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Introduction Reference F

Top quark as a probe for the SM
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e most massive elementary particle known

e Yukawa coupling ~1 to Higgs boson
= high relevance for the EWK symmetry breaking

e only quark that decays before forming bound states
— unigue way to study ‘bare’ quark properties

Inclusive tt cross section [pb]
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e high production rate at LHC Y w1/ T - A
— high precision SM measurements (s [TeV]
e.g. for o#, exp. precision is dominating
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— study QCD + EWK parameters o Ve, Vus Vi, G
S -+
. . . . g 00000 W EWK
e multitude of interesting SM/top properties measurements W- parameters
= some already covered in James’ talk (top polarization,..) - R
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Top quark mass

Direct measurements

® measuring mMC using reconstructed decay products

mMC

= very high experimental precision
— ~0.5 GeV
= relies on details of MC simulation

Reference

ATLAS+CMS Preliminary
LHCtopWG

....... World comb. (Mar 2014) [2]
stat
total uncertainty

Miep SUMMary, Vs=7-13TeV September 2021

total stat

My, = total (stat = syst) Vs Ref.
LHC comb. (Sep 2013) LHCtopwG 173.29 = 0.95 (0.35 = 0.88) 7 TeV [1]
World comb. (Mar 2014) 173.34 = 0.76 (0.36 = 0.67) 1.96-7 TeV [2]
ATLAS, |+jets 172.33 + 1.27 (0.75 = 1.02) 7 TeV [3]
ATLAS, dilepton 173.79 = 1.41 (0.54 = 1.30) 7 TeV [3]
ATLAS, all jets 1751+1.8(1.4+1.2) 7 TeV [4]
ATLAS, single top 172221 (0.7 = 2.0) 8 TeV [5]
ATLAS, dilepton 172.99 + 0.85 (0.41+ 0.74) 8 TeV [6]
ATLAS, all jets 173.72 = 1.15 (0.55 = 1.01) 8 TeV [7]
~ATLAS, I+jets 7 172.08 = 0.91 (0.39 = 0.82) 8 TeV [8]
ATLAS comb. (50t 2018) 17269 = 0.48 (0.25 = 0.41) 7+8 TeV [8]
 ATLAS, leptonic invariant mass (*) 174.48 = 0.78 (0.40 = 0.67) 13 TeV [9]
CMS, I+jets 173.49 = 1.06 (0.43 + 0.97) 7 TeV [10]
CMS, dilepton 172.50 + 1.52 (0.43 = 1.46) 7 TeV [11]
CMS, all jets 173.49 + 1.41 (0.69 = 1.23) 7 TeV [12]
CMS, I+jets 172.35 + 0.51 (0.16 + 0.48) 8 TeV [13]
CMS, dilepton 172.82 + 1.23 (0.19 = 1.22) 8 TeV [13]
CMS, all jets 172.32 + 0.64 (0.25 = 0.59) 8 TeV [13]
CMS, single top 172.95 + 1.22 (0.77 = 0.95) 8 TeV [14]
CMS comb. (Sep 2015) 172.44 = 0.48 (0.13 = 0.47) 7+8 TeV [13]
CMS, l+jets 172.25 + 0.63 (0.08 = 0.62) 13 TeV [15]
CMS, dilepton 172.33 £ 0.70 (0.14 = 0.69) 13 TeV [16]
CMS, all jets 172.34 + 0.73 (0.20 = 0.70) 13 TeV [17]
CMS, single top 172.13 + 0.77 (0.32 = 0.70) 13 TeV [18]
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[6] PLB 761 (2016) 350 [12] EPJC 74 (2014) 2758 (18] arXiv:2108.10407
L1 | [ I | [ I | L1 | | L1 1
165 170 175 180 185
My, [GEV]

MC _

m

—m

pole
[

+ Ay e O(1GeV)

It

Indirect measurements

e extract m: in well defined renormalisation scheme

(pole, MS, ...)

® measuring cross section with direct sensitivity to m;

s ejther inclusive or differential

Reference
ATLAS+CMS Preliminary My, from cross-section measurements
LHCIOpWG May 2021

ot otat My, + tot (stat + syst = theo) Ref.
_ / o(tf) inclusive, NNLO+NNLL

ATLAS, 7+8 TeV 172.9 ¢ [1]
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CMS, 13 TeV — 169.9 57 (0.1= 15 H5) 3
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My, from top quark decay
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Top quark mass
Single top t-channel | 2016 data

e measurement of mt in a data sample enriched with
single top events g
in lepton+jets
channel

!/

q q

W+

m separated wrt. lepton flavour & charge
— measure quark/antiguark masses individually
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® intensive optimisations of multivariate (BDT)
discriminators to enrich sample with t-ch. single top

s reduced correlation to mi
s studied bias on m

m  calibrations based on final results
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Top quark mass
Single top t-channel | 2016 data

e extract m: with parametric fit

F(y;‘yo} fr et fops fEwk) = ft—ch | Fr—en(¥; yﬂ—k frop * Frop (Vs ¥o) + fEwk 'EEWK(:VZ!

yo =In(my)

= m: also varied in tt background
—»  m, = 172.13 4 0.32 (stat + prof) 0% (syst) GeV = 172.137075 GeV

e use of lepton charge to measure quark/antiquark masses

m, = 172.62 + 0.37 (stat + prof) 7% (syst) GeV
m; = 171.79 £ 0.58 (stat + prof) 135 (syst) GeV

= difference + ratio in agreement with SM (CPT conservation)

L 0.005
=0.995" ) 00e

| Amy = my — 1y 20.8341(1):3{ GeV Ry, = ﬁi

e |imited by jet energy scale (JES)
and modelling (FSR & CR)
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first time sub-GeV precision

in single top phase space
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CMS, tt l+jets (13 TeV)
ATLAS, comb. (8 TeV)
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CMS, single top (8 TeV)
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Phys. Rev. Lett. 124, 202001 (2020)

Top quark mass
Boosted jets (i I+jets) | 2016 data

S gy R
F gMS : — 00477 T 7 <'35'.glft') '(1'3 IT?V'
o[- . imulation ] > | B
F Prelimi.naly — 8 N CMS —— Data .
e m: from jet mass in boosted top decays AR - = ™, = 1095 Gev
. . . of T e S| 003~ e T
» decay products merged in one single jet I st g, (88 M, = 176.5 GoV -
. . . F. w, o . B i
= can be calculated from first principles (SCEFT) HE ooce T s -
: r R o L N
R T T P T - fpus=ssssasas i
Low top High top s 2 40 12 ?] - -
momentum & gETTTTITTTT T T T T . - -
v S CMS | V.0 Y i
s 2F Y ,Spimlqlaﬁmrvy 3 | i ]
g B . relimina - n —
boost . - £ ,’ ; - p———
Resolved 05— o _ L L L
region Boosted ™ - [ supp. - |1 > -
) region SR A '_-""..;.,i‘r'l'atéri_'al ] 3z
T e 2|8

2F . 1 .. X.Con'é — = N Ll A NS S N SR SR R T R T R =

TR .. .:'::;‘o_ﬁ”;n;w:ma_ 120 140 160 180 200 220
R Ee m,, [GeV)

= using Xcone algorithm (first time at LHC)
- two step procedure (two tops, then decay products)
— factor 2 improvement in jet width (particle level & exp. resolution)
— factor 4 improvement wrt. previous iteration using Run | data

my = 172.6 £ 0.4 (stat) = 1.6 (exp) &= 1.5 (model) & 1.0 (theo) GeV

e dominant syst. uncertainty: JES

= m: from comparing to Powheg+Pythia
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ATLAS

Top quark mass

Interpretation in ATLAS MC S 003 ATLAS Simulation Preliminary N
O, L NLL prediction pp— if, PRD 100(2019)7,074021 - ATL-PHYS-PUB-2021-034
%—, : R=1.0 Soft-drop jets (z_,, :OO:AS,RB—Z) : % N N N B B
thSR(l GéV) fJi 002‘ POBEY <Py <SR BA, m 1B = TRt } g 01— ATLAS Simulation Preliminary —
3 ) —— — Nominal == Up var. ~ Down var. Envelope —— = i _ B . |
MC __ e + = i p— - Yo ~ pp — tt, XCone R=1.0 jets ]
me = M + Ayc O(1GeV) I s | ] 8 o[ Softdiop (26,=0.01, f=2) -
| i ] C . — —
0.01— | globelsefiecste 1 — 0 - /50 GeV < p. < 1000 GeV 4
. . I T :{ ——— top mass scale | D) | _
¢ using the short distance scale - N el B S  Powheg + Pythias i
dependent MSR mass [1] B Ao | c—; 006__ ----- NLL prediction, MSR mass | —_
= - _ g - = NLL prediction, pole mass | -
l 'é 1; i ____________ E % B Theory Unc. 7]
SR(l GeV) » mp0 ) e e — oA -
_— = 08 e — i _
s o6 S i _
165 170 175 180 .185 190 002 _
Large-R jet mass [GeV] n ]
e NLL calculation at particle level for tops reconstructed as light i AR RN BRI B
‘oomed b ted iet (h dronic d ) 165 170 175 180 185 190
groo e. OOS. ed JeLS (Na .O IC decaysS Large-R jet mass [GeV]
= |arge jet radius (R=1), using XCone
= soft-drop algorithm ® Dbest fit results compared to
, nominal ATLAS MC
° -template fits to ATLAS simulation are performed
£ P P pole + MSR

« mR(1 GeV), Qs o> X1 as free parameters
[1] A. Hoang et al, Phys.Rev.Lett.101, 151602 (2008) @
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ATLAS

EXPERIMENT

Top quark mass

Interpretation in ATLAS MC ATL-PHYS-PUB- 2021 034

T T | | ]

- ATLAS Simulation Prelimlnary E

- Powheg + Pythia8, pp — ff -

MC MSR +350 - o T TYIIas, bp N

t — mt ( 1 GCV) = 80_410 MeV — XCone R=1.0 Soft-drop jets (z,,=0.01, f=2) ]

—— - 750 GeV < p_ <2000 GeV -

Source Size [MeV] Comment :_ _ _:

Theory (higher-order corrections) +230/-310 Envelope of NLL scale variations - 21:' zzzz Zzwn o .

Fit meth.odology +190 Choicc.: of fit range, pr bins - SR, RadHigh ' A‘ E

Underlying Event model +155 A 14 eigentune variations, CR models B ISR, RadLow Al _

Total Systematic +340/-340 - FSR, RadHigh ) {a -

Statistical Uncertainty +100 - FSR, Radlow - . N

Total Uncertainty +350/-410 — PDEALTIC IS Baselne i —

- MRZO.S,MF:1.O 1A —

:_ l‘l|=a:2'0'”F:1'0 ‘i _:

. ' .- _ =10,p_=05 ; -

e dominated by theoretical uncertainties - o 20 RE -

Taal : . o, _0117 ul _

e similar results for Powheg+Herwig/7 & - o —0.119 \ -

aMC@NLO+Pythia8 simulation e
171.8 172 1722 1724 172.6

I mYSR(1 GeV) [GeV]

| ? ole *
mMC — =my " + 350t300 MeV
L t 360 . .
| S e calibration also performed for common
ATLAS sample variations used to access

systematic uncertainties

e usual mass interpretation validated at order of O(0.5 GeV)

See also YSF talk by Javier Aparisi!
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Mass running

Phys. Lett. B 803 (2020) 135263 Y=

tt dileptonic final states | 2016 data CMS 35.9 16" (13 TeV)
T 350F
° experimental investigation of the top quark mass running & 300\ —L ¢ Data unfolded to parton leve
= in MS scheme, midepends on energy scale mq(pi) E as0F ¢ NLO predictions in HE scharne
= solution of RGE, like running of a; 8 200[- * ABMP16_5_nlo PDF set
- S SR
/ - m(m) = 162 GeV
| — 1501 — my(m) = 164 GeV
. . I'n . / PP PP t t = G
» shape of invariant mass of tt pair - 100F- mm,) = 166 GeV
50f— . ] .
. 1 v v b b e b b e b b b by
s all oy fitted 200 400 600 800 1000 1200 1400 1600 1800 2000
: : ) : m_. [GeV]
= extract my(my) in each bin of mi by comparison to NLO CMS Supplementary arxiv:1909.09193  35.9 fb';ﬂ(13 TeV)
theory and evolve to mt(“k) éf 1-05:— ABMP16_5_nlo PDF set
= i n_ =238 GeV
:E : M0=Mref
= probe running by comparing to NLO predictions = T
— up toascaleof 1 TeV 0.95 _
T | T L - £} NLO with bin-by-bin dynamic scal
= results in agreement with SM RGE within 1.10 >9F NLO with tatic scale LB 603 (2020) 135263] |
» no-running hypothesis excluded at 95% CL I S e toop FGE. 1. 25, () <0110
- - 7 | | o R | | | | | L
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ATLAS

Top quark mass

_.(L) 018_'—- | L L L L L L DL L L L L L L -'—_
N S - ATLAS Simulation Preliminary -
Soft muons (tt 1+jets) ‘ 2016 data 3 0-16E" s =13 Tev —m, = 1705 GeV =
° 0.145— OS selection —m,=1725 GeV —E ATLAS-CONF-2019-046
) ] '.g 0.12:_' _mt:1745 GeV'—: %) N I | L L | | L | | L L I L I L I | L L L .
/ m / € o = 514000~ ATLAS Preliminary ¢ Data ]
2 0 osE- 3 © L {5=13TeV,36.11b" (T (SMT from b/c) -
/ T E ] *212000— OS selection B it (SMT from W) —
T\ 0-06=|__ E o [ Post-Fit [ ¢ (SMT fake) ’
) 0.04F 4 o000 [ Single top 7
| o 0.02E = - Other backgrounds]
F;/_:::“f:' >1061-!.---I-.--I----I----l---'l----_:. 50001 72 Uncertainty b
= K| S 104E = B _
| v 102 = n _
S g; ‘ 6000 —
LSS : :
S DAE .2.0. . .3.0. . .4.0. . .5.0. . .610. . .7.0. . .éO 4000__ —
§ m,, [GeV] 2000 -
® |nvariant mass of lepton from W decay and soft muon from b quark - —— == :
© :
‘y D 1.05F =
sSens It Ve tO Mt % 1%&;9‘/@’74‘/@’74//@44/;@/74/@6g@‘/9/¥/gf/@///%%j/%
s reduced sensitivity to jet calibrations 8 095¢ E
0.9'. PR R S ST S R S ST S U N R S S S W S S S S W S S S S S S S _—
m  useful for future combinations R ;,,0 [Ge\,io
-
e retuned simulation using: e dominant syst. uncertainty: B
= recalibrated b quark fragmentation Bowler-Lund parameter r,~1.05 hadron branching fractions

e deviates by 2.20 from ATLAS average

= recent measurements of hadron production and decay fractions

m; = 174.48 + 0.40 (stat) + 0.67 (syst) GeV

e Jikelihood template fit to mi, spectrum in OS and SS channels
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b quark fragmentation . P ATLAS

tt ey channel | 2015+16 data =

—>ch = ch
ch Pp " Pier
" . yé ’ = -
e Dbottom quarks play vital role in many LHC analyses PP
2 ch
= also top mass measurements! p = kb

ATLAS-CONF-2020-050

o fundamental test of pQCD and parton shower formalism ;" - number of fiducial 5-hadron children

® CurrentlytuneSbasedone+e'data 'SNE 35EIIII|I_;I_I|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIIIE
— — ) | 3 35F Data R
® at LHC: observables relative to the jet —,, S sb L. PowsPyB 15 = 085505 - 0.127 -
i Data B | - 55 E_ ——— Sherpa 2.2.10 —l _E
| T E o T
%"ﬁ? 1.6-105:IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|.II.II|IIII: - Pow:P§8rZ;0:855ZESR;0:139 i 2:_ ATLASPreIiminary . =
14105 . ~ —%— Data ATLAS Preliminary ~— _+ 1.8 — -"=-= Pow+Py8 rg = 1.050 .57 = 0.127 — 15 Vs=13TeV,36fb" '-?—' =
- — Prior prediction J/s=13TeV,36fb~" = B - — i T E -
1.2.105 [~ with uncertainty — el ATLAS Preliminary1 | | . : - — - =
- B Posterior prediction ] 2 /s=13TeV,361b" ] - Z
1.0-10° - with uncertainty _,_l“'ru-—TL" B e B l_._._! ] 0.5 f— ______ —f
8.0-10° :— -.-_'_,_'_I_‘ == _: :8 14 __ __ O S T Ty TR I?I | [ 1] | [ || | I | | | ||| IE
: Fb oo I B 1 e
4.0-10* — B L R . § }$ oo =
2.0-104 f— 1 :— — —=- ._._.—; .:é 8:% ______________ - e —%
- u I I ==rd © . =2 :é
% }%E: 0.8:— i ------ - _: rI§:§11|||111||1|11||||1||||||1||||1111||111|||11|1|||_§
5 125 — ! - "0 01 02 03 04 05 06 07 08 09 1
s 0.6 - . z8h,
9 09 _I L1 | L 111 | 11 I [ 111 | [ | [ | [ | P11 | [ 111 | L 11 I— ’
§ §32 L/N 0 01 02 03 04 05 06 07 08 09 1 e modern MC generators
05 I | [ 111 L1 | [ | L 111 | [ 111 | [ 111 | [ 111 | [ | L1 11 Zgl:-,b
0 01 A2 03 04 05 06 07 08 0.9 .
1A N p-values: (Pow+Pyt/Pow+ H.er/ )
o likelihood-unfolding strongly e default values preferred successfully predict shape of
reduces systematic uncertainties = also rb=1.05 (see slide observables

before) @
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CMS,
s .
<Al \\

b quark fragmentation'§
tt channel | 2015+16 data ‘

e Dbottom quarks play vital role in many LHC analyses
= also top mass measurements!

e fundamental test of pQCD and parton shower formalism S | o | |

e currently tunes based on ete- data r, = 0.858 = 0.037 (stat) = 0.031 (syst).

e at LHC: observables relative to the jet - % N

For more details on both, see Gulia Negro’s talk!

e f S - CMS Preliminary 35.9 fo' (13 TeV) CMS Preliminary 35.9 b (13 TeV)
e D o 46 D 0,06
o recent CMS measurement for ry X oef T R P
m firstat LHC < 014 X + S 005:_ e'e:Z - bb
. — B —e— Data Z il - _
e using charm mesons from B hadron = o012 = 0 e
decays as proxies J/i or DY J o1 s
e template fit to proxy distributions 008f- 0.03F
| | % | - : :
0.06— 002
Source J/y = D DY,  Combined o odl !
Fit procedure 0.022 0.025 0.025 0.017 001
Simulated event statistics 0.030 0.042 0.030 0.019 o002 . i
Signal and background functions 0.007 0.021 0.002 0.006 L | | | o: R
Background subtractions — 0.010 0.010 0.004 0 "0z 04 06 08 1 0 0.2 0.4 0.6 0.8 1
Shape uncertainties 0.013 0.013 0.071  0.016 J¥ p /T p™ xg=p_(B)/p_(jet)
T T
Total 0.040 0.056 0.081  0.031 CMS-PAS-TOP-18-012
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Yukawa coupling 5

tt dileptonic final states | 2016-2018 data

CMS simulation {s =13 TeV
q / Lt - Z
) _ _ / \ S ,5f  HATHOR mimn Y, =3
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