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The Universe

Standard Model, 4%

The Problem(s)

* New physics is elusive, but the
Standard Model is incomplete!

* The next fundamental discovery may
be outside of the direct energy reach
of the Large Hadron Collider (LHC)

Unknown, 96%

L 77 68% CL bontours

HFLAV |

- Moriond 2024

* We see hints of anomalous results in 025 EIINES
B-physics measurements, and now I e
possibly beginning to appear in TS I o

Top+X measurements



https://hflav-eos.web.cern.ch/hflav-eos/semi/moriond24/html/RDsDsstar/RDRDs.html
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Muons behaving badly
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.105.081801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.84.052007
https://doi.org/10.1103/PhysRevD.87.074020

Muon g-2 - Fermilab b % é BreRe

au — (g” - 2)/2 FIG. 1. Feynman diagrams of representative SM contributions

to the muon anomaly. From left to right: first-order QED and
weak processes, leading-order hadronic (H) vacuum polarization,
and hadronic light-by-light contributions.

g, = Muon gyromagnetic factor
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.161802
https://link.springer.com/article/10.1140/epjc/s10052-020-7792-2

Muon g-2 - Fermilab b % é BreRe

au — (g” - 2)/2 FIG. 1. Feynman diagrams of representative SM contributions

to the muon anomaly. From left to right: first-order QED and
weak processes, leading-order hadronic (H) vacuum polarization,
and hadronic light-by-light contributions.

g, = Muon gyromagnetic factor

a?l\ﬂ _ c,:I%)ED 4+ a + ahad
: A +— BNL
} O ' FNAL Run-1
+—{— FNAL Run-2/3
o—i FNAL Run-1 + Run-2/3
1.50 —— Exp. Average
SM Prediction Lattice QCD 20.0 20.5 21.0 . 21.5 22.0 22.5
Prediction a,x10 -1165900

y -


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.161802
https://link.springer.com/article/10.1140/epjc/s10052-020-7792-2
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032002
https://www.google.com/url?sa=t&source=web&rct=j&opi=89978449&url=https://moriond.in2p3.fr/QCD/2024/Sunday/Ferrari.pdf&ved=2ahUKEwiS9OXRuZyGAxUtUEEAHRTjBaQQFnoECAwQAQ&usg=AOvVaw3GPKjyW0fScoGnTB6p7Elc
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https://link.springer.com/article/10.1140/epjc/s10052-021-09725-1
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Taus behaving badly too?
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https://hflav-eos.web.cern.ch/hflav-eos/semi/moriond24/html/RDsDsstar/RDRDs.html
https://indico.in2p3.fr/event/32664/timetable/?view=standard_numbered#38-b-to-c-l-nu-decays-at-lhcb

LEP (CERN) Lepton Flavour Universality
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R(t/u) = B(W—1v)/B(W—w)

(This is prompt lepton behaviour -i.e. unlikely to be
same anomalous physics, but still interesting!)
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https://www.sciencedirect.com/science/article/abs/pii/S0370157313002706
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https://indico.cern.ch/event/1075471/contributions/4664840/
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Effective Field Theory
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theory input / bias

‘motivated 1 address other open questions: hierarchy problem, SM flavor puzzle,...
models ensure the model is renormalizable, UV complete, ...

simplified | jntroduce new particles in the simplest way possible
models (e.g. a single lepto-quark or a single Z' boson)
effective field 1 parameterize new physics model independently
theory (need to make minimal assuptions, e.g. new physics is heavy)

(SMEFT / LEFT)

experimental input

y -


https://indico.cern.ch/event/1075471/contributions/4664840/

Effective Field Theory (EFT)

Maybe New Physics (NP) exists at a
significantly higher energy scale
(Anp) than LHC can reach...
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Anp > E

(n)

Ci )
Lopr =Lyt 10
1.1

Standard

@ Model

Coupling
Strength

Operatorsintroducing
new interactions
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https://indico.cern.ch/event/727396/contributions/3018244/attachments/1659083/2657194/EFTforTop.pdf

EFT and the B-anomalies US
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b — s/ transitions

e Flavour Changing Neutral Current (FCNC) b — s(d)I*1~ decays, such as
BY — K*9uT 1~ are forbidden at tree level in the SM
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https://link.springer.com/article/10.1007/JHEP06(2021)010
https://cds.cern.ch/record/2311960

EFT and the B-anomalies

UusS

UNIVERSITY

OF SUSSEX
3 T
| Alguers, M., Biswas, A., Capdevila, B et al. [ Y
| [EPJC 83. 648 (2023)] /;’ y
0.00 - — Rk iy
T 0.02 J?iD}(*)l b— sl 2 g /i /
—0.02 A _ — global b — s/ 4
L iy
) global AV,
& o044 _— v
e B \ i /
(2 II" II
o II II
B —0.06 1 ;e
o 3 /” e
O || N N [P - s S T
~— —0.08 - X h
I _ .
8 _ —0.101 oA
NS By — g+ B — X0 Fit
O —0.12- By = du 1t
~— B — K/ Fit
B — K*(¢ Fit
_()14 7 - - RK(*] &(245 Fit
T ¥ T T — b S Ft
—0.0002 0.0000 0.0002 0.0004 0.0006 0.0008 C‘f} “l“g. t :
—_— T10Da. 1
9993 __ 92223 -2 —9-
(C1)P® = (C5)722 | TeV 2
®  SM prediction
ABCDMN*23
& Bestfit 2021 Ry ( ,3.10) —35 9 1 0 1 2 3

@ Bestfit pre-2021 Ry



https://arxiv.org/abs/2104.00015
https://arxiv.org/abs/2103.11769
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Why Top quarks?




Top Methodology

* Use the top quark - it is the most massive particle and the

closest to the scale of new physics - it's vulnerable!

* Very short lifetime (does not hadronise) - opportunity to
study a ‘bare’ quark

 Very selective about decay channels BR(t = Wb) ~ 100%

Energy Scale
Sw
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| | b
Stability | -
( .

o o
@ I
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boson _‘ ol

g of

50 100 150

Higgs mass M}, in GeV




Top EFT



https://arxiv.org/pdf/1008.4884.pdf
https://arxiv.org/pdf/1008.4884.pdf

Top EFT

parameter tt single t  tW tZ t decay ttZ tHW
ng A-2 A4 A2 - AY[AY At [A2 A2 A2
e S Y
Con A4 A2 - - - - A4A2] A4 AT
ng; A1 (A2 A2 B A2 A2 A1 A2 A4 A7
cL, cl, A4 (A2 - B B B A4 A2 -
CourCoa A2 - - - - AT? -
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CouwCoa | A*IATT — - - - A A2 -

cl, A~ A2 — - — — At A2 A1 AT
o B - B A-2 - A-2 -
Cia - A2 AT A A2 A2 -
Con B - B A-2 - A-2 -
Cos ~ A4 A4 A4 A4 _ _
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Example contributions of Wilson
coefficients to top-quark observables
via SM-interference (A™%) and via
dimension-6 squared terms only (A™)



https://arxiv.org/pdf/1008.4884.pdf
https://arxiv.org/pdf/1008.4884.pdf

Top EFT and the B-anomalies oo
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Top EFT and the B-anomalies oo

SSSSSSSS




Top EFT and the B-anomalies oo

SSSSSSSS

b s b—> —b(s) b S
>< Cs, ;><
lv > > Lv g /




IIIIIIIIII
SSSSSSSS

Four-fermion operators
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Four-fermion / 2-quark-2-lepton (2Q2L) operator ‘family’ in context et
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2Q2L EFT operators llS
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Operator | Interaction Lorentz Structure

O™ | Gy 1) @kyuan) Vector t q
Oy M| (Qyo 1) @xyuoar)  Vector

Oégjk” (€;y"e;)(Ary.r) Vector (6)
Olgjkz) (liyH1) Gy ulp) Vector OL
Oéﬂjk” (€;yHe;)(Uryuur) Vector

Ot | (iej)z(@ruw) Scalar

Oigjk” (T,;o'”"ej)s(qkaﬂvu;) Tensor l‘L T




Top 2Q2L operator effects us
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ttZ-like (diagonal) FCNC (semi-diagonal) CLFV (fully off-diagonal)
t t t q t q
0(6) 0(6) 0(6)
¢/ 14 14 14 14 v
tqll tqll’

Z Z
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ATLAS and Top




ATLAS

Muon Chambers

UusS

UNIVERSITY
OF SUSSEX

Electromagnetic Calorimeters

End Cap Toroid

Solenoid

Forward Calorimeters

Barrel Toroid Inner Detector Hadronic Calorimeters




ATLAS 2
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Tracking Electromagnetic Hadron Muon
charaber  calorimeter calorimeter  charaber

photons é‘g

/7

Innermost Layer... P ...Outermost Layer

) 4 y -



An alyses uivEnsTy

 B-physics CP violation with Soft Muon Tagging
 Lepton Flavour Universality in Top decays

* Top FCNCt - gH(- t1)

* Top CLFV utqt

What's in the future?



https://link.springer.com/article/10.1007/JHEP02(2017)071
https://www.nature.com/articles/s41567-021-01236-w
https://link.springer.com/article/10.1007/JHEP06(2023)155
https://arxiv.org/abs/2403.06742
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B-physics CP violation with Soft Muon Tagging

(vs DO dimuon asymmetry)




B-physics CP violation with Soft Muon Tagging US
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Lots of tops lots of b lots of information
+

\b
7

l+

4

t
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l+

»,

The charge of the W, tagged with a lepton, tells you
the charge of the associated b-quark at production

* b
I = b I"=b 7

BR(b - (...) > n) ~20%

The charge of the soft muon, tells you the
charge of the associated b-quark at decay

y -




Charge asymmetries

()

Consider number of SMT }/
[/ _wv
[~
w S~
Q)

t \

muons, N%8 where:

b

o P
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CP asymmetries
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« CP asymmetries can be extracted from 45s,4°S

« As defined in PRL 110,232002 (2013):

b
ASS = rbAmIX + 1A F T Adlr — (r.+ rCC)AdH.

b
A% =T Arrflx + rbAdII‘ + (7 + rCC)AdII‘

_ _ b
_ T(b=b-l*X)-T(h-b-1"X)  Amix  p.

__ T(-1"X)-T(b-l"X)

 T(b-b-1+X)+T(b—b-1—X)

- T(b-l=X)+T(b-l*X)

__ T(b-cX)-T(b—-CXL)

" T'(b—>cX)+T(b-EX))

__ T(b»b—-cX)-T(b—b—cX)
mix —

I'(b-»b—cX)+T'(b—b-cX)

F(C_—>l_XL)—F(C—>l+XL)

Adlr -

F(C_—>l_XL)+F(C—>l+XL)
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Results| Data (1072) | Existing limits (2¢) (1072) |SM (10~%)
A®%S —0.7 £ 0.8 < 1072w
A°S 0.4 + 0.5 <1072

A?nix —2.51+28 < 0.1 Bl | < 10 %s
A5 0.5+ 0.5 <12 w| <107 5w
AS 1.0 + 1.0 < 6.0 m| <107%w
Ak | —1.0+11 - <1077 @

At 20 the constraints made by this analysis are stronger than the existing
limit on A,
This the first direct experimental constraint on A% .

[1] PRL 110, 232002 (2013) [2] arXiv:1511.09466V1 [3] arXiv:1412.7515v1 (HFAG) [4] PRD 87, 074036 (2015) [5] PLB 694, 374 (2011)

y -
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Lepton Flavour Universality with Tops

(vs LEP LFU)
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Using leptonic T — u decays = big challenge!
 Difficultto separate from soft muons (hadron
decays)

g 11
S q0 bk
& 09

08

0.8
0 0.05 010 015 020 025 0.30 0.35 0.40 0.45 050

It} (mm)

(Thisis promptlepton behaviour-i.e. unlikelyto be same anomalous
physics, but still interesting!)
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ATLAS
Vs=13TeV, 139 fb™"

—e&— Total uncertainty
. :
E L i i
1 1 | 1 1 1 i 1 1 | 1 1 | 1 1 | 1 |

—m— LEP (ref. ®)
ATLAS — this result

Statistical uncertainty
[ 1 Systematic uncertainty

0.98 1.00

1.

02 1.04 1.06

R(z/u) = B(W—-1v)/B(W-w)

| | |
1.08

1.10
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Top FCNC

(vs b - sll)




Top FCNCt = gH(= tT)  hroc 000100 usEy

* .
— H - -.(2 :l T | T 1T | T 1T | T TT I T TT | T TT | T 1T | T 1T T 1T T |:
qC) - 'vq_TLAS ’ @~ dala -tCH u qc) - ATLAS -@- data .tuH | =

- 3 [ s=13TeV,139 fb . i - - .

FCNC (semi-diagonal) Hor o Or Wlloverve i D [ fs=13Teviiso’ . Eonee ]

FCNC tcH H—t*t T )
1 % uncertainty FCNC tuH H—1't 2 Uncortai
10 = t ThadThad _E 103 :_t ThagThag .Fake 4 ncertainty ]
= . — tcH(0.1%)x2 3 = —tuH(0.1%)x2 =
- Post-Fit ot . C Post-Fit .
cg—tH(0.1%)x2 L ug—tH(0.1%)x2 -
****************** T WbHc(0.1%)x2 ] ] — TWoHUO.1%h2 |
t q 102 _E 102 tfT->WbHuU(0.1%)x2 .
O(©) ] :
i 10 — 10
l l 1 1
1.5 - 1.5
2 l N AA o ! %
t q l l ? 2 ’o ]
T 7 . N //i iz
: ‘F ’ 5 :
O os5F _+_ - 0O o5 —+— -
vy Y B S 77708 0% 04 02 0 02 04 06 08 i

BDT Discriminant BDT Discriminant



https://link.springer.com/article/10.1007/JHEP06(2023)155

Top FCNC t - gH(— 171)

FCNC (semi-diagonal)

ATLAS Vs =13TeV, 139 b

L L L B R
FCNC tcH H—-t't
t q |
Hadronic —
2.340
0,
! Leptonic .Expectedi—ky —
----- Expected + 26
E g = Observed
Combined —
95% CL limits
oy e e by |

tqll 0 o5 1 1E T2 o5 3 s

B(t — cH)107°

Hadronic

Leptonic

Combined

ATLAS
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Vs =13 TeV, 139 fb

N R B L L B
FCNC tuH H—=1t'1

. Expected+ 16

----- Expected + 20
— Observed

95% CL limits

\\\‘II\
15 2 25 3 35
B(t— uH)/107®



https://link.springer.com/article/10.1007/JHEP06(2023)155

Top FCNC t - gH(— XX) 119

ATLAS Vs =13 TeV, 140 fb~ ATLAS Vs =13 TeV, 140 fb
1 1 1 | 1 1 1 | 1 1 1 1 1 1 1 1 1 1 1 | 1 1 1 1
H-vyy H-vyy
H-TT ‘ H-TT
n Bt—-Hc)=0 - " Bt—-Hu)=0 -
H-w/"* —— Observed H-VvV* —— (Observed
i ==== Expected £10 | i ==== Expected £10 |
--=-=- Expected 20 --=-=- Expected 20
Combination Combination
0 ] ] 5 ] ] ] ] 1I0 | ] ] | 1I5 ] ] ] ] 20 0 ] 5 ] ] 1IO ] ] ] 1I5 | ] ] ] 20
95% CL limit on B(t — Hu) x 107 95% CL limit on B(t — Hc) x 107

y -


https://arxiv.org/abs/2404.02123
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Top Charged-Lepton Flavour-Violation

(vs B / Lep flavour anomalies)




Top CLFV US>

OF SUSSEX

Production

qg — tll’

Decay
tt - (II'q)(lvb)




CLFV and Neutrino Oscillations / New Physics 2.

OF SUSSEX

Neutrino oscillations — LFV in lepton sector but q q
far beyond any experimental sensitivity

Z [i+ | I, (
w- e
. ;4
Vu = Ve LQ .- ‘-\
/ e .
< 107°9 N o

New physics which introduces additional terms involving lepton fields in
Lagrangian can lead to LFV, e.g. SUSY, leptoquarks, 2HDMs

) 4 y -



2Q2L EFT operators llS

OF SUSSEX

Operator | Interaction Lorentz Structure (b) (s)
O™ | Gy 1) @kyuan) Vector t q
Oy M| (Qyo 1) @xyuoar)  Vector

Oé;jk” (&;y"e;)(AQyuqr) Vector (6)
O | (y#,)@eyu)  Vector O,
Oéf,jkl) (€;yHe;)(Uryuur) Vector

Ot | (iej)z(@ruw) Scalar

Oi(cﬁk” (l,c*ve j)e(Qxoyyu;)  Tensor l‘L T

D (D




Recent history XS

OF SUSSEX

Limits on CLFV branching ratio of top (95% CL):

B(t > 1l'qg) <1.86x 107>

B(t - euq) < 6.6 X 10~ (3-lepton final state, 80 fb™1)

B(t - euq) < 0.009 — 0.258 x 10~
(3-lepton final state, 138 fb™1)

This analysis is first direct search for CLFV utqt coupling.

BSM models predicting CLFV with electrons/muons also apply to taus,
often additionally enhanced due to larger mass

) 4 y -


https://cds.cern.ch/record/2638305
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-005/index.html

Charged Lepton Flavour Violation
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Using , found to agree with
Cross-section O'izgii + PDF [fb]
(ijk3) 1(ijk3) 3(ijk3)
vector lequ lequ
Production ££'ut | 1187 + 1 1012b+1 215040 + 20
Production ££ct | 7.9 +1.6  6.17;%+1.5  153*3L +29
Decay £€ gt | 69718 £0.1  3.46"0% +0.03 166" +2
_ Mi (MN[0 _(ijk3) 2 (ijk3) 2 (ijk3) |2
L(t = 66 a0 = = (5] {leg 1P+ 4l P + 41
7k3),2 1(i7k3) 2 3(ijk3) 2
41l 4 202 4 96| 2

y -


https://arxiv.org/abs/1802.07237
https://doi.org/10.1007/JHEP04(2021)073
https://link.springer.com/article/10.1007/JHEP04(2019)014

Single lepton triggers

Definition of analysis regions including dedicated CRs for fake
backgrounds

— Select events with electrons, muons and
hadronically-decaying tau leptons (7j.d.vis)
— Trilepton selection: ppTy.q.vis/ epp

Prompt /real backgrounds estimated in MC (tt V, diboson,
t W)

Data-driven estimation of fake lepton backgrounds

— Fake Tj.q.is (+ 2 prompt p): scale factor method
— Non-prompt muons: template fit method (takes place in

PL fit)
Profile likelihood fit to SRs and non-prompt muon CR
EFT interpretation

Charged Lepton Flavour Violation 2

OF SUSSEX

{ Region dehinitions

-

s

{Fake Thad-vis EStimation

-

. O . ..

Limits on signal pmces.s}

EFT interprelatiﬂn}

y -



Event selection with 139 fb~1

Top quark decay and production
diagrams differ by 1-jet

Trilepton event selection
including hadronic taus

Same-sign muons produce
significant background
reduction
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SR CRt CRttpu
Lepton flavour 21l Thag 2ule ({3 = p)
Niess > 1 >2 > 1
Nb—tags 1 1 <2
Thad PT > 20 GeV | > 20 GeV -
Muon pr > 15GeV | > 15 GeV > 10 GeV
Higher pt muon Tight Tight Tight
Lower pt muon Tight Tight Loose
Muon charges SS oS —
maon - - >15 GeV
Ims — Mz| - <10GeV | >10GeV
3pht + Y m - - < 400 GeV




Yields S

OF SUSSEX

Process | SR | CRtipu
1t + NP u 7.9 + 34 164 + 14
(W 3.5 + 1.8 1.2 + 0.6
ttH 3.1 + 0.4 1.26 + 0.14
1z 2.9 + 0.5 0.88 + 0.33
+X 2.48 + 0.18 —
WZzZ 3.6 + 1.3 7.3 + 2.4
ZZ 0.59 + 0.22 1.8 + 0.6
’4"4% 0.01 + 0.05 0.47 + 0.24
Fake electron — 7 + 4
Fake 7 3.3 + 04 —
Fake 7 + NP u 3.7 + 2.7 —
1+X + NP u 0.29 + 0.31 15 + S
Z + NP u 0.192 + 0.010 1.8 + 1.0
Other NP u 0.051 + 0.010 —
Other 0.23 + 0.11 1.1 + 0.6
Signal (77) 0.19 + 0.14 0.025 <+ 0.019
Signal (single-top) | 6 + 4 0.022 + 0.023
Total 38 + 35 201 + 14

Data | 37 | 202




Fake-tau estimation Lo

¢ Data

Fakes are usually due to mis-identified jets 2 Famad ]
& 500 Vs =13 TeV, 140 fb" W Fake N

T cLFV uqt MIFake T+ NP u ]

. . r CRT (i1p) WA 1
Dedicated CR (does not enter the fit) 4oop FreHt Bix ]
300 s =(N)g13r .

L o £ ~zUncertainty

Scale factors (SF) are used to correctthe
rate of the fake-tau background

SFs are parameterised by:

0.2 0.25

. o« e ' 0.05 0.1 0.15

« Track multiplicity (1-prong/ 3-prong) et vidh
%140;‘:@1)4&' O epa
. . @ [ Vs=13TeV, 1401fb" Fake t ]
* Tau-jet width a0l CLFV pat = Fake + NP ]
+ This is a good proxy for the quark-gl A
is is a good proxy for the quark-gluon o0 X E

fractions which may differ slightly ool ,, Mtrer
g - Uncertainty

between SR/CR and between data and soF
MC 5

« Systematics for SM backgrounds are
propagated to the SFs and correlated
appropriately in the fits

+}/4/’+*//+/ 4

+ N
0.05 0.1 0.15 0.2 0.25
Tag jET Width

Data / Pred.




Fake/Non-prompt (NP) muon estimation

Dedicated CR (enters the fit)

Targeting non-prompt muons from
b-jets in tt events

Normalisationis controlled by a
profile-likelihood fit (next slides)
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w
S350r ATLAS ¢ Data Signal (dec.)
D Vs=13TeV, 140 fb™ []Signal (prod.) VV,VVV
300F cLFV prqt tT+X W Other
CRitiu BNP u W Fake e
250F pre-Fit 2~ Uncertainty
200

150
100

a
(=]

g.

—

Data / Bk
o
oy v

OU'I(J'I_LUIO

R %%%/W

100 200 300

400 500 600 7(I)0 800
H, [GeV]

y -
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Signal region

OF SUSSEX

Binned in HT to capture energy
growth behaviour of EFT operators

(%] L O T s B R L R B B L B L
5 45F ATLAS . eDaa Signal (dec.) ]
. - . & 40F Vs=13TeV,140fb' [JSignal (prod.)  MFake t 1
Slgnal shown is inclusive EFT (Up- 35 cLFV prqt WiFake T+ NP VV,VVV ]
SR At - Signal Region Wi+X tT+X j
initiated, charm-initiated, all a0l P B Other ENP g _:
7 Uncertainty ]
operators) 05| ) E
20} ]
For up-quark operators, the 15 ¢ E
production mode (blue) dominates 10 +
the cross-section and sensitivity 5 :
9 oot - h |
2.
For charm-quark operators, the 50.751 {%WW/%//%////%////%////%////%////%////%////////f_
S 0% 700 200 300 400 500 600 700 800

production and decay modes are
more balanced H; [GeV]




Profile-likelihood fit U

[/2] T T T T T T n T T T T T T T
5 450 aTLAS ¢ Data []Signal (dec.) S 35f ATLAS ¢ Data [Signal (dec.) 1
D 40F Vs=13TeV,140fb" [JSignal (prod.)  MFake t 3 o Vs=13TeV, 140fb" []Signal (prod.)  MFake t
a5l CLFV urgt WFake t+ NP VV, VWV ] 30F LRV pqt WFake T+ NP VV,VWV ]
Signal Region Wi+X tt+X Signal Region Wi+X t+X
30f Pre-Fit WOther m\Pp ; 250 Ppost-Fit B Other mN\P
osh 7 Uncertainty ) ] ook 7z Uncertainty ]
20F g | ]
W00 i e ——— |
15% B COTIIIES. BIIIITE %
10 ¢ _
S emmm—
5 1
. 0 - ¥ ¥
0 51 /%;///////;/;/Wﬁ////7*///7%///%////%///%////ﬁ////%//éj %0 , 1 %%WWW*&W //////%//// /%
ﬁ r +— l n s " " " s s
a %% 100 200 300 400 500 600 700 800 3 0-5 100 200 300 400 500 600 700 800
H; [GeV] H; [GeV]
‘U_)‘ T T T T T T Q T T T T T T
S350F ATLAS ¢ Data Signal (dec.) 1 £350F ATLAS ¢ Data ISignal (dec.)
o Vs=13TeV, 140fb"  [JSignal (prod.) VV,VVV G, Vs=13TeV, 140"  []Signal (prod.) YA ]
300F GLFV pgt tF4X B Other : 300F cLFV pogt fE4X B Other
CRtiu ENP WFake e o50% CRitfu BNP u BFake e
250F pre-Fit 2~/ Uncertainty 1 Post-Fit ~/Uncertainty
200 . 200F 1
150 1 1
100 1 1
50 1 1
= 2g L A (B
1. E ]
%0 . g A e s A A A //*/////'///’ﬁ‘////#/f/"/’W‘W /W
3 %% 100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800

Hy [GeV]

H; [GeV]




Profile-likelihood fit

Good agreement between data and
background-only model

Statistically limited result

Largest systematics are signal, ttW
and diboson modelling

1.60 tension
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w F 7T T T T T T T T Ty
g, 35F ATLAS , ¢Data ["]Signal (dec.)
@D [ Vs=13TeV, 1401b []Signal (prod.)  WFake t
30F CLFV prqt WFake t+ NP VV,VVV
. Signal Region mi+X tt+X
25F Post-Fit B Other EmN\P 1
~~Uncertainty

%’;g s /4%/ /////%%///////
o 0 1 0 ' [Gei?o

‘Inclusive’ BR limits set
assuming all EFT

95% CL upper limits on B(t — utq)

Stat. uncertainty Stat.+syst. uncertainties

operators are of equal

_ Expected
magnitude

Observed

5.0x 1077
8.7 x 1077

4.6% 1077
8.2x 1077

y -
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EFT Result breakdown

95% CL upper limits on B(t —» purq) (x1077)

—(ijk3) (ijk3) (ijk3) (ijk3) 1(ijk3) 3(ijk3)
Clq Ceq Clu Ceu lequ lequ
Expected (u) 2.3 2.0 1.9 2.2 1.2 3.0
Observed (u) 4.0 3.6 33 3.8 2.0 52
Expected (c¢) 33 32 32 33 20 41
Observed (c) 56 54 53 54 34 67

959, CL upper limits on |c|/AZ [TeV~2]

—(ijk3) (ijk3) (ijk3) (ijk3) 1(ijk3) 3(ijk3)
Clq Ceq Clu Ceu lequ lequ
Previous (u) 12 12 12 12 18 24

Expected (u) 0.33 0.31 0.3 0.32 0.33 0.08
Observed (u) 0.43 0.41 04 0.42 0.44 0.10

Previous (¢) 14 14 14 14 21 2.6
Expected (c) 1.3 12 1.2 1.2 1.4 0.28
Observed (c) 1.6 1.6 1.6 1.6 1.8 0.36
EFT limits improve upon previous results ( ):

- From factors of 7.2 for ¢

3(2323)
lequ

(for uzct) to 41 for c

1(2313)
lequ

(for utut).

y -


https://link.springer.com/article/10.1007/JHEP04(2019)014

EFT Result breakdown

© T T
2 10 arLas

%(; [ Vs=13 TeV, 140 fb’
e 81—cLFV gt

l

m

—

95% CL limits
Scalar
Obs.

Vector
Obs.

Tensor
Obs.

Exp.x 1o
-- Exp.t 1o

-- Exp.t 1o

1 I 1
0.4

0.5

B(t —»pt u)x 10°

| CLI.’CCt |
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S § T T T I T T T T T T T T T T T T I T T T T T T
5 53 ATLAS 95% CL limits 3
"L V=13 TeV, 140 fb" Scalar .
C cLFV prqt (A=1 TeV) Obs. M Exp.tio -
L Vector —
N — Obs. #= Exp.t1oc
= Tensor ]
1.58 — Obs. # Exp.tic —
1+ .
0 1 1 ILL 1 1 ‘ll 1 l 1 1 1 1 I 1 1 1 L I 1 2 1 1 l 1 1 N

0 0.1 0.2 0.3 04 0.5
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What's next?

Off-shell ttZ (ttll) and tZq (tqll)




Going off-shell oo
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ATLAS Quadratic (marg.) #®  Global mode
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SMEFT A=1TeV —— Quadratic (indp.) oo 95% Cl
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F SR-3L-ttZ WZ+| BWZZ+b . r SR-3L-tZg WZ+I B+ ]
[ | L P S -
350:— Post-Fit B ZZ+c B ZZ+jets = 200 Post-Fit BZZ+c M ZZ+ets 7 Ca —-—
- PBtZq tWwZ . L BtZq tWZ -
[ ] | | 1) — _
300¢ W Others  F-e-HF : - WOthers  FeHF G -
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200F — ] o
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C 100 T
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https://arxiv.org/abs/2312.04450

Going off-shell

my

Anp > E
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Taking a ttZ style analysis and going off shell has
benefits for NP searches:

« Massively reduce SM backgrounds

» Enhance sensitivity to EFT operators (which
exhibit energy growth)

ttZ search becomes ttll search above Z peak

g 000000

u,c t q

w
b


https://arxiv.org/abs/2312.04450
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What's next?

Future Top+X EFT
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-005/
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Top quark EFT operators - Indnidual itz Following arXiv:1802.07237
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Top+X (EFT) Combinations

(Plot not up to date, just exemplar)

There are also some hints of
disagreement with SM predictions -
especially in ttW and potentially tttt

How to understand these effectsin the
most robust way?
* InaTop+X measurement, every
other Top+X process is the main
background

 Many Top+X processes are
sensitive to the same EFT
couplings

* Impossible to disentangle them
while measuring one at a time
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LHC Run 2 multilepton + jets measurements

ﬁﬁ x 10 ﬁh ﬁW ﬁZ December 2020
i 1
| [ | 1 1 | .
I 1 : @ CMS 1908.06463
I bl 1 |
: : : f : ¢ 1 ATLAS 2007.14858
| | I
I [ _
| F
: ' _l'l |—io—| CMS 2011.03652
I b I
: ° : : : —e— ATLAS-CONF-2019-045
| B | |
| Pl |
: : : : —eo— CMS 1907.11270
] bl I
| Pl |
: : : : —e— ATLAS-CONF-2020-028
i | . 1) | L0 | . . . . | . . . .
500 1000 1500 2000

g13Tev [fb]

y -


https://link.springer.com/article/10.1007/JHEP02(2021)043
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Describe:
« Challenges of combining Top+X

ATLAS PUB Note ){ measurements to coherently probe
ATL-PHYS-PUB-2023-030 . <7 _~ SM + EFTS

22nd September 2023
* Available MC generators and UFOs

-
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Roadmap towards future combinations and Effective
Field Theory interpretations of top+X processes

Discuss:

« Harmonisation of physics objects
The ATLAS Collaboration * Harmonisation of phase-space
regions

This document describes the challenges of combining top+X measurements to produce coharant
probes of the Standard Model predictions and Effective Field Theory {EFT) interpretations in
the ATLAS experiment. Different approaches for combinations and EFT parameter extractions
are outlined, and prerequisites on the harmonisation of physics objects and phase-space regions

are described. A plan for the top quark sector is prepared with steps of increasing complexity De I I b e rate e
and potential, for the interpretation of future measurements. .

» Options for optimal observables

Develop:
* Incremental roadmap with increasing
complexity, towards maximising the

potential of Run-3 ATLAS data

@ 2023 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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EFT for Monte Carlo UFO models:
«  SMEFTSim3.0
Generators: *  Currentrecommendation used widelyin
« Madgraph ATLAS
*  Predominantrecommendation *  ‘top’flavourassumption - treats operators
* Highly compatible with UFO models with lepton-flavourindices as individual
« ‘Simple’userinterface entities
«  Extensionenabling computation of NLO in QCD and * LOaccuracyonly
NLO EW corrections « Distinguishes between EFT insertionsin
«  (NLO generatorsoftenintroduce more negative weights verticesorin correctionsto widths of
which can be difficultto deal with experimentally) propagators
* Powheg: SMEFTatNLO
«  Bettermodelling of SM ttbar processat NLO in QCD *  BothLO and NLO QCD precision
« Stillrequiresreweightingaccordingto MG5 EFT *  Noimplementation of CP violating
predictions operators, or operators with b-quarksin the
* Resultingapproximations would require extensive initial state, or FCNC interactions
validation studies « Extensive upgradesplanned overthe next
~Syears
*  Pythia

) i ) Other topics discussed:
» Doesnotretainspin correlations «  Couplingorders

« Problemsassociatedto EFT operatorswhich generate Decomposition of EFT contributions

gluonsand interaction with the parton shower Internal reweighting vs dedicated generation
Higher-order corrections

EFT effects in top decay
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Harmonisation

Object definitions proposals:

* Harmonise object definitions between all combinable analyses apriori
« Design lepton working points which support (pseudo)-continuous

calibrations
* Adopt common-denominator systematic reduction schemes for different

processes, according to the sensitivity of each

Phase-space regions proposals:

* Harmonise region definitions between all combinable analyses apriori
» Design common ML algorithms to separate heavily overlapping processes

(ttH, ttH, tttt)

* Adopt common fakes control regions between analyses
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Region definitions and fitting tactics:

1. Object-based (OB) fit: The regions are broken down by lepton/jet/b-tag
multiplicity, lepton charge etc. (a la CMS!)
* Clean and simple to implement
« Object + region harmonisation are automatic
*  Fakestreatmentis coherent

Process C
1000 + HEl Process D
B Process E

1 Obj1, 1 Objz 2 0Obj1, 1 Objz 1 Objz1, 2 Objz 2 Objz, 2 Objz

Analysis Regions H

« Some processes easy to distinguish - e.g. tty
« Other processes difficult to separate this way 800 |
- e.g. ttW, ttH, tttt

600

* Principal Component Analysis will identify

Arbitrary Units

sensitive directions 400 -
* Need to be clear what you are optimising 200 |
for!
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2. Process-based (PB) fit: The regions are defined with specific Top+X
processes individually targetedin each.
»  Potential to re-use dedicated cross section analyses to minimise work
duplication
«  Object + Region harmonisation and fakes treatment all require careful
consideration if starting from separate analyses

« Some processes ‘easy’ to distinguish - e.g. o] e Process F
tEZ, th, tf)/,tEH Process G

s Process H

« Other processes remain difficult to separate 000 | m Process |
this way - e.g. ttW, ttH, tttt

» Principal Component Analysis will identify 5
sensitive directions E 600 -
g
* Need to be clear what you are optimising 400

for!
200 1

Process F Region Process G Region Process H/I Region

Analysis Regions l
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3.

EFT-optimised (EO) fit: The regions are defined by ML algorithms to select events with the
highest sensitivity to particular EFT operators.[Lots of freedom here to define your targets, but
lots of complications too].
«  Object + region harmonisation are automatic
«  Fakestreatmentis coherent
 Higher dependency on EFT model
« Isiteasilyreinterpretable? How about surrogate networks?
Process |
Process K
This methodology may provide the ; 120 Process L
. _ _ _ RN <%
opportunitiesto separate ttW, ttH, tttt // R e L
« (Or can determine whetherit is even g e NS
necessary) - c1

Principal Component Analysis will identify
sensitive directions

7 o :‘ Ay
* H3 FAACEIE H13

i%?“ ¥ H12
4 -‘@

Need to be clear what you are optimising for!
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4. Fully differential multi-process unfolding:

* Anextensionof (1) or(2) (or technically (3), with adjustments)

* Bestreinterpretations and reusability
* Unbiased unfolding retains reliable results even under updated SM or EFT

predictions

«  Simple to compare to new theories

«  Profile-likelihood unfolding with multiple signals reduces assumptions about EFT
contributions compared to methods subtracting fixed SM backgrounds

% - Process A bin 1

. . . . . . 5 3500 -ProcessAb\nz

* Truth-level binning optimisation required for =~ [ Process A bin3

o e e 93000 -ProcessAb\nzl

EFT senSItIVIty E -Processt\n1

qh: 2500 -Processt\nZ

. . . . . - Process B bin 3

« Multi-signal unfolding is useful when dealing 2000 B rocecs 5 om ¢
with largely inseparable processes 1500

1000

500

0 20 40 60 80 100 120 140 160 180 200
Detector-level object P, [GeV]

e -
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Summary uIvERSITY

* Lepton and Flavour physics anomalies are persistent
* Top quarks are a fantastic tool to search for new physics

* Effective Field Theory is a highly active area of research for

model-independent BSM searches

e Put it all together - maybe we'll get magic

y -
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The 's mandate is to provide a framework for the interpretation of LHC data in the context of

effective field theories

« Study physics requirements needed to facilitate an interpretation commensurate with the available
measurements, including Higgs bosons, top quarks, and electroweak bosons.

* Provide recommendationsfor the use of EFTs by the experiments to interprettheir data

* Provide recommendations on theory setups and Monte Carlo simulations, as well as othertools.

* Provide a forum for theoretical discussions of EFT issues, such as constraints, higher-order corrections,
and BSM interpretations.

» Discuss common uncertainties and combination procedures.

« Coordinate between the existing experimental WGs, to allow global EFT analysesinside and outside of
experimental collaborations.

CMS:
Conveners: Theory:
+ Matteo Presilla (EW WG contact)
ATLAS: « |laria Brivio
« Nadjieh Jafari
* Anke Biekoetter (Higgs WG contact)
+ Sarah Heim (Higgs WG contact) + Robert Schoefbeck (Top WG contact)
* Shankha Banerjee (EW WG contact)
« Jacob Kempster (Top WG contact) ¢ Nicholas Wardle (Higgs WG contact)
* Gauthier Durieux
» Karolos Potamianos (EW WG contact)
LHCb: * Ken Mimasu (Top WG contact)

Sandra Kortner

Peter Stangl

e ‘\


https://lpcc.web.cern.ch/lhc-eft-wg
https://lpcc.web.cern.ch/lhc-eft-wg
https://lpcc.web.cern.ch/lhc-eft-wg

LHC EFT WG L

TWiki:
_ https://indico.cern.ch/event/1384135
Indico:
Documents:
Area 1: - Higher-order corrections in SMEFT, Positivity Constraints, SMEFT vs
HEFT
Area 2: - Common toolchain for SMEFT parameterisations, Common

methodology for EFT MC production (reweighting vs direct) - PUB note under

Area 3: - Optimal observables, complementarities, Machine
learning opportunities (and challenges) for EFTs - , Reinterpretability
Area 4: - "Fitting exercise” (for study only!)

Area 5: - Mapping BSM to SMEFT (database,
framework)

Area 6: - Connecting flavour physics (and anomalies) to global EFT fm


https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCEFT
https://indico.cern.ch/category/12374/
https://cds.cern.ch/collection/LHC%20Effective%20Field%20Theory%20Working%20Group?ln=en
https://indico.cern.ch/event/1384135
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/EFTAC1
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/EFTAC2
https://indico.cern.ch/event/1296757/contributions/5659138/attachments/2754305/4795351/LHC_EFT_prediction_note.pdf
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/EFTAC3
https://indico.cern.ch/event/1331690/
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/EFTAC4
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/EFTAC5
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/EFTAC6
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Top EFT

J. Ellis et al, JHEP 04 (2021) 279
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https://arxiv.org/pdf/1008.4884.pdf
https://arxiv.org/pdf/1008.4884.pdf

Larger picture

Bt & wtup

Bt = pTup

BY php

/ BB,

b—-s -

BE o KErtr—

B, = ptum
B, > 7t

B = Ktuty~ Bt = K™tuw

\ B X5 BY — K%t S
{ BY s K0y Bt — Kty B® = K*%ui
\ BY = Kty BY — K0t B A

B -
L — gy B = pptpm

Ay = Aptp”
B — X.ete™ o

Ty

T ey

T semptes T et

T eTptu T oot

- K+ = rtenr Kp—7'vi
S ’d Krr  Kp—oete Kg—e'e

, » + s pmctes o Pet — T
= o T s petpm TH = plut d ? u
RN — T T — — (: ( :'
~ _— Z% et
. — __’_Fr_/' PR
I <
20— T K+ - itv S u \
B : | B+ o et |
— ———— § Bt 5 u"’v i BT J[
) — W = ety - e Bt = vt b |;
vir
. = W W* = p*e o | U
| WN v Wt = 71y T vy 1_‘_ ,.
!
~> LE e
B Drtv
iy — S~ e = f“" b C
‘7_ 7-\-7_‘-_7__ﬁ- _7—_ -"“ﬁ-‘k

UNIVERSITY
OF SUSSEX



https://moriond.in2p3.fr/2019/EW/slides/6_Friday/2_afternoon/4_straub-moriond-2019.pdf
https://link.springer.com/article/10.1140/epjc/s10052-019-6977-z
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“Soft” muon

> 0000 — > fo000[ T T T
(O] - ATLAS B [} C ATLAS 7
Q) B Ys=8TeV,20.3fb" 0] - s=8 TeV,20.3fb™" |
8000 p+jets channel ] 8000— p+jets channel ]
o C Z Al u -
— - t Data - ~ s + Data 7
~ 6000 — [, m_=172.5 GeV _ %) 6000 (1, m_=172.5 GeV -
n - [ Single Top 7 D C [ Single Top _
D 4000— WaJets — S 4000~ WaJets -
= - Il Other Bkg. — C - Il Other Bkg. .
LI(_] 2000/ Ui Uncertainty L 2000~ Tk Uil Uncertainty  —
L | — | —
— — — _-___— —
0 OL
O 12} QO 12 ‘ ‘
T o8 | | | | | | | T o8 | | . .
e 0 20 40 60 80 100 120 140 160 180 _ 200 = 0 10 20 30 40 50 60
A Lepton P, [GeV] A SMT muon P, [GeV]

“Hard-lepton” “Soft Muon”
“W-lepton”




Decay modes US>
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Opposite Sign (OS)

t >1tvb > 1T1I"X ~55%
t>1Tv(b>b—>0C) =1t X ~4%
t >1Tv(b—>cc) > It I"X ~3%

Same Sign (SS)

t =1ty (b - l_)) > [Tt X ~7%
t>1ltv(b->c) - ITITX ~28%

t >1tv(b->b-cc)-o ITITX~3%

Comparing these processes with their charge conjugates allows for
building of inclusive asymmetries sensitive to CP violation:

: N(b - 1) N+ N*-
 Consider number of P(b = 1) = v SN ST = T S 1
SMT muons, N %8
' ' N(b - 1) Nt N~Y
. P +) — — —
where: P(B ! )_N(E—>l‘)+N(E—>l+)_N“+N‘+ N~
N(b—>l+) N++ N++
+ = = =
P~ 1) = e S s NG S 1) N+ N~ N7
_ N(b I N~ N-"
P(b— 1) = (b-1)

NG - 1) +N(b>1+) N—+N-*+ N-

PRL110,232002(2013) s\
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Decay chain fractions (Obtained from et
simulation)
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CLFV EFT Result breakdown WS
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CLFV EFT Result breakdown US
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CLFV - Leptoquark interpretation

Scalar leptoquark with cross-generational couplings could produce CLFV

processes.
b

p

der  Auz 100 1 0.1
dep Aup =222 1 0.1 0.01
dee  Aue 0.1 0.01 0.001
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CLFV - Leptoquark interpretation

Cross-generational couplings introduce many degrees of freedom, which may be
simplified with a hierarchical modal:

Az Aer Aur 100 1 0.1
ki € |y Aoy Aup |=A221 1 01 0.01
Adie Ace Aue 0.1 0.01 0.001

This reduces 10 degrees of freedom (9 coupling, 1 mass) into 2 (1 coupling, 1
mass).

Various theory papers apply hierarchical coupling models, with different
magnitudes spanning steps of v/2 to 1—16 [1,2,3,4,5]
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https://doi.org/10.1103/PhysRevD.99.095004
https://doi.org/10.1103/PhysRevD.96.115011
https://doi.org/10.1140/epjc/s10052-019-7047-2
https://doi.org/10.1007/JHEP10(2016)106
https://doi.org/10.1140/epjc/s10052-023-11304-5

CLFV - Leptoquark interpretation U

Analysis is not re-optimised for LQ signal, but HT is already a very good
discriminating variable. Signals 0.5 < mpq < 2.5TeV,and 0.5 < AR < 3.5 are fit

independently:
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https://indico.cern.ch/event/868940/contributions/3816408/attachments/2083331/3499523/topfitter.pdf
https://indico.cern.ch/event/727396/contributions/3018244/attachments/1659083/2657194/EFTforTop.pdf
https://link.springer.com/article/10.1007/JHEP02(2020)131
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