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The accelerator




Fermilab and accelerators

» National Accelerator Laboratory founded 1967

- Named after Enrico Fermi and dedicated (“Fermilab”) in 1974
 Central facility: proton synchrotron “Main Ring”

- 2 km circumference and initial energy of 200 GeV (1972)

- Used for fixed target experiments
 Higher energy with superconducting magnets

- First superconducting synchrotron

- Initial name “Energy Doubler” or “Energy Saver”. 512 GeV
(1983) ; then 800 GeV (1984) and 900 GeV (1986)

» Antiproton source added in 1985
- Stochastic cooling built on success of SppS at CERN
- First collisions at 1.6 TeV in 1985, 1.8 TeV in 1986: TeVatron

* Runll (2001 - 2011)
- beam energy: 980 GeV
- main ring in another tunnel
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FERMILAB'S ACCELERATOR CHAIN
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Fermilab is placed in natural areas, which are designated as a
National Environmental Research Park. It is a federal area.
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Fermilab's first director brought bison to the lab in 1969 as a symbol of the history of the Midwestern prairie and the laboratory’s
research at the frontiers of particle physics.




How to get to Fermilab !

Directions to Fermilab

Fermilab's main entrance is located at the intersection of Kirk Road and Pine Street in Batavia, lllinois, about 45 miles west of Chicago.

From Chicago

From Chicago, travel west on the Eisenhower (I-290) to 1-88 (80 cents). Exit 1-88 at the Farnsworth exit, north or right (60 cents).
Farnsworth becomes Kirk Road. Follow Kirk Road to Pine Street. Turn right at Pine Street, Fermilab's main entrance.
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Early Tevatron results

New York Times 19-Jul-1988
« Tevatron first run 1988-1989 Search Quickens for Ultimate Particles

Retroactively named “Run 0” collderseartup,

with a European one

- 4 pb-1 lumi delivered to CDF soontofellow.

By MALCOLM W. BROWNE
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Tevatron Run | (1992-1996

* 140 pb-' of 1.8 TeV collisions delivered to both experiments

D@ fully online in 1992

* The top quark
Evidence in 1994
Discovery by both experiments in 1995

Claudio Luci

Eluswe Atomlc Particle Found by Physicists

By MALCOLM W. BROWNE
Spocinl 10 The New York Times

BATAVIA, Ill, March 2 — Culmi-
nating nearly a decade of intense
effort, two rival groups of physicists
announced today that they had found
the elusive top quark — an ephemer-
al building block of matter that prob-
ably holds clues to some of the ulti-
mate riddles of existence.

The announcements brought sus-
tained applause and a barrage of
questions from an overflow audience
of physicists at the Fermi National
Accelerator Laboratory, where the
work was done Fermllnh hns the

One of the teams, the CDF Col-
laboration (standing for Collider De-
tector at Fermilab) reported last
April that it had found evidence of
the quark's existence. But at the
time, the group lacked enough statis-

in science. Hazel O'Leary, who as
Secretary of Energy heads the Fed-
eral agency providing most of the
money for research at Fermilab,
called the discovery a “major con-
lrlbuuon to human understanding of
Is of the universe.”

tical evidence to claim Y.
and the competing group, the DO (for
D-Zero) Collaboration, which had
even less evidence of its own, brand-
ed the CDF announcement as pre-
mature.

The achievement claimed today
by both teams leaves virtually no
room for doubt, however, and the
discovery was hailed as a landmark

the

The finding confirms a prediction
based on a theory known as the
Standard Model that nature has pro-
vided the universe with six types of
quarks; the other five, the up, down,
strange, charm and bottom quarks
had all been known or discovered by

Continued on Page B7, Column |
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e February 24th, 1995: Simultaneous submission of

“top-quark discovery” papers by CDF and DO @
Tevavtron, Fermilab

Luminosity collected at D0 50 pb— 1
mip = 199 £ 30 GeV
o;=6.4+22pb
Background-only hypothesis rejected at 4.6 o
Luminosity collected at CDF 67 pb— 1
3.6
of = 6.8:'_2.4 pb
Background-only hypothesis rejected at 4.8 o

CDF: the big cone is an electron from

a W decay.
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DO: two muons (in blue, one inside
a jet), 4 jets and the neutrino (pink)
identified as missing pr

24th 1995

Bvents/20 GeVic?)

Events/ 10 GeV/e?)

‘i 7 events DS

Fittesd Muss  (CGeVZa?)

..

T T

19 events

o 1 s EETTy

50 120

Rec d N

(CGeV/ced)

1995, CDF and DO
experiments, Fermilab

160 200 240 280

Top reconstructed mass
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* Major upgrade after Run | ended (1996) malliesion
4x1032cm-2s-1
- Increase of beam energy from 900 GeV to 980 GeV
* Construction of Main Injector
- New 150 GeV accelerator stage
- Essential in increase in luminosity D Centrg Outer Tracker f

| installation!] sm— o,

- Still used at Fermilab for neutrino experiments &

» Significant upgrades to both CDF and DO
- e.g. upgraded trackers and triggers
- Solenoid magnet in DO

* Run Il delivered data from 2001-2011
- 12 fb-1 to each experiment

s




M,, at CDF

(chapter 1, second part in LHC slides)




‘y bllndmg first Run II mass measurement at CDF

* LEP set the standard by 2004 e ey

- Uncertainty: 33 MeV combined (51 MeV single best)
» CDF/D@ goals

- Exceed single best LEP measurement
* ~0.2 fb-1 CDF, ~1 fb-1 DO
- Exceed world average with single measurement

. 1 o -1 PRL 103 141801 (2009) I ¥ -
2 fb-1 CDF, ~5 fb-1 DG 210000 o e PRL 99 151801 (2007)
0] r ’ —EAST MC
o 75001 :5:;? 22,‘:2" CDF200 pb-t
: 2 i
First Run Il measurements g — i

80413 + 48 MeV (CDF, 2006)
80401 = 43 MeV (D@, 2009)

500 —

N
a
(=]
S

Events / (0.5 GeV)

my, = (80349 + 54) MeV

2eid Y (R %/dof = 59 / 48
.‘z’EXW TR W# % wido
nb. CDF e+u, DD e only 50 60 70 80 r?,g (Ge.\|I())o o60 70 80 90 100

2= Fermilab



Events /2.5 MeV
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1800§ (a) Do, 431" AT
g 15005— 7% y?/dof = 153.3/160
S 1200}
g 900§
s 600:
“ 300}
2
i
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Calibrating with well-know
resonances: J/W, Y, Z at CDF; Z at DO

Calibrating hadronic recoil with Z
(no neutrino)

10¢
[ 2 gf D0,43fb ¥ (a)
\\‘ . & 85_ “ Data 2
S 3 < Fast MC
| . \ 8 75
\ N -~ 6F
\ i £ F 8
o °F
E.n 4t o
E 3F
—3 3 o
2F a
o Q
1 go°
O'Q...l....l....l...1l....
0 5 10 15 20 25
pe* (GeV)
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unprecedented precision

3 CDF 2.2 fb-
8 | W
o
§1oooo B x¥dof = 54/ 62
= L

5000 - l l

oﬁ'

Lepton transverse
momentum

0 40 50
P, (GeV)
40000 -
% (a) DO, 4.3 fb” Data
[0 EA ST MC
0 ackground
% 530000 x¥/dof = 37.4/49
£ 5 .
320000“ Invariant transverse
C mass
10000
x }
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Mass of the W Boson
M,, [MeV]

Measurement

CDF 1988-1995 (107 pb™) —
DO 1992-1995 (95 pb™)
CDF 2002-2007 (2.2 fb™)
DO 2002-2009 (5.3 fb™)
Tevatron 2012

LEP

World average

q.+,,+4,+ —

80432 = 79

80478 = 83

80387 = 19

80376 + 23

80387 = 16

80376 = 33

80385 = 15

Tevatron better than LEP

80200 80400 80600

M,, [MeV]

CDF: PRD 89, 072003 (2014)
D@: PRD 89, 012005 (2014)
CDF+D@: PRD 88, 052018 (2013)
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rise?

W boson mass: one final sur
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HEAVYWEIGHT

= ) Science 376, 170 (2022)
 CDF goal with the full Tevatron dataset " zow . 2| Jwow 7 e
- Once again exceed world average precision & L 7 | M
- <10 MeV total uncertainty : | ‘f L /1 1
* Nearly every systematic uncertainty constrained by e N - .
d ata 0 80 mio(GeV) 100 110 0 70 mT?geV) 80 10
SM
. . . DO 80478 + 83 —_—
* Powerful validation: independent Z mass Gorl moaszims .
- Mz = 91192.0+7.5 MeV (muons) DELPHI 80335 2 67 ——e——
« Single most precise hadron collider measurement! - MRS S =
OPAL 80415 + 52 —_—
) S nce ALEPH 80440 + 51 =y
Wait for the LHC lectures % DONl 80376 + 23 .-
ATLAS 80370 + 19 ——
CDF I
< ey 7990I0l I BIOBOIOI I 8I010I0l I 8[02010l l 8]0.’:10IOI I 8|04010I I 810{‘3010l l

W boson mass (MeV/c?)
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Top properties

Experimental results come from LHC data




The "needs” for top quark

The Standard Model of Example: negligible BR of the decays Bg — utu

Particle Interactions

Three Generations of Matter \‘,_
I II III

b ———p " ~—— U In the Standard Model
the top quark cancels

R0 v Vv
j BS et L] M the contributions from
HE == S —c—v\/‘:/\,—o— H+ the u and ¢ quarks

a

E . . wouldn’t agree with the experimental data
k4 |

Example: Electro-magnetic anomalies

All SM predictions without the top quark

: This triangle diagram leads to in-

The eX_IStence of the Top Ql_'la_rk f Y finities in the theory unless

is predicted by the SM and it is B

required to explain a number T f Xf: Qsr=0

of observations. f Y where the sum is over all
fermions (and colours)

Top quark has been discovered D Qy=[3 x (-1)]+[3 x 0]+[3 x 3 X 2]+[3 x 3 x (-3)]=0

at the Tevatron in 1995 !
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Top quark mass

e The top quark is the heaviest known Mass in GeV/c?
elementary particle, myp ~ 173 GeV 1 GeVic*=1.8 - 102" kg

e It is outperforming the Higgs mass by

~ 40%
e But also for comparison: charm
Mw = 80.425 + 0.038 GeV up
M, = 91.1876 & 0.0021 GeV ¢ 0.005 ‘ 1.5
Mg =0 ©001 @ o015
M., ~ 0ie. 6 x 10-2° down  strange O 5.0

bottom

e It has a mass comparable to the
mass of a gold atom

Top quarie: “172 Gey

Gold atom; “174 GeV
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a4

gg-fusion +

g i 9

Old calculation ... just for comparison

Run 1| Runll LHC
1.8 1.96 14 TeV
TeV TeV
aq 90% 85% 5%
ag 10% 15% 95%
o (pb) S5pb 7 pb 600 pb

At LHC the gluon fusion is the dominant channel

No competition in term of number of top pairs produced between LHC and Tevatron.
In what follows all results about top properties are coming from LHC.

Claudio Luci — Collider Particle Physics — Chapter 9
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U top quark, being heavier than W, decays mostly U The final states dipends on the different W decays, but a
into a W and a b quark: b quark is always present:

p l,q /
wt jot
¢ N N ud | ¢s ey T deca
S = E eiW
° > w win
v Do
jets m Y
U Due to the very high mass, the top quark " ! ;t : g i R
lifetime is very short: 7,,, ~ 5 - 1072 s v P

e + jets

ee
ep

U It is shorter than the typical hadronisation
timescale: Tj,4, ~ 10723 s

b |
n»i
+
D
(¢°]
™
_|

H+jets e+jets
ey
]

O full hadronic +I—§ T + jets eT ji TTE

U Therefore top quark decays before hadronising ® semilaptonic o -l R S Ca—
(no topponium bound state); it offers a unique @ dileptonic T e ce Pl |
opportunity to study the properties of a “bare” T pess ey -
quark which are transferred to its decays
products, e.g. its information. Br(W =) = 109%

O Very recently a new research line became very active: Br(W —ud,cs) = 67.4%
the entanglement between the two top.

Claudio Luci — Collider Particle Physics — Chapter 9 24



e A tt events contains:
* At least 2 b-quark jets

e and

* Either 2 charged lepton and missing transverse energy (EX**) (neutrinos)
* Or 1 charged lepton, EX** and at least 2 more jets
* Or at least 4 more jets

o All detector components used to identify the above leptons (mostly electrons and
muons), jets, b-quark jets, EFss

pp — tt

t— bWt (= £Ty)

Example: semi-leptonic topology

Reconstruction level typical selection

- One identified and isolated lepton (electron or muon) ET/
pT> 25 GeV and with in |etal<2.5.

- Missing transverse momentum in excess of 20 GeV.

- Four jets wit ET> 35 GeV and |eta|<2.5.

- Two jets tagged as b-jets.

Claudio Luci — Collider Particle Physics — Chapter 9
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e Top proprieties
* Mass, width, charge, spin, ...
e Top production
x tt cross-section, production dynamics, spin polarization

e Top decay
* Vi, brancing ratios, rare decays, W helicity
I*, q

w+ q'

N vV, q
t N\J
o

= b

e Top quark allows tests of the participating forces

e Top quark plays an important role in the search for new physics beyond the
SM (BSM) (new particles decaying to top quark)

e Top quark events are background to many physics processes

Claudio Luci — Collider Particle Physics — Chapter 9 26



oroduction cross section at LHC

* LHC is a top-quark factory Top Quark Production Cross Section Measurements Status: May 2025
« O ~ 834 pb at \/g =13 TeV (Run-2) g I ATLAS Preliminary Theory
b 10°|F-og- |Run1,23 v5=578,13,13.6 TeV LHC pp V&= 5 TeV 3
. O~ 924 pbaty/s=136Tev  (Run-3) o o
L s o O LHCpp Vs=7 TeV |
* O(100) million top-quark pairs produced in Run 2!! 10k - |z WO e v -aom ?
. . F - o LHC pp Vs=8 TeV 3
* Dominant production channel at the LHC: i - B oca 202-20300° ]
. i o ' LHC pp Vs =13 TeV 1
gluon fusion 10t b g . _:
: H LHC pp Vs =13.6 TeV
Il Data 29fb!
g 1 3 o o o i
g 7TyTETEs eI —»—— ¢ E a g
A ot o I n =
! g z
g 99909999090 —— ¢ : -
g 1072E E
tt t tW  t tIW ttZ ttH tty ty tZj 4t
t-chan s-chan fid. fid.

ATLAS Top Cross section summary plots
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Top pair production cross section measurements

Main production diagrams
At tree level leading order
2
O(ag)
ag
g V00000 t
ag
g 0900000/ t
ag
g9 t
ags
g9 t
g9 t
g ag
g9 t
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Di-lepton topology:

Precise determination of
cross section in the
different flavour electron-
muon channel in
particular. Excellent signal
to background ratio.
Lower stats (4%).

-
o
w

Inclusive tt cross section [pb]

10?

10

Ratio to
Prediction

| ATLAS+C|
F LHCtopWG

NNLO.

B NNLO+NNLL, PDFALHC21 (pp)

[~ Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
| My =172.5 GeV, ¢, (M,) = 0.118 = 0.001

S Preliminary
May 2025

NLL, PDF4LHC21 (pp)

Tevatron comb. (1.96TeV, <8.8 fb") [11
ATLAS comb., ee;iy, eu, l+ets (5.02 TeV, 257 pb™) [2]
CMS comb,,€p, I+ets (5.02 TeV, 302 pb") 31
., LHCtopWG, ey (7 TeV, 5 b™) [4]
comb., LHCtopWG, ep (8 TeV, 20 fb™) [4]
TLAS, eu (13 TeV, 140 b™) [5]
CMS, eu (13 TeV, 35.9 b ™) [6]
ATLAS, l+jets (13 TeV, 139 ib™) [7]
CMS, I+jets (13 TeV, 137 fb™) [8]
ATLAS, eu (13.6 TeV, 29 fb™) [9]
CMS, ee, u, e, H+ets (13.6 TeV, 1.21 fo™') [10]

# [1] PRD 89 (2014) 072001  [6] EPJC 79 (2019) 368

[2] JHEP 06 (2023) 138 [7) PLB 810 (2020) 135797

[3] JHEP 04 (2025) 099 [8] PRD 104 (2021) 092013

(
[4] JHEP 07 (2023) 213 [9] PLB 848 (2024) 138376
I 1 1 5] JHEP 07 (2023) 141 [10] JHEP 08 (2023) 204

P S S T S S E T

[ X Jaml -y | 2 K2 2

o
<+
>
=
oy
IIIII |III|

4
m

N
N
(]
©
-
o
-
N
-
N

Semi-leptonic topology:

Best compromise
between statistics (30%)
and signal to background
ratio.

Full hadronic topology:

Largest stats (50%) but
larger multi-jet
background and large
combinatorial.
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Top pair production cross section measurements

tt > bW* bW~ - bu*v, be” v,

Ideal channel: very little background and enough statistics

«10° Muon py
> P L N B R L B R
8 160:— ATLAS B
- (s=13 TeV, 140 fb” =
9 140 e eu + = 1b, 70% b-tag ]
a 120~ ® Data =
F ot -
§ 100 - Wt =
w C Em Z+jet ]
80_— — Dth)gs’son -
r Bl Mis-ID lepton .
60_— . -
F — Powheg MINNLO+PY8
K 40:_ ---- Powheg+PY8 _:
Final state of 0 e Powheg+HW7 ]
2 b-jets plus one electron and one muon OL .
with opposite charge ® 1.1F = Statuncert. '
5 F
S Nmpm— E
: S 09F ) ) ) ) ) ) ) ) =
Event selection 20 40 60 80 100 120 140 160 180 200
« Pick events using single-lepton triggers Muon P, [GeV]
« Leading lepton py ranging from 21 to 27 GeV in 2015-2018 data
- Relaxed sub-leading lepton pt > 20 GeV — increase acceptance most precise 13 TeV measurement by

+ Reconstruct jets with anti-k¢ algorithm with R=0.4

ATLAS in the ep final state (JHEP 07 (2023) 141)

» p > 25 GeV, b-tagging using DL1r algorithm (70% b-efficiency) O = 829 £ 1 (stat) + 13 (syst) + 8 (lumi) + 2 (beam) pb

Claudio Luci — Collider Particle Physics — Chapter 9
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Sin

e} = I I | | | | 3
o — . 3
— ~ ATLAS Preliminary June 2022 .,
o - Single top-quark production —
— | t-channel
)
o
21— |
({> 1 O - i _______ =
7)) - = W e -
2 C T _
o > s== NLO+NNLL QCD at m - 172.5 GeV_]
o T . _§ a=E=" MSTW2008 NNLO PDF
X B —— NLO QCD at m = 172.5 GeV ]
a g MSTW2008 NLO PDF
s 10 E
(IJ' q s-channel -
o - 8 t-channel 4.59 fb'l PRD 90 (2014) 112006 R -
_9 / 8 t-channel 20.2 ﬂ:1)' EPJ C77 (2017) 531 “"““ _
o B I t-channel 3.2 fb™ JHEP 04 (2017) 086 stat |
e ¥ tW 2.05 fo' pLe 716 (2012) 142
8’ 0 tW 20.3 fb™" uHEP 01 (2016) 064
= 1 = F tW 3.2 fb™" uHeP 01 (2018) 063 =
2 - v s-channel 95% CL limit 0.7 fb " aTLAs.CoNF2011-118
: X s-channel 20.3 fbo™' L 756 (2016) 228 a
— I s-channel 139 fb™" ATLAS-CONF-2022-030 —
| | | | |

| |
7 8 9 10 11 12 138
Vs [TeV]

e Can be used to measure |V,

*= Example: |Vy| = \/%

* |Vp| = 1.02 4+ 0.4(meas.) + 0.02(theo.)
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top mass measurement

Experimental results come from LHC data




top mass definition

U Direct measurement:
> rely on parton shower simulation;
> build templates that depend on the top quark mass (m,) parameter in the simulation
> yield small uncertainties

> relation to a theoretically well defined mass has an uncertainty of 0(0.1 — 1 GeV)

[ Indirect measurement through cross section measurement:

> any quantitative statement about the value of a quark mass requires a precise reference to the mass
scheme in which the mass is defined;

> the most used is the pole-mass scheme, where the renormalised top-quark mass coincedes with the pole of

. ... bole
the top quark propagator: m;

b—mo  p— mo(N) —dmo(N)—'mo(N)  p— mpoe
—— N N —

'bare’ mass  divergent finite

= jtis extracted via differential cross sections
= non perturbative corrections must be added
= unfolding procedure yield typically bigger uncertainty than direct measurement

Claudio Luci — Collider Particle Physics — Chapter 9 32



®  LHC combination (7+8TeV):172.52 + 0.33 GeV
B ATLAS comb. (7 + 8 TeV): 172.71 + 0.48 GeV
® CMScomb. (7 +8TeV): 172.52 + 0.42 GeV

I'll show an example of the Atlas measument
with all jets in the final state

Best single measurement is coming from CMS
13 GeV (Run2) data with lepton + jets in the
final state.
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ATLAS+CMS Preliminary

Miep SUMMary, Vs = 1.96 -13 TeV  May 2025
LHCtopWG

"""" LHC comb. (Feb 2024), 7+8 TeV LHctopwa [1]
statistical uncertainty
total uncertainty

total stat

My, + total (stat + syst + recoil) [GeV] IL dt Ref.

LHC comb. (Feb 2024), 7+8 TeV 172.52 +0.33 (0.14 + 0.30) 20" [
World comb. (Mar 2014), 1.9+7 TeV 173.34 +0.76 (0.36 + 0.67) 87f0" 2]
ATLAS, l+jets, 7 TeV 172.33 £1.27 (0.75 £ 1.02) 46f" (3]
ATLAS, dilepton, 7 TeV 173.79 + 1.42 (0.54 + 1.31) 46" (3]
ATLAS, all jets, 7 TeV At 1751+ 1.8 (1.4 £ 1.2) 46" [4
ATLAS, dilepton, 8 TeV 172.99 + 0.84 (0.41+ 0.74) 20.3fb™ (5]
ATLAS, all jets, 8 TeV 173.72 £ 1.15 (0.55 + 1.02) 203" [6]
ATLAS, l+jets, 8 TeV 172.08 + 0.91 (0.39 + 0.82) 20.21b", [7]
ATLAS comb. (Feb 2024) 7+8 TeV 172.71 £ 0.48 (0.25 + 0.41) <2030 [1]

ATLAS, leptonic inv. mass, 13 TeV
ATLAS, dilepton (*), 13 TeV

174.41%0.81 (0.39+0.66 + 0.25) 361" [g]
172.21+0.80 (0.20 £ 0.67+0.39) 139" [9]

ATLAS, boosted, 13 TeV 172.95 + 0.53 (0.27 + 0.46) 140 6" [10]
CMS, l+jets, 7 TeV 173.49 + 1.07 (0.43 + 0.98) 49" [11]
CMS, dilepton, 7 TeV 1725+ 1.6 (0.4 + 1.5) 49" [12]
CMS, all jets, 7 TeV 173.49 + 1.39 (0.69 + 1.21) 35fb" [13]
CMS, I+jets, 8 TeV 172.35 + 0.51 (0.16 + 0.48) 19.7 1o [14]
CMS, dilepton, 8 TeV 17222 '3 (0.18 0% 19.7 1 [15]
CMS, all jets, 8 TeV 172.32 + 0.64 (0.25 + 0.59) 19.7 o' [13]
CMS, single top, 8 TeV 172.95+1.22 (0.77 2% 19.71b" [16]
CMS comb. (Feb 2024), 7+8 TeV 172.52 +0.42 (0.14 + 0.39) <19.7b" [1]
CMS, all jets, 13 TeV 17234+ 073 (0.20 *%9) 35910 [17]
CMS, dilepton, 13 TeV 172.33 £ 0.70 (0.14 + 0.69) 35.91b" [18]
CMS, single top, 13 TeV 17213 177 (032 0% 3591 [19]
CMS, boosted, 13 TeV 173.06 + 0.84 (0.24) 138 1o [20]
CMS, l+jets, 13 TeV 171.77 + 0.37 (0.04) 36.3fb" [21]
[1] PRL 132 (2024) 261902 [8] JHEP 06 (2023) 019 [15] PRD 93 (2016) 072004
[2] arXiv:1403.4427 [9] ATLAS-CONF-2022-058 [16] EPJC 77 (2017) 354
[3] EPJC 75 (2015) 330 [10] arXiv:2502.18216 [17) EPJC 79 (2019) 313
[4] EPJC 75 (2015) 158 [11] JHEP 12 (2012) 105 [18] EPJC 79 (2019) 368
& Pre"m]nary [5] PLB 761 (2016) 350 [12] EPJC 72 (2012) 2202 [19] JHEP 12 (2021) 161
[6] JHEP 09 (2017) 118 [13] EPJC 74 (2014) 2758 [20] EPJC 83 (2023) 560
[7) EPJC 79 (2019) 290 [14] PRD 93 (2016) 072004 [21] EPJC 83 (2023) 963

165 170 175 180 185
r.ntop [Gev] Microsoft Pc
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Top quark mass from tt cross-section summar

ATLAS+CMS Preliminary  my,, from cross-section measurements November 2023
LHCtopWG
total stat My, * tot (stat  syst + theo) [GeV] JL dt Ref.
o(tt) inclusive, NNLO+NNLL
ATLAS, 7+8 TeV ——— 172.9 29 20" [] Measurements from cross sections
CMS, 7+8 TeV - 1738 Y4 <1971 [2] will be limited by prediction uncertainties
CMS, 13 TeV —t— 169.9 %2 (0.1+15 H2) 391" [ and luminosity error.
ATLAS, 13 TeV —e— 1731 %27 36117 [4]
LHC comb., 7+8 TeV —~—or 1734 3¢ 201" (5]
o(tt+1)) differential, NLO 13 o Some of the uncertainties can be reduced
' + iy y . . . .
ATEAS: & Tov i 1;?: ﬁé(;i:;;: gi) veln e by measuring the differential cross section
ATLAS, 8 TeV He3 172H 3&({3:05 03) 2027 7] of the tt production in association with
CMS, 13_Tev _ - A 15 (138 o4) o a jet in the final state. This is a promising
o(tt) n-differential, NLO channel for the top mass measurement.
ATLAS, n=1, 8 TeV = 1732 +£1.6 (0.9 £0.8+1.2) 202" [9]
CMS, n=3, 13 TeV - 170.5+0.8 35917 [10]
Myop from top quark decay [1] EPJC 74 (2014) 3109 [5] JHEP 2307 (2023) 213  [9] EPJC 77 (2017) 804
[2] JHEP 08 (2016) 029  [6] JHEP 10 (2015) 121 [10] EPJC 80 (2020) 658
CMS, 7+8 TeV comb. [11] [3] EPJC 79 (2019) 368  [7] JHEP 11 E2019; 150 [11] PRD 93 (2016))072004
ATLAS, 7+8 TeV comb. [12] [4] EPJC 80 (2020) 528 (8] JHEP 07 (2023) 077  [12] EPJC 79 (2019) 290
| 1 1 | 1 | 1 | 1 | | (.l | | | | - | 1 1 | 1 1 | | | 1 1

155 160 165 170 175 180 185 190
mtop [GeV]

Claudio Luci — Collider Particle Physics — Chapter 9 34



Top-quark pole mass (m

Predicted

Inclusive tt cross-section oftt) [pb]

Most precise m

1100

1000

900

800
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Top quark pole mass determination
Inclusive cross-section results

pole
t

) extraction

Oy depends strongly on top quark

1

" ATLAS
¢ (s=13TeV, 140 fb™
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== NNPDF3.1_notop NNLO

TTT

Czakon, Fiedler, Mitov, PRL 110 (2013) 252004

P R S S O T S A
164 166 168 170 172 174 176 178 180 182

mptole [GeV]
PDF set NNPDF3.1_notop CT14
152 1.84
Result [GeV] (17279152 ) 173.00*1%
Experimental 0.55 0.55
1.00 1.50
PDF+a o8 Tl
1.00 1.01
QCD scales Tl Tl
pole

mass

1 do
—— =-0.3%/GeV
o dm,

Small dependence on m;

measurement from inclusive cross-section

(from a very recent Atlas result on the tt cross-section)
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Plot from arXiv:2507.02632

ATLAS

I direct (LHC Run 1, Phys. Rev. Lett. 132 (2024) 261902)
EW fit (Eur. Phys. J. C 78 (2018) 675)

totam mf®® + total [GeV]  Reference

of(tf) inclusive, NNLO+NNLL previous measurements
LHC 7+8 TeV comb. (CT14) = 174.0 + 2.3 JHEP 07 (2023) 213
CMS, 13 TeV (CT14) i 173.7 .*Q,ag EPJC 79 (2019) 368
ATLAS, 13 TeV (CT14) 1731 2 EPJC 80 (2020) 528
ot tj) differ., N(N)LO
ATLAS, tij, 8 TeV (CT10) He 1711 X8 JHEP 11 (2019) 150
CMS, tfj, 13 TeV (CT18) (R 1721+ 1.4  JHEP 07 (2023) 077
ATLAS, dilepton, 8 TeV (CT14) k= 173.6 = 1.3 EPJC 77 (2017) 804
CMS, 3D diff., 13 TeV (CT14) i 1711+ 0.8 EPJC 80 (2020) 658
ATLAS, tij, 13 TeV (CT18) = 1709 =15

I | | | | | | | I | | | I | | |
140 160 180 200

m, [GeV]
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Atlas top mass direct measurement: event selection

Top-quark mass measurement in the all-hadronic ¢t

Example taken from: .
decay channel at /s = 8 TeV with the ATLAS

detector (published in 2017)
Fully hadronic final state Event yields (thousands)
Cut Data | t¢ all-hadronic (MC)
- Initial 850450 | 2338 + 1
Y Nove s &0 Tsofated ¢ Prmary vertex 33476 | 3087 + 0.6
Trigger: 5 jets with pp > 55 GeV & > 6 good jets | 16110 | 241.4 £+ 0.5
No 2 good 568 152 1Y within AR(j;, ji) < 0.6 7646 | 142.9 + 0.4
' > 5 good jets with pp > 60 GeV 3303 | 51.4 + 0.2
‘ Emis < 60GeV  No neutrinos 3021 | 463 + 0.2
A¢(bi, bj) > 1.5 Angular separation between the 2 b-jets 1737 | 309 £ 0.2
\ x? <11  See nextslide 645.8 | 223 + 0.1
= meg > 2 Atleast 2 b-jets 21.9 6.61 =+ 0.08
(Aqﬁ(b, W)) < 92 Angular separation between b and W 12.9 4.40 + 0.07

Final purity: (58.8 + 0.2)%

AR = \/(An)? + (A9)?)
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U In the final state we have six jets, among which two must be b-jets: tt - bWoW — b1j172 b2j374-

O In order to associate 3 jets to a top and the othes to the the second top, a )(2 is built:

L )2 . anMCH2 . 2 MCH2
2 (mb1.71.72 mb21314) (m.71.72 My, ) (m3394 My )
X = 0'2 + 0'2 + 0'2
Amy; mMC mMC

U Here, two of the jets are associated with the b-quarks from the top decays (b, and b,), the other four are assumed to
be light quarks from the W decays. No explicit b-tagging information is used.

— L . where my_;_: isthe invariant mass of the three jets
Ampjj = Mp,jj, — Mbyjsj, bajzja J
O This method considers all possible permutations of the six (or more) reconstructed jets in each event. The one

resulting in the lowest )(2 is kept. A low )(2 value indicates a permutation of jets consistent with the tt hypothesis.

QO In each combination the reconstructed mass of the two jets from the W decays are compared with the mean value of
the mass distribution of correctly reconstructed W in simulated signal MC events (M%C).

U The widths are obtained from a fit to the MC signal events:
OAmy; = 21.60 £0.16 (stat.) GeV ~ Tppuc = 7.89 £ 0.05 (stat.) GeV and My© =81.18+0.04 (stat.) GeV
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jet and three-jet mass distributions

“W mass”
% :'|""|""|'["|""|"": % FT [ TP P[P T[T T T[T T T[T T[T T T[T T T[T TT[T]
(0] - ATLAS —4— Data \s=8Tev . G 1000 ATLAS —4— Data \s=8Tev ]
Y 3000F _[ Ldt = 20.2 fb” L] tiwe (comeey E 2 i _[ Ldt = 20.2 fb” [ swe comecy ]
$ : - tt MC (Incorrect) . 8 : - tt MC (Incorrect) :
_.E 25001 . B i vc (Non-Matched) ~ S 800~ + I i vc (Non-Matcheq) -
L - [ aco mutti-jet (Data- Driven)-| uCJ - (] aco mutti-jet (Data-Driven) 7
2000 r [:] Stat.® Syst. Uncertainty | : E Stat.® Syst. Uncertainty :
N ] 600 -
15001 - i ]
- . 4001 -
1000~ - i i
5001~ ] 200 _
v b e b e e By ] |||||||||||||||||||||||||||||||||||-
5 1.5 1.5 i ; : : ;
= | | S
E 1T._‘_..’_._4..‘._..!”...?'._'._._._‘._...;_‘_..‘....,....a.-z...4ﬁ.9._.c_..._; Q‘.’}_ % 1+++_ ’Q.’.’.’.“..Q ‘0‘00,0_"0%‘.._ ’,‘_ ”0““"+¢‘**”7 %+
0.5 : : >
g7 7860 70 80 90 100 __ 110 505945160 180 200 220 240 260 280 300
a m; [GeV] a m;; [GeV]
MC correct means that the three jets assignement to a top decay is correct,
otherwise is said to be incorrect. If at least a quark is not matched to any The tt simulation corresponds to mep, = 172.5 GeV.

jet, it is said Non-Matched.
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Top quark mass determination

U The top mass is NOT equal to the three jet invariant mass:
> large error due to the jet energy resolution;
> large error due to the jet energy scale

U It is obtained from a comparison data - Montecarlo of the quantity:

R _myjj m;;j = three jetinvariant mass (top mass)
3/2 m;; mj; = di-jet invariant mass (W mass)

U In the ratio many systematics uncertainties cancel.

[ To extract a measurement of the top quark mass,
a template method with a minimum

16

R LA o e B S
ATLAS simulation
ttMC, Vs =8 TeV

)(zapproach is employed:

> the data distribution is compared with MC
distributions generated with three top mass:
167.5, 172.5 and 175 GeV;

> then an interpolation is used to obtain the

....... Myp = 167.5 GeV.
— Myp = 1725 GeV ;
0 Mygp = 177.5 GeV

Normalised Value
o
I

0.4

top mass with the best agreement with 02

the data. %1_2." ! L T
§0.5 16 1.8 22 24 26 28 3 32 Si:?
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Entries / 0.04

T I TTT | TTrT | | B B%3 | 1T TTT | | 2 o5 | I T | TTT I | G B T]
| ATLAS —4— Data \s=8TeV 7
1000 ~ 4 [ simc comrecy |
: -[ HRSEUS - tt MC (Incorrect) :
L B i vc (Non-Matched) .
800 N [ aco Mutti-et (Data-Driven) |
- |:| Stat.® Syst. Uncertainty -
600 N 7]
400F -
2001
1 I 111 111 I | L TN I 111 I 111 I | I 1T | 111 111 I [ I I-
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'g H H H ;
'-é 1 y #,‘;é.—..g.ﬂ!.;"?g!..?.-.n ¢A¢'?.d¢d 6%’.’#‘9 o
505+ i L ,
% ~16 1.8 2 22 24 26 28 3_32 34
e 32 = M/



Top quark mass measurement:

The Novosibirsk function is a continuous probability density function
that is used to model asymmetric peaks in high-energy physics.

2
f(z; 0,29, A) = exp [_l (Ing,) 4 A2
A2
— sinh (AvIn4
qy(z; 0,20, A) =1+ A(z — =) « ( )
7 AVIn4

Xo: peak position; o : width, A : tail, plus a normalisation constant N

Landau distribution

I T — 2 ,
f(zip,0)=— / exp(—t) cos <t (T ) - 2 log <i)) dt
mc Jo c m c

The location parameter [ is the location of the distribution,

while the scale parameter [c] determines the width of the distribution,
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Entries / 0.04

These are MC points

odf function

U The top quark contribution to the histogram is parameterised by a probability distribution function (pdf) which is the
sum of a Novosibirsk function for the signal and a Landau function that describes the combinatorial background.

U The 6 parameters of the distributions depend on the top value, in particular the peak and width of the N. function.

T I TTT l T ] LB I LB I LI I LB I LI ] L I TTT I T
10000 ATLAS simulation $ ttMC \s=8Tev |
[ ttMC, s =8TeV — Novosibirsk ]
L —— Landau i
8000 N B= Total Fit (Global) 7
6000 ]
I My = 172.5 GeV ]
4000 -
2000 .
A
2
L 16 18 2 22 24 26 28 3 32 34
32 = M/

40



Top quark mass measurement: fit procedure

O The fit is done in two steps, first the R;/, distributions from tt simulation samples are fitted separately to
determine the six parameters for each template mass. The MC simulation shows that each of these parameters
depends linearly of the input my,.

U In the next step, the parameters are fitted to obtain the offsets and slopes of the linear m,,, dependencies.

U These values are then used as inputs to a combined, simulateous fit to determine the pdf, namely the
probability Pg and Pg to have the signal and the background in a given bin of the R;, distribution of the data.

Q The final (simplified) x?Z function to estract My, is the following:

Nbin 2 Npin: number of bins in the data distribution
X2 — § (’I’Lz — 'ui) n;: number of data in the bin i
! n; ui: number of expected data from MC in the bin i
m 2

tti (Mtop, Fokgd) = WhinNa [(1 — Fokgd) Ps (Rs/2,iMtop) + Fokga P (R3/2,i)]

Yo \

background fraction  bin width  Total number of data  Signal probability background probability

U The mass of the top and the background fraction are fitted simultaneously.

Claudio Luci — Collider Particle Physics — Chapter 9 41



1000

800

Entries / 0.04
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Top quark mass measurement: result

Miop = 173.72 £ 0.55 (stat.) £ 1.01 (syst.) GeV.

_IIIII]IIIIIII|I|IIIIIIIIIIIIIIIlIIIlI_

ATLAS —— Data (s =8 TeV
I Ldt = 202 16" —— Signal Fit
—— Background Fit
—— Total Fit

x3ndf = 72.3/48 = 1.51

| Il | | Il ! | | | | 1 | 1 Il 1 | | |

T I T T T I T T T l T T T I T T T | T T

16 18 2 22 24 26 28 3 32 34

Ry = my/m,
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Fbkgd
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CMS direct measurement: | + jets final state

Event selection

> 36fb~! of \/s =13TeV pp-collision
data recorded by CMS in 2016

» trigger on single isolated muons
and electrons

> anti-kF=04 jets with
pr >30GeV, |n| < 2.4

» at least two b-tagged jets via
DeepJet (WP: 1% mis-tag)

- CMS P'ellmmary I+jets, 35.9 fb’ 1, (13 TeV)
F U ndlet | _
D 40000 Mmffcorect | mmSnget

E [—Jttunmatched mm Z+jets
Te) 35000 FE e Bata " — 8 bD multijet

; 30000E wy Unce a/lnty 1 Diboson E
S 25000; 3
(zj 20000F £
15000F E
10000F E
5000 3

Data/MC

1.8

1

0.5

T 'I/—]_' T
- // WJ%
700 200 300 400
mit [GeV]

»mf® main observable
»mi;° reduces jet energy correction (JEC) uncertainties

CMS Preliminary I+jets, 35.9 fb™, (13 TeV)

% E - tt ‘correét ‘-' anglle t
G000 ESh trenea e
f 60000;_ 7//.// Bral::ag/rtainty % g.bgsr::"“et _
£ 50000F y E
C E ]
“>’ 40000 3
" 30000F £

20000F =

Data/MC

7
L

The fitting procedure is similar to what has been described for the Atlas measurement

m,'cvIC = 171.77 = 0.38 GeV, this includes o¢at = 0.04 GeV

)
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Top quark mass measurement: recag

Eur. Phys. J. C75 (2015) 330

e Direct my,, measurements:

% Reconstruct tt events in data and MC

* Reduce backgrounds to obtain a

clean sample

Reconstruct the final state

* Use sophisticated technique to
extract the mp, using e.g. a
kinematic fit

o Indirect m{y° measurements

* Instead of fitting to MC distributions
“folded” with the detector response
unfold the data to e.g parton-level

* Caveat: Larger uncertainties on both
theory and experiment

* Measure cross section as function of
mP* in LO, NLO and NNLO and

top

%

pole

determine my,,
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Cross-section [pb]

Normalised events / GeV
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E T T T T
£ ATas [y, = 1675 Gev]
0.03E gimylation, Vs= 7 TeV Miop = 167.5 GV
E ! | my,, =172.5 GeV ]
0.025— E
E ] m,,, =177.5 GeV ]
0.02F =
0.015F AP 3
0.01%4 E
0.005f 3
0: I 1 1 1 oz
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Eur. Phys. J. C74 (2014) 3109
LA B e o e L I I I
MSTW 2008 NNLO
N ATLAS —— — MSTW 2008 NNLO uncertainty |
\ ——— CTI0NNLO ]
\ ------ CT10 NNLO uncertainty
RN NNPDF2.3 NNLO ]
- — + NNPDF23 NNLO uncertainty ~_|
g Sl s leemimsn
[<<
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44



ression on the mass measurement

Colour connection

. . through hadronisation
The relation between the Monte Carlo template used to fit the mass spectrum l

and the Field Theoretical parameter of the pole mass is not straightforward.

The top is coloured, so it is impossible to unambiguously associate every
object in the final state to it!

These ambiguities lead to an uncertainty on the top mass measurement
varying between 1 GeV and 200 MeV.

AL AL LA L L B L B

'.g 350 ;; ——— MSTW 2008 NNLO 7
) = \\ ATLAS s gfmﬁog NNLO uncertainty 1
The pole mass can be measured using observables that are not E LN CT10 NNLO uncertainty
. i b 300'_ 4 _— NNPDFZ..’JNNLOum:e i _‘
dependent on the detailed reconstruction of the top system. 2 L srev o \ewrrerssn’ Y em ]
@ L \o \s=8Tev, 203" t
G 250}
e.g. the pole mass can be measured using the top production cross 200?\
section (at the cost of introducing a dependence on the production ;
prediction). 150~
_.|‘.‘|...|.‘.\...|l..|...|...\..\.\|.ﬁ
164 166 168 170 172 174 176 178 180 182
pole

m [GeV]
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e The top-quark mass, m,, is a fundamental parameter of the Standard Model (SM)

e Precise determinations of the SM parameters (mp, mw, my, ...) allow to challenge
consistency tests of the SM and to look for signs of new physics beyond the SM (BSM)

e Plots show: (left) Regions of absolute stability, meta-stability and instability of the SM

vacuum in the top-quark pole mass and the Higgs mass, mf’;’;e — my, plane; (right)

ellipses for the 1 o uncertainties in the m™° — my plane confronted with the SM
top
vacuum expectations;
arXiv:1205.6497v2 arXiv.1207.0980v3
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Electroweak fits

;‘ I I 1 1 | I I 1 1 I I I 1 1 I :: I I 1 | I I I 1 | I,
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SAPIENZA  End of chapter 9
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