Top EFT Fits

Jon S. Wilson
on behalf of the ATLAS and CMS Collaborations

Baylor University

15th International Workshop on Top-Quark Physics
6 September 2022

J.S. Wilson (Baylor) Top EFT Fits

TOP 2022 09-06

1/

18



X ) EFT Overview

\\ATLAS

» Effective Field Theory (EFT) is a
model-independent approach to physics
beyond the standard model

Assume that new physics exists at some
scale A beyond the current reach of
experiments

Enumerate all possible terms in the
Lagrangian, ordered by their mass
dimension

Multiply terms up to some maximum mass
dimension by vector of Wilson coefficients

SM corresponds to all ¢; at zero

Analyses measure coefficients
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The EFT Langrangian

- 1
L= Lsm+ Z Z e C,-(d)Ofd)
d=5 i

(d)

where d is the mass dimension, ¢;

is a

Wilson coefficient, and (’),(d) is an operator

Historical / other EFTs include
» Fermi's theory of beta decay
» BCS theory of superconductivity

> many others, especially in condensed
matter physics
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EFT Overview I e .

The EFT most useful for top quark physics at the LHC is the standard
model EFT, or SMEFT
Usually look at dimension-6 operators

» The SM already contains dimension-2 and -4 operators
» Only one dimension-5 operator exists, which provides neutrino mixing
» The fun stuff starts at dimension-6

Need a useful basis for the vector space of dim-6 Wilson coefficients

Most commonly used is “Warsaw basis” [JHEP 10 (2010) 085]
63 total operators, of which 4 produce baryon-number violation
» Many times more operators when considering all possible flavors

Other bases sometimes used when more convenient for specific analyses

For more information about EFT fits beyond the top sector, see the
next two talks
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https://doi.org/10.1007/JHEP10(2010)085

EFT Overview SaRSitas E}J

’ - - » Operators may alter rates/spectra for SM processes
—_— directly or via interference (diagrams on left)
SM tW—=tW A S Or allow SM-forbidden processes (below)
scattering | » Make precision top measurements and perform

searches involving top to constrain top-related WCs

4

real diagram 57 NP=0, QCD=1, QED=3

BSM tW—tW
scattering

9
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asa EFT Overview QR .

> Assume Wilson coefficients small enough
to be perturbative

> At leading order in EFT:
> Scattering amplitudes linear in coefficients | (i) — Sy + S S + S Ay
> Cross sections quadratic in coefficients EFT \A2 0 Z Lip2 Z 204
» SMEFT@NLO: NLO in SM, still LO in ’ Y
EFT

» Produce Sp, S1.i, and S jj fit templates » So: SM cross section
> Total (N+1)(N+2)/2 for N coefficients, = » S; ;: interference between SM and EFT

per affected process

. » S, i cross section from single EFT
> Scale them with coefficients ] &

operator (for i = j) or interference

» But, HEP fit tools use cross sections between EFT operators (for i # ;)

directly as parameters of interest

» Assume linear scaling of templates
» Need modified tools for EFT fits
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Two broad approaches to EFT fits:

Reinterpretation of unfolded measurements | Fully-simulated EFT throughout analysis

v/Can be done outside experiment XMust be done by experiments

v Easier to do combinations XCombinations more difficult

XNo EFT acceptance effects v EFT acceptance effects can be included
XNo EFT effects on backgrounds v'Background effects can be included
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CMS: Boosted tZ/ttH |[JEIp Qi Rvier 35

» Measure ttZ/ttH when pr(Z/H) is large
» EFT effects more pronounced at high pr(Z/H)

» Fully-simulated EFT effects on signal and tf + bb

background

» See Jan van der Linden's talk from Monday for full details
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CMS simulation
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D)

CMS: Boosted ttZ/ttH [REIRGWPILS 12837
cms

_ 138fb™' (13 TeV) 13 TeV
‘7> 20" Bestfit —68% CL - 99.7%CL 1 == This work, boosted ttZ/H, 138fb:
- . > #SM - --eswCL — JHEP 03 (2020) 056, tiZ, 7.5 "
> Vary the ttZ/H signal Eqofi i P — JHEP 03 (2021) 095, ttZ/W/H, 41.51b"
and tt + bb background = | 3 Sy JHEP 12 (2021) 083, t(f)Z, 13810’
as functions of the WCs & °[ SR — JHEP 05 (2022) 091, iy, 13810
s Crp —
» Perform 1-D and 2-D AOF L e I ) e e e
likelihood scans for each 5o = o S T [P —_—
20 |4 ] | L | A2
WC and pair of WCs 80 20 - 10 20 30 s _A'_
_ _ Coq/A?[TeVTT 25 =2
» Consistent with SM (all _ 4 CMs 1381b" (13 TeV) . ——
~ T T T T T Pt =
WCs zero) at 95% CL L ,| oBestfit —68%CL 99.7%CL | Al — —T
_ ° xSM  --95%CL
» Phase space with < 2f 1
. P
highly-boosted Z/H T
& -
» Complementary to other !
I . . 7 . . T [—
analyses P N S L b —
> Comparable sensitivity ) — ‘ ‘ ‘ ‘ N

10 20 30 40 50

95% CL interval [TeV ]
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> A@ CMS: Charged lepton flavor violation LIS R@IpPINY; E}J
w

u,c
_CMS 138 fb (13 TeV)
0 10" g e e T
% ey ¢ Data . . .
b 1 b-jet £ Orter Search for charged lepton flavor violation with top
i

See Jiwon Park’s talk Wednesday for full details
eutq vertex in production or decay

Forbidden in SM, so no EFT-SM interference
Fully-simulated EFT signals

Use a BDT to separate signal from BG

040302 -01 0 01 02 03 04 05 06 > eptc and eptu very similar shapes
BDT discriminant

Stat. [ syst.
— eptc-Vector x 10
----- eptu-Vector

vvyvyVvVvyyypy
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£l CMS: Charged lepton flavor violation [JIgISNVNPIRINVY.

v

No sign of charged lepton flavor violation

Exclusion in cejtc-Ceptu plane above and
right of curves

Scalar, vector, and tensor variants
contribute differently to production vs.
decay

Near-degeneracy, plus zero interference
between eutc and eutu, makes exclusion

curves nearly ellipses

> Sensitive to roughly ¢, + 2,4,

World's strongest limits on charged lepton
flavor violation in top sector

CMS

138 fb1 (13 TeV)

95% CL excluded region

T

CLFV Obs Exp 1o
Vector

Coud N2 [TeV?
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Ctw, Citw W

A

> Measure polarization of t-channel single top

> t

P> Lepton+jets final state

» Unfolded differential cross sections vs.
cos Oy, cos By, and cos Oy,
> x', y', z/ coordinate system based on top
quark rest frame
» 0, angle between lepton and x’ direction

» Reinterpret unfolded cos . and cos @, as

EFT constraints on real c¢;y, imaginary cirwy

J.S. Wilson (Baylor)

ATLAS: single top polarization [EIP4Y% 2202 11382 }

O

0.5

-0.5

LI R A B S I I
- ATLAS e best-fit value ]
P e 68% CL 1
—_ -1 )

[ Vs=13TeV, 139 %" o0 o ]
i * SM prediction |
L O _
L N i
j | ‘ - ‘ | - ‘ | ‘ - ‘ - \—
-1 -05 O 0.5 1 1.5 2
Cow

For more information, see Miriam Watson's
talk this afternoon
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ATLAS: differential boosted tt LIS VN E@IPPINIKRFT) QLI N02NY D}J

T T
102 ATLAS

g E Vs=13Tev, 139 b E

=~ F ¢ Daa o B

- ol memsamons” ]

> Two analyses measuring boosted tt differential cross S 077 sy 3
sections: ol Lepton+jets ]

> Lepton+jets [JHEP 06 (2022) 063] Hadronic top pr

> All-hadronic [arXiv:2205.02817] w0k i

v

Unfold differential cross section to parton level

Data or EFT
SM

» Several kinematic variables measured

T T
ATLAS e Data

» Top quark pt used for EFT constraints $ ATLAS ot Bt oy
. . . . OFE.+ 10° = Boosted all-hadronic B v e L
» pr of the hadronic top in lepton-+jets analysis I8 Fiducial parton level T PGPS {more IFSR

‘‘‘‘‘‘ PWG+Py8 (less IFSR)
Stat. [ Sys. Unc.
Stat. Unc.

All-hadronic
Leading top pr1

» pr of leading top in all-hadronic analysis

» EFT constraints as reinterpretations of unfolded
differential cross sections

=

oo pr 9

» Covered in more detail on Monday by Peter Hansen; see
also poster by Jonathan Jamieson

LD
T

Prediction
Data

0.6 0.8 1 12 1.4 16 1.8
p;'[TeV]
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U ATLAS
~ 50T T LU L L R
i - ATLAS -
> - V5 =13TeV, 139fb~! |
) - Observed limits, A= |
= 251 —
gz [ ]
O o 4

00l = (355, 381] GeV _|
- EEm (355, 420] GeV |
= [355,478] Gev
- B 355, 549] GeV
B B [355, 633] GeV

—25 = [355, 720] GeV ]|
B (355, 836] GeV |
B [355, 2000] GeV |
B * SM ]

-5.0 1 Il 1 | 1 1 Il | | 1 1 1

-5.0 -2.5 25 5.0
Cic (TeV / N)?2
Lepton-jets:

» Constraints on Cig and C;

(8)
q

» Consistent with SM at 68 % CL

J.S. Wilson (Baylor)

ATLAS, Vs =13TeV,L=139fb!
e
C?d 1 |
ce | ———
tu ]
ce | -
tq ]
—
Coa |
8 | === 95% CL (lin.+quad.) e
@ | mmm 68% CL (lin.+quad.) —
cLs 95% CL (lin.) e
Q4 | mmm 68% CL (lin.) —
3,8 ] ol
Coq I
25 20 -15 -10 -05 00 05 10
C(TeV/N)?
All-hadronic:

» Constraints on seven four-quark operators
» Consistent with SM at 68 % CL
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CMS: Dileptonic ttry

\}\\
NN

CMS 138 fb "' (13 TeV)
T T T T T

2 ¢ Data [ Other+y m

Z tty I Nonprompt y =

,% B Zy Syst. uncertainty |

C ty ]

50 100
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150

200 250 _ 300
p;(y) [GeV]

JHEP 05 (2022) 091

» tty production in dilepton final state

» Measure differential cross section as
function of pr(7)

» See Jan van der Linden’s talk from
Monday for full details

» Fully-simulated EFT effects on tty
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= CMS: Dileptonic tty [ENIEI=RRCIPE NI 35

CMS 138 b1 (13 TeV)
— of T T T T T T T — 20 |
&~ o[ Dilepton result 7 N
= | = —18 >
» Differential cross section used to constrain E Sk 1H16 2
: - I = |
Wilson coefficients ¢;z and c;, ol 11
» WCs ¢ty and c,{7 also explored, but are °t P
degenerate with ctz/cgz in this analysis ol 11
» 1-D and 2-D likelihood scans; showing iR
2-D scan here L ]
. : i 6
» Combine result with JHEP 12 (2021) 180: 3L A
tty in lepton+jets final state ' 4
: : ©f @ SM ~ - -68% CL
» Results consistent with the SM Pl & Best fit - o 102
206 04 02 0 02 04 08 ©
Cy [(NTeV)?]
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= CMS: Dileptonic tty [ENIEI=RRCIPE NI 35

CMS 138 b1 (13 TeV)
— o T T T T T T T 20 |
=~ o[ Dilepton & {+jets combination ] N
= | —18 >
» Differential cross section used to constrain E Sk 1H16 2
Wilson coefficients c;z and c, \‘;',:N' 14
St ]
» WCs ¢ and C%,y also explored, but are °t P
degenerate with ctz/cgz in this analysis ol 1t
» 1-D and 2-D likelihood scans; showing 6
2-D scan here L ]
. . B —6
» Combine result with JHEP 12 (2021) 180: 3L A
tty in lepton+jets final state I 4
: : ©f @ SM - -68% CL
» Results consistent with the SM Pl & Best fit e B
206 04 02 0 02 04 08 ©
Cg [(NTeVy]
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Y WACENEREEN G SAA  arXiv:2208.12095; EPJC 82 (2022) 374

U

> Measure top asymmetries: g BTA'I"LA‘S S‘lmu‘latu‘)n A ]
> tt Rapidity asym. AY = A(|y:| — |yz]): zj [ (5213 Tev E E E ]
[arXiv:2208.12095] 6 B

> ttj Energy asym. Ap = A(E; — E;): o B
[EPJC 82 (2022) 374] e ]

» Where 2\ .
N(X > 0) — N(X <0 i ) 2

A(X) — ( ) ( ) C: ;

N(X > 0)+ N(X <0) e ]

-2/~ e

» Unfold: Eo ]
> A vs. my; R S R R R R NV R

> Ag vs. angle of additional jet 6, Cg; (TeVINY

> Constrain fifteen (AY) or six (Ag)
coefficients by reinterpreting unfolded
double-differential cross sections

» See talk by Barbora Eckerova this
afternoon for more details
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Y WACENEREEN G SAA  arXiv:2208.12095; EPJC 82 (2022) 374

,A‘TTLAS Vs = 13 TeV, 139 fb} % 4 gl;AlsE‘Ter 139fb~
| Ad vs. NNLO QCD + NLO EW € I el
Differential m,; 5 - A 95% GL
H A7 s pd —68% CL o
— ---95% CL .. .
Fo—az « Bestfitvalue > Coefficient constraints from A%
[ Pt 0
S vs. myz (left)
Cqi ..
ng L » Compared to Ag coefficient 2
q . . -~ -
i b constraints (right) ) QR
Cor I > A in red Y AC 95% CL
[ > Ag in blue T ey
¢, _ . [AT(AS —— Ac68%CL
S » Att, AE Comp|ement n|Ce|y % 4}Vs =13TeV, 139 b1 AEQS%CL
8 I . . . ":
Cou » AE requires additional jet T,
o L
Cfd L » QCD structure different, so
u
¢t different EFT effects 0
[ .
o L » Shows importance of EFT 2
Qu . .
ol b combinations )
o ; —— AZ68%CL
clendenndnn o o e o s it S A% 95% CL
o5,
-2 -1 0 1 2 3 4 5 6 vy ) 2 4
CIN? [Tev?] Cap (TeVI?
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Summary - [

ATLAS+CMS Preliminary June 2022
LHCtopWG
Four-fermion operators - Individual limits b iasurndedl
== ATLAS = CMS ATLAS+CMS 6‘5 CIN * Preliminary
TS S MS - ATasicMs
. ) i 6; CMS, 4 top quarks [1] 36fbt
» EFT is a powerful tool for studying the dynamics | ovs it
. ) 6::0 — CMS, 4 top quarks [1] 36T
of the top sector and searching for new physics ) v simaat
52“” CMS, (+2ZIWIH, 12G.Hq 2] 421p?
» Many strategies/techniques for EFT fits et e
&, CMS, +ZMIH, ZatHa (2] 21t
» Combinations of complementary analyses crucial i e
for future sensitivity to possible new physics N T s
» CMS and ATLAS producing wide range of top 5 T T
. CM — ATLAS, ff energy asymmetry [3] 1391b*
EFT fits & — PRV I—
_ . - ATLAS, € I+jes boostd [5] 13011
» Boosted ttZ/H — v
. ) & —_ ATLAS, fenergy asymmery (3] 139 ot
> S_M-fo_rbldden processes: c_harged—lepton flavor . T et 2
violation and flavor-changing neutral currents & k arire bty o1
> Differential cross sections for tty and tt & T .
> Polarization of single top & + s e o
» Charge and energy asymmetry of tt
L P S R SO R

-10 -5 0 5 10
95% CL limit [TeVv?
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Top EFT summary plots

ATLAS+CMS Preliminary June 2022
LHCIopWG B
(Top) quark - vector boson operators - Individual limits | bimensen 6 operators
— ATLAS = cMs ATLAS+CMS G=cin * Prelminary
A B e B o
T T s otz et
vy (2 e
] it
USHZWH Zarald i
custyia i
ous 2 (3 i
ATAS 22151 't
ATLAS Toppotmzaontsl 13t
ATLAS 28] w
TASCUS Wy (1 ]
cus gtz ] i
!
USHZWH el
ATLAS Toppolmzontsl 1t
custzvin el it
ATUAS fisestootattsl 13910
QU i, B mcnle 361
CUS ¥ pncordaioalial | 31t
QuS tzwi Zarald s
cuS tpncondaiosii i’
ATUAS, FoNC 1] e
ATLAS, FONC (11 zowt
ATLAS, FONC (13 ot
ATUAS, FONC 1] e
ATLAS FONC Zal12 w9t
ATUAS, FoNC Za12 e
ATLAS, FONC Za12] zowt
ATLAS, FONC Zal12] ot
ATUAS FONC Za(12 e
ATLAS, FNC Zal22 0wt
ATLAS FONC Zal12] o
ATLAS, FONC Za12] e
‘ ATLAS, FONC (23 zow!
&0 L CUS a5 smwcnle] 301
_ b ATLAS FONC g 13 zowt
&0 - CUS. Mo, B (8] 300
et

4 -2 0 2 4
95% CL limit [TeV?]
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B Top EFT summary plots . [

ATLAS+CMS Preliminary [1] CMS, fH+Z/W/H, 1Zq,tHg, JHEP 03 (2021) 095
June 2022 [2] CMS, 4 top quarks, JHEP 11 (2019) 082
LHCtopWG . 3] CMS, tly, JHEP 05 (2022) 091
Following arXiv:1802.07237 .
- Dimension 6 operators [4] CMS, tZq/fiz, JHEP 12 (2021) 083
Top quark EFT operators -Marginalised limits PR [5] ATLAS, ft +jets boosted, arXiv:2202.12134 *
G=GIn [6] ATLAS, Top polarization, arXiv:2202.11382 *
= ATLAS - cms * Preliminary
11 - — — — | - —_ == =]1—] -
12] - —_|— -
3] . g
[4] - . :
[5] . o
[6] - -
T t t t = 3 * * 3 =% t t t 3 Tt t * t t T
=1 =1 =8 =1 =8 = = =3 = = = = = = = = & =300 <0 =0 =0 =0 =s0 =70
CQQ CQI CQt Cll Clq CWJ (‘.qu C«JQ C'l)l Cq)!h CtW CKW CXZ CNZ chW C‘G C‘G / gS el Q1 CQE tl te t Ct
95% CL limit [TeVZ] Gray lines indicate operators included in the fit but with resulting limits outside [-10,10]
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ATLAS: FCNC tHg and tyqg REIRGR2tRNTSIHETD QYIS R T

Backup: ATLAS FCNC
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arXiv:2208.11415; arXiv:2205.02537

i

SRS

ufe

Search for flavor-changing neutral currents in two
analyses:

> tHq vertex, decay only, H — 77 [arXiv:2208.11415]
> tyq vertex, production and decay [arXiv:2205.02537]

SM-forbidden processes
Fully-simulated EFT signals
Both analyses use multivariate analyses

Backgrounds constrained using control regions

vVvyyvyVvVvyy

See Wednesday talk by Lucio Cerrito for more details

J.S. Wilson (Baylor)

Top EFT Fits

Events

Data/Pred

R0y

" ;ATLAS ) ®data B ;
E Vs=13 TeV,139 fo' [ Worerve E
CFONCtcH Hor'e T 1

|y Cradfraa-31 SS A

10° ad “had " =3
E .rm real D Diboson E
E Post-Fit ]
F | B [ ]
L % Uncertainty == tcH(0.1%)x10 —

05
-1 208 -06 —04 -02 0

02 04 06 08

BDT Discriminant
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= ATLAS: FCNC tHqg and tvq (RIS R ALY GV

1 8:— ATLAS Expected limit P ATLAS P55 Expected + 1o
Or . - -1 HE—
F Vs=13TeV, 139 fb™" —— Observed limit |+ Vs=13 TeV, 139 fb Expected + 20
1.6 R
o Observed
1 4: - Expected limit + 1o
B e Expected limit + 20 |C(31>+ <6y AN=1TeV
12 95% CL limits e
N =1TeV
|ci +
|co + |
Ll L. P R B
14 1.6 C1'8 0.1 (?.2 O.f:.’a . 0.4 05
co Wilson coefficient 95% CL limits
tHq search: tyq search:
» Constraints on c.y and ¢, » Constraints on linear combinations of
» Excluded region is above/right of curves pairs of FCNC operators
» Modest excess, local significance 2.3¢ > Excluded region to the right
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Boosted ¢72/H .

Backup: Boosted ttZ/H
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Boosted ¢72/H .

» Divide events among bins as functions of
NN score, Z/H jet mass, and pr(Z/H)
> pr(Z/H) provides EFT sensitivity
» NN score provides a high-purity region
CMS Slmulat/on 13 TeV » Z/H jet mass provides sidebands to help

» NN trained to distinguish ttZ/H from
backgrounds

1) T T T 1
:E F —ttZ - bb matched —ttH unmatched control backgrounds

i 100F —ttH — bb matched — tt + bb 4 CMS simulation 13 TeV

> 3 L 4 LF tE4 e = AR

o £t unmatched L e 8 20F mtisLF ti+ce W + jets, DY + jets 1

35 pHeand. - 300 Gev s [ M tT + bb - tiZx10 ]

< ~ | M Single top --ttHx10 ]

g 15 [ M tEtE, tTy, ttW, tHW, tHq % Stat. unc. ]

S [ 1

o Lk paHeand. > 450 GeV |

10 _1'-, DNNscore >0.8 ]

L 1 4

10—3 PRI RS RS T S S RS
0.0 0.2 0.4 0.6 0.8 1.0

DNN score 50 75 100 125 150 175 200
mgp [GeV]
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o’
B
2
B3
3

cMs

Boosted t7Z/H | .

36.3fb" (13 TeV)
f=
5, | Postiit p2/Heand; 200-300 GeV 300-450 GeV >450 GeV
3 10 { 2016 Data M Single top
5 1 1 1 1 2 3 4 5 [ Stat+syst. = titf, tty, ttW, tHW, tHq
o 108 ! ! ! ! Wtt+LF/cc lW+jets, DY +jets
‘I- tt+bb HttH !
w02f e
I"l'\-h |
101 :
100
10!

15 : :
1.0 fe—ese ‘
A
2 0o 3 6 9 12 15 18 22

» Showing 2016 data as an example
> fit to all three years simultaneously
» 3 large groups: pt(Z/H) bins

J.S. Wilson (Baylor)

26 30 34 38 42 46 50 54 58 62 66
2016 analysis bins

» 6 medium subgroups: NN bins

» Individual bins: Z/H jet mass bins
» Use this, plus 2017/18, to constrain WCs

TOP 2022 09-06
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Boosted ttZ/H VSR ELINE 35

Operator Definition WC

tog) q,u¢ (9") Ctp + iC{y

Opy” (¢ {ﬁy(P)(q{Y”q]) Co0 T o0

on) (@D L) @rrtla) g

oyl (¢tD @) @)  cp

O, (§NiDug)(@'d)  com +ichy,

iOg{,\), (qo" 1)) q)W cow + ichy

iog& (o' t'd;) oWy, Cow + iClyy

fol) (qo™u;) @B (Cweew — cz)/ Sw + i(Cwely — L) /Sw
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Boosted ¢£2/H | N

Missing transverse momentum prss > 20GeV
pr(e) > 30 (35GeV) in 2016 (2017 and 2018)
=1 electron or muon pr(p) > 30GeV

ine)] <25, [n()| < 24
pr > 200GeV, || < 2.4
50 < mgp < 200 GeV
=1 Z or Higgs boson candidate AK8 jet Highest bb tagger score (>0.8)
>5 AK4 jets (may overlap AKS jet) pr > 30GeV, || < 2.4

. Satisfy medium DeepCSV b-tag requirements
22 b-tagged AK4jets AR(Zyor Higgs bosoE Candidatge A%S jet) > 0.8

>1 AK8 jet
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B Boosted t12/H [ . .

CMS Simulation 13 TeV
> T 1 rrrrrrrrrrrrr o rrr
8 [ W tt+LF, tt+cc W + jets, DY +jets |
w 60 Mtt+bb -~ ttZx10 -
~ - M Single top --ttHx10
g [ M tttt, tty, ttW, tHW, tHq # Stat. unc.

S I ]
o 40 200 < pfHeand: < 300 GeV -
DNN score > 0.8 ]
20
O e |
20 75 100 125 150 175 200

msp [GeV]
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B Boosted t12/H [ . .

CMS Simulation 13 TeV
> 50 L L L L D
8 - Wt + LF, T+ cc W + jets, DY +jets 1
0 [ W tt+bb --ttZx10 ]
~40rm Single top --ttHx 10 ]
*g [ M tEtt, tty, ttW, tHW, tHq & Stat. unc. ]
) [ _'
b 30 . 300 < p&Mcand. < 450 GeV 4
[ i -+"t— DNN score > 0.8 ]
20 X 7
10 fs. 8 .
o I ]

20
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B Boosted t12/H [ . .

CMS Simulation 13 TeV
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= Boosted ¢£Z/H

Data /MC _.

CMS 59.71b" (13 TeV)
300-450 GeV >450 GeV
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> A@S Boosted ttZ/H EEUEIRRICUES E}J

 CMS 138fb™" (13 TeV)

T | |
23] ¢Bestfit —68%CL |

* SM --95% CL
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Boosted ttZ/H RETOEIRSIC i SRele]l 5}1

Signal strength Observed +1c Stat. MC Stat. Experiment Theory | Expected +1c

_ +1.05 +0.80 +0.37 +0.38 +0.42 +0.92
Hiiz 0'6570.98 —0.76 —0.38 —0.31 —0.38 1‘00—0.84
- _ +0.87 +0.72 +0.32 +0.19 -+0.30 +0.79
Hin O‘3370.85 —0.65 —0.34 —-0.17 —0.38 1‘0070‘73
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Boosted ttZ/H BYQESUEEERE]E 5}1

Source of uncertainty Apgz  Apgr
tt 4 cC cross section 05 o1
tt + bb cross section % B
tt 4 2b cross section e o1
pr and pir scales 1 016
Parton shower fg:%g oo
Top quark pr modeling in tt o0 oh
b-tag efficiency on o1
bb-tag efficiency e 0
Jet energy scale and resolution fg:%(l) fgjg
Jet mass scale and resolution fgj%g i8;8§
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Boosted ttZ/H NIRRT 35
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Boosted ttZ/H NIRRT 35
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Boosted ttZ/H IGHREREE E}J

Signal p%/ H (GeV) interval  95% CL upper limit (fb) 95% CL upper limit / SM

ttZ (200, 300]
(300, 450]
(450, o0)

ttH (200, 300]
(300, 450]
(450, o0)

359 (4921218
208 (135735)
23.0

49.1 (50.7+2%9)

418 (7361575

20.5
59.9 (47.31%3

7.4
9.78 (16,574

3.42 (4.697 9%

1.37
4.88 (317437

1.89
4.02 (416118

5.7
8.02 (14.1*57

1.11
3.24 (.55} 1L

1.49
1.96 (3.307 )&
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Boosted ttZ/H ERWIORINES! E}J

CMS 138 fb! (13 TeV) CMS 138 fb™! (13 TeV)
—6F — Observed 68% CL [+6.6, +24] —6F — Observed 68% CL [-3.1, +4.9]
z] 5L -~ Expected 95% CL [+0.20, +30] 21 51 -—-Expected 95% CL [-6.6, +8.7]
[aV (o] .
P4t Y = /
\ I /
3t | ! 3t /
\\ ,’ /I
2r \\ II 21 /
\ U
L \ / |
1 \\\ // 1
1 ~A- 1 O 1 1
ST, 30 40 10 1523
e / A2 [TeV?] cq/ A?[Tev?]
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Boosted ttZ/H ERWIORINES! E}J

CMS 138 fb! (13 TeV) CMS 138 fb™! (13 TeV)
—6F — Observed 68% CL [-2.4, +1.4] —6F  — Observed 68% CL [-7.1, +2.4]
q5F - Expected 95% CL [-4.1, +3.0] a5F "°° Expected 95% CL [-12, +6.3]

[a\] (o}
I 4} I 4} H
1
3t 3l
2F ol
1+ 1L
0 1 1 1 1 1
6 0% —15 10 5 o0 5 10
o/ A2 [TeV?] Cpr | A2 [TeV?]
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Boosted ttZ/H ERWIORINES! E}J

CMS 138 fb! (13 TeV) CMS 138 fb™! (13 TeV)
—6F — Observed 68% CL [-5.0, +6.0] —6F — Observed 68% CL [-0.59, +0.50]
q5F 7" Expected 95% CL [-9.9, +11] a5k - Expected 95% CL [-1.0, +0.96]
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3r 3F III
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1+ 1L
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Boosted ttZ/H ERWIORINES! E}J

CMS 138 fb! (13 TeV) CMS 138 fb™! (13 TeV)
—6F — Observed 68% CL [-3.2, +3.2] —6F — Observed 68% CL [-0.57, +0.63]
g5k - Expected 95% CL [-4.2, +4.2] a5k - Expected 95% CL [-1.0, +1.1]
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II
3t 3t /
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1+ 1F
0 0 05 —10 —05 00 05 10 15
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Boosted 17/H - | . .

CMS 138fb™ (13 TeV)
Cip |
A
ol I~
A2
3 N
e S -
A
ol I
A2 ——
Cotb EEE—
[ e
c 4 68% CL interval
Stw L N
A2 - = Others fixed to SM
= Others profiled
Cbw | s
2 e 95% CL interval
— Others fixed to SM
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A? T
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Confidence interval [TeV~2]
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Boosted ttZ/H RRWGRELE E}J

95% CL interval (others profiled) 95% CL interval (others fixed to SM)

WC/A? [TeV?]

[0.70, 29.42] [0.31,29.94]
[—6.71,7.72] [—4.77, 5.54]
[—4.01, 3.61] [—3.86, 2.90]
[—10.91, 7.42] [—8.32, 5.34]
[—9.39, 10.65] [—9.39, 10.12]
[—1.56, 1.44] [—1.02,0.92]
[—4.60, 4.57] [—4.54,4.47]
[—1.53, 1.46] [—0.99, 1.00]
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Boosted 17/H | . .

CMS 138fb™' (13 TeV)
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é\A@g Boosted ttZ/H

Name Description

Wsystem

bpr pr of the leading (subleading) b jet

b score DeepCsY score of the leading (subleading) b jet

apr pr of the leading (subleading) non-b jet

qsscore DeepCsY score of the leading (subleading) non-b jet

AR(b,q) minimum AR between the leading (subleading) b jet and any non-b jet

BR(q,q) AR between the non-bjets closest and next-to-closest to the leading (sub-
leading) b jet

m(q+q) invariant mass of the non-b jets closest and next-to-closest to the leading
(subleading) b jet

AR(b,q+q) AR between the leading (subleading) b jet and the sum of the nearest
and next-to-nearest non-b jets

m(b+q+q) invariant mass of the leading (subleading) b jet and the nearest and next-
to-nearest non-b jets

AR(Z/H,b+q+q) AR between the Z/H boson candidate and the sum of the leading (sub-
leading) b jet and the non-b jets nearest and next-to-nearest to the lead-
ing (subleading) b jet

AR(Z/H,b+b+q+q+f) AR between the Z/H boson candidate and the sum of the leading and
subleading b jets, the non-b jets nearest and next-to-nearest to the lead-
ing (subleading) b jet, and the lepton

(b + £+ s transverse mass of the subleading b jet, the lepton, and s>

m(Z/H +b) invariant mass of the Z,/H boson candidate and the nearest b jet

m(b+b) invariant mass of the leading and subleading b jets

AR(b,b) AR between the leading and subleading b jets

AR(Z/H,q) AR between the Z/H boson candidate and the leading non-b jet

AR(Z/H,b) AR between the Z/H boson candidate and the leading b jet

AR(Z/H,0) AR between Z/H boson candidate and the lepton

m(Z/H +0) invariant mass of the Z/H boson candidate and the lepton

BR(b,£) AR between the leading (subleading) b jet and the lepton

m(b+1) invariant mass of the leading (subleading) b jet and the lepton

N(bou) number of b jets outside the Z/H boson candidate cone (AR > 0.8)

N(qout) number of non-b jets outside the Z/H boson candiate cone (AR > 0.8)

Event topology

N(AKS jets) number of AKS jets including the Z/H boson candidate

N(AKA jets) number of AK4 jets

N(Z/H) number of AK8 jets with a minimum AK8 bb tagger score of 0.8

AKS mspy maximum risp of AKS jets excluding the Z/H boson candidate

Hr(bout) Hy of the b jets outside the Z/H boson candidate cone (AR > 0.8)

Hr(bout, out, £) Hy of all AK4 jets outside the Z/H boson candidate cone (AR > 0.8) and
the lepton

sphericity sphericity calculated from the AK4 jets and the lepton [? ]

aplanarity aplanarity calculated from the AK4 jets and the lepton [? ]

Z/H boson candidate substructure

by, score ‘maximum (minimum) DeepCSY score of AK4 jets within the Z/H boson
candidate cone (AR < 0.8)

AR (bin, bout) ARbetween ab jet within the Z/H boson candidate cone (AR < 0.8) and
the leading b jet outside of the Z/H boson candidate cone (AR > 0.8)

N(bin) number of b jets within the Z/H boson candidate cone (AR < 0.8)

N(gin) number of non-b jets within the Z/H boson candidate cone (AR < 0.8)

Z/H bb score AKS bb tagger score of the Z/H boson candidate

NN variables

J.S. Wilson (Baylor) Top EFT Fits

OP 2022 09:



Backup: ttvy

J.S. Wilson (Baylor) Top EFT Fits TOP 2022 09-06 34 / 57



g Diegams 3

~
|
I

o <l
ol <l

~
+
~
¥

2

TR

J.S. Wilson (Baylor) Top EFT Fits TOP 2022 09-06



=)

=D

Events / bin
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= @ i#88 Kinematic plots signal region }J
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gA@ tty Kinematic plots: sideband region }J
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Zal cross section results 5

CMS 138 b1 (13 TeV)
L S e
m  Measurement === Stat. unc. — Stat.+syst. unc.
— MG5+PYTHIA8 Theory unc.

Combined| 1735 + 2.5 (stat) = 6.3 (syst) ———
*UF| 1739 + 3.1 (stat) + 6.3 (syst) ———
€te | 177.6 = 6.3 (stat) + 9.7 (syst) ————
M| 172.6 = 5.6 (stat) = 7.8 (syst) ————

1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 \ 1 1
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Diff. cross sections

138 o' (13 TeV) CMS 138 o' (13 TeV) CMS 138 o' (13 Tev) CMS 138 o' (13 TeV)
P L AL B L L U oL NN, L U4
§ Observed e & Observed g osf § Ooseved | g ]
Z wasepvihig = . MGS+PYTHIAS = L MGS+PYTHAS 3 05F — wesPvTHis E
2 Theory unc. i k| g, meoyunc. 3 3 B3 Theory unc.
i lad=52/5 5 ldot =33 > =136 2 Flat=1417
MGS+HERWIGT ° MGS+HERWIGT B MGS+HERWIGT 5 04 MGS+HERWIGT
b 08 E S o4 4 N
o4l S of E - E
o4 4 02F E| 02 E
00
ozl 1 of E of E
0005
8 1 8 1o 8 o E| 8 o
S D | M S e + S
5 os 5 ok < o E 5 ok
E 0 700 750 250 i 02 04 068 08 T 12 a4 &’ 3 35 4 4 ::’ 05 T 5
pr(y) (GeV] mity) |An(ee) Agler)
2. CMS 138" (13 TeV) CMs 138" (13 TeV) Cms 1380 (13 TeV) CMs 138 '(13 TeV)
RS 1.~ AN L L LA LY R BT T R
= Observed < Observed 3 pSsInneY < ootz P
Z og Rlroster W 2 o5k wospviuas E 38 o012 2 eemus 3 8 2 Nosovas
Bl Theory unc. 4 =R ¥ = = oof [=)
3 o £10=7616 3 Fldd=1718 = o= 1315 = Frd=T118
E MGSHHERWIGT D o HGSHERIGT g oo e MosERWGT ] D e MGSIHERWIGT
b 3 3 T % o00g E
2o 5 S ooog i =
= 2 o E 3 < 0,009 B
04} o 0.008¢ 4 é‘
03] 02F e = 2 004 E
o 0004 4 3
of E 0002 E T B
o =
%, £ P 1
S ' N O gy S - g pr— |
2 - + 2 2 o t
g g g o 3
E = 3 2V 3 g E E - 00 750 %0 750 30 W0 W0 40
& min AR(Y.€) & AR(y£) & prlen(GeV] & Pr(t;)+pr(t;) (GeV]
138 '(13TeV) CMs 138 '(13TeV) CMs 138 o' (13 TeV) CMs 138 o' (13 TeV)
=~ 5 prmTre = ey 5 e e
3 3 < off Osered 3 3 oof Otsenved | ]
z st E PR B A e ] 8 00 A
3 Theory unc & O3 ey unc. E! g o7l S Theory unc.
S of resars E R E 3 re 0014 ressis ]
3 - MGSHHERWIGT B gaf - MGSHERWIGT 3 og MG HERWIGT 3 3 MGSHERWIGT
° ° i B g
© ° osf ER
© o3 2 H = 3 B
= - 2B E o04f 3
o E ot E o03f = B
o0zf
o E ot E . B
8 14 E 8 14 E 8 1o 8 1
' e e D
4 4 4 S e T
< of 3 < o E 5 ok S ok
2 05 T 15 Z 3 2 [ T 15 Z 5 3 2 05 T 15 Z 25 3 3 50 100 150 200 250 350 400 a4
. AR(y.t5) o min AR(y.b) o min AR(£j) o Prliy) [GeV]

OP 2022 09-06 43

J.S. Wilson (Baylor) Top EFT Fits



i<

o

kS

-2AInL

D

< tty C scans }J
CMS 138 b~ (13 TeV) CMS 138 fb~" (13 TeV)
T T T T T T o T T T T
c, | Dilepton result 1 c, * Dilepton & t+jets combination !
< . — Observed Ml 68% CL Sl Y —Observed Ml 68%CL !
(I\l N = = Expected 95% CL (?l v Expected 95%CL
4 \ e 4+ N 4
3 \ ] s . ]
2 ] 2f ; ]
1 % 1F 4
0 PO | , , ol L . .
-04 -02 0 02 04 06 -04 0.2 0 0.2 0.4
¢z [(NTeVyq Cz [(NTeV)?]
CMS 138 b~ (13 TeV) CMS 138 b1 (13 TeV)
T T T T T T T o T T T
S Dilepton result s c o ' Dilepton & t+jets combination:
| —Observed M 68%CL ! < " —Observed Il 68%CL !
H - -Expected [/ 95%CL N 1 - -Expected [ 95%CL.
Pl K 1 of . K
3k 9 3F \ N
2p 1 2F i K 1
1t 1 ' '
-06 -04 -02 0 02 04 06 0.4 -0.2 0 0.2 04
I I
¢z [(MTeV)] ¢z [(VTeV)]
J.S. Wilson (Baylor)

Top EFT Fits

TOP 2022 09



R \VC comparisons 5

CMS 77.5 o ttZ
JHEP 03 (2020) 056

CMS 138 fb™! tZ & tZq
JHEP 12 (2021) 083
individually / marginalized

CMS 137 b fty (P+jets)
JHEP 12 (2021) 180
CMS 138 b tiy

dilepton only (this result) /
combined with {+jets

Global fit
JHEP 04 (2021) 279
individually / marginalized

CMS 77.5 o tZ
JHEP 03 (2020) 056

CMS 137 b tty (f+ets)
JHEP 12 (2021) 180

CMS 138 b tty
dilepton only (this result) /
combined with {+jets

3 4 5

95% CL interval [(\N/TeV)?]
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) MCeenerators 5

Cross section Perturbative

Process normalization Event generator order in QCD
tty NLO MADGRAPH5_aMC@NLO LO
Z+jets NNLO [49] MADGRAPH5_aMC@NLO LO
Zy, Wy, VV, VVV,
ttV, tZq, tWZ, tHq, NLO MADGRAPH5_aMC@NLO NLO
tHW, ttVV, tttt
tt NNLO+NNLL [50] POWHEG NLO
single t (f channel) NLO [51, 52] POWHEG NLO
single t (s channel) NLO [51, 52] MADGRAPH5_aMC@NLO NLO
tW NNLO [53] POWHEG NLO
ttH NLO POWHEG NLO
gg — 22 LO MCFM LO
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i@ Event selection 5}1

Leptons Photons Jets b jets Events

pt > 25(15)GeV  pr > 20GeV pr > 30GeV pr > 30GeV N; =2(0C)
| <24 In| <1.44 | < 2.4 | <24 N, =1
AR(v,0) > 04 AR(jet, ¢) > 0.4 AR(jet, £) > 0.4 Ny >1

isolated AR(jet,v) > 0.1 AR(jet,v) > 0.1 m(€¢) > 20 GeV
matched to b hadron
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A@; tty

Uncertainty [%]

Source Correlation  p. s range  Postfit
Integrated luminosity ~ 1.3-32 17
Pileup v 0.1-1.4 0.7
_ Trigger efficiency X 0.6-1.7 0.6
g Electron selection efficiency ~ 1.0-1.3 1.0
£ Muon selection efficiency ~ 0.3-0.5 0.5
Ai Photon selection efficiency ~ 0.4-3.6 11
& Electron & photon energy v 0.0-1.1 0.1
Jet energy scale ~ 0.1-1.3 0.5
Jet energy resolution v 0.0-0.6 <0.1
b tagging efficiency ~ 09-1.4 11
L1 prefiring v 0.0-0.8 0.3
Values of yp and pig v 0.3-3.5 13
& PDF choice v 0.3-4.5 0.3
g PS modelling: ISR & FSR scale v 0.3-3.5 13
g rs modelling: colour reconnection v 0.0-8.4 0.2
E PS modelling: b fragmentation v 0.0-2.2 0.7
Underlying-event tune v 0.5 05
5 Z correction & normalization v 0.0-0.2 0.1
g ty normalization v 0.0-0.9 0.8
Eo Other+v normalization v 0.3-1.0 0.8
¢§ Nonprompt 7y normalization v 0.0-1.8 0.7
Size of simulated samples X 15-7.6 0.9
Total systematic uncertainty 3.6
Statistical uncertainty 14
Total uncertainty 39

J.S. Wilson (Baylor) p EFT Fits




i Observables definitions 5}1

Symbol Definition
pr(y) Transverse momentum of the photon
[7](v) Absolute value of the pseudorapidity of the photon
minAR(7,¢) Angular separation between the photon and the closest lepton
AR(,¢1) Angular separation between the photon and the leading lepton
AR(7y,%;) Angular separation between the photon and the subleading lepton
minAR(y,b) Angular separation between the photon and the closest b jet
|An(£¢)| Pseudorapidity difference between the two leptons
A@(£¢)  Azimuthal angle difference between the two leptons
pr(£¢) Transverse momentum of the dilepton system
pr(41) + pr(£2) Scalar sum of the transverse momenta of the two leptons
minAR(¢,j) Smallest angular separation between any of the selected leptons and jets
pr(j1) Transverse momentum of the leading jet

J.S. Wilson (Baylor)
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) \WC constraints 5

Dilepton result

Dilepton & {+jets combination

J.S. Wilson (Baylor)

Wilson coefficient 68% CL interval 95% CL interval 68% CL interval 95% CL interval
[(A/TeV)?] [(A/TeV)?] [(A/TeV)?] [(A/TeV)?]
v . C{Z =0 [—0.28, 0.35] [—0.42,0.49] [—0.15,0.19] [—0.25,0.29]
'g profiled [—0.28, 0.35] [—0.42, 0.49] [—0.15,0.19] [—0.25,0.29]
L%" A ciz =0 [—0.33, 0.30] [—0.47, 0.45] [—0.17,0.18] [—0.27,0.27]
2 profiled [—0.33, 0.30] [—0.47, 0.45] [—0.18, 0.18] [—0.27,0.27]
3 o L, =0 [—0.43,-0.09]  [-053,052]  [-0.30,—0.13]  [—0.36,0.31]
53 profiled [—0044;3, oblg:]% [—0.53,0.51] [—00?;32,0, 060% [—0.36, 0.31]
S o, =0 [u [0.07, o.é8]] [-058,0.52] [u [0.16, 0.5_9]] [—0.38,0.36]
profiled [—0.43,0.33] [—0.56, 0.51] [—0.28, 0.23] [—0.36, 0.35]
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Backup: Charged lepton flavor violation
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Vertex Int.  Cross section [fb] Cemq/A2 [TeV 2]  B(1079)
Obs

type  Exp Obs Exp 138 fb* (13 TeV)

eptu  Scalar  5.63 6.25

L I L B B B B

95% CL excluded region

Vector  7.02 6.78 0.12 0.12
0.23 0.24

©0 E
o C
— B
Tensor 10.01 0.07 0.06 Xk CLFV  Obs Exp tlo
Vector 1121 973 039 037 149 131 o 35F Vector ——  EEE
eptc  Scalar 9.1 888 | 087 0.86 091[089] T LE Scalar ——
Tensor 21.02 [17.22] 024 021 3.16[ 259 1 SET
£, = Tensor ——  «-=eeee
. . . m 2
» No sign of charged lepton flavor violation

v

Set limits on cross sections

ERRRESRARN)

Scalar, vector, tensor contribute differently
to production vs. decay

T i A \MHJHH\HHJHH

0 Ak

Scalar cross section limits strongest, 0605 01 015 0.2 025 03 035 04 045
tensor weakest B(t- euu) x10
Translate into branching ratio exclusions » Near-degeneracy of BDT shapes makes

Excluded region above and right of curves exclusion curves nearly straight lines
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Charged lepton flavor violation
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Events

Data/Pred.

Events

Data/Pred.

Charged lepton flavor violation Kinematic plots

CMS 138 fb? (13 TeV) CMS 138 b (13 TeV)
“ Data i i

T T
+ Data

e -
>1 bjets Stat. [ syst. ulc Vector x 10

-+~ ejitu-Vector

Events

W
Stat. O syst. emc ~Vector x 10
-+ ejitu-Vector

T 12
2 1aE N
& METRS M\R\
1
£ 0o M \\\\
50 100 150 200 20 a0 O 0% T80 200 250 300
pT(Ieading jet) [GeV] P, (leading jet) [GeV]
CMS 133 ! (13 TeV) 133 vb (13 TeV)
wg T Ty Baa | - Omer ' 2 i
—w ) W W
Stat. 0 syst. — Eulc -Vector x 10 o 1 b-jets Stat. 0 syst. — eptc-Vector x 10

-+~ ejitu-Vector -+~ ejitu-Vector

. BUE
08 ' 9 0 20 172 3 275 6 7 8 9 10

Number of jets Number of jets
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& €9 Charged lepton flavor violation [E=]DRReIIEeII1&S

ATLAS

~CMS 138 b (13 TeV) ~CMS 138 fb (13 TeV)
ﬂlo T T T T T e T ﬂlo L LA w e oo e o e
c e ¢+ Data c el ¢+ Data
< Ho B Other Q oo I Other
> - > "
o 1 b-jet — o >1 b-jets —"

[ L [
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1b tagged > 1b tagged
477800 7900 265000 + 7100
49100 £1300 7710 £ 250
Other 7950 & 670 850 & 70
Total background prediction 534900 + 8000 273600 =+ 7100
Data 537236 268781
Vector © decay 604 +2 452 +0.4
t production 17103 £ 29 1557 +£9
eptu Scalar t decay 782402 6.1+0.1
t production 3670+6 336 £2
Tensor t decay 3499 £ 9 266 £2
t production 61011 £ 107 5567 £ 33
Vector © decay 596 £2 90.4 £0.5
t production 1711+3 166 £ 1
ejitc  Scalar t decay 77.7+0.2 114+0.1
t production 294 +1 28.5+0.2
Tensor © decay 3467 £ 8 534 +£3
t production 6329 £ 13 621 +4
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tt (%) CLFV signal

decay (%) production (%)
Trigger 1.2 1.2 29
Electron identification and isolation 1.6 1.6 3.9
Muon identification and isolation 0.6 0.6 0.7
Electron energy scale and resolution <0.1 <0.1 <0.1
Muon momentum scale and resolution  <0.1 <0.1 <0.1
Jet energy scale and resolution 2.5 21 1.2
b tagging 3.1 3.9 4.5
Pileup 0.3 0.3 0.2
ME scale 0.9 0.8 0.7
ISR /FSR scale 1.5 2.9 1.9
PDF 0.8 0.8 0.9
UE tune 0.4 — —
ME/PS matching <0.1 — —
Color reconnection 1.0 — —
MC statistical <0.1 <0.1 <0.1
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