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Lighting up the top quark: New tty measurements at CMS

Beatriz Ribeiro Lopes, CERN



INntroduction and motivation

1995: Discovery of the top quark

2012: Discovery of the - completed the puzzle of the standard model (SM)

Now, over a decade later:

Tremendous progress in understanding the Higgs boson and the top quark, with masses
measured with per-mil precision

Cross sections for many standard model processes measured with precision down to a few
percent

But not all is solved, some fundamental questions and issues remain (fermion masses added
ad-hoc via Yukawa couplings, mass hierarchy of neutrinos, dark matter, ...)

What more can we do?

Look for new physics directly

search for new particles predicted by
theories (e.g. SUSY, ALPs, LQs, ...)

explore exotic signatures that may
have escaped detection so far
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Jop quark physics

Top quark physics is a central part of the LHC programme. But why*?
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Jop quark physics

Top quark physics is a central part of the LHC programme. But why*?

The top quark:
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Top quark physics - still making the news after 30 years

CERNC OU—RIER ‘ Reporting on international Explore content v  About the journal v  Publish with us v
high-energy physics

nature > articles > article

Physics~ | Technology~ | Community~ | Magazine

Article Open access Published: 18 September 2024

Observation of quantum entanglement with top
quarks at the ATLAS detector

The ATLAS Collaboration

STRONG INTERACTIONS

CMS observes top—antitop excess

2 April 2025

NEWS

News » News » Topic: Physics

CERN'’s Large Hadron Collider continues to

CMS 138fb* (13 TeV) Voir en francais
103 «%<Gu<1 Y/, < Crpn < 1 deliver surprises. While searching for
] } data _ tt; additional Higgs bosons, the CMS Nature 633, 542-547 (2024) | Cite this article ATLAS al nd CMS Obse rve
> -
3 Lo mem other collaboration may have instead uncovered . : : i i
g 10 _ ’ . , 96k Accesses | 43 Citations | 474 Altmetric | Metrics SlmUItaneous prOdUCtlon Of four tOp
§ evidence for the smallest composite particl
yet observed in nature - a “quasi-bound” q ua rkS
hadron made up of the most massive and Abstract The ATLAS and CMS collaborations have both observed the simultaneous production
o v i T o
G shortest-lived fundamental particle known of four top quarks, a rare phenomenon that could hold the key to physics beyond the
(=) i i i R . . . . .
g toscience and its antimatter counterpart. | ppeanalement is a key feature of quantum mechanics 23, with applications in field Standard Model
o The findings, which do not vet constitute a 45678
L : : ion%:2,6,7.4 24 MARCH, 2023 | By Naomi Di
-, discovery claim and could also be metrology, cryptography, quantum information and quantum computation | By Naomi Dinmore
€ 09 S e : : . . . .
e e e e susceptible to other explanations, were been observed in a wide variety of systems and length scales, ranging from the

my; [GeV] reported this week at the Rencontres de 9,10,11,12,13

microscopic21L121 to the macroscopic®>15, However, entanglement remains |
Moriond conference in the Italian Alps.

Threshold excess The invariant mass spectrum
of top quark-antiquark pairs observed by the

CMS experiment in certain domains of the ,
-\ EXPEIMENt T ceriarm domair o Almost all of the Standard Model’s
reconstructed spin-correlation observables ¢y,

and ¢y, (top panel) and the signal-to- shortcomings motivate the search for
background ratio (bottom panel). Excess events

at threshold can be modelled by including a new
top-antitop bound state in the background are usually assumed to be simple. Much as

model (red line). Credit: CMS Collab. 2025 . . .
arXiv:2503.22382. the 125 GeV Higgs boson discovered in 2012

unexplored at the highest accessible energy scales. Here we report the highest-ene

observation of entanglement, in top-antitop quark events produced at the Large

additional Higgs bosons. Their properties Collider, using a proton-proton collision dataset with a centre-of-mass energy of

and an integrated luminosity of 140 inverse femtobarns (fb) ! recorded with the A

experiment. Spin entanglement is detected from the measurement of a single obse

appears to interact with each fundamental Event displays of four-top-quark production from ATLAS (left) and CMS (right).

inferred from the angle between the charged leptons in their parent top- and antitc

fermion with a strength proportional to the fermion’s mass, theories postulating Today, at the Moriond conference, the ATLAS and CMS collaborations have both presented the observation of a

additional Higgs bosons generally expect them to couple more strongly to heavier rest frames. The observable is measured in a narrow interval around the top—antit very rare process: the simultaneous production of four top quarks. They were observed using data from

collisions during Run 2 of the Large Hadron Collider (LHC). Both experiments’ results pass the required five-

quarks. This puts the singularly massive top quark at centre stage. If an additional sigma statistical significance to count as an observation - ATLAS’s observation with 6.1 sigma, higher than the

Higgs boson has a mass greater than about 345 GeV and can therefore decay to a top expected significance of 4.3 sigma, and CMS’s observation with 5.5 sigma, higher than the expected 4.9 sigma -

quark-antiquark pair, this should dominate the way it decays inside detectors. Hunting making them the first observations of tiks|rocess.



CMS Physics Reports: arxiv.2405.18661

Associated top quark production BEEEEEE 1122?573'2’2‘22-{)
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With the very large datasets of LHC, we entered the
precision era for these processes
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When we talk about tty, we have to impose a minimum
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https://arxiv.org/abs/2405.18661

Reminder - top quark decays

Top decays almost exclusively to a W boson and a b quark

b quarks hadronise forming jets, which can be identified as b jets

tt events are characterised by W decay possibilities

W=
¢ t .
:” b adronic jet fully
< hadronic 46%
R 0000 0
N
oY W
Q t ..
b w hadronic jet \ tHjets 15%
1+7T 10/3
dilepton decay channel is the rarest, but At 22/(‘,’0
- lowest contribution from backgrounds ‘*f " N u+jets 15%
0
- Great resolution for lepton reconstruction in CMS v \-\*eae Ao

e+jets 15%

dilepton lepton+jets



The tty process

tty: production of tt in association with a hard (here >20 GeV) and isolated photon

Gives direct access to the ty coupling — precision test of the SM

:  new
: physics?

Differential measurements are sensitive to potential new physics effects at the tails of the distributions

E maxHC

Experimentally, we cannot distinguish the photon origin, so we must consider all possible origins - the top quarks,
, and the top decay products
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Events with photons from hadron decays are not considered as tty 1>n ZI(Q)L?nkZevenTs
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Existing measurements and why do we still care -
ﬁ‘ Q
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- - CMS,L =1371fb", Vis 4
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- Differential measurements published with lepton and photon variables

- Available differential measurements did not contain top quark properties, which are sensitive to modelling and ty coupling

- Ratio tfy/ tt (inclusive and differential) opens the way to extra precision, due to cancellation of systematic uncertainties, but had

never been measured -



Seeing tty in CMS

..... CMS DETECTOR
““““ Total weight : 14,000 tonnes SILICON TRACKERS
e — . Overall diameter : 15.0m Pixel (100x150 pym) ~1m? ~66M channels
. " Overall length . 28.7 m Microstrips (80x180 pm) ~200m? ~9.6M channels

Magnetic field :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate
Endcaps: 540 Cathode Strip, 576 Resistive

CRYSTAL
ELECTROMAGNETIC

CALORIMETER (ECAL)
~76,000 scintillating Pb(WO, crystals

HADRON CALORIMETER (HCAL)

Brass + Plastic scintillator ~7,000 channels



Seeing tty in CMS

Layered structure for particle identification

v Information from all sub
detectors combined to
reconstruct particle
candidates

Good photon resolution essential to

reconstruct tty events

Electrons and neutral hadrons may be
misidentified as photons

Electron

))l]" Muon Charged hadron (e.g. pion)

YL - = = . Neutral hadron (e.g. neutron) --==-Photon

13



= CMS Expenment at the LHC, CERN | @ @ v @@
Seel ng t | Data recorded: 2018-May-03 00:18:37.367872 GMT | v/t@ \ \‘EJ
I Run/Event/LS: 315645 / 56459556 / 52 | » ‘\ |
| Jet 3 2 5
pT = 127 GeV

n=-057
Jet
pT = 211 GeV Jet
1=-0.39 | pT = 123 GeV

v Infor

= -0.68

-
A
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Good photo

reconstruct

Electrons a
misidentifieo

h ™ (e.g. pion)




The new CMS analysis in a nutshell

+ Use data collected in CMS during the full Run 2 (2016-2018), corresponding to 138 flo-1 ArXiv:2511.01995

Submitted to JHEP

- Look at the dilepton decay channel

é )

4 p Differential
Define: R _
- \ g - s tty cross
i — 1 Nonprompt y background | . . U - | sections*
DATA DATA L. signal region | 1 g )
L= estimation — N
(CMS Run 2) f . ) q J 1 |F
selection . L
g Simulation L ! MG control regions D i R -
(MC) . ) 'N Inclusive Differential
- oL / i A c| | tty/tt ratio | ratios
tt region . A p
\ D \—/
_ Y

*and a top quark charge asymmetry study
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https://arxiv.org/abs/2511.01995

Select

ing tty events

0—
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(b,
00000 0
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off Z peak
(for same flavour leptons)

=1 photon
well separated from leptons

M(£2y) off Z peak
(for same flavour leptons)

J

\_

>2 jets, =21 b tag

well separated from photons and leptons
b tagging using deep neural network algorithm

4 )
A Reconstruction of tt
(for top-related variables)
Event must pass kinematic
reconstruction of tt
) - /
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Background estimation

Two main types of background contributions:

Real photon backgrounds

“Fake” photon
e Estimated using MC simulations backgrounds
e Largest source is single top quark in association with a photon - tWy e Real photons from

, nileup or hadron
v Treated with dedicated simulation at NLO - first time! P

decays
example diagram: g ~ 0 e Misreconstructed
| ¢ electrons or jets
V, Vi,
! Y
’ g s v Simulation has large
e |Important background in ee and pu final states - Zy ’ uncertainties
v Handled with control region v Estimated from

data - next slides
v  M(Ly) cut inverted

17



Background estimation

Two main types of background contributions: 1
138 fb" (13 TeV)

e Estimated using MC simulations

=
0 _ /
tty d
Real photon backgrounds o v decay )

— - Nonprompt

(9p)

=

O

>

LL

e [argest source is single top quark in association with a pho

v Treated with dedicated simulation at NLO - first time!

g —— )
example diagram:

Y .
gm»%_Z

e Important background in ee and puu final states - Zy

Data / Pred
o O
111 1\III|IIII
\E
RS
N
N
S -e-
N
N
\u\
\\‘\\:
3
N
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RN
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«

RS
o
~
NN
*
NN
N
NS
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NN
§
N
.
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v Handled with control region

O
o Ol
]

v I\/I(Rﬁy) cut inverted 60 80 100 120 140 160 180 200
m(££y)[GeV]
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Background estimation

Two main types of background contributions:

Real photon backgrounds

“Fake” photon
e Estimated using MC simulations backgrounds
e Largest source is single top quark in association with a photon - tWy e Real photons from

, nileup or hadron
v Treated with dedicated simulation at NLO - first time! P

decays
example diagram: g ~ 0 e Misreconstructed
| ¢ electrons or jets
V, Vi,
! Y
’ g s v Simulation has large
e |Important background in ee and pu final states - Zy ’ uncertainties
v Handled with control region v Estimated from

data - next slides
v  M(Ly) cut inverted
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Nonprompt photon estimation

e How to identify nonprompt/fake photons®?
v Poor isolation from charged particles around Ich almost
. uncorrelated

v Wide electromagnetic showers in ECAL inin

Private work ( CMS Simulation)

< 018 oo Barrel photons A
£ o16f ] o Loy .
NI = : application region : - barrel
0141 : —— measurement region /_\ endcap
0.12 :
0.1 : :
0.08— : C f f D
0.06— i = f :
0.04F5 ' ﬁ 2ljet 1 21 jet MEASUREMENT
- y =41 OR - : OR REGION
M real ' foke ew . i
O_ 'E | | | | | | | El | | | | | | | | | | | | | | | I I' : :
0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
Gin h] (Y) 1.141 ----------------------------------------------------------
e Define A, B, C, D regions .
| 22jet [ >2 jet APPLICATION
e Compute C/D ratio from data = fake rate A >1bjet : B >1b jet REGION
L . . nonprompt in C signal region
nonprompt in signal region = nonprompt in B X — : :
honpromptin 0.01015 0.011 o
0.027 0.029 inin
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Some words about signal modelling...

tty process contains:
- tty production: photons from ISR or off-shell top quarks

_ | x10° CMS 138 b (13 TeV)
- ity decay: photons emitted from decay products 2 F
S 1.4F ¢ Data tty decay - tty prod.
,': i - Nonprompt - tWry - Zvy (FSR)
o 1.2:
~ - Zy (ISR) - Others / /. Postfit unc
2 1
) |
> |
L 0.8 . . .
4 LO In QCD ™ correction factor
0.6
Ay
04__ //‘/'/,////'// ' N\
: Yo, NLO in QCD
02_ //“/' =9
It is Impossible with current generators to simulate the 14
whole process at once at NLO in QCD D 120 ,
E , 81?—/—/#¢Lﬂﬂ7§7mmf_w_f@¢bﬁi&#ﬁﬁf¢/— -/—/-/—%/—/—/—/-H%%LW//L//{
We need to “stitch” two samples: S 0eE  Daa/Prefit = Prefitunc
. N F ¢ Data/ Postfit 2444 Postfit unc.
Production at NLO 04575 3 55 I

Decay at LO, multiplied by a correction factor

Minimum AR(y,{)

21



Comparison data/predictions

x10° CMS 138 fb™' (13 TeV) x10° CMS 138 fb™' (13 TeV) x10° CMS 138 b (13 TeV)
= — = . S i
8 1: + Data tty decay - tty prod. g 3_55 Data tt_y decay - tt_y prod. g 5; + Data tty decay - tty prod.
% - Nonprompt - tWey - Zy (FSR) g 3 - Nonprompt - tWey - Zy (FSR) *GE) - - Nonprompt - tWy - Zy (FSR)
g 0.8+ - Zv (ISR) - Others /. Postfit unc |_|>J E - Zy (ISR) - Others / /. Postfit unc Lﬁ 45 - Zy (ISR) - Others / /, Postfit unc.
o0 2.5/ '
0.6:— 2:_ 3:_
u i /1 = 0/ 7111118711111
— //‘V/ /*/.//+// 1 5__ —
0.4— 1017 E 2—_
: /’// ¢ /yl 1_ ‘ C //////6///////.
0.2— 05
B 125 B 1.2F | B 1.2F /
E VA 7777 774 72 e T s SRR R L S EER ey S 0 T & 1F ool - - =[]~/ =it 4 4 444 4 A A A b bbb & 137?/////// /////////////7////////i////////é%%%
: n - ¢
- ] u : : © -
% 0.8 — Data / Prefit == Prefit unc. + 0.8 — Data/Prefit — Prefit unc. w5 0.8 __ Data/Prefit == Prefit unc.
N 0 C o Data/Postfit %/ Postfitunc. N 0 - —+Data/Postfit 7/, Postfitync. ) 5 ~ ¢ Data/Postfit /4 Postfit unc. | .
'%O 40 60 80 100 120 140 160 180 200 '%O 40 60 80 100 120 140 160 180 20C ' 2 3 \ 4 ) 6
pr(f1)[GeV] pr(Y)[GeV] } Number of jets
U 5 data-driven
e Generally good description for all variables nonpromply

e tty production ~ 40% of signal contribution

22



o) 0

Inclusive cross section measurements of tty

.

138 fb' (13 TeV)

- Measuring fiducial tty cross section (production+decay) and also the <10_CMS

production component separately [ ¢ Daa tiydecay [ tv proc.
E - Nonprompt - tWy - Zy (FSR)

zy 1SR) I Others / £ Postfit unc.

—
~
|

—h

- Fit to min. AR(y, ©) including all systematic uncertainties

Events / 0.17 units
o

O
o

|III|III|I‘$_I|III|II
N

» Powerful variable to separate production and decay

0.6
/’//
0.4 M. |
0.2 =
 Measure o(tty) = 137 = 3 (stat) = 7 (syst) fb (6%)
S 1.4E
In agreement with prediction of 126 + 19 fb (MadGraph5_aMC@NLO) § 121W%M/F 4 v
. . . . . . ] , % 82;: —Data/PrefitI —Prefit_unc.
Limited by systematic uncertainties, mainly normalisation of the nonprompt Q  ,b. ¢ DatalPostlit spPostitunc.

, o , _ , 0.5 1 15 2 25 3 3.5
background, y identification, fraction of the tty decay component, jet and b Minimum AR(y,? )
tagging

Fiducial phase space Photon Leptons
Number ==1 >=2 >=2,>=1Db
pT (GeV) >20 >15 >30
| n | <2.5 <2.5 <2.4
Others Not from hadrons | Not from hadrons, Isolated from photons
iIsolated from photons and leptons
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Differential cross section measurements of tty

- Choose observables to measure:

. py of top quark; AR(y, tt), min. AR(y, t), m(tt) - new, sensitive to photon origin and new physics

- pr of leading lepton and photon, A¢(Z, £”) - cross-check with previous CMS analyses

+ Objects defined at
-+ Parton level (intermediate particles before showering and hadronization, broad phase space)

- Particle level (final state objects, phase space mimics detector acceptance)

- Top/tt variables are being measured for the first time in this process

- Normalised and albsolute cross sections measured for production+decay
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Differential cross section measurements of tty

. . example:
How do we make differential measurements®? . Prvat work (CMS Simuaion 071"
. . . o Iil E 3.9 20.33 57.59 69.57 E;
Build response matrices with reconstructed vs. generated quantities < B o &
8 : 11.47 89.24 169.43 39.43 :é
Decide on binning lbased on purity and stability (how diagonal is the = Lo S
matHX?) C 31.3 243.54 119.9 24.89
2 —{40
Build signal templates for each bin at generator-level
1 99.91 36.1 10.21 —20
Perform maximum likelihood fit to distributions in the signal region truet
. . spectrum | | |
and control region simultaneously ! > :
S 08F
&» 065 _
- All systematic uncertainties and respective correlations handled £ 02k ooty

o
o

05 1 15 2 25 13 35 4 45 5
Reco. A R (ity)

directly in the fit

O;

Extract signal strength modifiers for each gen.-level bin 4 = exp

l

reconstructed
spectrum
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Differential cross section measurements of tty

- Compare to: NLO ttyrrod + LO ME ttydecay Fixed-order prediction

. CMS. I |1|3|8pr'|1 (13TeV) _ .,CMS . 138 fo” (13 TeV) x10° cms 138 fb'|1 (13 TeV)
B , = B 1 o L L L L ~

% - ¢ Data with total unc. . %J Y Data with total unc. 1 = 14 ¢ Data with total unc. —
(2 - ] Stat. unc. = (\D u 4 = B -
S oL ~— MG5 NLO prod. + | o 10— 1 Stat. unc. IR O 1 Stat. unc. E
;_ = MGS5 LO tty dec., onf -6/5 4 — _ MGS5 NLO prod. + MG5 LO tty dec., onf =44 4 F ¢ MGS5 NLO prod. + MG5 LO tty dec., onf =12/3 -
e == ~ MGSNLO prod. + 1 = gk MGS5 NLO prod. + PH+Py8 fidec., y2 =37/4 —| < 1 MG5 NLO prod. + PH+Py8 tf dec., x> =51/3 _]
% B o PH+Py8 tt dec., xgof =31/5 B 5 — dof — - - dof N
=.. 2272 NLO QCD fixed order pred., — i 1 e C -
S = ZZ 2 =15/5 = = 6 4 5 9% -
© = X o = g 1 B - .
© B 7 @) u % _ k= | _
= 4 O n _ b 0.6_— { ]

- ! - 4= % - ° E .

107" " = - - 04 -

- - T : - 0.2 —

_| L1 ] L1 ] O_ 11 | ST O T 11T T 1 T O: |||||||||||||||||||||||| Lo bv v v v v vy :

s © T 7 ® 25 T T =
CDU 1.5 % B 8 1.5_— | - CQU 2: _:
; |22 7 kT [ Y ; - == --- i e — ; 1 5—_ R e E

s | - 1 @ It :

o T n 05— . @ @ = B s T O < |
20 40 60 80 100 120 140 160 180 0 100 200 300 400 500 600 O 05 1 15 2 25 3 35 4 45 5
Particle level pt(y) [GeV] Partonlevel p;(ty) [GeV] Partonlevel min. AR(y, )

Momenta well described by simulation, angular variables show some trends.
Very precise results, down to 4% unc. in some bins
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Differential cross section measurements of tty - normalized -
ﬁ‘ Q

+ Compare to:  NLO ttyerod 4+ LO ME ttydecay  NLO ttyerod + NLO tt PS decay  Fixed-order prediction

— CMS __ 138fb'(13Tev) _ «fo°CMs ___ 138fb'(18Tev) _ CMS __  138fb (13 TeV)
% - ¢ Data with total unc. 7 % 8:_ k) Data with total unc. = :: 1__ I3 Data with total unc. B
O 1l [ Stat. unc. B, - m [ i }
= 10k ~ MG5 NLO prod. + = JE [ Stat. unc. E D<]: - | Stat.unc. 2
= - MG5 LO tty dec., x__ = 6/4 1 = - MG5 NLO prod. + MG5 LO iy dec., x; = 3/3 - c 08— MG5 NLO prod. + MG5 LO fiy dec., x, = 8/2 -
- -~ MGSNLO prod. + 1 5 6 MG5 NLO prod. + PH+Py8 tidec., 2 =3/3 =  E - MGS NLO prod. + PH+Py8 ff dec., 2 = 11/2 -
Q . PH+Py8 tt dec., xiof =10/4 Q. = dof ] =1 u |
T 107 722 NLO QCD fixed order pred., — 5 o = e 0.6_— —
g . X2 =9/4 - & S, . o { -
@) B dof ] b 4_ — O = ]
° i 17 9 = * 1 TEF o4k _
I ‘ 1T T& 8b -+ o Tt -
g 1072 . = 2 - 1 =T i + :
- 1= E - 0.2~ —
i i 1 : — i . _
O: |||||||| o N Y Y N N % O_ | | i
S A5 T T T 3 8 A5 T T T T 58 IR A 7
S I 7 . a i o 1.5F —~
~ 1| G T T e e B i T T T T TR — ~ & | ___d____|___ ) R S — —~ B 7]
5 0 S f S T -
O O - O
;s 05— 1 & QB _ o 000 -
20 40 60 80 100 120 140 160 180 0 100 200 300 400 500 600 0 05 1 15 2 25 3 3.5 _4 4.5
Particle level p;(y) [GeV] Parton level p{(t) [GeV] Partonlevel min. AR(y, 1)

: . : Most likely reflects difficulties in modelling, a
Normalized distributions show very good agreement complete NLO model would allow for more

for both predictions, except for angular variables\/ consistent interpretation
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Top quark charge asymmetry using tty events

e Top quark charge asymmetry (Ao) in tt production: anisotropy in the
angular distributions of the final-state top quark and antiquark

o Top quark preferentially produced in the direction of incoming
quark

o Anti-top quarks scatter more centrally (lower rapidity) than top

quarks
|
. . A o
SM prediction at NLO in QCD for tt: 0.6% Aly| = ly,| = |y

o Effect in tty is enhanced

o (g production mode is a larger fraction

o Asymmetry already at LO in tty, as opposed to NLO in tt

(Al
AC =
Total asymmetry for tty: [-0.5%,-2%] depending on kinematics o(Aly] > 0) +o(Aly] <0)
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Top quark charge asymmetry using tty events

e Top quark charge asymmetry (Ao) in tt production:.anisotronyin the 1/ 7\t
angular distributions of the final-state top quark

o Top quark preferentially produced in the direct Caused by the

quark iNnterference of
o Anti-top quarks scatter more centrally (lower rz dlag rams like:
guarks \

q t
| SM prediction at NLO in QCD fc \\ o

o Effect in tty is enhanced

R

|

o (g production mode is a larger fraction

R

o Asymmetry already at LO in tty, as oppos

Total asymmetry for tty: [-0.5%,-2%] depending on kinematics
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Top quark charge asymmetry using tty events

£
5
7
Fit to A |y | between top quarks
Extract charge asymmetry directly
Heavily limited by statistical |
O
uncertainty (we are trying to £
measure a very small effect) ©
]
A

(0 (¢

t

)

5 N0
@ '—t

.

p) Phys. Lett. B 843

3 -1
x10° CMS 138 fb™ (13 TeV) I v ATLAS _ (2023) 137848
r "q&; 12000_ATLAS EXPERIMENT _
- n - (D [ Vs=13TeV, 139 fb" ]
aF ¢ Data tty decay - tty prod " Dt it production
_ — O, = 0.6 [Jtty decay [ Prompt a
- [ Nonprompt [ twy B 2 FsR) P — el s
o [JFake lepton 7~ Uncertainty -
2.5 - Zy (ISR) - Others /. Postfit unc 8000|— —
B 6000
21— Result: Result:
’ 5:_ bttt ettt bttt ettt AC:_O'O1 2+0.042 4000 AC:_OOOSiOO29
E 2000
1=
B gl 0: ]
0.5 s "
——T——, 8 1: ———— —
0.9F =
R 1 > 3 4

| o IytI-Iy{I
1.1
1 ?—L—Zﬁﬁﬁ*ﬁiﬁiﬂ#ﬁ#ﬁ#&#ﬁ#ﬁ#////////##/—/—/-/-/-/4/;/:/;/7///%/#####
0.9 §_ —— Data / Prefit Prefit unc.
0-85_ ¢ Data / Postfit 2444 Postfit unc.
-5~ H35 1 05 0 05 1 15 2
Alyl(t,})

Compatible with the SM and
with no-asymmetry scenarios
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First ever measurement of the tty/tt ratio at the LHC - -
-,

arxiv:1603.08911v2

* Measuring ratios between cross sections allows achieving higher precision

o ttand tf;/ are both QCD production - many systematics cancel out

o (Gan be used to set limits on Effective Field Theory operators

R = W
Ott
« Correlations between tt and tty depend on the phase space SO LHC . thy. CT14 EZZpg = my )2
’f Pr.y = 25 S8y = Hp /4
. . . . . Qe . c oaf - -
o Differential ratio measurements give additional sensitivity to potential = m B | _
o ~ uéL‘ arxiv:1809.08962
deviations from SM Sonsf L ]
o Theory papers suggest variables with larger variation of the ratio S By
0 | 1 I B
o Sensitive to modelling aspects ~ OO T o (g = me/2) (o = e/
R — dO'tffy dUtE : 0.01 | SS8 (o = Hr/4)/(po = Hr [4) -
X dX dX h 0.005 | —_ l__-—#—aﬂfﬁrzzz

() Hl) 100 150 200
pra, [GeV] 31


https://arxiv.org/abs/1809.08562
https://arxiv.org/pdf/1603.08911v2.pdf

First ever measurement of the tty/tt ratio at the LHC

e A tt (O-photon) region is built, in addition to the SR, by inverting cut on =1 reconstructed photon

+ Events

=1y
1geny * [he ratio is computed as: R}, - -

0geny * O-photon region has many events - allows for measuring tt precisely
gen

1gen _ _
! e |t Is possible to write the tt and tty signal strengths as a function of R

Ogeny

e Extract R directly from the fit - direct handling of all correlations

o region R petween systematic uncertainties
(=0 reco y) (21 reco v)
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First ever measurement of the tty/tt ratio at the LHC

- Result:
O photon region 1 photon region
| i0 = + 0
_ 19 cms 198167 (18TeV) g0 e 138 1o (13 TeV) Ratio = (1.33 £ 0.05) %
T E = =

8 0.22F ¢t Data B i total tt 8 09E ¢ Data B iy total ff
% 0.2F DY Y wy) B Z FsR) o O.8§— DY B Nonprompt [ tW(y) o |
g 0'18;_ Zy (ISR) - Others % Postfit unc.| -2 0 75_ - Y (F_SR) Zv(ISR) S Others ) — mlted Oy SyStematIC
S 0.16F CIC) = %% Postfit unc. \ \ \
Ehy3 T o0sC uncertainties, mainly photon

012 LT . 0y region 0.50- e dentification, nonprompt

0.1E . = , 1y region

0.08F o . 0.4 photon, DY and Z+y

0.06 . 22_ backgrounds, and modelling

0.04F L ol l=

0.025. Cte L 0.1

I T (S R R — I R M T | J['Oﬂ measured tO
-8 1.2~ TBg%gfggesfti%it ;Egesfti]:[itugr?é. O - — Data / Prefit == Prefit unc. t normd Iza '
s T | © 125 o Data/ Postit . Postitunc oe compatible with NNLO QCD
— 1 S ST T SR R e L AR ' . ' '
g > orediction with 2% uncertainty
A 0.8 ©
................................... N O”
2040 6080 100 120 140 ;6?[ ;[BGOGG.OC 20 40 60 80 100 120 140 160 180 200
T\t 1 .

pr(f1)[GeV]
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The tty/tt ratio - also differentiall

x10°°_ CMS 138 fb' (13 TeV) x10° CMS 138 fb '(13 TeV)
;l O 7r|— | I | [ L | [ L | I. | I | [ L | | I | I | | I | | I | | I -It ;I - | | | | | | | | | | | | | | | | | | | | | | | | | £
O -+ Datawith total unc. - © 04— ¢  Datawith total unc. =
Q\D 06— 1 Stat. unc. ] @) - — a
— O 3 5 ] < N 1 Stat. unc. -
— - MG5 NLO prod. + MG5 LO tty dec., X, =86 = — 0.35 MGE NLO brod. + MG5 LO fiv d 2 _ 44 -
= o050 MGS5 NLO prod. PH+Py8 i dec., 2 =52/6 = 35_ prod. + ) Ty 4eC., Xy = E
E - 7///%% NLO QCD fixed order pred., x? = 26/6 - = MGS5 NLO prod. PH+Py8 tt dec., x, = 126/4 -
T 0.4F = = 0.25 -
>~ B ] ] ~— - —
C - i _ > - =
O 0.3 I ’ ' ; -~ % 0.2:— { —
E * ////////,%’//////// E O .1 5 :_ | _:
O .2 S 4kacaecaeeeca ey — E I } :
— ¢ B 01_ I { —
- 3 - -
0.1 - 0.05 =
O_I || 1 1 1 1 1 1 | I | 1 1 1 | I | 11 1 | I 11 1 1 1 1 ] O: ;
I e - < — -
CDU 1.91 sttt N CDU 191 | -
— o tessssisziss i — i | |
e, =% SEEEEE R REEE EX ittt ¢ - ----- O == % ------- - --- SRR % -------- —
o L : o | -
085256080 00 50 40 60 T80 500 0106300 300 400 500
0 40 60 80 100 120 140 160 180 200 220 100 200 300 400 500 600
Particle level pt({;) [GeV] Parton level p;(t1) [GeV]

Compatible with SM predictions!
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What have we learned?? ~ W, -
# v,

* Precision in inclusive and different cross sections between 4-10% depending on exact phase space - very
precise measurements, all in good agreement with the SM

* New modelling strategy improves agreement with respect to previous measurements that relied on
LO simulations

-1
CMS 138fb_1(13TeV o _]IIIIIIIITI]IIIIIIIII IIII[ITIIIIIIIIIIII_ IN—'LDPIMSl|||138fb|(13T,eVZ 20I
= :I LI L B B T T 1 T T T ] T T T T 1 r T 1 |: | B ° o « L . . . . — N
% - i Observed . % ATLAS p 68% CI (obs.) N S o[ Dilepton & £+jets combination A
©) 7__ —— MG5+PYTHIAS —] I: 6 \/E = 13TeV, 140fb s 95% Cl (obs.) ()] T E
é i [ ] Theory unc. . L ] SMEFT A=1TeV ¢ Global mode i E g'_ 1 16 >
= 6= y2/dof=7.3/6 — = | — 68%Cl(exp.) S * B
- T _ = --=- 95% Cl (exp.) = 1
& 5:\_\ = = | +  Standard Model S St -
© N . - - L 112
=~ B ] - - b -
b 41— — ol 4
© - ] 21— — _ 1H10
3F = i | -
- - - - Nf 1H8
- e - — — il y
2:_ \ —: 0— ] 9 o 6
— _ 5 7 ST ]
1 L E - - 7 1M 4
8 151"!""?"'-—I'==‘=='=‘""*"'3 ~2— - ©F @ SM - -68%CL °
@) = - . - o : S E
~ Li.-:_O_Q —@——— @ T S — 111111111(1)111(%5%11101011110151111110111 111511112101111 l ?BeStfllt : , : —1950/0CIL
-8' 05 | . | | 3 phi e ' ‘ ' ' ' -0.6 -04 -0.2 0 02 04 06 0
= 50 100 150 200 250 300 R[C:s)/\? [TeV2] C, [(NTeV)?
pr(Y) [GeV] '

 ALTAS and CMS have performed Effective Field Theory interpretations which allow to constrain new
physics scenarios modifying the tty coupling
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Summary

Presented the recent CMS results on tty production using Run 2 data

Inclusive and differential cross sections

Top quark charge asymmetry
Inclusive and differential ratio to tt cross sections

Very precise measurements, in good agreement with the SM predictions

Outlook:

Useful for EFT interpretations (some already exist, more can be done in the future, especially combining
several processes)

Differential measurements (of cross sections and ratios) still mostly limited by statistical uncertainties.
— Very large dataset of Run 3 can bring improved precision!

Improvements in the modelling, in particular full NLO samples, would allow for much clearer interpretation

lhank W'/ )
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Summary -

Gy, = 0.75 % 0.05(scale) + 0.01(PDF) pb ~ 0.98 +0.10(tot.) pb

PRL 131 (2023) 231901

oy, =0.86"ggq(scale) + 0.02(PDF) pb
EPJC 80 (2020) 428

Otz.wz
MadGraph5 aMC@NLO

ATLAS+CMS Preliminary
LHC topWG

:  NNLO(QCD)+NLO(EW) :  NLO(QCD+EW)+NNLL : NLOQCD
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Summary

ATLAS+CMS Preliminary
LHCtopWG

Ozq % 5= 1027 J(tot.) fo x 5
MadGraph5_aMC@NLO
NLO QCD

Omeas. = (Stat.) = (syst.)

97 +13 £ 7fb x5

tZqg

88 'S *lfb x5

688 = 23 " fb
(o}

115+17 +30fb x5
tWZ 354 + 54 + 95 b x 2

Oigq X 5 =94 5(tot.) fo x 5
MadGraph5_aMC@NLO
NLO QCD

O, =5157,(tot.) fb
MadGraph5_aMC@NLO

NLO QCD

o, x5=81+4(tot.)fb x5

tay
MadGraph5_aMC@NLO

NLO QCD
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Oy X 2 =136 T 5(tot.) fb x 2
MadGraph5_aMC@NLO
NLO QCD

stat.

—t—

ATLAS, L_=139 fo
JHEP 07 (2020) 124

CMS, L =138 fb™
JHEP 02 (2022) 107

ATLAS, L_=139 fo! Vis 1
PRL 131 (2023) 181901

CMS, L =36 fb! Vis 2
PRL 121 (2018) 221801

CMS, L =138 b
arXiv:2312.11668

1000 1200
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Previous tty measurements

e Already measured by CMS and ATLAS

e Inclusive and ditferential measurements as a function of lepton and photon kinematic observables exist

exam,b/e from [1 [
MNote:

CMS 138 fb ' (13 TeV CMS 138 fb ' (13 TeV 138 fb (13 TeV :
U - ! Observed . 2= 200 ! Observed 4 2 - I Observed s . . .
GRS —MG5+PYTHIAS 5 = - © —MG5:PYTHIAE | o M40, — MG5+PYTHIAS section slightly higher
é i ] Theory unc. 1 = 180 [~ Theory unc. ERS ;\i\\ [ Theory unc. ] Ll
= ef- w2ldof=7316 -| = 1600 x2/dof=57/7 4 £ 120p= x2/dof=10.4/7 ] than pred|ct|on
> =l e MG5+HERWIG7 1 2 R N S MGS+HERWIG7 5 < ;ss ------ MG5+HERWIG7 1
g F 1 © 18 ¢ RN - Imperfect descrlptlon
Py 4 _ ] 80— ) — -
g 4 P L | | of photon origin

3 = NS 60} B =

N : NANE : S :

o - E 40 DN N =

- ] = - S = ’

1 = E 20— >€é=| —
wn E , E A _ ¥ - - o -
o L L. | - J 4 1 I S R ST A
o) 1'55 SIS § 8 1.5F _
~ 10— ———0——— ® ; ;3 ~ I S —= .\\Q e A —~ l—e . o S W he A \\+\\§
T 058 . . . . 4 O o05C . . 4 T o05E. . AR il e =
o 50 100 150 200 250 300 Y 0 02 04 06 08 1 12 14 @ 05 1 15 2 25 3
o pr(Y) [GeV] = Inlty) & minAR(Y,2)

e Not measured before at the LHC: cross section vs. top quark and « variables, ratio between  and «

- focus of thic paper (+ improved modelling strateqy)


https://www.google.com/url?q=https://arxiv.org/abs/2201.07301&sa=D&source=editors&ust=1695825023291872&usg=AOvVaw1eTzEDCczhILoUusNSx4yU

tt and tty cross section calculations

e (t cross section computed using the TOP++ framework by Czakon, Mitov et al.
e Computed at NLO in QCD with NLL resummation

e (tytotal cross section computed using Madgraph aMC@NLO to simulate two samples:
. 2->3 pp — tty, removing hard isolated photons from FSR. Remain photons from ISR, off-shell tops
. 2->2 pp — tt, removing hard isolated photons from ISR. Remain photons from FSR, on-shell tops

- Distribution of photon pT compared to LO sample, and since it was compatible, k-factor derived

How about non-resonant tops?

only this is simulated: this is tWgamma: this is not simulated, but

; supposed to be <0.5%1:
e TETETTY—e— D "
. : . . . V), v,
min. pr (y) [GeV] | max. |n(y)| | max. |p(£)| | min. AR(7,7) | min. AR(~y,?) : - Y Ve qrr =
€ 7 “
10 5 5 0.1 0.1 ' 1,
€ C+ Ci+ '
Table 3.1: Fiducial phase space where the tty cross section is measured, based on the v b

sample production requirements in MADGRAPH. Figure 1. Representative Feynman diagrams, involving two (first diagram), one (second diagram)

and no top quark resonances (third diagram), contributing to pp — e+u€y,_17pbl_)ﬂ,' production at
leading order.

41
1. computed in arXiv 1912.09999v2



Simulating tWy at LO

Private work (CMS Simulation)

= e Small sample simulated at NLO with aMC@NLO containing
= I photons from production, but not from top decay

210°E; ] ---- tWy NLO .

S Fi,l o W NLO e Photons from decay present in tW NLO sample

> [ g el

o[ —— tWy + tW NLO

e Sum between two NLO samples compared with LO sample
which contains all photon origins

e Distributions match

e Inclusive k-factor is derived

10

A
|||I|

Figure 3.5: Comparison of the pp (y) distribution of the tWy NLO sample (blue) with

O e N s T e e e i e L s i the tWY LO SaHlple used in the analysis (green). Photons from top and W decays are not
040 60 80 100 120 140 160 180 200 present in the NLO sample and are added from the tW sample (dark blue dashed line).
p_(v) [GeV]

Ratio NLO / LO
=
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Simulating tWy at NLO

e Small tWy sample simulated at next-to-leading order (NLO) with aMC@NLO
e Final state with tWby appears at NLO

e The same final state can be the result of a resonant production
g b
00000000" <
Y W
b ~ 7
W C
® g
NVVVVVVVVVV ® t
C
® g
O
="00000000C t y
Y ..
t % g N
O t
as
9 t t (N
> >

e The latter do not belong to tWy production but to tty and thus need to be removed
e Diagram removal is implemented using the DR2 scheme (same as in tWZ evidence paper from our

group) 43



Simulating tWy at NLO

e NLO with real emission:p+p > t+ W™ + b + y

can be resonantr

th[non —resonant Q[resonant

e Matrix element:

‘ ‘Q{pp—ﬁW— ‘ — ‘ gf on— —resonant _|_ ‘ ﬂ;%t ‘ + 2R ( gfnon— —resonant ﬂresonant T) w

pp—=tW=y pp—tW=y pp—tW—y

DR2 interference terms are kept



Photon origins in tty
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Nonprompt photon contribution

Photon from hadron decay: the reconstructed photon is matched to a generator-
level photon originating from a hadron decay (most commonly a w° meson). This
type of photons are often called fragmentation or hadronic photons.

Misidentified (”fake” ) electron: the reconstructed photon is matched to a generator-
level electron. The contribution of this category to nonprompt photons is very small,
especially after applying the pixel seed veto, described in section 3.3.1.

Misidentified (”fake”) jet: the matching procedure fails as there is no generated
particle close to the reconstructed photon to carry at least 50% of its pp. There are
however multiple generated particles inside the AR cone around the reconstructed
photon. These objects are not real photons, rather they correspond to hadronic
jets.

Photon from pileup: the matching procedure fails, as no particle is found within the
AR cone. These photons are often attributed to pileup and represent a relatively
large contribution to the nonprompt category. This is because photons are not
reconstructed from tracks, and therefore it is not trivial to match them to the PV.
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Nonprompt photon estimation (1)
94%
of Energ
e Width of the EM shower (0y,;,): The oy, 1s defined as the second moment of the
log-weighted distribution of crystal energies in 7, calculated in the 5 X 5 matrix
around the most energetic crystal in the SC and re-scaled to units of crystal size. (I)
This distribution is expected to be narrow for electrons and single photons, and

: : iy : 0
wider for double-photon signals originating from the decays of 7~ mesons.
o7% 1 T

e Charged and neutral hadron and photon isolation: The isolation variables are of Energy
obtained by summing the transverse momenta of charged hadrons (/.), neutral Cluster shapes

hadrons (I,) or photons (/,) inside an isolation cone of AR = 0.3 with respect to j ﬂ
for ABCD method, must be mostly uncorrelated ely like

Y
- they are, but residual correlations exist, especially in endcap [ ] l | I ‘

the photon direction. The neutral hadron and photon isolation are computed as a jet like
function of the photon pr.
Private work ( CMS Simulation) Private work ( CMS Simulation)

5 0.18F- N Barrel photons 5 : =

Endcap photons
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Algorithm for tt reconstruction

Algebraic method is used: six kinematics constraints applied to determine the 4-momentum of the 2 neutrinos

Equations solved analytically with a maximum of 4 solutions

To improve reconstruction efficiency, energies and directions of jets and leptons are smeared according to detector resolution

Ex = Px,v T Px,v
Ey — py,v + py,f/

2
My«

2
M-

(E£+ + Ev)2 — (px,£+ + px.v)z

(Py,€+ + Py,v)2 — (PZ,€+ + PZ,V)Z

(E¢- + Eo)* — (pxs- + Pxp)’

(Py,E- T Py,ﬁ)z — (PZ,E— + Pz,ﬁ)z

Based on method by Sonnenschein

[Phys.Rev.D73:054015,2006]
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Unfolding

detector effects

true spectrum acceptance
efficiency

reconstructed
spectrum

—

X X
- Need to recover true spectrum ( )
. Corresponds to inverting the response matrix (entries are reco. vs gen. quantities in bins 1,...,i,...N)

. Can be done by subtracting the backgrounds and inverting the matrix - classical method, usually
implemented in TUnfold larxiv:1205.6201]

. Can also be done by doing a simultaneous maximum-likelihood fit to N signal templates, each defined by
requiring that the event is in the ith generator-level bin.

v Background template normalisations are included as nuisance parameters, as well as all relevant sources of
experimental and systematic uncertainties
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Maximum likelihood fit

N bkg

Oy . ,
We expect  A(u) = u-s; + Z bz’j events in bin i, where H# = M is the parameter of interest (POI).
- tty
J
1 . , A(u)e i
Probability of observing », events when ;) are expected is P(n.|p) = — without systematic uncs.
ni!

Likelihood (probability of seeing the observed data for a given ,): P ) = H z

i=1 / typically Gaussian
—/l(ﬂ 0) M

N
/1( ’
With M systematic uncertainties included as nuisance parameterse: (M |p) = H . O Hf(@ )

Profiled likelihood ratio:

i=1

maximised, by minimising -2 log(z)

maximum for each .

Zm|p. é),)/
q, = —
Z(n|j,0)

W

global maximum

used to quantify how compatible the observed data is with a given hypothesis

n;! p.d.f. constraining each NP,
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Charge asymmetry

e Intt: caused by interference between NLO qg diagrams

Why measure it in tty?

gg fusion diagrams represent 79% (88%) of tty (tt)

Interference with photon diagrams bring additional
(negative) contribution

e Intty: caused by interference between NLO in QCD qq diagrams anc
additionally LO diagrams with photons from initial state quarks or tops
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tty limits on EFT by CMS

CMS 137 b (13 TeV) CMS 138 fb™1 (13 TeV) CMS 138 fb~1 (13 TeV)
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Figure 3.1: Result from the two-dimensional scan of the Wilson coefficients ¢, and c{z
using the photon pr distribution from the lepton-+jets analysis (left), the dilepton (centre)
or the combination of the two (right). The shading quantified by the colour scale on the
right reflects the negative log-likelihood difference with respect to the best fit value that is
indicated by the red diamond. The 68% (dashed curve) and 95% (solid curve) CL contours
are shown for the observed result. The orange circle indicates the SM prediction. Images
adapted from Refs. [138,139].
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SMEFT with tty /tt

C33 (NITev)? C33 (NTevy:

Figure 1.15: Cross section ratios R, (left) and Ry (middle) normalized to their SM values
(Rgys) as a function of the y/Z anomalous dipole operator couplings. The contours show
the deviation from the SM value in steps of 3, 6, and 9 per cent. On the right, we show
the 1, 2, 30 contours from combining R, and R; with an assumed uncertainty of 3%.
From Ref. [79]. 53



SMEFT with tty and ttZ

I l 1 1 I I I 1 ) I I 1 1 I I I I I 1 I ) I 1 I 1 I I
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SMEFT with top quarks

ATLAS+CMS Preliminary

November 2022

LHCtopWG
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