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Theory challenges with current top mass measurements
Energy Correlators for precision jet substructure
A new proposal for top mass using EECs

Demonstrating robustness and experimental feasibility
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Precision Measurements: Key to new physic
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The current status of collider QCD predictions

Jet-based measurement

Hadronization

Top decay Experimental systematics
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The current status of collider QCD predictions

Use Monte Carlo simulations for strong
interactions in the final state.

Jet-based measurement

 Extremely versatile Hadronization

 But not precise enough
for something so sensitive
as the top quark mass
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 Doesn’t include soft gluon,
Coulomb resummation

Experimental systematics

(Jet energy scale)

Top decay j\s\s\s\g\V
Impacts M..., Mz pr, ...

Contamination J

(UE Modeling)

Hard scattering

Dyanmics of the initial state
Proton structure & under good theoretical control
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6 measure the My, so precisely)



EXisting top mass determinations

CMS

stat. total
----- ATLAS+CMS combination m{®® = 173.47,° GeV

[JHEP 07 (2023) 213]

————— CMS 7+8 TeV comb. m® = 172.52 + 0.42 GeV
B  CMS 7+8 TeV comb. stat. uncertainty

[PRL 132 (2024) 261902]

+3.6

Inclusive tt 7 TeV, NNLO ® CT10 ——e—— m™=1770 % (tot) GeV [PLB 728 (2014) 496]
Inclusive tt 7+8 TeV, NNLO ® CT14 —e— me=1743 '3} (tot) GeV [JHEP 08 (2016) 029]
Inclusive tt 13 TeV, NNLO ® CT14 @ \ mP®=170.6 +2.7 (tot) GeV [JHEP 09 (2017) 051]
Inclusive tt 13 TeV, NNLO ® CT14 —e mi**=1737 . (tot) GeV [EPJC 78 (2019) 368]
Differential tt 13 TeV, NLO + 3D fit (m{mle, a, PDF) HeH i mP® = 170.5 +0.8 (tot) GeV [EPJC 80 (2020) 658]
Dilepton 7+8 TeV, ATLAS+CMS cross section —e— mP*=173.4 )% (tot) GeV [JHEP 07 (2023) 213]
Differential tt+jet 13 TeV, NLO ® CT18 —o— mP® = 172.13 + 1.43 (tot) GeV [JHEP 07 (2023) 077]
Inclusive tf 13 TeV, NNLO ® CT14 —e— m(m,)=1650 "1° (tot) GeV [EPJC 79 (2019) 368]
Dilepton 7 TeV, KINb and AMWT — ] @ d—] m°=1755 +4.6 (stat)=4.6 (sys)GeV [JHEP 07 (2011)04]
Lepton+jets 7 TeV, 2D ideogram m® = 173.49 + 0.43 (stat) £ 0.98 (sys) GeV [JHEP 12 (2012) 105]
Dilepton 7 TeV, AMWT mi =1725 +0.4 (stat)+1.5 (sys) GeV [EPJC 72 (2012)2202]
All-jets 7 TeV, 2D ideogram mVC = 173.54 + 0.33 (stat) + 0.96 (sys) GeV [EPJC 74 (2014) 2758]
Lepton+jets 8 TeV, Hybrid ideogram m© = 172.35 + 0.16 (stat) + 0.48 (sys) GeV [PRD 93 (2016) 072004]
All-jets 8 TeV, Hybrid ideogram mM® = 172.32 + 0.25 (stat) + 0.59 (sys) GeV [PRD 93 (2016) 072004]
Dilepton 8 TeV, AMWT m© = 172.82 + 0.19 (stat) + 1.22 (sys) GeV [PRD 93 (2016) 072004]
Single top quark 8 TeV, Template fit m¥® = 172.95 + 0.77 (stat) tozz (sys) GeV [EPJC 77 (2017) 354]
Dilepton 8 TeV, Mb|+M.t|’.2 Hybrid fit mMC = 172.22 +0.18 (stat) +O:Z: (sys) GeV [PRD 96 (2017) 032002]
Lepton+jets 13 TeV, Hybrid ideogram m© = 172.25 + 0.08 (stat) + 0.62 (sys) GeV [EPJC 78 (2018) 891]
All-jets 13 TeV, Hybrid ideogram m® = 172.34 + 0.20 (stat) + 0.70 (sys) GeV [EPJC 79 (2019) 313]
Dilepton 13 TeV, m, fit ml'® = 172.33+0.14 (stat) "> (sys) GeV [EPJC 79 (2019) 369]
Single top quark 13 TeV, In (m,/ 1 GeV) fit mi"® = 172.13 + 0.32 (stat) fj? (sys) GeV [JHEP 12 (2021) 161]
Lepton+jets 13 TeV, Profile likelihood ol mM© = 171.77 +0.04 (stat) + 0.37 (sys) GeV [EPJC 83 (2023) 963]
Combination 7+8 TeV miC = 172,52 +0.14 (stat) + 0.39 (sys) GeV [PRL 132 (2024) 261902]
Boosted 8 TeV, C/A jet mass unfolded | B o i | m®=170.9 +£6.0 (stat)+6.7 (sys)GeV [EPJC 77 (2017)467]
Boosted 13 TeV, XCone jet mass unfolded mi©=172.6 +0.4 (stat)£2.4 (sys)GeV [PRL 124 (2020)202001]
Boosted 13 TeV, XCone jet mass unfolded E m© = 173.06 + 0.24 (stat) + 0.80 (sys) GeV [EPJC 83 (2023) 560]
Dilepton 7 TeV, Kinematic endpoints == m, =173.9 +09 (stat) j;:j (sys) GeV [EPJC 73 (2013) 2494]
1+2 leptons 8 TeV, Lepton + secondary vertex m© = 173.68 + 0.20 (stat) j;:j (sys) GeV [PRD 93 (2016) 092006]
1+2 leptons 8 TeV, Lepton + J/¥ PI:I mi© =173.5 +3.0 (stat)+0.9 (sys) GeV [JHEP 12(2016)123]
III|IIIIIII|III||I|II|III||I||
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A number of complementary techniques

 Excellent summary: Review of top quark mass
measurements in CMS, Phys.Rept. 1115 (2025) 116-218



Top Mass from Total Cross Section

C M S -stat. total
EEEEE ATLAS+CMS combination m{*® = 173.4%,% GeV

[JHEP 07 (2023) 213]

----- CMS 7+8 TeV comb. m® = 172.52 + 0.42 GeV

B  CMS 7+8 TeV comb. stat. uncertainty
[PRL 132 (2024) 261902]

Indirect mass extractions

Pole mass from cross section
Inclusive tt 7 TeV, NNLO ® CT10
Inclusive tt 7+8 TeV, NNLO ® CT14

+3.6

s (
(

mPea7ag 2

m:)ole -177.0 [PLB 728 (2014) 496)

[JHEP 08 (2016) 029]

+1.8
-2.0

Inclusive tt 13 TeV, NNLO ® CT14 mPo© = 170.6 +2.7 (tot) GeV [JHEP 09 (2017) 051]

Inclusive tt 13 TeV, NNLO ® CT14 mi**=1737 3} (tot) GeV

Differential tt 13 TeV, NLO + 3D fit (mfme, a,, PDF) —CH mP®=170.5 +0.8 (tot) GeV [EPJC 80 (2020) 658]
(tot)

Dilepton 7+8 TeV, ATLAS+CMS cross section
Differential tt+jet 13 TeV, NLO ® CT18

mP® = 173.4

(2016)

(2017)

[EPJC 79 (2019) 368]

( )

[JHEP 07 (2023) 213]
( )

mP°® = 172.13 +1.43 (tot) GeV [JHEP 07 (2023) 077]

+1.8

Inclusive ’[’[ 13 TeV, NNLO ® CT14 —— m(m,) =165.0 . (tot) GeV [EPJC 79 (2019) 368]

Direct measurements

Full reconstruction

Dilepton 7 TeV, KINb and AMWT —& ! ® I— m'°=1755 +4.6 (stat)£4.6 (sys)GeV [HEP 07 (2011)04]
Lepton+jets 7 TeV, 2D ideogram mVC = 173.49 + 0.43 (stat) + 0.98 (sys) GeV [JHEP 12 (2012) 105]
Dilepton 7 TeV, AMWT m¥C =1725 +0.4 (sta)£1.5 (sys)GeV [EPJC 72 (2012) 2202]
All-jets 7 TeV, 2D ideogram m'© = 173.54 + 0.33 (stat) + 0.96 (sys) GeV [EPJC 74 (2014) 2758]
Lepton+jets 8 TeV, Hybrid ideogram mV = 172.35 + 0.16 (stat) + 0.48 (sys) GeV [PRD 93 (2016) 072004]
All-jets 8 TeV, Hybrid ideogram mVC = 172.32 + 0.25 (stat) + 0.59 (sys) [PRD 93 (2016) 072004]

Dilepton 8 Te
Single top g
Dilepton 8 Te
Lepton+jets
All-jets 13 T¢
Dilepton 13
Single top que i
Lepton+jets 13 TeV, Profile likelihood [ |
Combination 7+8 TeV

071 v 77T

mi = 171.77 + 0.04 (stat) + 0.37 (sys) GeV [EPJC 83 (2023) 963]

m¥® = 172.52 + 0.14 (stat) + 0.39 (sys) GeV [PRL 132 (2024) 261902]

Boosted measurements
Boosted 8 TeV, C/A jet mass unfolded | } &

Boosted 13 TeV, XCone jet mass unfolded
Boosted 13 TeV, XCone jet mass unfolded

: | m®=170.9 +6.0 (stat)£6.7 (sys)GeV [EPJC 77 (2017)467]
m"®=172.6 +0.4 (stat)£2.4 (sys)GeV [PRL 124 (2020)202001]

mM© = 173.06 + 0.24 (stat) % 0.80 (sys) GeV [EPJC 83 (2023) 560]

Alternative measurements
Dilepton 7 TeV, Kinematic endpoints == m,

1+2 leptons 8 TeV, Lepton + secondary vertex m\® = 173.68 + 0.20 (stat)
1+2 leptons 8 TeV, Lepton + J/¥

=173.9 +09 (stat) *'7

-2.1
+1.58

-0.97

(sys) GeV [EPJC 73 (2013) 2494]
(sys) GeV [PRD 93 (2016) 092006]

m©=1735 +3.0 (stat)+0.9 (sys)GeV [JHEP 12 (2016)123]
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* Theoretically robust as it primarily depends on PDF and

hard scattering

e Yields measurement in well defined MS scheme.

* \Weak sensitivity to the top mass.
Main sources of uncertainty:

* Integrated luminosity

 Correlations in PDF, o, m,
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Pole Mass Measurements

CMS o * (Gain more sensitivity by considering normalized multi-

ATLAS+CMS combination m® = 173.47,% GeV
I 2.0
[JHEP 07 (2023) 213]

..... differential distributions: m.;, y,;

IﬂdlreCt mass eXtFaCtionS B CMS 7+8 TeV comb. stat. uncertainty

[PRL 132 (2024) 261902]

+3.6

Inclusive ti 7 TeV, NNLO ® CT10 ———e—— m=177.0 7, (tot) GeV [PLB 728 (2014) 496]
Inclusive tf 7+8 TeV, NNLO ® CT14 o m®e=1743 2} (tot) GeV [JHEP 08 (2016) 029]
Inclusive tt 13 TeV, NNLO ® CT14 — mi?®=170.6 +2.7 (tot) GeV WHEP 09 (2017) 051] . T . .
i ) ole +2.1 -
= <m o= e The highest sensitivity in the m,; € (340,360) GeV region.
Differential tf 13 TeV, NLO + 3D fit (m°®, a,, PDF) -4 M =170.5 £0.8 (tot) GeV [EPJC 80 (2020) 658] It 9
Dilepton 7+8 TeV, ATLAS+CMS cross section —o— mP*=173.4 )% (tot) GeV [JHEP 07 (2023) 213]

Differential tf+jet 13 TeV, NLO ® CT18 - st pralss s B COUIOmb eﬁeCtS on quaS|—bOund tf State beCOme |mp0rtant

MS mass from cross section
Inclusive tf 13 TeV, NNLO ® CT14 —— my(m,) = 165.0

+1.8

S o mencueem [See Maria Garzelli’s talk]

Direct measurements

Full reconstruction
Dilepton 7 TeV, KINb and AMWT

mi'®=1755 +46

= Very hard to compute for

8 (sys) GeV [JHEP 12 (2012) 105]
sys) GeV [EPJC 72 (2012) 2202 . . . . .
differential distributions
sys) GeV [PRD 93 (2016) 072004]

sys) GeV [PRD 93 (2016) 072004]

— : & (stat) £ 4.6 (sys)
Lepton+jets 7 TeV, 2D ideogram m© = 173.49 + 0.43 (stat) + 0.98 (sys)
Dilepton 7 TeV, AMWT mi© =1725 +0.4 (stat)+1.5 (sys)
All-jets 7 TeV, 2D ideogram m® = 173.54 + 0.33 (stat) + 0.96 (sys)
Lepton+jets 8 TeV, Hybrid ideogram m© = 172.35 + 0.16 (stat) + 0.48 (sys)
All-jets 8 TeV, Hybrid ideogram mMC = 172.32 + 0.25 (stat) + 0.59 (sys)
Dilepton 8 TeV, AMWT mMC = 172.82 +0.19 (stat) + 1.22 (sys) GeV [PRD 93 (2016) 072004] Jet_based measurement
Single top quark 8 TeV, Template fit mi'® = 172.95+0.77 (stat) "> (sys) GeV [EPJC 77 (2017) 354] N t . | d d . t t t .
Dilepton 8 TeV, M, +M>> Hybrid fit my'® = 172.22£0.18 (stat) "> (sys) GeV [PRD 96 (2017) 032002] - O I n C U e I n C U rre n eX raC I O n S
(stat) (sys)
(stat) (sys)
(stat) (sys)
(stat) (sys)
[ | (stat) (sys)
(stat) (sys)
C

Lepton+jets 13 TeV, Hybrid ideogram m'© = 172.25 £ 0.08 sys) GeV [EPJC 78 (2018) 891] Hadronization
All-jets 13 TeV, Hybrid ideogram sys) GeV [EPJC 79 (2019) 313]
Dilepton 13 TeV, m, fit

Single top quark 13 TeV, In (m,/ 1 GeV) fit
Lepton+jets 13 TeV, Profile likelihood
Combination 7+8 TeV

m'°® = 172.34 £ 0.20

m¥® =172.33 +0.14 sys) GeV [EPJC 79 (2019) 368]

m© =172.13+£0.32 sys) GeV [JHEP 12 (2021) 161]

iReeeT

m¥® = 171,77 £ 0.04 (stat) + 0.37 (sys) GeV [EPJC 83 (2023) 963] g

mi'® =172.52+£0.14

stat) + 0.39 (sys) GeV [PRL 132 (2024) 261902] DGLAP eVO].ution

1
(EOEEETEIoey
T ) e

Boosted measurements
Boosted 8 TeV, C/A jet mass unfolded | }

Boosted 13 TeV, XCone jet mass unfolded

i | mV®=170.9 +6.0 (stat)£6.7 (sys) GeV [EPJC 77 (2017)467] b fragmentation N g

m"®=172.6 +0.4 (stat)£2.4 (sys)GeV [PRL 124 (2020)202001]

Boosted 13 TeV, XCone jet mass unfolded m® = 173.06 + 0.24 (stat) + 0.80 (sys) GeV [EPJC 83 (2023) 560] t
Alternative measurements Hard Scattering

Dilepton 7 TeV, Kinematic endpoints =1 m, =173.9 +09 (stat) "7 (sys)GeV [EPUC73(2013)2494]

1+2 leptons 8 TeV, Lepton + secondary vertex mVC = 173.68 + 0.20 (stat) f;:i (sys) GeV [PRD 93 (2016) 092006] / Contamination
1+2 leptons 8 TeV, Lepton + J/¥ _p mi©=1735 +3.0 (stat)+0.9 (sys)GeV [JHEP 12(2016)123]

//’,
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Pole Mass Measurements

CMS o * (Gain more sensitivity by considering normalized multi-

EEEEE ATLAS+CMS combination m{*® = 173.4%,% GeV
[JHEP 07 (2023) 213]

e — it differential distributions: mi;, y;;

[PRL 132 (2024) 261902]

+3.6

Inclusive tt 7 TeV, NNLO ® CT10 ——e—— m™=1770 T, (tot) GeV [PLB 728 (2014) 496]
Inclusive tf 7+8 TeV, NNLO ® CT14 —ro— mP°=1743 *21 (tot) GeV [JHEP 08 (2016) 029]
Inclusive tf 13 TeV, NNLO ® CT14 I—Q—i: m°®=170.6 +2.7 (tot) GeV [JHEP 09 (2017) 051] . . . . .

ive tt : O®C Pe=1737 7, GeV EPJC 79 (2019) 368 Th h g h 't 't 't th — e (3 40 3 6()) G V
cereal 13 ToV. NLO 30 1%, 0, p0) oG e ¢ € nignest sensitivity in the mi; ; CV region.
Dilepton 7+8 TeV, ATLAS+CMS cross section mP°=173.4 )% (tot) GeV [JHEP 07 (2023) 213] _
Differential tt+jet 13 TeV, NLO ® CT18 mE® = 172.13 £ 1.43 (tot) GeV [JHEP 07 (2023) 077] - -

* Coulomb effects on quasi-bound 77 state become important

i H m(m,) = 165.0 18 tot) GeV [EPJC 79 (2019) 368] - b
Inclusive tf 13 TeV, NNLO ® CT14 —eo— (m) (o) [See Marla Garzelll S talk]
Direct measurements
Full reconstruction
Dilepton 7 TeV, KINb and AMWT — ] o (stat)+ 4.6 (sys) GeV [JHEP 07 (2011) 04] — Ve ry h a rd to C O m p ute fO r
Lepton+jets 7 TeV, 2D ideogram (stat) + 0.98 (sys) GeV [JHEP 12 (2012) 105]
Dilepton 7 TeV, AMWT (stat) £ 1.5 (sys) GeV [EPJC 72 (2012) 2202] . . " " "
All-jets 7 TeV, 2D ideogram (stat) £ 0.96 (sys) GeV [EPJC 74 (2014) 2758] d Iffe re nt I al d I St rl b ut I O n S
Lepton+jets 8 TeV, Hybrid ideogram (stat) + 0.48 (sys) GeV [PRD 93 (2016) 072004]
All-jets 8 TeV, Hybrid ideogram 5 (stat) + 0.59 (sys) GeV [PRD 93 (2016) 072004]
Dilepton 8 TeV, AMWT mMC = 172.82 + 0.19\gtat) + 1.22 (sys) GeV [PRD 93 (2016) 072004] ] " ] Jet-b ased measurement
AT VT - Not included in current extractions
Dilepton 8 TeV, Mb|+M$t2’ Hybrid fit miC = 172.22 +0.18 (stat) +o::2 (sys) GeV [PRD 96 (2017) 032002]
Lepton+jets 13 TeV, Hybrid ideogram m© = 172.25 + 0.08 (stat) + 0.8Q (sys) GeV [EPJC 78 (2018) 891] Hadronization
All-jets 13 TeV, Hybrid ideogram mVC = 172.34 + 0.20 (stat) + 0.70 s) GeV [EPJC 79 (2019) 313] \
Dilepton 13 TeV, m, fit mC = 172.33 +0.14 (stat) tgjz (sysSNGeV [EPJC 79 (2019) 368] . . o«
Single top quark 13 TeV, In (m,/ 1 GeV) fit mi'© =172.13+0.32 (stat) """ (sys) GO WHEP 12 (2021) 161] — Arg u ed to I n d u Ce @( 1 GeV) I m paCt , & & o ;
Lepton+jets 13 TeV, Profile likelihood [ my'® =171.77 £ 0.04 (stat) £ 0.37 (sys) GeV \PJC 83 (2023) 963]
Combination 7+8 TeV m'® = 172.52 + 0.14 (stat) £ 0.39 (sys) GeV [PRN\32 (2024) 261902] DGLAP evolution
Boosted 8 TeV, C/A jet mass unfolded 4 o 1 m'°-1709 60 (sta)6.7 (sys)GeV b fragmentation ¢J™

Boosted 13 TeV, XCone jet mass unfolded T mi©=172.6 +0.4 (stat)+2.4 (sys)GeV [PRL 124 (2020)20
Boosted 13 TeV, XCone jet mass unfolded m'© = 173.06 + 0.24 (stat) + 0.80 (sys) GeV [EPJC 83 (2023) 560]

t

Alternative measurements Hard Scattering

Dilepton 7 TeV, Kinematic endpoints =1 m, =173.9 +09 (stat) "7 (sys)GeV [EPUC73(2013)2494]
1+2 leptons 8 TeV, Lepton + secondary vertex mMC = 173.68 £0.20 (stat) "> (sys) GeV [PRD 93 (2016) 092006] . .

‘ . 4 Contamination
1+2 leptons 8 TeV, Lepton + J/¥ mi©=1735 +3.0 (stat)+0.9 (sys)GeV [JHEP 12(2016)123]

| 000y,
Differential tt 13 TeV, NLO + 3D fit (m{’OIe mPoe = 170.5 +0.8 (tot) GeV [EPJC 80 (2020) 658]
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Direct Measurements

CMS

O C |
Inclusive tt 7 TeV, NNLO ® CT10
Inclusive tt 7+8 TeV, NNLO ® CT14
Inclusive tt 13 TeV, NNLO ® CT14
Inclusive tf 13 TeV, NNLO ® CT14

Differential tt 13 TeV, NLO + 3D fit (mf°'e, a,, PDF)
Dilepton 7+8 TeV, ATLAS+CMS cross section

Differential ti+jet 13 TeV, NLO ® CT18

Inclusive tt 13 TeV, NNLO ® CT14 —e—

Dilepton 7 TeV, KINb and AMWT
Lepton+jets 7 TeV, 2D ideogram
Dilepton 7 TeV, AMWT

All-jets 7 TeV, 2D ideogram
Lepton+jets 8 TeV, Hybrid ideogram
All-jets 8 TeV, Hybrid ideogram
Dilepton 8 TeV, AMWT

Single top quark 8 TeV, Template fit
Dilepton 8 TeV, M, +M23 Hybrid fit
Lepton+jets 13 TeV, Hybrid ideogram
All-jets 13 TeV, Hybrid ideogram
Dilepton 13 TeV, m, fit

Single top quark 13 TeV, In (m,/ 1 GeV) fit
Lepton+jets 13 TeV, Profile likelihood
Combination 7+8 TeV

Boosted 8 TeV, C/A jet mass unfolded |
Boosted 13 TeV, XCone jet mass unfolded
Boosted 13 TeV, XCone jet mass unfolded

Dilepton 7 TeV, Kinematic endpoints

1+2 leptons 8 TeV, Lepton + secondary vertex

1+2 leptons 8 TeV, Lepton + J/¥

[JHEP 07 (2023) 213]

-stat. total

[PRL 132 (2024) 261902]

+3.6
-3.3

mP® = 177.0

(
mP® =174.3 2! (tot) GeV

2.2
mP® =170.6 +2.7 (tot

+2.1
2.3

)
mP™® =170.5 +0.8 (tot
mP® = 173.4 )

mP® = 173.7

+1.8
-2.0

mP® = 172.13 + 1.43 (tot) GeV

+1.8

m(m,) = 165.0

20 (tot) GeV

mY®=1755 +4.6 (stat)+4.6

(
mY® = 173.49 £ 0.43 (stat)
mY®=1725 +0.4 (stat)
mY'® = 173.54 + 0.33 (stat)
mV® = 172.35 + 0.16 (stat)
mi'© = 172.32 + 0.25 (stat)

)

m'© = 172.82 £ 0.19 (stat

mY©=172.95+0.77 (stat)

m'© =172.22 + 0.18 (stat
mi'® = 172.25 £ 0.08 (stat
my'® = 172.34 £ 0.20 (stat

my'® =172.13 £ 0.32 (stat
m'© = 171.77 £ 0.04 (stat
mi'® = 172.52 £ 0.14 (stat

)
(stat)
(stat)
my® =172.33+0.14 (stat)
(stat)
(stat)
(stat)

3t 1| 22

+0.97

+0.89

0
0

.62

sys) GeV [E

sys) GeV

mY®=170.9 +6.0 (sta)+6.7 (sys)GeV
mY®=1726 +0.4 (sta)*+2.4 (sys)GeV
mY® = 173.06 + 0.24 (stat) + 0.80 (sys) GeV

m, =173.9 £0.9 (stat)
mY® = 173.68 £ 0.20 (stat)

Al
=24

+1.58

(sys) GeV

EEEEE ATLAS+CMS combination m{*® = 173.4%,% GeV

CMS 7+8 TeV comb. m® = 172.52 + 0.42 GeV
B  CMS 7+8 TeV comb. stat. uncertainty

[PLB 728 (2014) 496]
[JHEP 08 (2016) 029]
[JHEP 09 (2017) 051]
[EPJC 79 (2019) 368]
[EPJC 80 (2020) 658]
[JHEP 07 (2023) 213]

[JHEP 07 (2023) 077]

[EPJC 79 (2019) 368]

[EPJC 77 (2017) 467]

[PRL 124 (2020) 202001]

[EPJC 83 (2023) 560]

. (sys) GeV [PR

m©=1735 +3.0 (stat)+0.9 (sys)GeV [

See Hoang 2004.12915

m, [GeV]

200

» Fit to data m,-dependent Monte Carlo templates

* Main sources of uncertainty:

- Experimental: JES, JER

- Modelling: b jet, FSR, CR

No well defined relation to a field-theoretic mass scheme:
- O(1 GeV) conceptual uncertainty

- Challenging to calibrate

Q)
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DGLAP evolution
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- Also impacts alternative St e
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Top decay

Hard scattering
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Contamination

’ ’ ’ ’

Proton structure
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Boosted Jet Mass

Boosted lepion+jets

~—lo | Simulation

0.2}

| | | | | | | | | | | | | | | | I | | | |

T 04| CMS 7 —— XCone (13 TeV) _
R=1.2, R
[PRL 124 (2020) 202001] |

CA (8 TeV) fooe
R=1.2 1
[EPJC 77 (2017) 467]

M e TET M

73.47,° GeV

+ 0.42 GeV

=0.4 i &

sub™

28 (2014) 496]

)
)
)
79 (2019) 368
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)
)

1
|
1
658]
1
1

© © ®
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S o

2222222

93 4
77 (201 54
3 O O 4 O O 96 (2017) 032002]
018

Lepton+jets 13 TeV, Profile likelihood
Combination 7+8 TeV

Boosted 8 TeV, C/A jet mass unfolded |

Boosted 13 TeV, XCone jet mass unfolded

Dilepton 7 TeV, Kinematic endpoints ==

.4‘
L C i
Boosted 13 TeV, XCone jet mass unfolded T

MC = 171.77 £ 0.04 (stat) + 0.37 (sys) GeV [EPJC 83 (2023) 963
MC = 172,52 + 0.14 (stat) + 0.39 (sys) GeV [PRL 132 (2024) 261902

[o2] ©
= =

=0.71

78 (2018)
G V 79 (2019) 313
m- t [ e 79 (2019) 368
Je 12 (2021)
( )
( )

MC=170.9 +6.0 (stat)+6.7 (sys)GeV [EF
tMC =172.6 0.4 (stat)=2.4 (sys) GeV [PRL 12
MC = 173.06 + 0.24 (stat) + 0.80 (sys) GeV [EP 3 (2023

, =173.9 +0.9 (stat) i;: (sys) GeV [EPJC 73 (2013) 2494]

1+2 leptons 8 TeV, Lepton + secondary vertex m}'® = 173.68£0.20 (stat) "> (sys) GeV [PRD 93 (2016) 092006
1+2 leptons 8 TeV, Lepton + J/¥ '_I;.l| mi©=1735 +3.0 (stat)+0.9 (sys)GeV [JHEP 12(2016)123]
[ [ [ | [ | I | I | | [ ]
150 160 170 180 190 200

m, [GeV]

Boosted region amenable to precise, hadron-level (SCET-
based) calculations.

Unfold the distribution to enable comparison with the theory
Plain jet mass yields large uncertainties

Gaining higher sensitivity needs jet grooming or XCone
clustering:

- Beyond the scope of current

jet substructure resummed w
calculations /
DGLAP evolution @o“

(requires careful treatment S
- S ragmentation _eJ§
of exclusive top-decay) )
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o
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Proton structure
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Hadron-level predictions for boosted jet mass

* High-order analytical using SCET
and HQET of jet mass in the boosted region.

Bachu, Hoang, Mateu, AP Stewart Phys.Rev.D 104 (2021)

S
N

| | | | | | | | | | | | | |
"~ 0 =700GeV mMPR = 169.537 GeV
:€+€_ — tt_—l— X N3LL

__ 2 ——- NNLL
- 2MF |

S
b

* Analytical, model-independent treatment of
leading hadronization effects

| MO - 0.11
- Calibrate m," and hadronization models -

Dehnadi, Hoang, Jin, Mateu JHEP 12 (2023) 065
Hoang, Jin, Platzer, Samitz JHEP 10 (2018) 200 0 i o l
Ferdinand, Lee, AP Phys.Rev.D 108 (2023) 11, L111501 165 170 175 180

- Direct extraction using soft drop jet mass M [GeV]

Hoang, Mantry, AP Stewart Phys.Rev.D 100 (2019) 7, 074021 o0

n
.
I...

(1/0)do/dM; [GeV 1
w5
|

1 do
00 dTQ

/d€d§ IS (3,1, 0m, up) Q, = (0|trY]Y,&0)Y,Y;]0)
/ de' dk SO0 —k, 0, pus)F(k — 2A)
13 (2, must be fitted for along with m,

5.6
— Tt QQHG(V()])(Qa me, O, Uy LH, :um)

X

Lee, Sterman Phys.Rev. D 75, 014022 (2007)
X
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172k

- Calibration: (¢ )
SHERPA 2.2.11
- MSR, N2LL+NLO

171F
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- SHERPA 2.2.11
T ole, N2LLANLO
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170 ,//
/.I.:::I::::I::::I::::I::::I::_
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0.0F======—mm oo
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051 I 1 1 I I
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0.0 ||||||||||||||||||||||||||||||
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mMC[GeV]

MC Top Mass Callbratlcn

MSR(l GeV)[GeV]

175F Calibration: (75 )

PyTHIA 8.305

T MSR, N2LL+NLO

1731
172k

171k

170
05F (mMSR(1 GeV) — mMC)[GeV] _
0.0 F_o T I I I L T _ 4
N 1 1 T T ) G

—05F

1.0 p

L1500 GRS RS SR NN S

1751 Calibration: (7 ¢ )

- PyTHIA 8.305
T ole, N2LLANLO

1731
172F
171F

L e
170+ 4
F .

0 20 S D N AN SN
l =

_0‘5;— 1 | | T ) :
P e A R -
0.5F

170 171 172 173 174 175
mMC[GeV]

For Pythia v8.305:

m

MC

mpole

MSR 1GeV [GeV]

175 m (75"

i - HERWIG 7.2.1

T MSR, N2LL+NLO

1731

172k

171F
LI %
s
0.0 p=Jr==== CE=ees — lemoees JEo=mms -
! 1 1 1 I I3
—05F E
1.0 FA——
[ 01(2GeV)[GeV] '
L1 ™1 7
e L1 T T T 1
0.0™ .1I70‘ - 11%1‘ - 11%2‘ - .1%3. - .1%4‘ - .1I75‘ ‘
mMC[GeV)
mP[GeV]
1751 Calibration: (7£ ¢ )
- HERWIG 7.2.1
T ole, N2LLANLO
1731
172
171
170 e
:/:I.:::I::::I::::I::::I::::I::_
05F (mp — mMC)[GeV] ]
0.0f==m=m=m==mmmmommm- e —mmm o]
~05F ]
B
: 01(2GeV)[GeV]
05F ] | | | | -
20 S A SR S RN G
0.0- |||||||||||||||||||||||||||||| i

= 0.35 £ 0.30 GeV

mMC — thSR(1 GeV) = 0.03 £0.21 GeV

Dehnadi, Hoang, Jin, Mateu
JHEP 12 (2023) 065

— 1000GeV R, uA

2-jettiness,

Herwig ]

| T T T T T T ]
— Pythia ] Me+1=6
H>Mmy|

L

[ — Sh ]
005 | e my || [ [
0.04 |
E nt=5
0.03 |
0.02 My
E nb=4
0.01
- et~ [w(om
OOO: ] ] ] ] ] ] ] ] I’IC=3
T170 172 174 176 178 180 182 184 Aacof P mSRR) I SRR) ) )
t
M;|GeV] m.<R<m, mp<R<my m(u)>my

MC

Use high precision NNLL+£2, to calibrate m,

MC top mass consistent with MSR mass at 1 GeV

Differences in the shape absorbed in Qllvlc

Missing in this approach for pp (~ 0.5-1.0 GeV effects):
Interpretation for non-boosted tops
UE and initial state MPI

Non-universal power corrections (CR)
14



Problems with top mass measurements

Current Paradigm:
AmMS ~ +2GeV

AmP*® = +0.7 GeV
+ O(1 GeV) (soft physics)

Mass Sensitivity

Better Theoretical Control

AmM©C = +0.3GeV

» Compromise between +0(1 GeV) -
theoretical control and mass sensitivity. (Modeling hadronization)

12



The Standard Candle Approach

The over-reliance of current approaches on MC simulations presents a bottleneck that limits precision.

Proton Structure, 3 T N
Hard Scattering /

MC Sirhulations

16



The Standard Candle Approach

The over-reliance of current approaches on MC simulations presents a bottleneck that limits precision.

Proton Structure, 3 T N
Hard Scattering /

MC Sirhulations
Proposal: A uniqgue Energy Correlator-based “Standard-Candle” approach:

Precise calculations
and

The EEC-based no modeling
Standard Candle l —
AAbproach Direct

Comparison

MC Simulations

Useful for testing,
developing

(and unfolding) 17



The Standard Candle Approach

The over-reliance of current approaches on MC simulations presents a bottleneck that limits precision.

Precise calculations
and
The EEC-based no modeling
Standard Candle l —
Approach Direct
Comparison

MC Simulations

Mass Sensitivity

Useful for testing,
developing
(and unfolding)

Better Perturbative Control

18



Outline

* [heory challenges with current top mass measurements

* Energy Correlators for precision jet substructure

* A new proposal for top mass using EECs

 Demonstrating robustness and experimental feasibility
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Measurements by Plank Satellite

(0T (1 )0T (Az))

2000 F

1000 H

1 vl g
I T LR T T
500

11111111111111111111111111111
IIIIII

T

250 F
AD, [uK?] 0 F—
250 B | |
-500 ft .
2 5 10 20 500 1000 1500 2000
4

e Correlation functions are extremely powerful.

* An explosion of applications of Energy Correlators in
collider QCD.

* First dedicated workshop on EECs at Mainz this year:

2500

3 200
4 100

3 -100
1200

: CMS Experiment at the LHC, CERN
%' 4| Data recorded: 2016-Aug-15 01:00:30.361728 GMT

Run / Event / LS: 278822 / 837399836 / 484

MITP
SCIENTIFIC
PROGRAM

Energy Correlators at the
Collider Frontier

July 8 - 19, 2024

@ https://indico.mitp.uni-mainz.de/event/358

> et substructure, precision measurements, heavy ion, nuclear structure, light-ray operator product
expansion, bootstrap, connections with celestial holography, ...

20



The Energy Energy Correlator ..o imi

. . Collinear T T T
One of the very first event shapes and a QCD correlation limit i S
observable. Basham et al. 1978 £ Lo
= °F K NLO
+ - _ 23 — NNLO
Fore'e — }/*/Z — 4q + X: g OPAL ;,:
6—‘» : !!!;i’i;ﬂ! 4 »
> y lf-:::‘”‘!i ,,,,,,,,,,,,,,,,, :ii!iiil::! "rﬂﬂ
g
}Hi
. Q IiEEHEIIH}I§§§ifIIiii§}IIIHE:}IHIEHHHHHIMIMHHH
. . . . . w 2 '_59_:;;:2-‘ - 1-..1.---‘._&.. ey
Each event contributes to multiple bins, with the final - S -
distribution being an ensemble average over all events. S S ——
60 &0 100 120 140 16(
. . X [deg]
In fixed order expansion: )
dZppc = 6(1 + cos ) + a dZHO) + q2dENED) 4 g 2dz(NNLO)Y S S S oPaL |
1 -
Two limits exhibiting a rich all-orders structure;
- The Collinear limit: y — 0 T3 AN
E E
- The back-to-back limit: y — 7« 0 X 0o 'sh""léa;;d}gég;)

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




Universal behavior in the collinear limit

forz = O:

. as

z—0

<

(1 +a,Inz + (a,Inz)* +

X2ZQ2

dx x* TEEC <ln

— 2 2
- Use ARZ-]- = \/ AV],-J- + A¢ij

- ZQ2 — (PTAR)2

//t2

)

)

—

- H

* In the collinear limit we find that the fixed order expansion breaks down

1 —cosy

=

Dixon, Moult, Zhu 2019

)xm+@@)

2
('x? Q_Z? //t
K

Confinement

22

2

* In QCD a time-like factorization formula can be derived to resum large
logs In the collinear limit:

2 1
2EEC (Z, In Q_, ﬂ) J,
u? 0

— 0.7

1.2

Theory / Data

o ©

o O

| | 1T 1T 11 | | 1T 1T 11 | | |

- ALICE pp (s = 5.02 TeV )
~ Anti-k; charged-particle jets, R = 0.4, Injetl <0.5-
—p 1.0 GeV/c —
: , pch jet :
" Transition region e (20,40) GeVic
o Peak = 2.39 GeV/c = (40,60) GeV/ic —
_ +0.17 GeV/c ¢ (60, 80) GeV/c
|_Hadron region Pertubative region —
. — AxR, pQCD i
B - _
n ¢ _
i : Bad i
i . i
N e B
i Vi i
: z Fy -
] ] |1 i | 1| ] ] ] I A | | ] ]

.
[ g -&- ’_
[ 4+ i .
—— - = _-_0-'.-?- """""""""" '@'_;."0' aialen
.‘.
u o o+ 7
1 ch jet
(pT )R (GeV/c)

CERN-EP-2024-245



A model-independent treatment of hadronization

Lee, AP Stewart, Sun arXiv:2405.79396

_ , IN] [Accepted by PRL]
« EECs enable a field-theoretic N
analysis of hadronization N i ' B : 0.6 ' ' -
6 = . ° Eg . E)Oéntl\?ﬁzriyL%)rieg;;r) j : = R, NLL + LO + Q(Ry) :
effects. 4 2—3 [ R \ = R, ELLqLLO : ; - --- R, NL?+)L?0125 :
| | ) E w Herwig OPAL(1993)_II: 5 0.5 - Zi(:;); B
¢ A fleld'theOretIC Statement 0 E I II | || | I Tfrr-{- ®--0 | . E : e as(mz):gi(l)i :
. 6 T o : ] - B i
abOUt the Ieadlng E § ° : ::: 3-point energy correlator i % L |
: : 4 =73 ¢ ° : 1 0.4—1 —
nOn perturbatlve COrreCthn: - g%‘: Tmnsitioni Resummation Fized Order |- L? - -
2 — £ : _
- - | E :
1 doV] 1 dé V] N Q4 0 E———+H - | Foos- -
o dey o drrp @ 2N Q(zr(1—xL))3/2 5 . f ; :
2 Bt ER s ]
1 7 alla 1.2~ —
- = Sl L1E- - 3
. 0O : : y 0 F———+++++ 0 3§ e, g A L T—— N
« This Q, is universal with dijet B L ERE & L Y AR L
event shapes in ete™ collisions. 25 ,* E 0 /0 Ql(gOOV | 1500 2000
= _ = °
" E BN B - .
* Enables a model-independent : = m a, MCs underestimate the
assessment of hadronization 01 (radians) size of hadronization in
effects in a, measurement the collinear region!

50 Also see Chen, Monni, Xu, Zhu 2046.06668



The back-to-back region of the EEC

« The shape of the Z boson p; distribution has a rich all-orders structure CMS-PAS-SMP-23-002
=0 —— 5 TeV)
_ n 'n—1 pT > ol CMS { Ur:Jf:)Ided data -
fOF IOW pT Va|ueS —Z(XS lOg (@), oo Soft 7/ (;; Preliminary : f:;q,;;j;)“,q“)
Pt Beam a ) s °r — prefit .
L _ — o 80 :

» The g;-factorization formula resums these logarithms: Beamb § -
N

db .
Z Hl] (Q /’t) [ = e_leqT ‘%i/Nl(xla bj_a ,u)%j/Nz(xza bj_a //t)SJ_(bJJ H, I/)

d_qT - (27)?
 The same mechanism describes the structure of the EEC in the back- ¢ 0 o e am e e -
pf (GeV)
to-back region: a’log”" (1 - 2)

1 —z

<

* The b2b factorization has the same soft function: = =
.

| de —ib-q Q% go'ﬁ_
qu e+e—(Q /’t) > e it ol 1 — e > EEC(b a//t) EC(bJ—’ ,l/t) SJ_(bJ_a H, V) 04 1 ete” — ~v* — hadrons
] ) (2m) Q 02 as(mz) = 0.118
. 4 Moult, Zhu 2018 162 164 166 168 170 O1'72 174 176 178 180
* The most precisely known event shape: N'LL accuracy  wnourt, zhu, zhu 2022 X[’

24 Duhr, Mistelberger, Vita 2022



Excellent agreement with e "¢~ data

Uses €2, from Thrust fits

o  First highly-differential measurement of
10° QLEPH e'e, Vs =91.2 GeV, Preliminary EEC(Z) In e_l_e_ Wlth ALEPH frOm
— —— Fully Corrected Data - . . . . .
- —— Track Function Theory Calculation - collinear to back-to-back limit with high
102 | (NNLL Collinear + NNNLL Sudakov) _ . . o
statistical precision
o1 10 Ellf"*ﬂ'“*****"**‘**«»....,, M,_,,.,Mwmuiiﬂi*ﬂé O Excellent agreement between archived
i O R rd o8, - data and theory calculation
= ~ 5 S <
= U=y F 5% o . .
S| F e ~mmae. 3 O Directly sensitive to theory parameters
5. _.[ Collinear i _
<10 1§_ o —§ (eX. as)
102 | o Constraining non-perturbative
N parameters in lattice QCD
- | ] IIIIIII| ] IIIIIII| ] IIIIIII| ] IIIIIII| I T I | |IIIIIII ] |IIIIIII ] |IIIIIII ] |IIIIIII ] |
107 o 10?2 1/2 1-102 1-10" o Stay tuned!
z = (1- cos(0))/2
Yu-Chen (Janice) Chen Hard Probes 2024 19
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s the e "¢~ example even relevant for the LHC?

At the LHC we can measure energy correlations on (fat) jets containing boosted boson/top quark decays.




s the e "¢~ example even relevant for the LHC?

The correlations in the e Te™ with Z produced at rest is preserved in boosted electroweak Z decays!

" Boost T4

2 e e e e N I
4 Zbosonatrest Q=91.2Gev % Boosted Z decay
- 1 F° as(Q) =0.118  fir
E i e q TR
= _ v/Z LO .
; 3 T NLO I_f -
e €+ q —— NNLO ! .J‘
~— OPAL E E
A 2 F 3 I.I.i" |
g s
6"' R . f'rr,;."
2 10t e, i A
— - H“_qi‘:f::ll-]|llllﬂ-:fi #"rr..r"r
5 - —
— | S S Y W RS T T —
0 X [°] 130
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s the e "¢~ example even relevant for the LHC?

The correlations in the e Te™ with Z produced at rest is preserved in boosted electroweak Z decays!

Boost ~
1 | Zboson at rest Q =91.2 GeV posted Z decay
- as(Q) = 0.118
; - . Z
E | 7/Z 4 .
~ ] Threshold region | |
=, % e’ mapped to a peak|; "
T~ 5 - - ¥
; /N
i !i!i "
S a f"j I
~—— L] = g
— my |
peak
X~ g |
Pt |

e The y — 0 collinear limit probes the same quark/gluon collinear fragmentation dynamics

* The back-to-back region now appears as a peak corresponding to the opening angle of the boosted Z decay.
28



Outline

* [heory challenges with current top mass measurements

* Energy Correlators for precision jet substructure

* A new proposal for top mass using EECs

 Demonstrating robustness and experimental feasibility
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The "back-to-back™ version for the fop

Holguin, Moult, AE, Procura 2022
Threshold limit for the top: At q\\&b\\
leading order the top quark _,
exhibits a near planar decay: Top decay @ LO ¢ 9

The three-point correlator picks out the
characteristic three-body top quark decay

Ckei Cik

Measurement function (¢;; = ARZ.Jz. :

Gij = AR;;

- Pr.:PTiPT
M " (12803 C31) = Z — Tk‘S(ClZ B 517)5(523 = Ci)3(G - (:»’k)

3n
ijkEjet PT jet

The correlator is sensitive to angles between the decay products. At LO:

» Top rest frame : ft = 512 + 523 + 531 e [2,2.25], A feature at the
— characteristic angle
M2~ = ~ 212 )2
_ Lab frame (boosted): {; = Z Cii & 3<_t) Z i (C,) = 3m//ps.
i<j Pr” i 20



Excellent top mass sensitivity and robustness to hadronization

Holguin, Moult, AE, Procura 2022

1.5 L | o o | L | L | L | L 1.1 I I I | I I 1 T [ T T T T
t PyTHIAS, ee” — tH(— bqg’)f—l— X —m; = 170 GeV - - PYTHIAS, ete” —l) H(— bqq')f+ X —m;=170GeV -
- 360=002,n=2 R=12 —m; = 172GeV 7 " 360=002,n=2, R=12 — m, =172GeV -
L 0 = 2000GeV —m = 175GeV | 0 =2000GeV :
1 L — —m = 180GeV_ 1 [ I _
| . I 3.. . spen z.'?é..-. ]
g ? 7 g 3; _ /K"‘:‘a.‘%’\.\ \,’:“\. |
= — - Loy
2 - . \ _
s | I T % O - \\... \s- T
0.5} — 0.9 N -. _
. ~ - ™ -
N— Solid = Hadron level \~\f I Solid = Hadron level \\ ]
0 2 | | Das}lled = Pa1|"ton level| — Dashed = Parton level \\ <
. I I 1 1 I I I I I I I I 0.8 l l | l l l l | l l l I
0.04 0.05 0.06 007 008 009 0.1 0.064 0.068 0.072 0.076
37 3¢

 The imprint of the top quark is extremely sensitive to the top quark mass

« Nonperturbative effects have a very small effect on the peak, Amthadn ~ 150 £ 0.5 MeV

» This is in a stark contrast to the jet mass with ~ 1 GeV shifts in the peak.
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But the jet p spolls the elegance ...

Holguin, Moult, AE, Procura 2022
The need for a clean jet p;- measurement however spoils the theoretical elegance of this approach:

1.5 | | | | | | | | | | | | | | | | | | | | | | | | 10 T T T I | I I | | | | | | | | | | | | | I I |
- Pyruia8, pp — t(— bgq’) + X, Had+MPI 1 [ PyrHIAS, pp — (= bgi') + X i
i _ (pp) — AT - T
i m; = 172GeV, 36, 3.5(170/ prjet) : gl my = 172GeV. R = 1.2 -
o n=2,R=12 - -
2 B ] BN NG, e Parton level .
1 N :
IR 1T B & gl . ——- Hadron level -
= i - o B > . N H
Sl= L 1 Y _ Had+MPI
ge \ S|lb T & -
0.5+ 4 = : - :
- —— prje € [590,610] GeV | =TT -
L —— - prje € [630,650] GeV TN~ T : I X
O._ | | | | | | | | | | | | | | | | | | | | | | I\Iﬂ 2_ l I I I | I I I | | | I I I | I I I I | I I I I ]
0.5 0.6 0.7 0.8 0.9 1. 550 570 590 610 630 650
347 prie[GeV]
Problems:

» Challenging to unfold the jet p,-to ~ 5 GeV precision!

o Shifts due to hadronization and MPI in the jet p;- spectrum induce large ~ 1 GeV shifts in the extracted

top mass from ¢, ~ mtz/p%jet.
32



The Standard Candle approach In

Holguin, Moult, AE, Procura,
Schoéfbeck, Schwarz 2023-24

* Remove the shared energy scale

- Calibrate M, using the W mass : my, = 80.377 £ 0.012 GeV

* Exploit the W inside the top jets as a standard candle l
33

Projected EEEC

<

nutshell

| T(¢,0,00)

Zp}lj—;tX |

2.5 Pr,jet € [500,525]GeV —— T(¢,0.1,m? /pk,,) X 100

Pythia 8.3

¢
m3, Gt X

Cw X >
pT,jet
(squeezed limit) ¢

Gt

Cw

My X TNw



High degree of correlation of the two imprints

The ratio of top and W peaks are more correlated than you’d naively think ...

3.
Decay Iin the top Lab frame

2.5

rest frame - Higher contribution &
W . -=—> W o+ to EEEC due to - s

energy weighting 5 1

K./ & 0.5

\\
\
\
\\
\

S

« The top quark and the W share a common boost defined by PT et

gpb—itX | T(¢,0,00) -
Pr,jet € [500,525]GeV. ——— T(¢,0.1,m}/p%,) X 1@
-Pythia 8.3 |

« While the orientation of the W is largely uncorrelated with top boost axis in the rest frame,

the EEEC preferentially picks out the Ws aligned with the top in the lab frame.
34



Outline

* [heory challenges with current top mass measurements
* Energy Correlators for precision jet substructure

* A new proposal for top mass using EECs

* Demonstrating robustness|and experimental feasibility
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The task ahead

Isolate which of the sub-processes Jet-based measurement
matter for the Standard Candle
approach

Hadronization

0. \
oS00 009
¥ e

00V
55900001
e c.'S.‘.'n'l‘&‘i‘\“““}?, - cesss oosssasddylyll

b fragmentations$
<

Experimental systematics

Contamination (Jet energy scale)

(UE Modeling)

//,’

Proton structure
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The CheC kl |St Production mechanism:

* PDF uncertainty
For a robust experimental strategy for precision top mass we

need to ensure

* Hard scattering corrections

o .. | | Jet substructure:
1. The distribution is resilient to experimental systematics,

e Jet radius dependence

2. Robust against modeling of hadronization and UE Hadronization effects

3. All non-universal and power suppressed effects have a Impact of underlying event

negligible impact
Wide angle soft physics

4. The key effects will be perturbatively calculable. Perturbative uncertainty

Goal is to isolate effects that are Jet-based measurement
substantial (~500 MeV) from others Hadron 22 |
that are negligible (< 200 MeV).

DGLAP evolution &

Experimental feasibility:

o Statistical sensitivity

* Jet energy scale

“» Constituent energy scale

e Tracks-based measurement

Contamination

Proton structure

oo ([oooo ([0

Heavy flavor dependence

Soft physics



Calibrating the top mass

* The strategy for now is to simply take the ratio of the peaks Holguin, Moult, AF; Procura, Schofbeck, Schwarz 24

of the T({) and the W({) distributions. The resulting ratio is 2 T dror lovel T T otX pyinia 8.3
proportional to top mass: g 1. b pr.jet € [500,525] GeV
= _
dT dW <
=0, =0 = | ko 0.1013
3¢ B peak: ! : B
dC [=¢ dé’ = T 0.95 stat. err. X 10*:  0.52
L oW ’g " poly err. x 10% : 3.0
o g fit range err. X 10*: 0.36
* |n the large boost limit, 3 . combined err. x 10%: 3.9
0.075 0.1 0.125 0.15
mW mt /g Parton-level ! EI | fnp—lnth ,i’ytlhial 8.3
— L - It € [500,525] GeV
m, = my, | C(a,, R)\/é,’t/CW + 0 , < 4L i, PRME] | Gev
<pT,jet> <pT,jet> é
S
« The constant C is perturbatively calculable and R-dependent «? 0.95 peak: | 0.1035 .
cl/_\ ) stat. err. x 10%: 0.91
: : i ly err. x 10*: 1.7
 For now extract this from parton showers by averaging over § it range err. X 10° : 0.62
bined err. 1. 3.
pr € [400,600] GeV. < | ommedEm X 0

0.1 0.125 0.15

* Primary error from varying the fit polynomial degree. 38 e



Hadronization effects

All the showers exhibit a cancellation of hadronization effects In

the prie- Negligible shift S 200 MeV

V¢ /éw [ GeV |

(1.2)
CMC mw

174— Pythla—
7o F- B X 2SN+ S <SR 7 ST SR S

171 EAm = 221 + 232 MeV @ Parton-level A Hadron- level

170 FAmM = 235 £ 275 MeV (prje > 500 GeV) _
| | | | | | | | |

| | | | | | | | |
174 Vincia —

};‘;’ﬂﬂ - 8L -- -81---§E---%7-- “§3---
171 EAM}* = —55 £ 222 MeV

170 FAmM™ = —30 4 271 MeV (prjet > 500 GeV)
I I I I I I | | |

174 — Herwig Dipole —
173 @ -
et St S T E
171 EAM* = —204 £ 177 MeV 5 -
170 F AmMd = 165 4+ 300 MeV (prjec > 500 GeV) ]
| | | | | | | | |
I

| | | | | | | |
174 — Herwig A.O.

173 -
e oo TR S o

171 Am?ad =0+177 MeV
170 FAmM™ = 73 £ 284 MeV (prjer > 500 GeV)

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

Holguin, Moult, AP, Procura, Schofbeck, Schwarz 2024

Hadronization
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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:
o Statistical sensitivity
Jet energy scale
Constituent energy scale

Tracks-based measurement

oo ([oooo ([0

Heavy flavor dependence



H ad ron |Zat|0n eﬁeCtS Production mechanism:

* PDF uncertainty

Negligible impact of b hadron fragmentation modeling: » Hard scattering corrections

Jet substructure:

175 -pp—tX ,Pythia 8.3, MPI+Had Jet radius dependence

[]

[]
% | b fragmentation variation _ L D
S - @ default _ Hadronization effects M
::\ni 174:— :EIZW ;A:Zl:t ﬁ_=1192i’:1‘14§ZMeV — Impact of underlying event D
K I ] Wide angle soft physics D
gi 173:— } ; i i { A — Perturbative uncertainty |:|
@ﬁ T R SEREE CEEbE l...8 Experimental feasibility:
S 17 2_—| S ) | l—_  Statistical sensitivity |:|
g wer Jet energy scale []
= T Constituent energy scale []
- 400 425 450 475 500 525 550 575 600 Tracks-based measurement [}

[]

Pr1,jet | GeV] Heavy flavor dependence
Holguin, Moult, AR Procura, Schéfbeck, Schwarz 2024 40



Effect of contamination

We work with standard CMS CP5 tune and consider UE
tune variation and find negligible impact

I I I I I I I
175+ pp—tX ,Pythia 8.3, MPI+Had —
% . UE Tune Variation ]
O, | euws
S 1741 AUp:(Amy), =—43 £ 73 MeV _
~ N _
7 | [l Down : (Amy),, =—23 =110 MeV |
E s ~ . >‘\I\I\(:0ntamination
S 173 i ? i { -
. i |
o S S NS ARV S, S
z &
O 172+ —
— 4001 | | | | | | | —
%
=
=
Q —400 I I I I I I I | ]

400 425 450 475 500 525 550 575 60

Pr,jet | GEV]
Holguin, Moult, AP, Procura, Schofbeck, Schwarz 2024 41

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:

Statistical sensitivity

Jet energy scale
Constituent energy scale
Tracks-based measurement

Heavy flavor dependence

NN I I  CAQC (I [



PDF variations

Variations in PDFs lead to significant shifts and induce substantial
uncertainties in the p; ... distribution but the ratio of the peaks is

,Jet

extremely robust (negligible shift):

175

174

Holguin, Moult, AP, Procura, Schofbeck, Schwarz 2023, 2024

—pp—tX ,Pythia 8.3, Hadron-level —

 PDF Variation
- @ CP5 default

| A CTI8NNLO : (Amy), =26 + 58 MeV _
[ SHT20an31lo_as118 : (Amy),, =—4 £ 98 MeV

400 425 450 475 500 525 550 575 60
Pr,jet | GeV]

Proton structure
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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:

o Statistical sensitivity
Jet energy scale
Constituent energy scale
Tracks-based measurement

Heavy flavor dependence

ool [OUKIEO ([



Hard scattering corrections

Probe variations in the physics at the hard scale via scale
variation in the ISR: Negligible impact.

175

174

—pp—tX ,Pythia 8.3, Hadron-level —

I ISR Scale Variation
- @ Central

L A Up: (Amy),, =—22L7 MeV _
- [l Down : (Amy), =16 =4 MeV |

400 425 450 475 500 525 550 575 60
Pr,jet | GeV]

Holguin, Moult, AP, Procura, Schofbeck, Schwarz 2024

Hard scattering
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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:

o Statistical sensitivity
Jet energy scale
Constituent energy scale
Tracks-based measurement

Heavy flavor dependence

ool [OUKIEO ([



Hard scattering corrections

Probe variations in the physics at the hard scale via NLO

matching to ¢f + j process: Negligible impact.

175 :_pp—>tX, Herwig (dipole) 7.3, Parton-level
% [ Impact of NLO hard matching
= :
> 173[ i i -
N\ ! ]
Eg S S R S
= 172 — T ® —
S + O
&.\ S 171 B 1
%% L @pp = tt@LO i

A pp — ti(4+§) @NLO : (Amy,), =—50 + 113 MeV -

Diff. [ MeV]

—400 I I I I I I I | ]

400 425 450 475 500 525 550 575 60

Pr,jet | GEV]
Holguin, Moult, AP, Procura, Schofbeck, Schwarz 2024

Hard scattering
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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:

o Statistical sensitivity
Jet energy scale
Constituent energy scale

Tracks-based measurement

NN O I C C I | CAQ

Heavy flavor dependence



Wlde angle SOﬂ: phyS|CS Production mechanism:

. | » PDF uncertainty |Zf
Color reconnection models probe the soft wide angle | | IZI
effects at the nonperturbative scale: Negligible impact * Hard scattering corrections
Jet substructure:
= 175-pp—tX ,Pythia 8.3, MPI+Had - Jet radius dependence |:|
O . Color Reconnection Models . :
S - oS : Hadronization effects M
§ 174 ACPSCRL: (Amy), =106 £ 74 MeV — Impact of underlying event M
5 W CP5CR2 : (Amy),, =109 £ 90 MeV | | | M
> oo Wide angle soft physics
E ; & Soft physics
s 1731 % i i } - Perturbative uncertainty |:|
@g Experimental feasibility:

172 - - o Statistical sensitivity []
§ o e . Jet energy scale []
. 0
= Constituent energy scale |:|
Q —400 - I I I I I I I I | |

400 425 450 475 500 525 550 575 60 Tracks-based measurement [ ]
Prjet [ GEV] Heavy flavor dependence |:|

Holguin, Moult, AP Procura, Schéfbeck, Schwarz 2024 45



Shcwer U ﬂCertaI nty Production mechanism:

| o * PDF uncertainty
Shower uncertainty results from LL showers + LO description

of the top decay: Negligible impact of FSR scale variation * Hard scattering corrections
Jet substructure:

= 175 ~pp—tX ,Pythia 8.3, Hadron-level - « Jet radius dependence
o . F'SR Scale Variation _ evolution . :
S | @ Central PERAR et Hadronization effects
= ‘ . 1174 ] .
o 174 AUp:(Amy), =—117+233 MeV - Impact of underlying event
N . [l Down : (Amy),, =123 £ 50 MeV | . .
> Wide angle soft physics
=
S Perturbative uncertainty

Experimental feasibility:

o Statistical sensitivity

Jet energy scale

Constituent energy scale

400 425 450 475 500 525 550 575 600 Tracks-based measurement

NN O 0 QC§ C | | CAQ

Pr1,jet | GeV] Heavy flavor dependence
Holguin, Moult, AR Procura, Schéfbeck, Schwarz 2024 46



Shower Uncertainty

Shower uncertainty results from LL showers + LO description
of the top decay: Expect significant improvement with the top
decay description at NLO + Sudakov resummation in the peak

175

174

—pp—tX ,Pythia 8.3, Hadron-level —

I Recoil Scheme Variation
- @ Recoil to b (default)

. A Recoil to t : (Amy),, =—445 + 42 MeV ]
" M Recoil to W : (Amy),, =—505 + 33 MeV

400 425 450 475 500 525 550 575 60
Pr,jet | GeV]

Holguin, Moult, AP, Procura, Schofbeck, Schwarz 2024

Top decay
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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:

o Statistical sensitivity
Jet energy scale
Constituent energy scale

Tracks-based measurement

NN O 0 QC§ C | | CAQ

Heavy flavor dependence



Differences between showers (production mechanism:

* PDF uncertainty

e Difference between Herwig A.O. and dipole showers due to

. L Constituent energy scale
different approximations of NLO top decay.

Tracks-based measurement
 Herwig angular-ordered shower differs by 3%: A proxy for LL

uncertainty.

Compare different showers without normalizing via Cg.,,: » Hard scattering corrections Er
Holguin, Moult, AP Procura, Schéfbeck, Schwarz 2023 Jet substructure:
3 9 l | r.. P.yth.ia 8..3, IPar.ton.leVG.:l * Jet radlus dependence D
[ A Pythia 8.3, Hadron level Hadronization effects M
: B pPythia 8.3, Had+MPI ' _
& 3.8 :-iiii ﬂﬁ@ ﬁﬁ Eﬁ ¢ Pyehia 5.3 HadtMPIcTiomzo | Impact of underlying event M
\_H l V' Pythia 8.3, Had+MPI, MSHT20an31o | Wide anale soft phvsics M
L 3.7 B A A py E ® roins i g p y
! ythia 8.3, Had+MPI NNPDF40 _ _ M
A Herwig 7.3 A.O., Hadron level _ Perturbatlve UnCertalnty
3.6¢ ‘M vincia 2.3, Hadron level T Experimental feasibility:
500 525 550 575 600 . Statistical sensitivity []
PT,jet | GeV] Jet energy scale |:|

Heavy flavor dependence
48



Jet rad|us dependence Production mechanism:

| | - » PDF uncertainty f
Varying the jet radius impacts the sampled top and W boosts | | M
via the pr.., but it is purely perturbative: Jet-based measureme o Hard scattering corrections
Shift from had/UE is ~ 200 MeV effect! Jet substructure:

* Jet radius dependence |:|
| | | | | | | | |
> Vary jet radius @ Partonic — R=0.8 » Hadronization effects of
D B . B _
s 180 pp—otX A Hadronic  — R =1 - * Impact of underlying event M
— - Pythia 8.3 B Had+MPI — R=1.2 -
33 178 R—=1.5 * Wide angle soft physics M
= - E H {I T _ . | |
~Np 176 L { E E ‘}E .H {H {E { E - * Perturbative uncertainty M
S g R B 4 4 -
> - .IE ,} HE T - = { - Experimental feasibility:
S 174 — = 1 E ‘}E ’{i E}i AE EIE ~ — e
L - I: Ei ISV H e  Statistical sensitivity L]
Sk 172‘_"I -1 { % ¢ ;li oiF- .28
= i - Jet energy scale |:|
© 170 | | | | | | | | - Constituent energy scale L]
400 425 450 475 500 525 550 575 600
Tracks-based measurement [ ]
Pr,jet | GeV | Heavy flavor dependence [ ]
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Jet rad|us dependence Production mechanism:

* PDF uncertainty

Varying the jet radius impacts the sampled top and W boosts | |
* Hard scattering corrections

400 425 450 475 500 525 550 575 600
Tracks-based measurement

via the pr.., but it is purely perturbative: Jet-based measureme o M
Shift from had/UE is ~ 200 MeV effect! Jet substructure:
174 | | | | | | | | * Jet radius dependence M
% 173_—£}}_£E§I§H§H N __1120_'_% * Hadronization effects M
2 rar | . | | , E . EE | HE . H | - * Impact of underlying event M
= 173 T - . |
\\f o | .H H’i Hi HE ﬁi — Wide angle soft physics M
> - | | | | ‘ * Perturbative uncertainty M
173 £ N = C 3 =12 _ : e
SE g H{I Ez ;Ii fzi' E;! .fxg - - Experimental feasibility:
s i | | | | - o Statistical sensitivity |:|
s IT3L R=15 . Jet energy scale [ ]
g 2T = 9y
O 171t ! ! ! ! ! ' ' ! Constituent energy scale L]
L]
L]

@ Partonic
PT, jet | GeV | A Hadronic Heavy flavor dependence

. ) B Had+MPI
Holguin, Moult, AR Procura, Schéfbeck, Schwarz 2024 50



Outline

Theory challenges with current top mass measurements
Energy Correlators for precision jet substructure

A new proposal for top mass using EECs

Demonstrating robustness and|experimental feasibility
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Statistical sensitivity Production mechanism:

* PDF uncertainty

Crucially, the measurement is statistically feasible at the LHC * Hard scattering corrections

Jet substructure:

e Jet radius dependence

(A Run-2:171.9+ 1.5GeV |

-
00
-

_ Hadronization effects
Run-3 : 172.9 £ 0.8 GeV

® HL-LHC:172.5+ 0.3GeV|]

T

sl e f Experimental feasibility:
172} N N

Impact of underlying event

-
-J
)

Wide angle soft physics

Perturbative uncertainty

A

1.09 mw+/C/Cw [ GeV]
o 3
(@) | )

;171- Projection [GeV] o Statistical sensitivity
170 L — | -
leob—r—r ], - . . Jet energy scale
400 500 600 700 800 _
Constituent energy scale
PT,jet | GV

Tracks-based measurement

LD DL il s (1] (<]

Heavy flavor dependence
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Jet energy Scale Production mechanism:

We model the CMS jet energy scale uncertainty and vary * PDF uncertainty
the pr e * Hard scattering corrections
Jet substructure:

e Jet radius dependence

5 | | | | | | | | | | | | | | | | | | | |
— kCMS Jet Energy Scale Uncertainty Model - « Hadronization effects
& 4l - |
> ! - * Impact of underlying event
o T - . .
°§ 3: - * Wide angle soft physics
§ 2: - * Perturbative uncertainty
B : Experimental feasibility:
- 1k _ T e
O [ — - e Statistical sensitivit
N - g

O i ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] i Jet energy Scale

0 2 4 6 8 10 .
Constituent energy scale
PT,jet [ TeV]

Tracks-based measurement

Heavy flavor dependence
Holguin, Moult, AR, Procura, Schofbeck, Schwarz 2024 53
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Jet energy scale

We model the CMS jet energy scale uncertainty and vary

the pr;.- Negligible impact

175~pp—tX ,Pythia 8.3, MPI+Had

| Jet Energy Scale Variation
® Central

174 B A Up: (Am;),, =351 130 MeV

B Down : (Amy),, =24 £ 106 MeV

Pr, jet [ GGV]

Holguin, Moult, AP, Procura, Schofbeck, Schwarz 2024

400 425 450 475 500 525 550 575 60
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Production mechanism:

* PDF uncertainty

* Hard scattering corrections

Jet substructure:

e Jet radius dependence
Hadronization effects
Impact of underlying event
Wide angle soft physics
Perturbative uncertainty

Experimental feasibility:

o Statistical sensitivity
Jet energy scale
Constituent energy scale

Tracks-based measurement

LD DSl i sl (1<) (<L

Heavy flavor dependence



Constituent Energy Scale

Study the effect of varying the constituent momenta: 1% for
charged, 3% for photons and 5% for neutrals: Negligible impact

175pp—tX ,Pythia 8.3, Hadron-level

% I Charged Energy Variation
.g. ® Central
S 174 AUp:(Amy), =—63 + 49 MeV _
3\\‘; . [ Down : (Am;), =—64 = 49 MeV
= : -
s 173 ¢ f ) -
,.\'Fg' - 2 A 5 T
I S A A -
S 172+ | _
— 4001 | | | | | | | F—
%
T | _
— -
& e —g——H
Q —400 I I I I I I I | |

Pr, jet [ GGV]

400 425 450 475 500 525 550 575 60

Holguin, Moult, AP, Procura, Schofbeck, Schwarz 2024
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Production mechanism:

* PDF uncertainty

* Hard scattering corrections

Jet substructure:

e Jet radius dependence
Hadronization effects
Impact of underlying event
Wide angle soft physics
Perturbative uncertainty

Experimental feasibility:

o Statistical sensitivity
Jet energy scale
Constituent energy scale
Tracks-based measurement

Heavy flavor dependence

LD DSl i sl (1<) (<L



Constituent Energy Scale Production mechanism:

| | » PDF uncertainty IZf
Study the effect of varying the constituent momenta: 1% for | | IZ
charged, 3% for photons and 5% for neutrals: Negligible impact * Hard scattering corrections
Jet substructure:
175+ pp—tX ,Pythia 8.3, Hadron-level — e Jet radius dependence M
% _ Photon Energy Variation ] , _ M
S - @ Central : Hadronization effects
§ 174~ AUp: (Amy), =—T70+ 48 MeV - Impact of underlying event IZ
7 B Down : (Amy;),,=—58 & 51 MeV |
: T Wide angle soft physics Iz
NI . B T = - Perturbative uncertainty Iz
R I e o T "
§§ """ oRRREE Sk [T % """ A I Experimental feasibility:
© 12 L - e Statistical sensitivity IZ
E T Jet energy scale M
- 0
e Constituent energy scale |:|
Q —400 = I I I I I I I I | |
400 425 450 475 500 525 550 575 60 Tracks-based measurement [ ]
Pr,jet | GEV] Heavy flavor dependence |:|
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Constituent Energy Scale Production mechanism:

| | * PDF uncertainty
Study the effect of varying the constituent momenta: 1% for

charged, 3% for photons and 5% for neutrals: Negligible impact * Hard scattering corrections
Jet substructure:

175pp—tX ,Pythia 8.3, Hadron-level — e Jet radius dependence

. Neutral Energy Variation
® Central

174  AUp: (Amy), ——56 + 50 MeV -
B Down : (Amy),, =—72 4 48 MeV |

Hadronization effects

Impact of underlying event

Wide angle soft physics

Perturbative uncertainty

Experimental feasibility:

o Statistical sensitivity

Jet energy scale

Constituent energy scale

400 425 450 475 500 525 550 575 60 Tracks-based measurement

Pr1,jet | GeV] Heavy flavor dependence
Holguin, Moult, AP, Procura, Schéfbeck, Schwarz 2024 57
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TraCk Effl Clency Production mechanism:

The restriction to tracks is a small effect to the EEC spectrum. * PDF uncertainty

Primary shift in the W distribution: Only 10% accuracy of track * Hard scattering corrections
function moments required.

- pp—tX ,Pythia 8.3, Tracks

Jet substructure:

175 * Jet radius dependence

- Track efficiency models

174 ® None
A EXO 23 002 : (Amy),,=—171 £ 130 MeV
173 . [ SMP_22 015 : (Amy),,=—230 £ 142 MeV

e Hadronization effects

* Impact of underlying event

* Wide angle soft physics

Vi dw [ GeV]
—
(\V)

* Perturbative uncertainty

Hadronization

Experimental feasibility:

P

C .

o Statistical sensitivity

(1.2)
ythia
e
\]
-
||IIII|IIII|II
L
Fooo0
—HE-e—H
D
——
F Wb
[ D
K
||IIII|IIII|II

— 1;,((), | | | | | | | | |
E _ i Jet energy scale
=, OF - o ofocmmmm e e Rl e — _
e i : Constituent energy scale
Q —400 - I I I I I I I I | |
400 425 450 475 500 525 550 575 600 Tracks-based measurement

L I<l <l <{ <] i< Ill<{ (1<) |[l<{ L

Pr1,jet | GeV] Heavy flavor dependence
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Heavy Flavor Dependence

A known effect in detectors is the different jet response depending
on the origin of a jet. Test the effect separately for particles that
originate from a heavy flavor bottom quark or from a light quark.

mw V& [ &w [ GeV]

(1.2)
ythia

P

C

Diff. [ MeV]

175

174

1731

e
~J
V)

e
N |
e

170t

400

—400

- pp—tX ,Pythia 8.3, Tracks

- EX0_23_002: Heavy flavor dependence
. @ All tracks

- A Heavy only : (Amy),, =97 £ 25 MeV

. [ Light only : (Amy),, =1+ 21 MeV -

400 425 450 475 500 525 550 575 60
Pr,jet | GeV]

Holguin, Moult, AP, Procura, Schofbeck, Schwarz 2024
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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:

Statistical sensitivity

Jet energy scale
Constituent energy scale
Tracks-based measurement

Heavy flavor dependence
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Heavy Flavor Dependence

A known effect in detectors is the different jet response depending
on the origin of a jet. Smaller effect for track-based EEC.

mw V& [ &w [ GeV]

(1.2)
ythia

P

C

Diff. [ MeV]

175

174

1731

e
~J
V)

e
N |
-

170t

400

—400

- pp—tX ,Pythia 8.3, Tracks

- SMP_22_015: Heavy flavor dependence
. @ All tracks

- A Heavy only : (Amy),, =177 + 59 MeV

. [l Light only : (Amy),,=—14 £ 36 MeV -

400 425 450 475 500 525 550 575 60
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:

Statistical sensitivity

Jet energy scale
Constituent energy scale
Tracks-based measurement

Heavy flavor dependence
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Key relevant effects:

We are dOne o Production mechanism:

* PDF uncertainty

* Hard scattering corrections

Jet radius dependence: Found to be purely perturbative.

Jet substructure:

Perturbative uncertainty: Key effects of NLO correctionsto | ® Jét radius dependence

the top quark decay and Sudakov resummation in the peak e Hadronization effects

Track-based measurement: Extending the track * Impact of underlying event

function formalism to apply for new distributions

measured on the top
and W distribution peaks.\A

* Wide angle soft physics

Perturbative uncertainty

Experimental feasibility:

QN

DGLAP evolution &

|
\ L

N\
’5\\‘

o Statistical sensitivity

IS

Top decay | » Jet energy scale

* Constituent energy scale

e Tracks-based measurement

<< <l <] <] i< <] (1<) [l L

 Heavy flavor dependence
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Looking ahead...

* Demonstrate robustness using
simulations.

« Compute precise predictions using
analytical calculations

« EECs are completely Top.quark decay

Inclusive like the
total cross-section

New frontier

Standard
candle l

* Prospects of better than 500 MeV (0.3%)
precise M, at the HL-LHC

e (better than 1 GeV with Run 3)

In a well-defined mass scheme

top
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Thank you!
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Backup
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Why care about the top mass? [EW Stability]

Important role in the analysis of electroweak vacuum stability

Are we living In a true-vacuum or is there another global minimum

or a bottomless abyss in the Higgs effective potential?

The outcome of EW vacuum stability depends sensitively on the
precision on the top quark mass.

Lifetime of our vacuum to decay through bubble nucleation

(related to Higgs instability scale): Khoury, Steingasser 2021-22

11410
Tew ~ 107°%-430 years

The enormous error stretching 2000 orders of magnitude results
from the top mass precision!

Need sub-percent ( < 1 GeV) M., to answer these questions:
a longstanding problem for three decades.
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The top quark imprint in EEEC

A naive sum over the three angles picks up Holguin, Moult, AR, Procura 2022

contributions from collinear splittings

" 8 | | | | | | | | | | | | | | | | | | |

To capture the correlations among the three prongs - | PyrHIAS, e*e” — 1(— bgd )i + X
we need to avoid such configurations B 7 [\/\ m = 172GeV. O = 2000GeV -
S 6 -
. . . . . N =0.02,n=2, R=1. -
Consider equilateral configurations with a > T 20c =005 m=2 -
o~ i Hadron level il
asymmetry cut oC. & 4L | N
g | | (= 3(%)2 :
a2 / « -
Cls | (=29 :
O ] ] ] ] | ] ] ] ] | I 1 ] m | I _

¢ 1G] 0. 0.02 0.04 0.06 0.08 0.1

< >
3¢
Distinct peak at £, ~ 3(mt/Q)2 for equilateral configuration: peak dominated by hard decay of the top

Appears at relatively larger angles: Resilient to collinear radiation, a, In { tpeak <1

The asymmetry cut 0 < mtz/p% eliminates the otherwise overwhelming contribution of collinear splittings.
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Imprint of the W in the EEEC distribution

- The observable we define to extract the W-imprint: Holguin, Moult, AF; Procura, Schofbeck, Schwarz 2023

e
r¢.sco= | ([T4) 5(5 - (\ﬁ Z Vo >2> O(Cy 2 G2 G2 &) O( & = (/5 =1 /G1)") (6 G Ca) do

e (: average of medium and long sides, {: Min cut on short side, {,: Max allowed difference between the
medium and long sides

pp — tX (13 TeV) T(Ca Cs,Ca = mf/pi,jet) 3., ——m—r———F—FT—T—T—TT—"—

PT, jet € [500,525] GeV :™. ¢s(1 — ¢s)] X 1(¢,9,20) .

Pythia8.3 SV ! 2.5Prjet € [500,525]GeV —— T(¢,0.1,mi/pk,) X 1@
-Pythia 8.3 ... Equilateral proj. x 50

2

| \& E 2.5 1 cow~asg”
4 y/ \ p%je - :
w \“" ”‘% S 1.50
"‘A' / /> ° B
/O ) MM“\ gi 1.F
,,"‘ ST '&‘»4"¢ 0.00 S -
= ,'€>1/ "@‘@0 —0.25 &
-~ 0 2/ 'é’ —0.5 0.5E
", : ‘f 0.7 N e e,
s > _1.25_1 " loglo C 0 0.2 0.4 0.6 0.8
0.4 —1.50 ¢

As (¢ is lowered we allow for more squeezed configuration and see the peak at Cy, ~ m%,/ p% emerging.
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A robust my;, sensitive projection

« The T(£,0,00) distribution is impacted by nonperturbative Holguin, Moult, AR, Procura, Schéfbeck, Schwarz 2023

effects in back-to-back Sudakov. —— Parton level

0.6

» The ratio against 2-point correlator is robust against both -~ Hadron level

collinear and b2b hadronization effects: ----- P

- 1(£,0,00)
W(C) = EEC(0) %4

* This works because the same back-to-back soft function
S,(b,, u,v) appears in num and denom. Cancellation of

 pp—tX, Had+MPT [ Partoniovedl ~ 'pr o c500535] GOV
leading nonperturbative effects: Holguin, Lee, Moult, AR, Procura Lme=172.5GeV aabm O
fin progress] 2.5 mw=s0aGev T e
S | Pythia 8.3 M‘*& |
EEC(C) ~ JEEC ® JEEC ® SJ_ E I "' .:.. :..’ .’..M:.%. - Relative Had. shift: — 0.022
X " . | Relative MPTshift: +0.032
n - . K .: 0.075 0.1 0.125
1(¢,0,00) ~ Jggec/® Jepc @ 5 v T/ L isrs,e00 ]
..""'-o.....,,,...-"’".. . ; _ 57 GeV ”M":,"'-o. P - »
N e P I
» Remaining shifts in the W(¢) primarily arise from the shifts A SN el
0 0.1 0.2 0.3

in the (pT,jet).
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Squeezed b2b 3-point Correlator

Holguin, Lee, Moult, AP Procura [in progress]

Squeezed EEEC region: 4 /75 ~ /1 —z;3 ~ /1 =253 ~ A K 1

We derive a new factorization formula:

F
1 dUEEEC 1 / 5 qf2F / ) o
— 5 d 5 ]. — J b 107 -q 1
g0 d213d212d223 & 9T <13 QQ T €

2 Z Hf(Qa /L)J]éEEC(QbTv {Zij}7 Ly, LV)JE]?EC (Lb7 LV)SJ— (bT’ At V)

~

J

The squeezed EEEC jet function involves dihadron TMD + contact term:

. f
(1) _ (1
JE](E)E))C = J]("(iQ) (br@Q. {zij},€)

1
+0(212)0(223 — 213) / dz 2 [D;
0

Key takeaways:

 Rapidity divergence only in the

contact term
 Non-trivial cancellation of IR poles

1
Di/j(Z,bL,E) ~

22
1/)(1(7;, bi,e)+ D((;)q(z, b, e)]
o B
/0 dz zd[Dél/)q(z,bL)—I—D((;)q(z,bL)]
= CF<§ + 3Ly, — 4—7;2 =F 10) —|—20FLb<:; — 21n§>

2
']f(12) = CF ( — E — 31Il —Q2 — ? —+ 2Fa§2?zlg (bTQ)> 5(212)5(223 — 213)
Fo,(brQ+/z12,0) | ©(z12)

—|—CF[

\—

d(Sum EE/E?)

d(Sum EiEjEk/ES)

.

/ a2, s,

2192 T
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ALEPH e*e, Vs = 91.2 GeV, Work-in-progress

— —— Archived MC + detector

Data
1=

1.4
1.2F-

I*ﬁ,

Ratio

06—Illlllll 1 llllllll 1 Illlllll Illlllll 1 llllllll 1 Illlllll
) 7 - T - -

10 ALEPH e*e, Vs = 91.2 GeV, Work-in-progress

— Archived MC + detector

1 Data

107"
01072

1072

1

210

_ \
10° =5 | i

:J ‘ILIIIIII | | lIlIIIl l 1 lIIIIll Illllll | 1 Illllll | | IIIII]I
1,4_Illlllll | IIIIIIII T IIIIIIII [IIIIIII T IIIIIIII T Illll]l

1.2
.0 -
T 1
o -

0.8

IIIIIII| 1 IIIlIlll 1 IlIIIIll [IIIIIII 1 IIIIIIII l |IIII1Il
0.6 0.1 1 mw-1 7 - -

iiq—IIIII,I,I,| IIIIIL|_|| II]II|,|,|,| [Illi’hl] IIIIII,I,I,I L1 |

6

Plots from a talk by Yen-Jie Lee



Universal behavior in the collinear limit

In QCD a time-like factorization formula can be derived to resum large logs in the collinear limit:
Dixon, Moult, Zhu 2019

2 1 22 2
Z(z,an—,,u :/ dz z° Jgrc| In o |- H a:,Q—,,u X (1+0(z))
p? 0 2 2

cms ~ 36.3fb" (13 TeV)
o 63_ Data  —— NNLLygyotNP - : Strong coupling determination:
AT pi: 97-220 GeV 3 | |
Q [ [§]p*: 330-468 GeV 3 » 4% precise (the best jet substructure-based) o,
W15 b -

extraction from E3C/E2C ratio by CMS

|
p T"et: 638-846 GeV
1]p)™: 1101-1410 GeV

« EECs enable a field-theoretic analysis of

1.4
I hadronization effects:

8LL'0 = (“w)®0 0} oney

Same as thurst!
1do™  1d6Ml N Qi ©

o dxp o dry, = 2V Q(zr(1 —zr))3/?

Lee, AP Stewart, Sun 2405.19396
[Accpeted by PRL]
(Also see Chen, Monni, Xu, Zhu 2046.06668)

1oL

| '1 0"
X
CMS Collaboration, 2402.13864 L




Why is EEC robust against hadronization?

Unlike the jet mass, the EEC is a SCET; observable:

A
P EEC
Collinear
Q H- ,
QVz {713

NG

A

o Jet mass

Q 1| --& Collinear

2
my|\/\

Q A2

2! ' *QCD
mJ/Q p+

 Top width 1, provides a cutoff and renders hadronization effects tiny

« Jet mass sensitive to a ultra soft mode at scales lower than I, and hence has large

sensitivity to hadronization

/1



EECs are also insensitive to the contamination

The correlator measurement can be expressed as

dX(6¢) _ dX(6¢) dprye
de,jetdC de,tdC de,jet

The pr, determines the opening angle but can only be accessed via the jet py.

Jet-based X
measurement Pp —
Wide-angle
' soft physics
K, phy T
NG,
\ L op quark
decay

iy UE/Pile-up
Simplifications: Fix hard pr top in MC

« For now fix the hard p;, in MC by hand:

» Top quarks produced with a fixed hard pras in ete™ collisions.

* (Can solely focus on the impact of the underlying event
/2



EECs are also insensitive to the contamination

The correlator measurement can be expressed as

é’,(pp) dznorm

15\IIII|IIII|IIII

dX(0¢)
de,jetdC=

_ dE(&C) de,t
de,tdC de,jet

\  PytHIA8, pp — t(— bqq ) + X Hadron Level -
| \\ 36 =02, R=1.2
\ i =172GeV, phard € 1600, 605] GeV

/

— n =2, No MPI __

/ 1 | 1 1 1 1 | 1 1 1

0.
0.4

i n=1, No MPI )
| —— n=1, With MPI n=2 With MPI ™
] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ]
0.5 0.6 0.7 0.8 0.9
3 é«(pp)

.

Holguin, Moult, AE, Procura 2022

» The underlying event still impacts the jet p and adds contamination to the triplets sampled.

 The correlator measurement after normalization is however completely insensitive to the UE.

73



Calibrating the top mass

Holguin, Moult, AP, Procura, Schofbeck, Schwarz 23-24

 Use the standard CP5 tune for Pythia and - - ® Pythia 8.3, Hadron lovel . ).

" " 309 B |
V|nC|a : A Herwig 7.3 A.O., Hadron level :

: : B Herwig 7.2 A.O., Hadron level |
 Herwig Angular ordered shower differs from g adron leve

the others by 3% due to different
approximations to NLO top decay

3.6}
my = C mw/Co/Cw S
500 525 550 575 600

308 B o
: § i § § L<> Herwig 7.3 Dipole, Hadron levelJ:

P, jet | GEV]
Shower R = 0.8 R =1 R=1.2 R=1.5
Pythia 8.3 1.075 = 0.001 | 1.090 = 0.001 | 1.099 = 0.001 | 1.105 = 0.001
Vincia 2.3 1.078 == 0.001 | 1.091 = 0.002 | 1.101 == 0.001 | 1.107 = 0.001

Herwig 7.3 Dipole || 1.078 = 0.001 | 1.088 4= 0.001 | 1.098 = 0.001 | 1.106 = 0.001
Herwig 7.3 A.O. 1.092 == 0.001 | 1.104 == 0.001 | 1.113 4= 0.001 | 1.120 = 0.001
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A slope In prIs not an Issue

* There is a systematic procedure to incorporate power corrections in perturbative calculations which describe
this p dependence.

» With the leading p;-dependence canceled, any undesirable shifts are highly suppressed to < 100 MeV level.

3.9 | | | | | I I I | 3.95 I I I I I I | | |
- pp—tX ,Herwig (dipole) 7.3, Hadron-level - - pp—tX ,Pythia 8.3, Hadron-level i
" Ct/Cw = (Ct/Cw) pr=so0 — slope X (pr|GeV] — 500) - 3 g :_Ct/CW ~ (¢e/Cw ) pr=500 — slope X (pr[GeV] — 500)_:
3.89 - = 3.8064 — 0.0002 X (pr|[GeV] — 500) - E = 3.82322 — 0.00008 X (pr[GeV] — 500) -
REEy T _ I _
S T d L 1 = 3.85L0 I h
I 3.8¢ t {‘ } """ { ----- { 4 ¥ A SR S -
J 3 { I N S N N { """ L SRt TR
i - 3.8 B T —
3.79 - Am; = +(mw/2)|slope| X Apr - - Amy = £(mw /2)|slope| X Apy B
- Apr = £10GeV = Amy = =87 MeV ] 3.75- Apr = +10GeV = Am; ~ £33 MeV =~ -

3 7| | | | | | | | | | | | | | | | | |
400 425 450 475 500 525 550 575 600 400 425 450 475 500 525 550 575 600

Pr,jet | GEV] Prjet | GeV]
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