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¥ Precision top quark mass extraction from LHC data: a persistent challenge
* Novel proposal: extract the top mass from correlators of energy flow operators
¥ Parton-shower simulations: theoretical robustness and experimental feasibility

¥ Summary and outlook

J. Holguin, 1. Moult, A. Pathak, MP, Phys. Rev. D 107 (2023)

J. Holguin, I. Moult, A. Pathak, MP, R. Schaofbeck, D. Schwarz, 2311.02157, 2407.12900
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The top quark mass: indirect measurements
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¥ Top quark mass: SM parameter of fundamental importance in high-energy physics
(EW precision tests, vacuum stability,...) High precision at LHC: persistent challenge

¥ Extracted by comparing theory vs data for collider observables, whose perturbative
calculable contributions are evaluated in a specific renormalization scheme

¥ Good theoretical control for inclusive ¢t cross section
(indirect top mass sensitivity, tied to hard interaction)

Parton-level results for o(tt + X)to NNLO+NNLL
ACCUracy (czakon,Mitov 1112.5675) used by ATLAS and CMS fto
extract m: in the pole-mass scheme




The top quark mass: indirect measurements i
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_____________ AmP®® ~ +2GeV from oy;

ATLAS 1910.08819, CMS 1812.10505

Weakly sensitive to the top mass,
strongly affected by PDF uncertainties
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Higher sensitivity fo the tfop mass achieved by considering differential distributions

as well as tt + jet processes: Am? ¢ ~ 4+1GeV atLas 1905.02302, CMS 1904.05237, Cooper-Sarkar et al. 2010.04171 ...




The top quark mass: direct measurements
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¥ Analysis of kinematic observables built out of reconstructed
top decay products has yielded higher precision:

mY'C = 171.77 + 0.37 GeV CMS 2302.01967
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The top quark mass: groomed jet mass i
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¥ Observables in direct measurements exhibit threshold structures, which enhance the
sensitivity to m; but also to soft and collinear radiation as well as hadronization

¥ Higher level of theoretical control for the jet mass combined with
jet grooming such as soft drop (arkoski etal. 1402.2657) to mitigate effects
from wide-angle soft radiation, UE contamination and hadronization
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Observables for the top mass extraction at LHC
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from Hoang 2004.12915
Top mass sensitive Lv) ‘x
Less theoretical control /2‘
\
‘\ Good theoretical control (&
\ —
‘\\ Less sensitive to the top mass Q)
\
N NLO+PS
N VS.
\ n
\ . Top mass sensitive Q’)
X P
\\ Good theoretical control &/
LO-+PS
soft-collinear hard

t-collinear T hard

' We explore possibility of precision extraction of top quark mass at the LHC from the
; measurement of energy-weighted angular correlations of boosted top decay products
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Energy flow operators and correlators
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% Energy flow operator:

g(ﬁ) — / dt lim TzniTgi(t,Tﬁ)
0

T— 00

E(n) / dt (Energy Hux through dQ)
0

#¥ N-point correlators of energy flow operators (£(71)E (i) ...E(1in)) related to
cross sections where the contributions from final-state particles are weighted
by the eigenvalues of the energy flow operators in the various directions



Two-point energy correlator in ete- collisions \
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(E(nq)E(Na)) = E / 2_)032_) E,E;6% (i) — i1;)0° (7l — 71;) Basham et al. PRL 41 (1978)
d nZd n'] \ . o . .
two-particle inclusive QCD cross section

—) | d cos y - /d2n1d2n2 0(7iy - Tiz —COSX)< (7)) f‘;.

S TR SIS LS -

YERC Zeee [ a OPAL

At variance with standard
event shapes, each event
(collection of final state
particles) contributes to

multiple bins: 0 X m T

]

150
x (degrees)
[Opal collboration, Z. Phys. C59 (1993) 21]

9 s extraction from EEC at NNLO+NNLL: Kardos et al. 1804.09146



Factorization theorems for energy correlators in ete-
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¥ In the collinear limit at leading power:

2 1 22
Z(z,ln%,u) :/ da:xQJEEC<1n ZxQQ ,,u) H(
H 0 H

1 —rcosy
2

Z

¥ In the back-to-back limit at leading power:

do 1 L [ d%, o 2
— =2 | d%k —tb kL 51— I
dz 2 / / (27)2° ( ’ QQ)

Moult, Zhu 1801.02627

Computed up to N4LL: Duhr, Mistlberger, Vita 2205.02242
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Energy correlators for jet substructure |
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¥ In recent years growing efforts to rethink jet substructure using energy correlators:
insights from CFT and light-ray OPE

Chen et al. 2004.11381, Hofman and Maldacena 0803.1467, Belitsky et al. 1309.0769, 1309.1424, Kravchuk and Simmons-Duffin 1805.00098

¥ Energy weighting naturally suppresses soft radiation without grooming and enables
novel precision calculations of LHC observables to get access to detailed scaling and

shape information about the energy distribution within jets

Measured by CMS (2402.13864), RHIC (2309.05761) and ALICE (2409.12687) experiments

¥ Can be readily computed for track-based measurements to exploit the fine angular
resolution of tracking detectors: energy weights get simply rescaled by moments of

track functions (Changetal. 1303.6637, 1306.6630) Li et al. 2108.01674, Jaarsma et al. 2201.05166
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EEEC sensitivity to the top mass

Holguin, Moult, Pathak, MP 2201.08393

¥ Consider ete™ — tt + X where t decays hadronically.
The measurement operator is inclusive on top decay products:

M(n) (C12, Cas,C31) = Z Ené?;E” (C12 — ézj) 0 (C23 — ézk) 0 (C31 — é]k>

1,9,k

@;j = (1 —cosb;;)/2

¥ At LO, for a boosted top, the distribution in (12 + (23 + (31 has a peak whose
location is proportional to m;/Q”. The variance can be reduced by constraining the

the shape of the energy flow (most simply achieved by requiring (12 ~ (23 ~ (31)
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EEEC sensitivity to the top mass \
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Holguin, Moult, Pathak, MP 2201.08393
The key object in our first analysis where o( is asymmetry cut (shape parameter):

P P w0, - NI S P PR =0, P NN S PSP SN P S O w3, S NIV S PR P« SR Sy O BT OO0 I e NPT S I P SO U] o PP =5, P SR Sy ) N PP a- S U

dQd¢

B /dCldezzstsl/dgﬂg)(gl%@&cm’c’éo

M(A)(C12,C237C317C75C) = Z QBJn :
i,j,k

X 0(3¢ — (12 — G23 — (31) H O(0¢ — |Cim — Cmnl)

[,m,ne{1,2,3}

o) (Cm — CAzg) 0 (C23 — @k) 0 (C31 — éjk)

3-body hard kinematics: Cpeak =~ 3m?/Q? |

_ TR s "
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Top mass from EEEC in ete- collisions (PY THIAS8)
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Holguin, Moult, Pathak, MP 2201.08393

¥ Excellent sensitivity fo the top mass (distributions normalized to peak heights):
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¥ Peak position dominantly determined by the LO hard process

¥ For ¢ < 20¢ large contribution from collinear splittings
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Top mass from EEEC in ete- collisions: hadronization
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Non-perturbative effects in ECs are governed by an additive power law (Korchemsky, Sterman NPB 555, 1999)

Hadronization has a small effect on the peak of the normalized distribution:
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The case of pp collisions

Holguin, Moult, Pathak, MP 2201.08393

¥ Measurement operator on a boosted top quark jet:

/\Ezp) (Cl% Cos, <31) Z (pT,z’)n(pT,j)n(pT,k) (Cl . C(P )) (C 03 — CA@(]fp)> 5 (C31 L éj(lzp))

. 3
1,7,k € jet (pT’Jet) .

C(pp) AR?j = A77z'2j T A¢?j

C(pp)

% The peak from hard kinematics is now at {0\ ~ 3m7/p7,

¥ Performed a proof-of-concept analysis to show how a precise characterization of

the top-jet pT-spectrum would enable a precision top mass extraction from /WE%A

17



{

The case of pp collisions: top-jet pT-spectrum i
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Holguin, Moult, Pathak, MP 2201.08393

Need for a robust jet-pT measurement spoils the effectiveness of this approach:

1.5 | | | | | | | | | | | | | | | | | | | | | | | | 10 | | | | | | | | | | | T T T | T T T I
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_ (pp) — N - 7
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= T R N R ———— Parton level -
Els G i
(%, S| gl .. — —- Hadron level T
= = _‘ / = — ~~~~ —]
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ge) \_~ S| b - I~ -
0.5+ — - -
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L — —— prie € [630,650] GeV TN~ T : =T
0. ] ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] \I ] 2_ I | | I | | | | \ | \ \ I I | | | | | | | | | | ]
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3477 prje [GeV]

Shifts due fto hadronization and UE in the jet pT-spectrum induce ~1 GeV shifts
in the top mass extracted from the peak position
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Novel approach: the W as a standard candle \
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Holguin, Moult, Pathak, MP, Schofbeck, Schwarz 2311.02157, 2407.12900

We can trade the jet-pT scale by the mass of the W boson inside the boosted top jet:

- T(¢,0,00)
—— T(¢,0.1,m;/pt..) % 10

Projected EEEC




Novel approach: the W as a standard

e

candle \
.

Holguin, Moult, Pathak, MP, Schofbeck, Schwarz 2311.02157

The key object in our novel analysis is the integrated triple-energy correlator

5(C( Gij + /Gik

Cki

v Gk

Ci J

ARf,;j

pp — tX (13 TeV)
PT, jet € [500, 525] ~\7 Eu

Pythia8.3

>
LIEEEN
/
00)’
/
/,

hadrons
.

T(C.Cs.Ca) = Y [ A

T(Ca CssCa = mf/pg",jet)

3
P P, Pk A°04 5.k

20

(pT,jet)3 dCz]k

X O(Cij = Gk = Cri = (s) O (CA > (VGij — \/@7)2)

Projected EEEC

3.

2.9

2.+

1.50

0.5

2

1.F

pp—tX
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‘Pythia 8.3

— T(C,O.l,mf/p%jet) X 1QC

IT(IC,, ()I, (xl)) | | | |
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The standard candle observable
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Holguin, Moult, Pathak, MP, Schofbeck, Schwarz 2311.02157

To extract the W imprint we consider the ratio

W(C) = T(Cv 09 OO) Z /dgij Z’:,z p’l;,;' dC'j
hadrons T,jet ¢

¢ x W(C)

2.25

1,7

dO',,;

. | 1 | 1 1 T 3 — — — Tt
. pp—)tX . Had+MPI [— Parton-level IpT’jete[500,l525] GeV
. .— Hadron-level
: = 172. o
Loy 72.5 GeV 2.2 . Had + MPI
- mwy = 80.4 GeV - g
. . g, 2.1
- Pythia 8.3/"™, -
“ .0. 4 L
: .; .0'.“\%\“ 2.F
:’ ..°. .‘o."'" A B
- S8y i Relative Had. shift: — 0.022
> ; 'f‘%& 1.9 Relative MPI shift: + 0.032
o £ P BRI BRI I
23 LI % 0.075 0.1 0.125
:’::'o:.“\m/. ..°': ..°': E o v#'_".
o S ~[575,600 GeV'\.s.‘ . -
“h S S —[550,575]GeV e, o~ o
.'.~ o - ’ : m%;:’:\/ﬂmowoww ol o
. 7 —[525,550] GeV ,&'-.:,..‘ . i ~
— [500, 525] GeV N s
| . ".\: e Al
I I I | I I I I | [ Bt PN I I

& 6(¢ — Cij)

Peak is sensitive to the W-mass and shifts

21

from hadronization and UE contamination
are entirely due to correlated shift in prjet
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Top mass extraction: a feasibility study

Holguin, Moult, Pathak, MP, Schofbeck, Schwarz 2407.12900

We exploit the high degree of correlation between top and W imprints. For large boosts:

Gt (mW iz )
m:; = mw |Clag, R - O ,
t v ( ) CW PT.jet PT,jet

where C is governed by relative W boost, top decay and depends on the jet radius R.

Shower R = (.8 R=10 R=12 R=1.5

HAunIERER 1.0/76 £ 0.001 1.085 + 0.001 1.094 + 0.001 1.101 + 0.001

For now, we extract C from parton-level
simulations averaging over pr et € [400,600] GeV

. . Herwig 7.3
(Different event generators employ different Sl 1.080 + 0.001 1.087 = 0.001 1.095 0.001 1.101  0.001

GPPrOXimaHOnS 1-0 descripﬁon OF TOP decay) Helxvig 13 1.094 + 0.001 1.101 £ 0.001 1.109 £ 0.001 1.115 = 0.001

V[ GERPREE 1.082 + 0.001 1.087 + 0.001 1.095 + 0.001 1.103 = 0.001
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Top mass extraction: a feasibility study \
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Jet-based measurement

Hadronization

Checklist for a precision top mass extraction: S

N\
S

(D
S '\
Top decay
2 Experimental systematics
= Contamination

¥ robustness against hadronization and UE

¥* vastly dominant effects perturbative

/}"

¥ negligible power suppressed effects Proton structurs

\\\‘\\ Soft physics

¥* resilience to experimental systematics

=P feasibility study using MC event generators  Holguin, Moult, Pathak, MP, Schofbeck, Schwarz 2407.12900
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Jet radius dependence

Production mechanism:
Varying R impacts both perturbative and non-

perturbative jet features but the effect on the
extracted top mass is dominantly perturbative

* PDF uncertainty

 Hard scattering corrections
Jet substructure:

* Jet radius dependence

180 — | | | | | | | [
; - Vary jet radius @ Partonic — R=0.8 -  Hadronization effects
b _ : _
G 178F pp—tX A Hadronic —R=1 — * Impact of underlying event
z - Pythia 8.3 B Had+MPI —R=1.2 _ | |
NS 176: B R—=15 _ * Wide angle soft physics
~— | - _

N i * Tt I ¢+ T4 Perturbative uncertaint
> : {}E {}E :{E l:i ::AE :::{ :::i : y
= 174 £ .I o :E | el C Experimental feasibility:

Sm L hi i }_ :I%:g%-%ii e Statistical sensitivity
~ 2 — oli ik
gg 172; LI NS LI . - Jet energy scale
© 170: | | | | | | | | - Constituent energy scale

400 425 450 475 500 525 550 575 600
Pr,jet | GEV |

Track efficiency

QOO oo oo

Heavy flavor dependence
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Jet radius dependence

Production mechanism:

Shift from hadronization/UE is about 200 MeV * PO uncertainty

L1 L]

 Hard scattering corrections

' ' ' ' ' ' ' ' ' Jet energy scale
400 425 450 475 500 525 550 575 600 |
Constituent energy scale

@ Partonic

PT ,jet [ GeV ] A Hadronic

Track efficiency
m Had+MPI

— 174 — . - Jet substructure:
5 172 '_hﬁE 1{ ﬁ {-H ﬁ- ﬁIH: et radius dependence 4
= i ——— » Hadronization effects []
§ i;g’ Z—--EIE E—IE ﬁi- hiﬁihihi i E E * Impact of underlying event |:|
: | | P -  Wide angle soft physics []
:: EH {H hi‘ hihiﬁi HEHE_ * Perturbative uncertainty |:|
B ’ | B_15 - Experimental feasibility:
Z AT T T TEAL T TN TTeLLITTe L E * Statistical sensitivity D
_ ' []
[]
[]
[]

Heavy flavor dependence
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Hadronization effects

C. . , , Production mechanism:
Small sensitivity fo hadronization corrections

. * PDF uncertainty
in all parton shower generators

L1 L]

 Hard scattering corrections

| | | |
1741~ Pythla— Jet substructure:
173 )
173 oL §5 . §1...3E..g1-- 9 U |
i;(l) —Ami‘ad — 219 + 282 MeV @ Parton- level A Hadron- level e Jet radius dependence

AmMd — 241 4 361 MeV (pT et > 500 GeV) C L
- | | o | | | e Hadronization effects

% | | | I | | | |
O

174 - Vincia —

SO S P S SR o

A L71E Al = —75 & 277 MeV
~ - Ambad —48 + 376 MeV (pT et > 500 GeV)
N\

* Impact of underlying event

* Wide angle soft physics

1?31 ! b g | Herwig Dipole — Perturbative uncertainty
z-- N CT T ] . T
SE 172 a1 i oad MeV i Sl > o3 - Experimental feasibility:
m — -
170 = - .
S o5 Am;*" = 149 & 466 MeV (prju > 500 GeV) | o Statistical sensitivity
TS 174 ! ! | | ! | Herwllg A.0.

173 Jet energy scale
O 172 F i{- -8%---$%---$% -- Ez }; fg i gy
i;(l) - Amid = _66 + 283 MeV
Am';ad = 15 &+ 509 MeV (pr,jer > 500 GeV)

' ' ' ' ' ' ' Track efficiency
400 425 450 475 500 525 550 575 600

PT,jet [ GeV] 26

Constituent energy scale

OO0 OOl

Heavy flavor dependence



b-quark fragmentation modelling

Negligible impact from b-quark hadronization models

175

174

— pp—tX ,Pythia 8.3, MPI+Had

| b fragmentation variation
| @ default

. AUp: (Amy), =45+ 104 MeV
. [l Down : (Am;),, = —25 1+ 94 MeV

400 4

25 450 475 500 525 550 575 600

PT,jet [ GGV]

Production mechanism:

* PDF uncertainty

L1 L]

 Hard scattering corrections

Jet substructure:

* Jet radius dependence
* Hadronization effects
* Impact of underlying event

* Wide angle soft physics

Perturbative uncertainty
Experimental feasibility:
e Statistical sensitivity
Jet energy scale
Constituent energy scale

Track efficiency

OO0 000NN

Heavy flavor dependence



Underlying event contamination

s

Negligible impact from UE tune variations

mw Vi /{w [ GeV]

(1.2)
ythia

P

C

Diff. [ MeV]

175

174

e
~J
o

e
~J
(\V)

171
400

—400

— pp—tX ,Pythia 8.3, MPI+Had

. UE Tune Variation
" @Cps

"~ AUp:(Am,), =—A47 + 69 MeV
. Bl Down : (Amy),,=—54 1+ 124 MeV

400 425 450 475 500 525 550 575 600
Pr,jet | GeV]
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Production mechanism:

* PDF uncertainty

 Hard scattering corrections

Jet substructure:

* Jet radius dependence

* Hadronization effects

* Impact of underlying event

* Wide angle soft physics
Perturbative uncertainty

Experimental feasibility:

e Statistical sensitivity
Jet energy scale
Constituent energy scale
Track efficiency

Heavy flavor dependence

L1 L]

OO0 JOdO0NNN



PDF variations

=

Producti hanism:
Variations in PDFs lead to significant shifts and induce roguction mechdanism

substantial uncertainties in py;. distribution but the

ratio of the peaks is extremely robust (negligible shifts)

* PDF uncertainty

N

 Hard scattering corrections

Jet substructure:

Perturbative uncertainty

175y stX ,Pythia 8.3, Hadron-level - » Jet radius dependence
= . L -
5 - PDF Variation :  Hadronization effects
— 174} @ CP5 default ]
A " A CTI8NNLO : (Amn,),, =31 & 109 MeV ] * Impact of underlying event
~~ i i
% 173 - B MSHT20an31lo_as118 : (Amy),, =—2 1+ 105 MeV - e Wide angle soft phySiCS
=

Experimental feasibility:
e Statistical sensitivity

Jet energy scale

Constituent energy scale

Track efficiency

400 425 450 475 500 525 550 575 60 Heavy flavor dependence
29
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Hard scattering corrections

=

Variations in the physics at the hard scale through
scale variations of ISR: negligible impact

175  pp—tX ,Pythia 8.3, Hadron-level

| ISR Scale Variation
. @ Central

. AUp: (Amy),,=—10+ 12 MeV

1730 B Down : (Amy),, =7 £ 8 MeV

174

mw ‘/&/é’w | GeV]

-
~J
(\V)

(1.2)
ythia

P

C
o
~J
ek

Diff. [ MeV]

—400

25 450 475 500 525 550 575 60
P1,jet | GEV]

400 4

Production mechanism:

* PDF uncertainty

N

 Hard scattering corrections

Jet substructure:

* Jet radius dependence

* Hadronization effects

* Impact of underlying event

* Wide angle soft physics

Perturbative uncertainty
Experimental feasibility:
e Statistical sensitivity
Jet energy scale
Constituent energy scale

Track efficiency

OO0 JOdO0NNN

Heavy flavor dependence



=

e

myw N/ {w [ GeV]
\]

o
~J

(1.2)
gen

C

Diff. [ MeV]

—400

Hard scattering corrections

Variations in the physics at the hard scale through
NLO matching to tf +j process: negligible impact

. pp—tX, Herwig (dipole) 7.3, Parton-level
[ Impact of NLO hard matching

(\V)

-
I B

L @pp—tt@LO T
" App — tt(+5) @ NLO : (Amy),, =46 4= 60 MeV

400 425 450 475 500 525 550 575 60
P1,jet | GEV]

Production mechanism:

* PDF uncertainty

N

 Hard scattering corrections

Jet substructure:

* Jet radius dependence
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Wide-angle soft physics

. , Production mechanism:
Models of color reconnection probe wide-angle soft

: : ,  PDF uncertainty
physics at non-perturbative scales: small impact
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 Hard scattering corrections
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Shower uncertainty: FSR scale variation

= e =

Production mechanism:
Results from LL showers + LO description of the top

* PDF uncertainty
decay: small impact from FSR scale variation

N

 Hard scattering corrections

e[ | | | i | | Jet substructure:
. 175 - pp—tX ,Pythia 8.3, Hadron-level _ _
g " FSR Seale Variation * Jet radius dependence
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Shower uncertainty: top jet recoil schemes

=

: : , Production mechanism:
Top jet recoil schemes model NLO fop-decay effects in

parton showers: perturbative component dominates and
significantly affects the top mass

* PDF uncertainty

N

 Hard scattering corrections

Jet substructure:
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Experimental feasibility: statistics at the LHC

=

Production mechanism:

The measurement is statistically feasible at the LHC * POF uncertainty

N

 Hard scattering corrections

Jet substructure:
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Experimental feasibility: jet energy scale

= =

Production mechanism:
We use the CMS model for jet energy scale uncertainty . PDF uncertainty

and vary accordingly PrTjet: Very small impacf * Hard scattering corrections

N

Jet substructure:
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Experimental feasibility: constituent energy scale

e et == :

Effects of varying the momenta of the jet constituents Procuction mechanism:

(1% for charged, 3% for photons and 5% for neutrals):
very small impact

* PDF uncertainty

N

 Hard scattering corrections

Jet substructure:
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Experimental feasibility: track efficiency

=

Production mechanism:

CMS ftrack efficiency models: small impact . PDF uncertainty

N

 Hard scattering corrections
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Experimental feasibility: heavy flavor dependence

e

Producti hanism:
CMS models for different jet response between jets rodiction mechanism

. PDF '
originated by a light quark vs b-quark: small effect neertainty

N

 Hard scattering corrections
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Summary and outlook

=

¥ Triple energy correlators measured on boosted top jets: enhanced top-mass sensitivity
dominated by hard kinematics (perturbatively calculable effects)

¥ By exploiting both top and W imprints in the triple energy correlator, high level of
resilience against soft radiation effects, underlying event contamination and
hadronization. Theoretical robustness and experimental feasibility

¥ Our MC-based analysis motivates novel precision calculations of energy correlators on
top decays and further exploration of the experimental measurement.
Goal: a novel, theoretically clean, precision extraction of the tfop mass in a well-defined
short-distance scheme based on energy correlators measured on boosted top jets at LHC
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