55 = 1.01) 8 TeV [7] LH mb.. 748 TeV LHCIopWG 173.4 +1.8 .
ATLAS, l+jets =1 : 172.08 = 0.91 (0.39 = 0.82) 8 TeV [8] C_; comb., 7+8 Te P I I -2.0 [5]
ATLAS comb. (Oct 2018) H=H: 172.69 = 0.48 (0.25 = 0.41) 748 TeV [8] o(tt+1j) differential, NLO
ATLAS, leptonic invariant mass : 174.41+ 0.81 (0.39 = 0.66 = 0.25) 13 TeV [9] +2.3 +1.0

T : e e o014 o
ATLAS, dilepton (*) —=— 172.21 + 0.80 (0.20 = 0.67 = 0.39) 13 TeV [10] ATLAS, 7 TeV 173.7 +24.15 (1.5 ':215 4+3 2 5) (6]
CMS, I+jets —+o——| 173.49 = 1.06 (0.43 = 0.97) 7 TeV [11] CMS, 8 TeV (%) I —e—t / 169.9 57 (1.1 371 145) [7]
CMS, dilepton = 172.50 + 1.52 (0.43 = 1.46) 7 TeV [12] +1.2 +0.7
CMS, all jets = 173.49 = 1.41 (0.69 = 1.23) 7 TeV [13] m MC — m pOIe _I_ A @ 1 Ge ATLAS, 8 TeV = 171.1 40 (0-4 +0.9 -0.3) (8]
CMS, I+jets HetH b 172.35 = 0.51 (0.16 = 0.48) 8 TeV [14] t — t — MC V CMS, 13 TeV (*) 172.9 :1.;1 o]
CMS, dilepton F—tor— 172.82 = 1.23 (0.19 = 1.22) 8 TeV [14] = ' . = -
CMS, all jets Ho ¢ 172.32 + 0.64 (0.25 = 0.59) 8 TeV [14] o(tt) n-differential, NLO
CMS comb. (Bep 2015) el T e ATLAS, n=1, 8 TeV st  1732:16(09:08=1.2) [

. - . + U. N + U. + e

CMS, I+jets e 172.25 = 0.63 (0.08 = 0.62) CMS, n=3, 13 TeV f—o—] 170.5+0.8 [11]
CMS, dilepton —tor—1: 172.33 + 0.70 (0.14 = 0.69)
CMS, all jets e 172.34 = 0.73 (0.20 + 0.70) my,, from top quark decay E JEjég ZZ ggj;‘; 3;39 {3} JC':AESPF]XQQT"S)EF?:SWOOG E;} E;Cgio( ;?if;)oizzm
CMS, single top e 172.13 = 0.77 (0.32 = 0.70) CMS, 7+8 TeV comb. [10] [3] EPJC 79 (2019) 368 [8] JHEP 11 (2019) 150

i : [4] EPJC 80 (2020) 528 [9] CMS-PAS-TOP-21-008 [13] EPJC 79 (2019) 290
CMS, l+jets e : 171.77=0.37 ATLAS, 7+8 TeV comb. [11] [5] arXiv:2205.13830 [10] EPJC 77 (2017) 804 * preliminary
CMS, boosted e+ 172.76 = 0.81 (0.22 = 0.78)

’ 1] ATLAS-CONE 2010102 8 EpiC 7 2019 250 coova vy by vy v b b v by by
* Preliminary o e 155 160 165 170 175 180 185 190
E {S] THEP 09 (2017) 118 [13)} EPD 93 (éO 1%;]‘)()277004 m [G eV]
A N R SN TR TN N SN AN N T A AT NN S | top
165 170 175 180
My, [GeV] Need methods to extract well understood

parameter with reasonable precision! g
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Mass review

CMS

8 TeV (19.7 ib™)
m, =172.95 = 1.24 GeV
Eur. Phys. J. C 77 (2017) 354

13 TeV (35.9 fb)
m, =172.13 = 0.77 GeV
JHEP 12 (2021) 161

Single top quark

S e Stat. uncertainty Statistical -Experimental
° Total uncertainty B Model
T —
— .
PR [N TN TR TR TR N T SO TN SO NN TR SO SR S N S | | | | | | | | | |
171 172 173 174 0 0.5 1
m, [GeV] m, uncertainty [GeV]
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CMS

7 TeV, lepton+jets (5 fb™)
Am, = -0.44 = 0.53 GeV
JHEP 06 (2012) 109

8 TeV, lepton+jets (19.7 fb™)
Am, =-0.15 = 0.21 GeV
Phys. Lett. B 770 (2017) 50

13 TeV, single top quark (35.9 fb™)
Am, =0.83 = 1.79 GeV
JHEP 12 (2021) 161

Mass difference

T 1 T 1
—&— Stat. uncertainty

o Total uncertainty

SM prediction

Statistical . Experimental

. Model

:
- .
j
j
. §
j
j
.| —
| ' | IIII|IIII|IIII|I
2 0 2 0 0.5 1 1.5

Am, [GeV]

Am, uncertainty [GeV]
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Mass review

CMS

8 TeV (19.7 fb™)
m,=170.8 = 9.0 GeV
Eur. Phys. J. C 77 (2017) 467

13 TeV (35.9 fb™)
m, =172.6 = 2.5 GeV
Phys. Rev. Lett. 124 (2020) 202001

13 TeV (138 fo')
m, = 173.06 = 0.84 GeV
Eur. Phys. J. C 83 (2023) 560

26.03.24 | Sebastian Wuchterl

Boosted jet mass

—r r [ rrr | rr 1] 1 11 | | | | | | | | | | | | | |
—e—  Stat. uncertainty Statistical . Experimental
e Total uncertainty . Model Theoretical
| —
- —
" ]
PR SN T AN TN TR TR SN NN TR SN SO TN NN W N S | | | | | 1 1 | | 1 1 | | |
165 170 175 0 2 4 6
m, [GeV] m, uncertainty [GeV]
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Entanglement

2]
= i
g [ ATLAS
11l 60000
Vs =13TeV, 140 f&'
340 < mg < 380 GeV
500001
40000
30000
200001
10000

¢ Data
-®- Pow+Py (hvq)
- Pow+H7 (hvq)

-9- Pow+Py (bb4l) |

B Background

Total uncertainty |

Ratio to Data
() —l
(0 o BTG \§) o

-1 -0.8-06-04-02 0 0.2 04 0.6 0.8

Detector-level cos ¢

26.03.24 | Sebastian Wuchterl

|
o
—h

S
o
Detector-level D

|
o
-
N

-0.16

-0.18

-0.22

|
_C)
N
~

—l
0)

Ratio to Data

.
o1

Systematic uncertainty source

Relative size (for SM D value)

Top-quark decay

Parton distribution function
Recoil scheme

Final-state radiation

Scale uncertainties

NNLO reweighting

pThard setting

Top-quark mass
Initial-state radiation

Parton shower and hadronization

Ndamp SEtting

1.6%
1.2%
1.1%
1.1%
1.1%
1.1%
0.8%
0.7%
0.2%
0.2%
0.1%

Source of uncertainty

AD gbserved (D — _0547)

AD [%]  ADexpectea(D = —0.470)  AD [%]

Signal modeling 0.017 3.2 0.015 3.2
Electrons 0.002 0.4 0.002 0.4
Muons 0.001 0.1 0.001 0.1

0.004 0.7 0.004 0.8
b-tagging 0.002 0.4 0.002 0.4
Pile-up < 0.001 < 0.1 < 0.001 < 0.1

0.002 0.3 0.002 0.4
Backgrounds 0.010 1.8 0.009 1.8
Total statistical uncertainty 0.002 0.3 0.002 0.4
Total systematic uncertainty 0.021 3.8 0.018 3.9
Total uncertainty 0.021 3.8 0.018 3.9
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Entanglement

Parton-level weighting

-|c£l) 1T 1 1 | 1T 1 | 1T 1 | 1T 1 | 1T 1 | 1T 1 | 1T 1 | 1T 1 | 1T 1 | | L -
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14_ —n : I ]
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g 1 o= 340 <mg <380 GeV -60% reweighting 7]
S e -
< B — -40% reweighting -
1:_ — -20% reweighting _:
0_8_ — +20% reweighting i
0.6 =
0.4 —
0.2 —
e e e e e e e e e e e e
S 1.5F -
< 12———1
-8' 0.5 —
>~ -1 -08-06-04-02 0 0.2 04 06 0.8
COS
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CMS Preliminary |138 fio” (13 TeV)

AO‘I 5 | | | | |
FCNC - CMS 2
— 95% CL Upper Limits
o 10oCUS Prefminery 138 17 (13 Te) , 1o CVS Prefminary 1381 (13 TeV) T | — Observed :
E» : IR | postiit - E : I | prefit - ! B e Median Expected _
U 05 gmlCharge Flip — S'9nal (K =0-1) = W 4o5L gy Charge Flip —— S19nal (K4 =0.1) - =
=+ Data = -+ Data E o 0.1 - + 1o |
- Uncertainty (stat. + syst.) . - Uncertainty (stat. + syst.) . =
10° e = 10*E = © LD .
- : o =0 -
10° I 10° = 2 _
] ] -(C: ]
10° = 10° —
& 0.05 -
10 10 0 l
1 1 N
FERE: 42 128 * = |
Ol 1 Ol 1E — 4 s e .}i { 1 {, N ]
E - . } E O | | | | | |
> Ch g 0 0.05 0.1 0.15
BDT Score BDT Score Branchlng Ratio (t —> HU) (o/o)
Uncertainty Uncertainty Uncertainty Uncertainty in  Uncertainty in CMS o 138 fo! (13 TeV
Source in tcH in tuH in SM 55 Nonprompt Charge Flip 50.15— Pr elllmupar_yl/ — (13 TeV)
Prediction  Prediction  Prediction Estimate Estimate v - 95% CL Upper Limits
Jet energy scale 1-6% < 8% < 5% - - - —  Observed -
Theory normalization 6—10% 6—10% 5-25% - - - | -
PDF shape < 2% < 2% 4—6% - - - Median Expected -
Renormalization 0.1 i o —
and factorization 7-9% 2-6% 10-15% - - — . o -
scale shape : - -
Pileup < 2% < 2% < 2% - - -
Trigger efficiency 2% 2% 2% - - -
Lepton efficiency 2-3% 2-3% 2-3% - - 0.05 .
b/c tagging 10-16% 6—13% 7-14% - - -
Estimat .
e : - - 30% 30% _
normalization
€TL /€q - - - 7—-10% <50/0 ]
Total 14-16% 11-14% 20-28% 31-35% 29-31% % | - O|.1 T 015
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FCNC - ATLAS

B 1 | 1 1 1 1 | 1 1 1 1 | 1 1 I', 1 | 1 1 1 1 | 1 1 1 1 | B 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 1: 1 1 1 1 1 1 1 1 |
§ 16— ATLAS —had-tt,c —had-tt,¢ §% 16— ATLAS —
T V{s=13TeV, 139 fb" ;' / —had-tx,c —had-tx,¢ - T {s=13TeV, 139 fb" N
4:_1‘ —UH+pp —=tH, H— yy: had-tHT —had-tHL - 4:_t —CcH+pp —tH, H — yy =
12F Expected ' "':gp:ﬁ_’lc ---:gp:}:{t’¢ — 12F Expected —had-tt.c had-tt,¢—:
e Expected, stat. only P P . - e Expected, stat. only —had-tx,c —had-tx,¢ -
10 p 10 had-tHT — had-tHL —
= - = ---lep-tt,c lep-tt,g -
8— ] 8: lep-tH ---lep-R
6 — 6
7 \ /AL L SN —1.960 7 S S
E o N o S A
1r\.\"~‘ ------ f e '#!!F!!'!'":— B
-5 0 <) 10 15 20
RB(t - uH) x 10%
Source relative impact (%)
Experimental
Photon energy resolution 1.5
I_ ¢ k d l Photon 1dentification 0.4
ep Oq uark moae Luminosity, pile-up modelling 0.3
Jet energy scale and resolution, flavour tagging < 0.2
Ay Aer Ayr 10 1 0.1 Theoretical
. — LQ 1 Normalisation (o (pp — tt,tH), B(H — yy)) 1.1
Aki € /lt'“ /lC“ /1“” =4 1 0.1 0.0 ’ Parton showering model 0.8
Ate Ace Aue 0.1 0.01 0.001 m; value, NLO generator for pp — tH 0.5
Resonant background 0.5
Non-resonant background 2.3

(2?
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LFV - CMS

CLFV  Lorentz Ceytq//\2 (TeV~2) B(t — euq) x 107°
coupling structure Exp. (68% CL range) Obs. Exp. (68% CL range) Obs.

Tensor  0.022 (0.018-0.026)  0.024  0.027 (0.018-0.040)  0.032
eytu Vector  0.044 (0.036-0.054)  0.048  0.019 (0.013-0.028)  0.022
Scalar  0.093 (0.077-0.114)  0.101  0.010 (0.007-0.016)  0.012
Tensor  0.084 (0.069-0.102)  0.094  0.396 (0.272-0.585)  0.498
eqite Vector  0.175(0.145-0.214)  0.196  0.296 (0.203-0.440)  0.369
Scalar  0.385(0.318-0.471) 0.424  0.178 (0.122-0.266)  0.216

m(eu) < 150 GeV m(eu) > 150 GeV

Systematic uncertainty Background Signal Background Signal

26.03.24 | Sebastian Wuchterl

Pileup <0.1% 0.4% <0.1% 0.3%
Lepton reconstruction <0.1% 0.6% <0.1% 1.7%
Lepton identification and isolation 1.0% 1.4% 1.0% 1.3%
High-pt lepton <0.1% 0.2% <0.1% 3.4%
Muon momentum scale and resolution <0.1% 0.3% <0.1% 0.1%
L1 prefiring <0.1% 0.4% <0.1% 0.4%
Jet energy scale and resolution <0.1% 1.0% 1.0% 0.4%
b tagging <0.1% 0.9% 1.0% 0.5%
Jet modeling 6.0% — 7.0% —

Nonprompt 11.0% — 9.0% > 7

PDF <0.1% 2.3% <0.1% 1.3%
QCD scale 4.0% 2.8% 5% 1.4%
Initial- and final-state radiation — 7.6% — 1.0%

@
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LFV - ATLAS

Pre-fit Impact on .

0=0+A0 0 =0-A0
Post-fit impact on u: _
0 = 0+A0 0 = 6-AD

—— Nuis. Param. Pull

Signal (p) parton shower

ftW cross-section
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Tau eBDT True Had Tau eff.
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ttH cross-section
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(6-6,)/A8

Stat. uncertainty

oY 0.045FF 1 T 17 T T T 1 T T T T [ T T T [ T T T [ T T1 =
= : ATLAS 95% CL limits -
©  0.04 p — Observed —
C s=13TeV, 140fb" Expected -

0-035 CLFV et Expected = 1o E

- S:Af=15 Expected + 20 E

0.035 1 —— Theory (81) =
0.025 ;— _;
0.022— _i
0.015 | E
0.012— --------------------------------------------- _i
0.005/ E

0) :| oo e e ey by ey by T ,#

400 o600 800 1000 1200 1400 1600 1 800_

mg [GeV]

95% CL upper limits on B(f —» urq)

Stat.+syst. uncertainties

Expected 4.6 x 1077 5.0x 1077
Observed 8.2x 107/ 8.7x 107/
95% CL upper limits on |c|/AZ [TeV 2]
—(ijk3) (ijk3) (ijk3) (ijk3) 1(ijk3) 3(ijk3)
Clq Ceq Clu eu lequ lequ

Previous (u) 12 12 12 12 18 2.4
Expected (u) 0.33 0.31 0.3 0.32 0.33 0.08
Observed (u) 0.43 0.41 0.4 0.42 0.44 0.10
Previous (¢) 14 14 14 14 21 2.6
Expected (c) 1.3 1.2 1.2 1.2 1.4 0.28
Observed (¢) 1.6 1.6 1.6 1.6 1.8 0.36
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BNV

e Uncertainties:
= tW normalisation
=  Mouse energy scale
= Jop quark pr spectrum modeling

26.03.24 | Sebastian Wuchterl

Vertex C, C,/A*> C,/A*> B, B,
[TeV~2] [TeV™2] [107%] [1079]
Exp. Obs. Exp.  Obs.
ugq S 0055 0048 0015 0011
U 0031 0027 0005 0.003
o4 5 0046 003 0010 0006
# £ 0025 0020  0.003 0.002
oeq S 0207 0184 0208 0.164
f 0114 0102 0063 0.050
Log S 0178 0141 0153  0.095
H £ 0100  0.080  0.048 0.030
ue 5 0115 0101 0063  0.050
t 0064 005 0019 0.015
Lo s 01020079 0050  0.030
# t 0056  0.043  0.015 0.009
oes S 0448 0403 0973 0.786
f 0243 0218 028 0.229
Lo 5 0394 0311 0752 0468
HES 4 0217 0169 0228  0.138
up S 0199 0178 0191 0.154
£ 0109  0.097  0.057 0.045
Lo s 0168 0134 0136 0.087
H £ 0.095 0076 0044 0.028
e, 5 0718 0657 2503 2090
£ 0405 0367  0.795  0.652
L4, 5 0703 0564 2393 1521
H t 038 0307 0.722  0.455
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New physics via EFT

e Simplified description of the investigated system
e Robust within a limited region of validity
e Historical example: electroweak decay (Fermi)

e Standard Model effective field theory (SMEFT)

= Dimension-6 operators parametrize new physics

= 50 Up to 2499 independent operators

SM

EFT

Direct search Indirect search  New physics

resonance continuously manifesting
A bumps increasing beyond collider
. deviation from : energy

SM prediction

>
Energy scale O TeV)

Dimensionless Wilson coefficients

——

ZLsuerr = Lsy + EZ ¢,0;

e i

Higher order EFT operators

New physics scale



