Recent measurements of the top-
guark mass and Yukawa coupling

using the ATLAS and CMS
detectors at the LHC

Matteo Negrini
INFN Bolognha

On behalf of the CMS and ATLAS Collaborations

EPS-HEP Conference 2021 - July 26-30, 2021

<R



Top quark mass and Yukawa co

The top quark is the heaviest elementary : .
particle in the Standard Model S TS

m, is an important parameter to assess the ? 7o (S e
internal consistency of the SM at the EW scale g [ g
and to make predictions up to very high scales 165

115 120 125 130 135

(assuming the SM holds)

Higgs mass M, in GeV

The top quark, as well as all quarks, is not a 2 L[ s g
free particle %E o e 1071;__ir_,i_:_j_z_s‘giAGHei;/gsboson e i
Its mass can be determined through - ;
comparison with theoretical calculations 208 E

D0 X 109 -
Yukawa coupling proportional to the mass of gg% _ i ssergare
fermions. ofs lz © | | :
— Largest value ~1 for the top quark - S { 1 ......................... #..4.
_. Sensitive to new physics S&E oo :

10 10?
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Measurements: overview INFN

* “Direct” measurements: reconstruct invariant mass of decay products, or some other quantity
highly sensitive to m, compare with MC calculations (template methods) - m "¢

* “Indirect” measurements: measure production cross-section (also differential) that can be
compared to first-principle calculations — m -5, m"®

Relation m o= o mt“’TS calculated to 4-loops precision in QCD (Phys. Rev. Lett. 114 (2015) 142002)
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o total stat o
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Top quark mass with Soft Muons

13 TeV - 36.1 fb? -

|+jets events

At least one SMT-tagged b-jet
in the event - soft p

m,, : invariant mass of the

lepton from W-boson decay
and the muon originated from a
semileptonic b-hadron decay

Reduced sensitivity to jet
energy calibration and
modeling of tt production
kinematics (boost-invariant
guantity, although distribution
affected by top kinematics)

ATLAS-CONF-2019-046

<R

Soft Muon Tagging for b-jets: presence of a muon candidate
within a distance AR <0.4 of a selected jet candidate
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-046/

Fraction of events

Ratio to m, = 172.5 GeV

Fraction of events

Ratio to m, = 172.5 GeV

Top quark mass with Soft Muons <i

13 TeV - 36.1 fb* - ATLAS-CONF-2019-046

LAS S|mulat|on Prellmmary
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-046/

Top quark mass with Soft Muons

13 TeV - 36.1 fb* -

m,, distribution used to determine m*©

through profile likelihood fit:
free parameters: SS and OS tt
normalizations and m"© (model m,

distribution)

* Nno constraint observed on
systematic uncertainty nuisance
parameters

Systematic uncertainties are
dominated by signal modeling.
Main one: b fragmentation and decay.

ATLAS-CONF-2019-046

Pre-fit impact on m;:
10=0+A0 | 10=0-A0
Post-fit impact on m,:
mo=08+A8 o=048
—e— Nuis. Param. Pull

BR b—ct—u

Pileup reweighting

BR b—u

tt b-fragmentation (r,)
Z+jets norm. (HF)

SMT-fake norm.

BR b—c—u

1t ISR (sMmT from b/ c)

ET** soft track resolution (para.)
tt ISR (sMmT from W)

JES Effective NP Modelling 1
tt FSR

b-tag (b 0)

ET" soft track scale

Muon identification SF (syst.)
JES pileup p topology
b-prod. frac. (baryons)

JER

b-prod. frac. (B)

Electron energy scale

m, = 174.48 + 0.40 (stat) + 0.67 (syst) GeV
Total uncertainty: 0.78 GeV (0.45%)
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T
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-046/

INFN
| Top quark mass from single top events -
13 TeV - 35.9 fb! - CMS-PAS-TOP-19-009 Lo . 359fb (13TeV)
B % [ cms Prell ® Data
Top quark mass usually measured using tt events § o 1T . e ]
BV +jets, VW ]

[JacD 7

i _ BBstat @ syst

New techniques and complementary phase spaces can be affected =~ [**"
by different systematic effects and help in the combinations

Clean sample of single top events with leptonic top decays, ; .
selected with BDT (BDT resp. > 0.8 — purity ~60%) i T =

. . . § E; E “/ 009’ 009 0 @ @ O g O WG .(/W/@
- BDT input variables uncorrelated with m, e
' BDT Response

. . . Data/MC after BDT selectl n Best likelihood fit ;

m, extracted with max-likelihood P — Qmev I ot il

f|t US|ng a- parametl’IC 1D mOdeI % : ﬁ!VIZSJf’Trel/m/nary & Data : % : ﬁ"‘nszf’Tfe”m/”afy & Data (QCD Sumracted):

to determine the peak position £ o M ch. 4 5 a4 Wi ch. -

. Et\t/ tVY, s C\P;V - [ ], tw, s ch. .

. + jets, .
Separate fits done on events Claco WV +jets, v

[Z]stat + profiled syst
%% stat @ syst - B 4

with positive and negative
leptons — determination of top-

antitop mass ratio and difference e —— 1 =
e T Poee T T B e e e s e e 0 ee,t
m, (Ge\?;)o D L In m,
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-19-009/index.html

13 TeV - 35.9 fb* - CMS-PAS-TOP-19-009

« Offset correction: m, ., calibrated on true m, ;..

using signal and tt samples with varied m,

* Mismatch caused mainly by incorrect

determination of p,, in signal reconstruction

Amoffset (GGV)

Am

—m

m

offset t,True o t, Fit
359" (13 TeV)
T | | L
- CMS Preliminary ) -
* X _ |
o5, 2J1T dof = 2.046

. | .
166

168

70
Mg, (GeV)

¢ Top quark mass from single top events |

CMS Preliminary

— Measured value . stat + profiled syst D total unc.

CMS, tt all jets (13 TeV)
CMS, tt dilepton (13 TeV)
CMS, tt I+jets (13 TeV)

ATLAS, comb. (8 TeV)

INFN

CMS, comb. (8 TeV)

CMS, single top (8 TeV)

BNz

172

m, (GeV)

m,=172.13*)7 GeV

Uncertainty competitive with tt measurements (0.45%)
Dominated by signal and tt modeling

m;

m,

=0.995"%%

m,—m,=0.83"7" GeV
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-19-009/index.html

CMS /! -
~~ Running top quark mass

13 TeV - 35.9 fb* - Phys. Lett. B 803 (2020) 135263

« Use tt event in the ep channel

* The simulated sample is divided in 4 sub-
samples, corresponding to m; intervals at

parton-level, treated as an independent signal
process of tt production at the scale y, (mean
m; in the bin)

* Maximum likelihood unfolding: the number of
events in each bin v; is the sum of signal sk
and background b, and depends on the cross-
section in each bin o;» and on mMc and
nuisance parameters A

4 , .

V=Y si—‘(at(g’t’“),m?’lc,/\) + ) B(m, 0
k=1 j

« Sub-categories in each m; bin are defined
based on the number of b-jets

Events / GeV

CMS

<R

35.9fb™ (13 TeV)

¢ Data
M signal ()
M signal ()
_Isignal (u)
[ signal (1)
D Background

Syst+Am®

400 600 800 1000 1200 1400 1600 1800 2000
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Input distributions to the fit in all event categories:

Z\Ijets <
mise 1
iz 2
i 3
iz 4

Ny=1 N, =2

2 Nevents na.
mp" jetprt
my" jetprt
My jetpr™

N, events N, events
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http://dx.doi.org/10.1016/j.physletb.2020.135263

“2¢|Running top quark mass NFR
13 TeV - 35.9 fb™ - Phys. Lett. B 803 (2020) 135263 The value of m,(m,) is determined independently in each m, bin
* Theoretical predictions in the MS scheme at NLO m(m;) - my(u,) at one loop precision using CRunDec_v3.0

implemented in MCFM v6.8

Measured running mass compared with the evolution from

. Using ABMP16_5_nlo PDF set, in which m, is treated in MMy = 162.9 + 1.6 (fit+extr+PDF+as) «255, (scales) GeV

the MS scheme

- Total uncertainty: 3.4 GeV (2.1%)
obtained from the inclusive cross-section

CMS 35.9 b (13 TeV)
g 350 4. CMS 35.9 " (13 Tev)
== F e Data unfolded to parton level AE r
§ soop .t ; ) parton ey 2 1 ABMP16_5_nlo PDF set
= o £ C =476 GeV
_g 250F f NLO predictions in MS scheme = 105F tre; . 16?3 GeV
e E K =p,=m(m) e 0
| 200F ABMP16_5_nlo PDF set £ F
S m(m) = 162 GeV -
150¢ — m(m) = 164 GeV c
= T 0.95—
C my(m) = 166 GeV C
100[- * .
C C [} NLO extraction from differential Oy
= E . 0.9 o Reference scale =
:l 111 I 1 11 1 Ll l L1 I 11 I 111 I 111 | 11 1 I 111 I 111 : NLO eXtraCtion from IenCIUSive ctf
200 400 600 800 1000 1200 1400 1600 1800 2000 0.85 One-loop RGE, n, =5, ag(m,) = 0.1191
m; [GeV] B e
200 400 600 800 1000
u[GeV]

The plot shows the measured values of oz compared to
NLO calculations at in the MS scheme for different m,(m,)

Ratios with respect to a reference scale, to
exploit cancellations in the uncertainty

M. Negrini - EPS-HEP 2021 - July 26-30, 2021 10


http://dx.doi.org/10.1016/j.physletb.2020.135263

Interpretation of m_in MC NEW! <R

ATL-PHYS-PUB-2021-034

« Differences between mMc and mpoe expected of the order of

0.5 GeV, due to non-perturbative QCD effects that affect the
top mass determination

T T T T [ | R | T T T T ‘ I I T | T T 1

01— ATLAS Simulation Preliminary
| pp — tt, XCone R=1.0 jets

 Interpretation of mMc obtained by comparing MC distributions " Soft-drop (z,,,=0.01, p=2)

Normalized events / 500 MeV

- Large-R jet with R=1 using XCone algorithm
- Soft-drop with parameters $=0,1,2 and z.,=0.01,0.05

T

with calculations within well-defined theoretical framework — PO 750 Gev < p, <1000 GeV -
pole mass or MSR mass schemes I — Powheg + Pythias |

- MSR mass, similar to the MS mass, depends on a scale [ e < NLL prediction, MSR mass |

- Setting the scale to 1 GeV: mMsr(1 GeV)=m,pole I L prericion polemess:

I I:/Theory Unc. 7

* Hadronically decaying top quarks fully reconstructed as lightly 0041 B
groomed large-R jets in boosted kinematic regime i i
0.02- _

L \ I S — | N T — l I I — | I T —

165 170 175 180 185 190

Jet substructure distributions calculable in perturbative QCD _
beyond leading log resummation Large-R jet mass [GeV]

[1] A. Hoang et al, Phys.Rev.Lett.101, 151602 (2008)
M. Negrini - EPS-HEP 2021 - July 26-30, 2021 11


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.101.151602

Interpretation of m_in MC

ATL-PHYS-PUB-2021-034
* Theoretical uncertainties: 5 scales varied up/down -
+230/-310 MeV

* Method uncertainties: fit range and kinematic range
- 190 MeV

« UE modeling - +155 MeV

 Powheg+Pythia8 MC variations (ME and PS models,
ISR/FSR, recoil to colored objects on/off, B and D
hadron decays ) have minimal impact on mMsr

m"“=m**(1GeV )+ Am"™"

A m*"f=80">) MeV

mMc very close to mMsr(1 GeV)
Uncertainties dominated by theoretical ones

T | T 1 | LI [ T 1 T I

T

I T T
ATLAS Simulation Preliminary
NLL prediction pp— tf, PRD 100(2019)7,074021
R=1.0 Soft-drop jets (z,,=0.01, f=2)
750 GeV < p_ < 2000 GeV, m"**(1 GeV) = 172.42 GeV |

4 Up var. ¥ Down var.

hard scale : A
top mass scale xi
global soft scale -+
top soft scale e

tt jet scale e
v

—_[ T T T

L A N
715 172 172.5
m'tV'SF‘(1 GeV) [GeV]
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_ | Top Yukawa coupling using tt events | <™
13 TeV - 137 fb! - Phys. Rev. D 102 (2020) 092013 1 1,CMS simuiation /s =13 TeV
b (1257 HATHOR ~oe Y= 3
« Top Yukawa coupling gsv~1 — Y=g/gsM~1 s b Cenemoriev RN
 The coupling strength affects the kinematic distributions of tt events s :EZ: T wee
through loop corrections S b
- Mg and Ay,=y,-y: significantly affected 2 e Y
N T U
- Using M,,, and Ay, in dileptonic events to minimize the impact of g ossET T
top mis-reconstruction I
200 400 600 800 1000 1200 1400 1600 1800
My, p[GEV]
q > < t q t
8 107 CMS Simulation {s=13TeV
g © HATHOR wven Y= 3
1 r b zf’ 106" Generator level - Y,=2
B 1.05F 3 ; — Y=1
q < > t 1 t bI~ 1.04? """ Yi=0
S 103f
* Loop corrections from QCD+EW evaluated using HATHOR to compute R
double-differential cross-sections as a function of M; and Ay;; depending g" 101 ,
onY, > s Sapaisuny
- Implement EW corrections as multiplicative weight correction for MC S 0-995—..4 e O b

M. Negrini - EPS-HEP 2021 - July 26-30, 2021 13


http://dx.doi.org/10.1103/PhysRevD.102.092013

¢iTop Yukawa coupling using tt events [P

13 TeV - 137 fb - Phys. Rev. D 102 (2020) 092013

. CMS 137 fo'' (13 TeV)
N e T
Y, extracted with profile likelihood scan £ E"fta "
. . . . < 51 --- Asimov Y, =
Data/MC comparison at maximum likelihood Y =1.16 ~« F P ASimov Y, = 1.16
CMS 137 o' (13 TeV) v
§ 300003_ ¢ Data [litt [ Single t [l Drell-Yan /Z)Fit unc. 33_
%) = E.
= 25000:_ 2016 2017 20I18 [
2 — A gl <1 ' Y gl > 1 Y g <1 1 1Yy, > 1 AYyppd <11 1AY, 1> 1 . :_
0000~ : ; -l
= i < 68% CL
15000 — C
— 0_ | 1 | Lo | L
Yt
5000 _ +0.07 +0.23
Y, =1.1625 g4 (stat )%, (syst)
Slo
® 9 . . . .
Qlx Dominant contributions to the uncertainty:

)
9}

- EW corrections (8%)

- ISR/FSR modeling in tt (8%)
- tt scale uncertainty (7%)

- JES (7%)

M. Negrini - EPS-HEP 2021 - July 26-30, 2021
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http://dx.doi.org/10.1103/PhysRevD.102.092013

Summary <

m, IS a fundamental parameter of the SM that allows precision tests of the SM
and provides insights on the fate of the universe

Current m, measurements with uncertainty below the GeV (~300 MeV in
combinations) pose experimental and theoretical challenges

The ultimate m, determination is not a single measurement but a physics
program, that includes:

- techniques with uncertainties coming from different sources
- different theoretical interpretations

Measurements of the top Yukawa coupling may be sensitive to new physics
effects.

- At the moment good agreement with the SM: Y,=1.16"" (stat )*%% (syst )

M. Negrini - EPS-HEP 2021 - July 26-30, 2021 15
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13 TeV - 35.9 fb* -

Boosted I+jets topology

Exclusive XCone
algorithm in 2 steps:

1) 2 jets R=1.2
2) 2 (lept) or 3 (hadr)
sub-jets R=0.4

Pre>400 GeV,
m,=mass of the 3 sub-

jets of hadronic
candidate

Phys. Rev. Lett. 124 (2020) 202001

<

3

§§Top guark mass in boosted tt events

<R

35.9 fb' (13 TeV)

'__l' I.j e |'I l. ! :I.l Il I t % 3500 :_l T T T I T T T T T T T T | T T T T I T T ]
B CMS .. 1 O - CMS ¢ Data
- “<..'.. . Simulation | & 3000F W E
C > Supplementaryi & 2500 F Single t =
C 5 ,'.."- - _'. ] "E r -W+jets ]
- O Ly, . - 2 2000F Total unc. -
: . . . T d . ; m :
L i 1500 F XCone, Rjet= 1.2
'_ ’ ] - Nyo=3,R =04
C o ] 1000 F p, > 400 GeV
- - ] 500 f
C. ".4': :'..'.'-.'.'..--?',-" ‘ E 0: _____________ ]
B .." ..k.. . . . | o 1 5 r LA L L N B ) I LB B Y L B B ]
N s o XCone 1 2 ol ++ Totalunc.  Stat. unc. + +
C . Rigt = 1.2, NI =2 . ] 0~ { oo 0 ST __.__0___‘_ ___________________ + _____
i #. R,=04N.:=20r3 ] < ; . " + s +
_'— " . - - | | - | L1 1 1 I 1% 1 1 4 T - | 1 l-l Il 1_ D 0 5 :_ +
_3 _1 O 1 2 3 i 1 i L1 L L
0 100 200 300 400 500

N M [GeV]
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http://dx.doi.org/10.1103/PhysRevLett.124.202001

Measurement of m "¢
using m, unfolded at
particle level.

Impressive improvement
on m,from boosted tops
with respect to 8 TeV
result (9.0 GeV total

uncertainty), mainly due
to larger sample size and

XCone jet reconstruction.

Top quark mass in boosted tt events

13 TeV - 35.9 fb - Phys. Rev. Lett. 124 (2020) 202001

<R

m =172.6 + 0.4 (stat) £ 1.6 (syst) + 1.5 (model) + 1.0 (theo) GeV
Total uncertainty: 2.5 GeV (1.4%)

35.9 fb™ (13 TeV)
o B 313 16V

III|IIII|IIII|IIII

—+— Data

,,,,,,,,, m, = 169.5 GeV
—_— mt = 1725 GeV
..... m, = 175.5 GeV

...........

Measured m, [GeV]

=
a
PRI B

Theory
Data

T T I
- CMS
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Compact Muon Solenoid

Running top quark mass: distributions

Examples of distributions used in the running top quark mass measurements
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