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Precision top mass: A longstanding problem

Rapid Instability

 Key to new physics: Precision measurements and

consistency tests via indirect predictions. Metastability
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 The masses of the Higgs, W and Z bosons known to
< 0.2% precision, but ...

* Top mass is not as precise as you'd like it to be:
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The current status of collider QCD

Jet-based measurement

Hadronization
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Experimental systematics

Hard scattering (Jet energy scale)

Contamination

(UE Modeling)

Proton structure .
Soft physics
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The current status of collider QCD

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

Jet-based measurement

* Extremely versatile Hadronization
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* But not precise enough
for something so sensitive
as the top quark mass
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Hard scattering

Proton structure _—
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oRY Under good theoretical control
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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)
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The Standard Candle Approach

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

Proton Structure, 3
Hard Scattering

Proposal: A new energy correlators-based “Standard Candle Approach”:

MC Sirhulations

Precise calculations

(= NNLL) 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
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Jet substructure as correlation functions

Energy-Energy Correlatior: One of the very first event
shapes and a QCD correlation observable;

Basham et al. 1978
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Jcos v :Z/ 02 0(n; - mj — cos x)do

Two limits exhibiting a rich all-orders structure:

Collinear limit: y — 0

 Back-to-back limit: y — &

Each event contributes to multiple
bins, with the final distribution

being an ensemble average over
all events:

/

1/oy dX/dx [1/rad

: : = : = — —
||||

N . II! !!!!!!!

it
IiiiiiiIifiiiiiiifiiiiiiiiiiiii Iiiiiiifiiiififffii 23]

2EEC

-1
10 2
[ I J. [ I.:I J 1 L
T 0 50 100 150
X (degrees)

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



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
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Z(z,an—,,u :/ dz z° Jgrc| In o |- H a:,Q—,,u X (1+O(z))
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Recent a, extraction from E3C/E2C ratio by CMS:

No soft function

cMs 36317 (13 TeV) Key takeaways:
o16[ Data  —— NNLlaporotNP . * 4% precise (the best jet substructure-based)
W[ [§]p): 97-220 GeV ]
- jet. o . .
@ [ []py :330-468 GeV 5 > Renormalization scale: 2.4%
°L [1]p)": 638-846 GeV 5
I jet, _ 3 :
- [Py 11011410 GeV < » Constituent energy scales: 2.3%
1.4_— o
_ = o But, rather large a (M) = 0.1231“8‘882“:
1.3_— .
- > hadronization corrections? (estimated 0-3%)
1.2

> Modeling bias in unfolding?

10~
CMS Collaboration, 2402.13864
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A model-independent treatment of hadronization

Lee, AP Stewart, Sun arXiv:2405.19396

e EECs enable a field-theoretic
analysis of hadronization
effects.

* A field-theoretic statement
about the leading
nonperturbative correction:
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» This Q,_ is universal with dijet

event shapes in eTe ™ collisions.

 Enables a model-independent
assessment of hadronization

effects in a, measurement
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The back-to-back region of EEC

The back-to-back limit in e e~ collisions is dominated by both soft and collinear physics, and is
described by a Drell-Yan-like factorization formula:

2 2 Moult, Zhu 2018
dzEEC B /qu/ d bT o ibT: qT5<1 _ . CIJ;
Q

X ZHf Q :u EC(bJ_vluv )J EC(bJ_mua )SJ_(bJ_mu?V) X (1_|_O(1 _Z)>

This involves the same hard and soft functions as in Drell-Yan measurement
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The most precisely known event shape: N*LL accuracy 162 164 166 163 170 172 174 176 173 180
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Is the b2b limit relevant for the LHC?

14



Is the b2b limit relevant for the LHC?

The back-to-back, or more generally, the threshold limit, becomes relevant in boosted electroweak decays!




Is the b2b limit relevant for the LHC?

The back-to-back, or more generally, the threshold limit, becomes relevant in boosted electroweak decays!
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« The y — 0 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 heavy
particle decay. 16
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The "back-to-back™ version for the fop

Holguin, Moult, AE, Procura 2022

Threshold limit for the top: At g b
leading order the top quark _,
exhibits a near planar decay: Top decay @ LO ¢ 9

P
66666666666666666

The three-point correlator picks out the st g— {
characteristic three-body top quark decay t gy e
Measurement function (¢;; = ARZ.Jz. :

MM (Cra, o3, Ga1) = Z Eng;En (C12 B CA”) 0 (CZS a g”“) 0 (C31 N Cjk)

1,9,k

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

Tl Sy €225 =
m ~ 3m?/p.
_ Lab frame (boosted): ): G, = Z i R (—t) ZCU’ ® t 'Pr
1<J Pt 1<j
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The top quark imprint in EEEC

Holguin, Moult, AE, Procura 2022

Consider a simpler scenario of boosted tops in ete ™ collisions:

8 | | | | | | | | | | | | | | | | | | |
_ i | |PYTHIAS, |e+e_ — t(—>| bqgg )t + X7
ﬂg 6: /\/\ m, = 172 GeV, Q = 2000GeV
5 360=002,n=2, R=12 -
% i Hadron level ]
£ 4 | -
g | | (= 3(%)2 :
NH\; 2 / e .
0¢ == | -
< C 4—; o L C — 2 5 //P\ _
O | | | | | | | | | I | I ] | | | | | | | | | ] i
0. 0.02 0.04 0.06 0.08 0.1

3¢
- Distinct peak at ¢, ~ 3(m,/Q)*: peak dominated by hard decay of the top

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

e The asymmetry cut 0 < mf/p% eliminates the otherwise overwhelming contribution of collinear splittings.
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Excellent top mass sensitivity and robustness to hadronization

Holgum Moult, AF, Procura 2022

1.5 I I I I | I I I I | I I I I | I I I I | I I I I | I I I I 1.1
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t O =2000GeV —m=15GeV - O =2000GeV
1L . —m, =180GeV_ 1 L e es
ARV | ] Sl T /M‘%.\\ Trhe
2| .5 1 glE N
N — Lo [ 0
S | i { gl= | Y
0.5} - 0.9
:-\ : Solid = Hadron level ™ : - Solid = Hadron level
2 | | Das}lled = Parl'ton level| s Dashed = Parton level
O. I I I I I I I I I I I I I I I I I I I I I I I I 0.8 l l | l | l | | l ]
0.04 005 0.06 007 008 0.09 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, Amhadr ~ 150 £ 0.5 MeV

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

20



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 I
- Pyruia8, pp — t(— bgq’) + X, Had+MPI 1 [ PyrHIAS, pp — (= bgi') + X i
i _ (pp) — AT - 7
i m; 172 GGV, 355 3.5(170/]7T,Jet) : 8;— m, = 172 GGV, R=1.72 ]
o n=2,R=12 -
D 1l | o N NG~ e Parton level .
Bl | s & F i
S~ | / 1 =& 6L — —- Hadron level -
- 3 - = i i
Hd= L7 1 < Had+MPI
o \_~ S| b B S~ ]
0.5 _ — - :
: —— DTjet (S [590, 610] GeV : 4_— ~~~~~ —
L —— - prje € [630,650] GeV TN~ T : IS S
O. ] ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] \Iﬂ 2_ l I I I | I I I | | | | | | | | | I I | | | | | B
0.5 0.6 0.7 0.8 0.9 1. 550 570 590 610 630 650
3PP Prjet [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.
21
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The Standard Candle approach In

Holguin, Moult, AE, Procura
+ Schéfbeck, 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
23

2.9

Projected EEEC

<

nutshell

m=o3 R
DT, jet € [5007 525] GeV - T(C90°19m?/pg”jet) X 1@
Pythia 8.3 ]

My X Mw :
1%%



Imprint of the W in the EEEC distribution

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

Chei ik T(C,¢s,Ca) = Z /dCijk

Pr,i PT,5 PT,K ngi,j,ké(C (\/ Cij + \/ Cjk)z)
2

3
he}d.rzns (pT,jet ) dC'LJ k
Ve = AR; O(Cis > Gk > Cui > Cs) © (Ca > (Vg — v/Gr)?)
pp — tX(13TeV) T (¢, ¢syCa = mf/P?p,jet) 3. T

1/4 pp—tX T(¢,0,00) i
2 5[Pr,jet € [500,525]GeV T(¢,0.1,m}/ps..) x 100
-Pythia 8.3 ... Equilateral proj. x 50

PT, jet € [500,525] GeV
Pythia8.3

S
S
e
¥
3::!
%;\EN
Projected EEEC
\V)
I

TN L e 5
' | '/ —0.7
0.4 _1.50 e

As (¢ is lowered we allow for more squeezed configuration and see the peak at Cy, ~ m‘%,/ p% emerging.
24



High degree of correlation of the two imprints

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

Decay in the top 7\ Lab frame
rest frame /- - Higher contribution
&= to EEEC due to

/ //,«'\Uergy weighting

re
”~
”~
”~
”~
~

7
-
7
7
- //
-~ 7
~ 7 “7

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

« 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.
25



A robust my;, sensitive projection

Holguin, Moult, AP Procura, Schéfbeck, Schwarz 2023

The ratio against 2-point correlator is robust against both collinear and b2b hadronization effects

—1

PrT,i PT,5 do 0,5
WO =T(¢0.00) | D [dey PPN S 5(¢ - )
h ad rons pT,J et ) tJ W oo : .m, oo ,...,

.“1(‘\“ .;qs\“

’L

This works because of the same b2b soft function.

. 1 1 1 1 1 | 2.3 lllllll . ' ' ' ' ' '
. DD —t X . Had+MPI [— Parton-level ! Pr,jet € [5()(),I 525] GeV
. . [— Hadron-level
Lomy =172.5 GeV 220 . MPI
E— arton ieve —~ e B 2.1}
T(¢,0,00 G AP sy M -
0.6 , N’ S ’o . %“ o b
Hadron level E I N
- s % E/ ~” Relative Had. shift: — 0.022
- ."'w%&, 1.9« Relatlve MPI shlft + 0 032
>< o s ¢ J ." .“?"l.. t — l
e -, “'v:.;-g,. 0.075 0.1 0125
S . S .
» | 2 B .’ "™ S oo S %}g w«.’n"’”
V _ ..°:.’.:~'*~,”°"... ;'.- . s 575 : 60 O GeV .:M*..m
S ¢ —[550,575]GeV e, o -
- :ﬁ""‘"’ e , ’ : m“.‘u.,:’:"vwmo..., wﬂ“‘“”"’w e
3 A =—1525, 550 GeV “@ZQ,}W.,. a-.-m'-'*""“%
- — [500, 525] GeV NN ——
) } '*-....v. 6 PO Patagqeny Sutsepss Oty
I I I I | I I I | = [ Bt PO I I

0 0.1 0.2 0.3
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Calibrating the top mass

Holguin, Moult, AP, Procura, Schbfbeck, Schwarz 24

The strategy for now is to simply take the ratio of the peaks of the 7({) and the W({)
distributions. The resulting ratio is proportional to top mass:

dT dW
d¢ d¢

In the large boost limit,

My — C(asv R) mW\/Ct/CW + O ( W ) T )

PT.,jet DPT,jet

The constant C is perturbatively calculable and depends on the jet radius.

o |ater fit for the entire shape in the peak region when a calculation becomes available.

27
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Calibrating the top mass

Holguin, Moult, AR Procura, Schbfbeck, Schwarz 24

The strategy is to simply take the ratio of the peaks of the 7({) and the W({) distributions.
The resulting ratio is proportional to top mass:

my = C mw/Ct/Cw

For now extract this from parton showers (error bar is stat + polynomial peak fit) by averaging
over pr € [400,600] GeV.

Shower R =0.8 R=10 R=12 R=15 Use the standard
CP5 tune for
AUGIEREN 1.0/6 + 0.002 1.090 + 0.001 1.099 + 0.001 1.105 + 0.001 Pythia and Vincia

I EEE 1.079 £ 0.002 1.091 £ 0.002 1.100 = 0.002 1.107 = 0.002

Herwig 7.3 1.098 + 0.001
Dipole

Herwig 7.3
A.O. 1.112 + 0.001 \

29 (values missing currently)




The checklist

For a robust experimental strategy for precision top mass we
need to ensure

1. The distribution is resilient to experimental systematics,
2. Robust against modeling of hadronization and UE

3. All non-universal and power suppressed effects have a
negligible impact

4. The key effects will be perturbatively calculable.

What is NOT included here:
1. Detector simulation

2. Impact of event generator modeling through unfolding
(expect to be small for a track-based measurement)

30

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

Track efficiency
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Heavy flavor dependence



Jet rad|us dependence Production mechanism:

* PDF uncertainty

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

via the pr i Jet substructure:

e Jet radius dependence

| | | | | | | | |
Vary jet radius @ Partonic @— R =0.8 Hadronization effects

pp—tX A Hadronic — R=1
Pythia 8.3 B Had+MPI — R=1.2

Mt I o

180 Impact of underlying event

178 Wide angle soft physics

Perturbative uncertainty

Experimental feasibility:

omw V[ dw | GeV |
s
RN R AREN RN RN RN

174 |- il ITa o
s Iii Ii Hi ;Ij H—i %g Hi :g o Statistical sensitivity
@g 172 I Y T ;I II& | 9 Jet energy scale
S 170 | | | | | | | | - Constituent energy scale

400 425 450 475 500 525 550 575 600
Pr,jet | G€V |

Holguin, Moult, AP, Procura, Schofbeck, Schwarz 2024 31

Track efficiency

oo ([oooo ([0

Heavy flavor dependence



Jet rad|us dependence Production mechanism:

- PDF uncertainty []

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

via the pr.., but it is purely perturbative:

had/UE is ~ 200 MeV effect! Jet substructure:
174 | e Jet radius dependence
R=0.8 -

i;iﬂi H& H%.H,H I Hi I HE}H _I_E * Hadronlzetion effects

8 * Impact of underlying event

i;g_— | EE.H Hi Hi ﬂE ﬁi = * Wide angle soft physics

* Perturbative uncertainty

mw V& /éw [ GeV ]

- 12 -
i";g .. £ 3 } _____ Ei }}i fﬂ FE' ‘IT fH - Experimental feasibility:
o i | S —— _ e Statistical sensitivity
S B = 1. ~
% X LT3 g VY, Y Jet energy scale
171 ' i i | | i | ! Constituent energy scale

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

@® Partonic

PT,jet [ GeV ] A Hadronic

B Had+MPI
Holguin, Moult, AP, Procura, Schofbeck, Schwarz 2024 32
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Heavy flavor dependence



Hadronization effects

All the showers exhibit an excellent cancellation of

hadronization effects in the PTjet

(error bar is stat + polynomial peak fit)

174 |
— ' 173F

172 -
171
170 |-

174 —
173 —
172
171
170

>

O
)

=
g 170
¥,
>

=

S

~

(o 174 —
. 1

‘_l 73—

A

O 17T2F
= 171
QO 170

Holguin, Moult, AR Procura, Schbfbeck, Schwarz 2024

| |
Pythla —

HH{E O LRTE Ahnt SRt Lo

—Ami‘ad = 219 £ 282 MeV @ Parton-level A Hadron- level

174 |
173
172
171

| | | | | | | I I
I I I I I I | | . !
Vincia —

I S O S S

—AmM = —75 4 277 MeV

|
| I I I
Herwig Dipole —

il---il----i} }I-"-Ez-"?I"-}IH-;z-"

—Am};ad = —174 £ 284 MeV

| | | | | |
Herwig A.O.

i}---§I----§I---§-z----§z---- zfgiz

—Am};ad —66 £ 283 MeV

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

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
Track efficiency

Heavy flavor dependence

L]
L]

NN 3



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

* PDF uncertainty

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

Jet substructure:

= 175 -pp—tX ,Pythia 8.3, MPI+Had - * Jet radius dependence
O b fragmentation variation ] : :
S | @ default Hadronization effects
= i . _a3 4 ) .
o 174 AUp:(Amy,,=33+129 MeV - Impact of underlying event
7 - [l Down : (Amy),,=—19 £ 104 MeV i . .
> i 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 60 Track efficiency

Pr1,jet | GeV] Heavy flavor dependence
Holguin, Moult, AP, Procura, Schofbeck, Schwarz 2024 34
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Effect of contamination Production mechanism:

- PDF uncertainty []

We work with standard CMS CP5 tune and consider UE | |
* Hard scattering corrections |:|

tune variation and find negligible impact

Jet substructure:

. 175-pp—tX ,Pythia 8.3, MPI+Had — e Jet radius dependence
%  UE Tune Variation ] : :
S . @ Hadronization effects
§ 1741 AUp:(Am), =—43+73 MeV - Impact of underlying event
7 - [ Down : (Amy),,=—23 £ 110 MeV i _ _
> i 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 60 Track efficiency

Pr1,jet | GeV] Heavy flavor dependence
Holguin, Moult, AP, Procura, Schofbeck, Schwarz 2024 35
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P D F VarlathnS Production mechanism:

Variations in PDFs lead to significant shifts and induce substantial | © PDF uncertainty

uncertainties in the pr.. distribution but the ratio of the peaks Is * Hard scattering corrections
extremely robust (consistent with no shift): Jet substructure:
175 pp—tX ,Pythia 8.3, Hadron-level - « Jet radius dependence
%  PDF Variation ] : :
S | @ cPs default ] Hadronization effects
§ 174 ACTISNNLO: (Amy)), =26 £ 58 MeV - Impact of underlying event
7 - [ MSHT20an31lo as118 : (Amy),, =—4 1 98 MeV i . .
R i T ] Wide angle soft physics
=~ [ i
S Perturbative uncertainty

Experimental feasibility:

o Statistical sensitivity

Jet energy scale

Constituent energy scale

400 425 450 475 500 525 550 575 60 Track efficiency

Pr1,jet | GeV] Heavy flavor dependence
Holguin, Moult, AR Procura, Schéfbeck, Schwarz 2023, 2024 36
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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

ISR Scale Variation
- @ Central

 AUp: (Amy), =—22+7 MeV

- [ Down : (Amy),, =16 -4 MeV

400 4

25 450 475 500 525 550 575 60
Pr,jet | GEV]
Holguin, Moult, AR Procura, Schbfbeck, 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:

o Statistical sensitivity
Jet energy scale
Constituent energy scale

Track efficiency
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Hard scattering corrections

Probe variations in the physics at the hard scale via NLO
matching to ¢f + j process: Negligible impact.

myw Vi /&w [ GeV]

(1.2)
gen

C

Diff. [ MeV]

175

174]

e
~J
V)

e
N |
e

170
400

—400

1731

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

L @pp = tt@LO |
" A pp — tt(+j) @ NLO : (Am;),, =7 485 MeV

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

Holguin, Moult, AR Procura, Schbfbeck, 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:

o Statistical sensitivity
Jet energy scale
Constituent energy scale
Track efficiency

Heavy flavor dependence
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Wlde angle SOﬂ: phyS|CS Production mechanism:

| | * PDF uncertainty
Color reconnection models probe the soft wide angle

effects at the nonperturbative scale: Negligible impact * Hard scattering corrections
Jet substructure:

. 175-pp—tX ,Pythia 8.3, MPI+Had — e Jet radius dependence
% _ Color Reconnection Models ] . :
S | @ Hadronization effects
§ 1741 ACPSRL: (Amy)p, =106+ 74 MeV - Impact of underlying event
NP - [ CP5CR2 : (Amy),, =109 £ 90 MeV i} . .
R i 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 60 Track efficiency

Pr1,jet | GeV] Heavy flavor dependence
Holguin, Moult, AP, Procura, Schofbeck, Schwarz 2024 39
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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:

400 425 450 475 500 525 550 575 600 Track efficiency

Pr1,jet | GeV] Heavy flavor dependence
Holguin, Moult, AP, Procura, Schofbeck, Schwarz 2024 40
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i
= 175 _—1|9p—>t|X,P3lthia I8.3, Il—Iadroln-levell - « Jet radius dependence M
i f I:S(?ersléille variation i Hadronization effects M
§ 174} AUp: (Amy), =—117+233 MeV - Impact of underlying event M
3 - W Down : (Amy),, =123 & 50 MeV -
k! b j Wide angle soft physics M
Ei 173 i : ! ! ’ i i _ Perturbative uncertainty |:|
i Snt AEEE SEPRH R SRR R SR SRR Experimental feasibility:
> " » Statistical sensitivity [ ]
g Jet energy scale []
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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 “b2b” resummation

175+pp—tX ,Pythia 8.3, Hadron-level —
% - Recoil Scheme Variation _
~. " ® Recoil to b (default) |
174+ ARecoil tot: (Amy), =—445 4+ 42 MeV -
. B Recoil to W : (Am,),, =—505+ 33 MeV -

- - —
—200 - I I I I\:I I I I H

400 425 450 475 500 525 550 575 60
Pr,jet | GEV]
Holguin, Moult, AR Procura, Schbfbeck, 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:

o Statistical sensitivity
Jet energy scale
Constituent energy scale

Track efficiency
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Heavy flavor dependence



Outline

Motivation
EECs on boosted top quarks
The Standard Candle approach

Demonstrating Robustness|and Experimental Feasibility
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Statistical sensitivity

Crucially, the measurement is statistically feasible at the LHC

180}

175}

170}

1.09 mw+/C/Cw [ GeV]

(A Run-2:171.9+1.5GeV |

160L

5 Run-3:172.9 4 0.8 GeV
"I “[. HL-LHC : 172.5 + 0.3 GeV |
173l T . |
7a| i ¢ ||
171 Projection [GeV]
170~ | _
400 500 600 700 800
pTajet [GeV]

Holguin, Moult, AP Procura, Schofbeck, Schwarz 2023

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
Track efficiency

Heavy flavor dependence
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Jet energy scale

We model the CMS jet energy scale uncertainty and vary
the pT,jet

CMS Jet Energy Scale Uncertainty Model

Rel. Uncertainty [%]

Pr,jet [ 1€V]

Holguin, Moult, AR Procura, Schbfbeck, Schwarz 2024

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

Track efficiency

LD DL il s (1] (<]

Heavy flavor dependence



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 _ AUp: (Am),, =35+ 130 MeV
B Down : (Am,), =24+ 106 MeV

Pr, jet [ GGV]

400 425 450 475 500 525 550 575 60

Holguin, Moult, AR Procura, Schbfbeck, 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:

o Statistical sensitivity
Jet energy scale
Constituent energy scale

Track efficiency

LD DSl i sl (1<) (<L

Heavy flavor dependence



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:

175 pp—tX ,Pythia 8.3, Hadron-level - » Jet radius dependence
% i Charged Energy Variation ] . .
S ® Central Hadronization effects
= i . 63+ ] .
o 1741  AUp:(Amy), =—63=49 MeV - Impact of underlying event
7 B Down : (Amy),, =—64 1 49 MeV i . .
R 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 60 Track efficiency

Pr1,jet | GeV] Heavy flavor dependence
Holguin, Moult, AP, Procura, Schofbeck, Schwarz 2024 46
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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:

175 pp—tX ,Pythia 8.3, Hadron-level - « Jet radius dependence
% _ Photon Energy Variation ] . .
S ® Central Hadronization effects
= i . o4 } .
o 1741 AUp:(Amy), =—T0x48 MeV - Impact of underlying event
7 B Down : (Amy),, =—58 & 51 MeV i . .
> T 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 60 Track efficiency

Pr1,jet | GeV] Heavy flavor dependence
Holguin, Moult, AP, Procura, Schéfbeck, Schwarz 2024 47
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Constituent Energy Scale

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

175

174/

@ Centr

AUp . (Amt)pT:—56 _
B Down : (Amy),, =—T724

al

_ Neutral Energy Variation

- pp—tX ,Pythia 8.3, Hadron-level

- 50 MeV

- 48 MeV

400 4

25 450 475 500 525 550 575 60

Pr,jet | GEV]
Holguin, Moult, AR Procura, Schbfbeck, Schwarz 2024

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:

Statistical sensitivity

Jet energy scale
Constituent energy scale
Track efficiency

Heavy flavor dependence
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Track Efficiency

Investigate two CMS track efficiency models: Negligible
impact of track efficiency profile (SMP_22_015 includes

track pr dependence).
I I I I I I I
175 pp—tX ,Pythia 8.3, Hadron-level —
% _ Track efficiency models
g - @ None
2 174 AEXO023002: (Am,), =—159 451 MeV ’
\\‘B - @ SMP_22 015 : (Am;),,=—170 £ 56 MeV
> i T ¥
=
E.ﬁ 173+ $ . I _
q 5 e |
2 & S e e e R Rty A el
@) L + T A
172+ - _
I I I I I I I I I
— 400 =1 | | | | | | | —
%
Y _
Q —400 I I I I I I I | |

Pr, jet [ GGV]

400 425 450 475 500 525 550 575 60

Holguin, Moult, AR Procura, Schbfbeck, 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:

o Statistical sensitivity
Jet energy scale
Constituent energy scale
Track efficiency

Heavy flavor dependence
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Track Efficiency

The restriction to tracks is a small effect to the EEC spectrum.
Primary shift in the W distribution: Only 10% accuracy of track

function moments required.

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

- Track efficiency models
. @ None

- AEX0.23.002: (Amy),, =—171 + 130 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:

o Statistical sensitivity
Jet energy scale
Constituent energy scale

Track efficiency
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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.

| | | | | | |
175 pp—tX ,Pythia 8.3, Hadron-level —
%  EX0 23 002: Heavy flavor dependence ]
g - @ All particles
s\% 174 __ A Heavy only : (Amy;),, =159 £ 16 MeV .
\\‘B -~ [l Light only : (Am,),,=—15+19 MeV
7 B 1 )
= i I
E.g 1731 | : _
5% | $ 1
AT Suiuiatet Saluielely Elelebelel tleieiel: wieieieled Heleiiel~ eleieled Gulealed” Saleiele
Q L S
172+ _
| | | | | | | | |
~ 400 — ! ! | | | I | | ]
%
= C
=
A —400 | | | | | | | —

400 425 450 475 500 525 550 575 60

Pr,jet | GEV]
Holguin, Moult, AR Procura, Schbfbeck, Schwarz 2024
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Production mechanism:

* Hard scattering corrections

PDF uncertainty

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
Track efficiency

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

172!

400

—400

- pp—tX ,Pythia 8.3, Hadron-level =

 SMP 22 015: Heavy flavor dependence
- @ All particles

B A Heavy only : (Amy;),, =230 £ 41 MeV
- [l Light only : (Amy),,=—77 £ 28 MeV

| A —_
. A
. A
o It 4 4
1 o .
| | | | B | | | | |

| | | | | | | | [ ]
T — —— e — —— :il """ Ii:--:]r ]

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:

o Statistical sensitivity
Jet energy scale
Constituent energy scale

Track efficiency
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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
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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 -
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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:

o Statistical sensitivity
Jet energy scale
Constituent energy scale
Track efficiency

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
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Diff. [ MeV]
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e
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- 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 i
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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
Track efficiency

Heavy flavor dependence
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Production mechanism:
* PDF uncertainty

* Hard scattering corrections

Jet substructure:
Jet radius dependence
Hadronization effects
Impact of underlying event

We are dOﬂe " Wide angle soft physics

Perturbative uncertainty

Experimental feasibility:

o Statistical sensitivity
Jet energy scale
Constituent energy scale

Track efficiency

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

Heavy flavor dependence
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The promise of the standard candle approach

S LT @ i N et e M e ki Ed g e o cel o 2 oo i

* Demonstrate robustness using
simulations.

« Compute precise predictions using Hadronization models-

analytical calculations Use field theoretic
\ \\;\;\-‘\'\

Top quark decay

« EECs are completely
Inclusive like the
total cross-section

| n

New frontier

Standard

candle l

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

top IN MSbar scheme

 And, better than 1 GeV with Run 3
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High-precision top mass becoming a reality

o '0>4' L 'v'. P "'_..‘ = e el ‘ _ P .‘v.»..

Exciting measurement prospects

aVe Valleaw

Hadronization s
Use Field theoretic approaches

VU030

" Standard

rk decay e

New frontier

Conclusions

« Enable complete calibration mechanism with the W as a standard candle: can directly measure the
top mass in a well-defined short distance scheme in terms of m, better than 500 MeV.

 Measurement is robust against the environment and is statistically feasible.
* Wealth of exciting directions for phenomenology, calculations and measurements with EECs:
> Provides strong motivation for understanding EECs on heavy, unstable, charged resonances.
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Thank you!
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Backup
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Why care about the top mass? [EW Stabi

Important role in the analysis of electroweak vacuum stability

lity]

Rapid Instability
°

The outcome of EW vacuum stability depends sensitively on the ™" Metastabilty
precision on the top quark mass. o
S 100
* Lifetime of our vacuum to decay through bubble nucleation =~
: : " ] ~ Absolute '
(related to Higgs instability scale): Khoury, Steingasser 2021-22 o Stability .
+1410 | i
TEW " 10799 -430 years | :
0 ""5'0"M160'"'1!30""200
: : Higgs
The enormous error strgtghlng 2000 orders of magnitude results Andreassen. Frost. Schwartz 2014
from the top mass precision! - _
{ —— n=-002 7N
14 | — M=-0.013 yd \\
* [Aside: Primordial black holes can further seed and accelerate R \
10”9 _._ j=_
vacuum decay. |7 Mmo00 \
10" 1 \
| \
I'p g |
- A single primordial black hole with mass < 4.5 X 10!* g can r 't |
trigger decay if there is no BSM.] 1 ; |
Burda, Gregory, Moss 2015-16 1004 ) -| | |
P | ,‘ |
« Need sub-percent ( < 1 GeV) M., to answer these questions: A | | |
a longstanding problem for three decades. 50 T 0 100 g0t a0 g 10

[
10®  10°
seed mass M., /M,



Why is the top mass measurement hard?

A sub-GeV precise top mass measurement requires excellent control over a range of physical effects
at widely separated energy scales:

Jet-based What is relevant for the
Sureme”t top mass measurement?
, Wide-angle
soft physics ﬁ/&
/t /Top quark
Hard scattering)\_ decay
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Mass Sensitivity

Total cross section

Current Paradigm: Total #f cross section:

 Theoretically robust as it primarily depends
on PDF and hard scattering

e Yields measurement in well defined M S
scheme.

Uﬁ » \Weak sensitivity to the top mass.

[ ]

— Jet-based
Better Theoretical Control A measurement

MS _ +2.1 t /Top quark
mt o 162‘5—1,5 GeV UE/Pile-up )
PDG a W %
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Subtleties with m}jOle measurements

Current Paradigm:  The core NLO calculation assumes stable
top quarks.

* The highest sensitivity comes from the low

m.; region. Goulomb and soft gluon

resummation effects important and not
included.

- Argued to induce O(1 GeV) effects

CMS 1904.05237, Piclum Schwinn 2018
> Handled by Pole mass

L Jet-based
%& MCs  measurements
A = ment ‘)

,,,,,,, Soft gluon

mtpOlﬁ — 172.5 i 0.7 GeV % """" resummatlon

+(0(1 GeV) (soft physics) UE/Pile-up A ard Seatienng ’

PDG + Stable tops @NLO
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Mass Sensitivity

Better Theoretical Control




Mass Sensitivity

What mass is m,

Current Paradigm:

Better Theoretical Control

= 172.69 = 0.3 GeV

+ O(1 GeV)

(Modeling hadronization)

PDG
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MCnr

Top Mass measurement via simulations:

e Simulating the top quark as a particle with

a definite mass ignores O(1 GeV) long-

distance effects
See Hoang 2004.12915

 Complicated interface with parton shower
and hadronization modeling.

- No well defined relation to a field
theoretic mass scheme

decay
Reconstructed
‘ ,, Wide-angle
Fully &
Handled l s

byMCs S % @ %
UE/Pile-up

=

0

Hard scatterlng




Problems In the current paradigm

Current ApprOaCh: Bottleneck!

»

Proton structure,

Hard Scattering = | MC Simulations

* Fixed order calculations only really impact the region
less sensitive to the top mass.

* The highest sensitivity arises in the region dominated
by resummation and large nonperturbative effects.

* Extremely challenging to improve MCs beyond NLL
and no systematic way to estimate intrinsic
uncertainties of hadronization models.
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Soft
collinear ..... _

-
™ Y

Top mass sensitive Current Paradigm

Good theoretical control,
\ Less sensitive to top mass

\ NLO +
v \ Parton shower

\
\
\
\
\
\
N

Impact of NLO

LO + Parton shower ,
corrections )

soft-collinear hard

Figure adapted from Hoang 2004.12915



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
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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
s, phy 0
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
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EECs are also insensitive to the contamination

The correlator measurement can be expressed as

é’,(pp) dznorm

1 5 | | | | | | | | | | | |
\ | |
\  PytHIA8, pp — t(— bqq ) + X Hadron Level -

dX(0¢)
de,jetdC=

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

| \\ 36 =02, R=1.2
\ i =172GeV, phard € 1600, 605] GeV

n=1, No MPI
| —— n=1, With MPI

2,
2, With MPI
oo b by |

No MPI ™__

/
/ 1 | 1 1 1 1 | 1 1 1

L 71 |

/

O. L1 |
0.4

05 06 0.7 0.8' -

3 é«(pp)

1 | 1 1
0.9

[

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.
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