Challenges in top-mass determination at LHC
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Introduction
Direct and alternative top-quark mass determinations

A novel method to measure m; from leptonic invariant mass
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The top quark was discovered in 1995 by CDF and DO experiments at Tevatron (FNAL)
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Q = (2/3) e, T3 = +1/2, phenomenology driven by its large mass: m; ~ 173 GeV
Large width T'; ~ 1.326 GeV = 7; ~ 0.5 x 1072* s (PDG'24)

The top quark decays before forming any T-hadron or ¢t resonance

Being m; ~ my, the top Yukawa coupling is the only of order 1

Processes with top quarks are background for many New Physics searches



The top quark mass plays a crucial role in the electroweak symmetry breaking
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Stability of SM vacuum depends on m; and myg
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(G.Degrassi et al, JHEP'12, A.Andreassen et al, PRD'18)
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Top mass world average as pole mass in determination of Yukawa coupling



Top production and decay at hadron colliders (¢t pairs)
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Production via strong interaction (mainly ¢q at Tevatron, gg at LHC): LO is O(a%) ...
Top decays via t — bW with BR ~ 1

Final states as all-leptons, lepton-jets or all-jets according to W decays



Mass measurements compare data with theory: m; parameter in the theoretical prediction

Direct top mass measurements based on reconstruction of top decays under the
assumption that the final state is WbWb and the W mass is fixed

Data confronted with Monte Carlo templates and m; is the value minimizing the y?
my 1S the parameter in the event generator, often called ‘Monte Carlo’ mass

Alternative top mass measurements from other observables depending on (pole, MS)
my, e.g., o(tt) = aioo(my) + ador(my) + asos(my) + ...
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Longstanding debate on m; interpretation in direct measurements (G.C., Front.in Phys.'19)

Measured mass must be close to myp.1e: top-decay kinematics is driven by mpele
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Reconstructed mass p* = (py_jet + P +pe)? (with cuts on jets and leptons) with on-shell
tops should be close to the pole mass, up to widths, NP and higher-order corrections

Colour-reconnection effects can spoil this picture
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Left: M.L.Mangano, TOP 2013 workshop, = Right: S.Argyropoulos, LNF'15 workshop

Much work within SCET and standard QCD: shift with respect to the pole mass about
a few hundreds MeV
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Summary of mass measurements (M.Myllymaki, talk at TOP 2023)
Left: direct measurements Right: alternative measurements

ATLAS+CMS Preliminary My SUMmary, Vs = 1.96-13 TeV November 2023 ATLAS+CMS Preliminary  my,, from cross-section measurements November 2023
LHCtopWG LHCtopWG
'''''' LHC comb. (Sep 2023*), 7+8 TeV LHctopwa [1][16] Pt
[ statistical uncertainty total stat totall stat 1 My, £ tot (stat £ syst £ theo) [GeV] de'[ Ref
total uncertainty My, * total (stat + syst = recoil) [GeV] J.L dt  Ref.
LHC comb. (Sep 2023*), 7+8 TeV 172.52 +0.33 (0.14 + 0.30) <20 fo! [1][16] 1) inclusive. NNLO+NNLL
World comb. (Mar 2014), 1.9+7 TeV 173.34 +0.76 (0.36 + 0.67) <877, [2] O(lt) clusive, 0+ 125
ATLAS, l+jets, 7 TeV 172.33£1.27 (075 £ 1.02) 4617, [3] ATLAS, 7+8 TeV —— 1729 5§ 201" [1]
ATLAS, dilepton, 7 TeV 173.79 + 1.42 (0.54 £ 1.31) 4617 [3] 17
ATLAS, all jets, 7 TeV H————— 175.1£ 1.8 (1.4£1.2) 4617 4] CMS, 7+8 TeV —— 173.8 ;3 971" [2]
ATLAS, dilepton, 8 TeV 172.99 + 0.84 (0.41+ 0.74) 20.3 o™, [5] +1.9 +1.2 .
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ATLAS, leptonic inv. mass, 13 TeV 17441+ 0.81 (0.39£0.66+0.25)  36.1 b, [8] LHC comb., 7+8 TeV —— 1734 5, 2% [5)
ATLAS, dilepton (*), 13 TeV 172,21+ 0.80 (0.20 £ 0.67 £ 0.39)  139fb" [9] EE _
CMS, I+jets, 7 TeV 173.49 +1.07 (0.43 £ 0.98) 4917 [10] o(tt+1j) differential, NLO
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CMS, l+jets, 8 TeV 172,35+ 0.51 (0.16 + 0.48) 197 16", [13] ATLAS. 8 TeV e 1711 55 (0.4 £0.9 2021" [7
CMS, dilepton, 8 TeV 17222 931 (0.18 *°%) 19717 [14] ; +11-04 ( s 03) : 7
CMS, all jets, 8 TeV 172.32:£ 0,64 025 £ 0.59) 19.7 1, 18] CMS, 13 TeV —— 1721 55 (1.3 _0;‘) 36317 (8]
CMS, single top, 8 TeV 172.9541.22(0.77 {0 19.7 1o, [15] - : - :
CMS comb. (Sep 2023*), 7+8 TeV 17252 £0.42 (014 + 039) <1971 [16] o(tt) n-differential, NLO
CMS, all jets, 13 TeV 172.34£0.73(0.20 %) 35910 [17] ATLAS TeV 1732+16(09+08+1.2 4
CMS, dilepton, 13 TeV 172.33 £ 0.70 (0.14 £ 0.69) 35917, [18] ,n=1,8Te H—=H 2+16(09+08+1.2) 202" [9
CMS, I+jets, 13 TeV 171.77 £ 0.37 359107, [19] - o 1705+0.8 4
CMS, single top, 13 TeV 17213 177 (032 %) 35917, [20] CMS, n=3, 13 TeV - 3917 [10]
CMS, boosted, 13 TeV [1] ATLAS-CONF-2023.066 173.?;?;::?17(30{294) 115 EPJC 77123?!'5521] mqop from top quark decay [1]1EPJC 74 (2014) 3109  [5] JHEP 2307 (2023) 213 [9] EPJC 77 (2017) 804
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* Preliminary 5 5 74 o142 [19] EPJC 83 (2023) 963 ATLAS, 7+8 TeV comb. [12] [4] EPJC 80 (2020) 528 (8] JHEP 07 (2023) 077 [12] EPJC 79 (2019) 290
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m, Y TEHC = 1173.34 + 0.27(stat) + 0.71(syst)] GeV (World average, 1403.4427)
World average based on direct measurements, not combined with alternative ones



Soft-muon tagging (SMT): my,, in [+ jets (similar to CDF and CMS witht — B — J /1)

Primary leptons: pp; > 27 GeV, || < 2.47, ARy, > 0.4; anti-kp jets with pp ; > 25 GeV, [n;| < 2.5, AR;; > 0.2,
ARj; > 0.4; SMT: pp, > 8 GeV, AR; , < 0.2

Advantages: leptonic, mild sensitivity to jet calibration/uncertainty and production

Drawback: major dependence on treatment of b-quark fragmentation b — B
Analysis uses POWHEG+PYTHIA (default, left) and +HERWIG (MC uncertainty, right)
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Bottom fragmentation in top decays: universality from e*e™ to pp (true in full QCD)

b-fragmentation through Lund—Bowler function (z = 2pp - pz/m?% ~ Ep/E}):

F(2) = ————(1 — 2)% exp(—bm3/z)

Zl—l—brbmb

a and b tuned to light and heavy-flavour data, refitting r;, in A14 ATLAS tuning
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Rescaling b- and c-hadron production fractions and BRs into muons

Hadron = PDG PowneG+PyTHIA8  Scale Factor Hadronic PDG PowHEG Scale
B° 0.404 + 0.006 0.429 0.941 £0.014 Decay Mode PyTHIA8+EVTGEN Factor
B* 0.404 = 0.006 0.429 0.942 £0.014 b 0.1005 +0.0029 0.106 1,030 +0.0027
B(S) 0.103 £ 0.005 0.095 1.088 + 0.052 —H 109 -0.0025 ' ' -0.0023
b-baryon 0.088 +0.012 0.047 1.87 £0.26 b—-rt 0.0042 £0.0004  0.0064 0.661 +0.062
D* 0.226 + 0.008 0.290 0.780 + 0.027 b—c—-pu 00802 +0.0019 0.085 0.946 +0.022
DO 0.564 +0.015 0.553 1.020 + 0.027 b—->c¢— U 0.016 +0.003 0.018 0.89 +0.17
0
DY 0.080 £ 0.005 0.093 0.857 £0.054 cop 0.082 +0.005 0.084 0.976 +0.059
c-baryon  0.109 + 0.009 0.038 2.90 +0.24
Event yields with 15 GeV < m;, < 80 GeV and fractions of events with a SMT
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Single top 7-channel 770 = 70 490 = 40 t—-B—>D—>upu 16.7 44.2
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Z+HF jets 550 + 180 310 = 100 Processes involving a u not from a ¢ or ¢
Diboson 172+ 2.9 6.3+ 1.4 B—u 0.6 0.9
Multijet 530 =+ 140 480 + 130
Total Expected 65000 =+ 4000 39700 + 2500 D— H 5.8 1.4
Data 66891 42087 Other (1 — u) 0.5 0.1
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Extraction of the top-quark mass /s = 13 TeV, £ = 36.1 fb~!

/15 GeV
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Best-fit result: m, = 174.41 £ 0.39(stat.) = 0.66(syst.) = 0.25(recoil)
Most precise single measurement by ATLAS and more precise than similar techniques
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Summary of uncertainties

Source

Unc. on m; [GeV]

Stat. precision [GeV]

Statistical and datasets

Data statistics 0.39
Signal and background model statistics 0.17
Luminosity < 0.01 +0.01
Pile-up 0.07 +0.03
Modelling of signal processes
Monte Carlo event generator 0.04 +0.06
b, c-hadron production fractions 0.11 +0.01
b, c-hadron decay BRs 0.40 +0.01
b-quark fragmentation ry, 0.19 +0.06
Parton shower ag SR 0.07 +0.04
Parton shower and hadronisation model 0.06 +0.07
Initial-state QCD radiation 0.23 +0.08
Colour reconnection < 0.01 +0.02
Choice of PDFs 0.07 +0.01
Modelling of background processes
Soft muon fake 0.16 +0.03
Multijet 0.07 +0.02
Single top 0.01 +0.01
W/Z+jets 0.17 +0.01
Detector response
Leptons 0.12 +0.01
Jet energy scale 0.13 +0.02
Soft muon jet pt calibration < 0.01 +0.01
Jet energy resolution 0.08 +0.07
b-tagging 0.10 +0.01
Missing transverse momentum 0.15 +0.01
Total stat. and syst. uncertainties (excluding recoil) 0.77 +0.03
Recoil uncertainty 0.25
Total uncertainty 0.81
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Specific to this analysis: gluon-recoil uncertainty in first emission off top decays
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Figure 194: Comparison of xy distributions for theoretical prediction based on NLO+NLL resummations and that
of PP8 smaples with different recoil strategies. The theoretical calculations are performed for a,,, = 175 GeV,
while the PP8 MC samples are for my,,, = 172.5 GeV. but vy is independent from my,, .
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Recoil-to-b: best agreement with NLO+NLL resummation of x g (G.C. Cacciari, Mitov, JHEP'02)

Sample TR A< xg ») wrt theory < xé = Al .té =) wrt theory
theory 0.7188 - 0.5472 -
PP8A I41h 07163 £0.0001 | -00025£0.0000 | 0.5420£0.0002 | -0.0052+ 0.0002
PPRAI14 07280 £0.0001 | 0.0101£ 00001 | 0.5614+0.0002 |  0.0142+0.0002
PP3AL4sh recoill ToW | 0.7294 £0.0001 | 0.0106£ 00001 | 05394200002 | 0.0122£0.0002
PP8AL4th recoil ToTop | 0.7295 £ 0.0000 | 0.0107£0.0001 | 05596+ 0.0002 |  0.0124 0.0002

Table 61: Average xp (i.e. the second Mellin moment) for NLO+NLL predictions and for different PP8 settings in

the 0.18-0.94 range. The third Mellin moment is also shown.
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Conclusions

Top-quark mass is a fundamental SM parameter

Direct and alternative methods to measure to mass at LHC

Ongoing debate on the interpretation of m; in terms of field-theory definitions

Novel ATLAS analysis on top-mass measurement based on soft-muon tagging
Leptonic final states minimize jet uncertainty, while contribution from b fragmentation
Final result m; = 174.41 + 0.81 GeV most precise single measurement by ATLAS

Smaller uncertainty than companion measurements using fully leptonic final states (e.g.

from J/4)
Extension to full Run Il data and Run Il

Use of updated codes and fragmentation models to improve ¢t production and decay
modelling

Phenomenology work on fragmentation functions (hadronization models) according to
resummed calculations and Monte Carlo generators and comparison with data
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