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Stability of the electroweak vacuum

FERMIDNS BOSONS
First Second Third _|
Generation Generation Generation
10°
Top quark Higgs
. 9 ‘(@
W
. : Bottom quark
Much ado about nothing N o e
- . A . 10° ° Tau
Quantum corrections modity the effective potential @ scrange quari
; 1|:]-] &
and can make the EW Vacuum unstable e | |
E 107 6
% 0 Up quark
e Higgs v 10
( . S potential = Electron
S S 107
LD SN S 7 MASSLESS
\ {10 BOSONS
g ----- N | 1
Im(g) 1071t Electron- ) neutring
>\ | neutring 0 Gluon

]_D id

Background: CMS



Why the top mass?
Top quark Yukawa: y, = 0.94

200 180

Rapid instability
Rapid instability @ '
~— | 178
Standard Model
1507 N Metastability
Metastability I
176
5 100] S
3 B 7 g AN
S | < 174P§8
Absolute stability
(Planck-sensitive) *
172 o
A0
S0F 7 I bg?/
- - i R Absolute stability
O
170 [\@f\ . (Planck—sensitive)
\
A0
N
RO
O ||||||||||||||||||| 7[\&?/ 7
50 100 150 200 168
120 122 124 126 128 130 132
MHigg MHiggs

Astonishing result: SM right on the boundary of absolute stability and metastability!

Buttazzo, et al., 2013; Andreassen, et al. 2014



Status of top mass measurements

Current world average (HL-LHC projection ~ 200 MeV)

ms = 172.76 &= 0.3 GeV e

An impressive uncertainty ~ 0.2 %!

Some of the numbers that enter this world average:

mC = 172.69 £ 0.48 GeV

ATLAS, 1810.01772

myC = 172.26 £+ 0.61 GeV

. CMS, 1812.06489
Compare with Tevatron:

mC = 174.34 £+ 0.64 GeV

Tevatron, 1407.2682

A recent CMS analysis yielded:
mP°'® = 170.5 + 0.8 GeV

CMS, 1904.05237

178

o
£ 174~

172+

170

168

176

Absolute stability
N 6 (Planck—sensitive)




Status of top mass measurements

Current world average (HL-LHC projection ~ 200 MeV)

WILLIAM BYRD

- The Three Masses
my = 172.76 = 0.3 GeV I e

An impressive uncertainty ~ 0.2 %!

Some of the numbers that enter this world average:

mMC = 172.69 + 0.48 GeV O

ATLAS, 1810.01772 Paul Hillier director

myC = 172.26 £+ 0.61 GeV

. CMS, 1812.06489
Compare with Tevatron:

mC = 174.34 £+ 0.64 GeV The only quark with three masses in PDG

Tevatron, 1407.2682

A recent CMS analysis yie]ded; Mass (direct measurements) m = 172.76 + 0.30 GeV [a,b]
Mass (from cross-section measurements) m = 162.5™

pole L ,
my = 170.5 £ 0.8 GeV Mass (Pole from cross-section measurements) m = 172.5 -

(S = 1.2)

3 Gy I

- 0.7 GeV

CMS, 1904.05237
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How to measure the top mass?

The top quark mass is not a physical observable but a Lagrangian parameter,

m i
+ . + ~ ’

__ . i S —mY—3(p,mY.
b D p ¢ (p,my,p)

and must be renormalized in a definite mass scheme.
Use a physical observable sensitive to top mass:
X t/ X NP
JeXp(mt ,AQCD, Y) — O_per (mt » X g, Y, . . ) + O (AQCDa Y, . . )

1
mP® = m;* + om;

Andre Hoang: What is the top quark mass? 2004.12915



How to measure the top mass?

1. Exploit the production mechanism 2. Exploit the final state decay products

(inclusive over final state) (insensitive to the production) s



How to measure the top mass?

1. Exploit the production mechanism




1. Exploit the production mechanism

E 1 .4 B I- | | | | | | | | | | | | | | |
O | tt threshold - 1S mass 174 GeV |
c 1 o [ —TOPPIK NNLO — CLIC 350 LS+ISR N
-f_,f) - —ILC350LS+ISR  — FCCee 350 LS+ISR i
D - N
(dp) 1 = —
I 3
© 0.8 ~
@) n _

-

/ based on CLIC/ILC Top Study

EPJ C73, 2540 (2013)

O ' A N TR KN TR N T SR (N N S N SR R
345 350 355
\s [GeV]

€

Threshold scan in e+e- colliders: < 50 MeV precision
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1. Exploit the production mechanism

Challenging to exploit in pp collisions

P Even for a fixed c.0.m. energy tops are
produced with a distribution of pr

I will come back to this

Events/GeV

107"

Data/Pred.

A

O

B | | | | | | | | | | | |
_ ATLAS Preliminary o t[f)ata

= -1

- Boosted tV

a. Normalised to data mm Multijet

— V(V)+ets

v

e

IIIIII| IIlIIIII| IIIIIIII|

b s A

Reconstructed-level ptToIohad [GeV]

500 1000 1500 2000
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Oyot [PD]

Theoretically cleanest way: Count the tops

Czakon, Mitov 2012, 2013; Aliev et al. 1007.1327

300 — |
CMS dilepton, 7TeV =—v—
280 - ATLAS and CMS, 7TeV ——
CMS dilepton, 8TeV +—+—
260
240 | Otorlii = tt+X) @ LHC
200 | * g9 @ NNLO+NNLL
¢ j=gg @ NLO+NNLL
o0 | * P99 _
180 | 1210.6832
160 |
140 > mtop=173'3 GeV i
120 MSTW2008NNLO(68cl)
6.5 / 75 8 85
Vs [TeV]
5 ole _ 172. 9Jr GeV ATLAS, 1406.5375
5 ole 172. 7Jr GeV CMS, 1701.06228

S
i

= 260

19.7 fb" (8 TeV)

180 E= i
160

5 O fb_ (7 Tev) ... 00 TS Aa R

170 171 172 173 174 175 176 177 178
m, [GeV]

The large error results from
normalization uncertainty

12



How to measure the top mass?

2. Exploit the final state decay products




2. Exploit the final state decay products

Measure all sorts of differential distributions
on top decay products:

do do do do
dmgeco 7 del 7 th{ 7 thfj

Use E = mc?

This approach has yielded the most precise measurements:

11111111111111111111111111111
|||||||

m,,, = 172.5 GeV -
Mo, = 177.5 GeV 2

my = 172.69 £ 0.48 GeV  ATLAS, 1810.01772
myC = 172.26 + 0.61 GeV  cs, 1812.06489

=
)
Q)
S~
(2}
e
c
)
>
)
ie;
O]
N
©
&
S
@)
Z

Conceptual problem: What mass is thC?

Simulating the top as a particle with a definite
mass ignores O(1 GeV) long-distance effects S o018 7030002 )

miss. [GeV]

Ratio




Why top mass interpretation problem?
o a0 g g Top Production and decay at NLO, NNLO

( dmreco * dMy, ' dM,;'  d My, ) Mazzitelli et al. 2012.14267; Cormier et al. 1810.06493; Frederix et
al. 1603.01178; Jezo et al. 1607.04538; Hoeche et al. 1402.6293

Threshold structure sensitive to m, g

W+

A generic top mass

+ et A k A = Vi
t Ve .l O 3 \_)p .. E -
= b .o - - .c = I
t = i QQ Q0 QQQQ =
Q b 55 + e A
< Vi AY t Ve AY e’
t Z O O
_ g Ve
[ ] [ ] [ ] q b q b b g g
sensitive ]Et shape W e : b
g Ve t et & { Vu
W W- _
NLO_FO ; i .
- PN e Ve TN W 8 W g™ €
o o t e
q b q b g b

LO+PSnLo Fo

Denner et al. 1207.5018

First hard emission
Soft and collinear emissions

\
\ \\
\ \
S O} 2R

o ORI 0000000000 (

soft-collinear hard
Hoang 2004.12915 + S. Platzer



Why top mass interpretation problem?

Observations:

1. Threshold structure appears in the soft-collinear region

2. NLO corrections make an impact only in the tail

NLO_FO

LO+PSnLo Fo

sott-collinear hard

Impact of NLO corrections

1.

Q=700 GeV, A\=1.0 GeV
179.0 B N T T L s B B B B e B B

. Hoang, Platzer,
.. Samitz 1807.0661

178.5 |

178.0 -

=
N
)

177.0 -

&
~
~
N
N
~
N
N
~
~
~
~
N
N
N
~
Yo
~

176.5

1760 i | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Qo [GeV]

Implications for direct measurements:

Very challenging to improve PS beyond NLL.
Hadronization models make up for inadequacies of
the PS: poor theoretical control.

PS impacts the meaning of the MC top mass
parameter: effects as large as 0.5 GeV.

Hoang, Platzer, Samitz 1807.0661 y



Avoid threshold region: indirect measurements

Away fI‘Om tthShOId N LO matChEd MC ,ll_-\l_'II'CLtASV-\;-gMS Preliminary My, from cross-section measurements
. op Sep 2019
aI‘e I‘e118b1e tota:l s:t'a t: I My, * tot (stat = syst + theo) Ref.
o(tt) inclusive, NNLO+NNLL
. ATLAS, 7+8 TeV ——e— 1729 % [1]
Focus here for good theoretical control CMIS. 748 ToV . 1738 %7 )
CMS, 13 TeV —— 169.9 57 (0.1=15 X&) 5
ATLAS. 13 TeV —e— 1731 3%} 4]
o(tt+1j) differential, NLO
ATLAS, 7 TeV H—=—H 1737 57 (1514 55) 5
CMS, 8 TeV — i | 169.9 %57 (1.1 57 %) 6]
ATLAS, 8 TeV o 171.1 (0.4 09 %5)
o(tt) n-differential, NLO
ATLAS, n=1, 8 TeV ——a—i— 1732 1.6 (0.9 £ 0.8 +1.2) 3]
CMS, n=3, 13 TeV —o—| 170.9 = 0.8 [9]
mtop from top quark decay [1] EPJC 74 (2014) 3109 [5] JHEP 10 (2015) 121 [9] arXiv:1904.05237 (2019)
CMS, 7+8 TeV comb. [10] o) R0 10 (2019 558 0008 0008 (2010) 1] EPC 75 (2010) 200
ATLAS, 7+8 TeV comb. [1 1] [4] ATLAS-CONF-2019-041 [8] EPJC 77 (éo17) 804 o |
IIII|IIII|IIII|IIII|IIII|IIII|IIII|III
155 160 165 170 175 180 185 190
Moo [GeV]

Unfortunately, poor sensitivity
soft-collinear hard when not leveraging the threshold



Analytical resummation

Resummation of observables such as m;~"" is extremely complicated so

consider a simpler observable:

2
1eJ

Fleming et al. hep-ph/0703207,0711.2079

Goal is to compute an analytical prediction which can be compared with data
to extract the top mass.

13



Analytical resummation

Consider the jet mass:

1€J
—— 0.3 | | | | | | | | | | | | | [
, - "~ 0 =700GeV m™SR = 169.537 GeV
using SCET and HQET S t
~ ) e —tt+ X e N°LL -
g %02_— ==: NNLL -
-
— TI¢ QQHe(i(’)?)(Qv mye, 0y Us :uHmum) E
00 dTQ ‘3
S
Y / a0 ds 75) (5. Ty, 6m, ) 3
s 12 b
x/dé’dk SOV — k6, us)F(k —2A), = o -
165 170 175 180
M j [GeV]

Calculate in your favorite top mass scheme o, Bachu, Hoang, AP, Mateu, Stewart 2012.12304

19



Analytical resummation

Consider the jet mass:

2

Uncorrelated
contamination (UE)

Perturbative
correlations ‘Q

4‘\\
\\\\\\
% \

\\\
\\\\\\\\
A\ -

Nonperturbative ey

correlations,

L] X ‘ \ ‘
corrections LU

21111

7)
7,

,

g
N g
Vv

7,
¢/
7,
7,
7,
Vp
7,

/4
7,

i€ J
0.2
Challenges in pp — 0.165_
A
e Strongly correlated with outside radiation € o.2f
E .
S i
e Precision spoiled by uncorrelated 5
contamination = oodf-

| | |
Pythia8: pp — tf, Had+MPI
P = 200 GeV, pr = 750 GeV, R = 1.0

Had+MPI: peak = 180.83 GeV
Had: peak = 176.35 GeV

Partonic: peak = 173.89 GeV

—m'C = 173.1 GeV

0. —
170.5

175.375 180.25 185.125 190.
M ;[GeV] 20



Soft drop jet mass

Dasgupta et al. 1307.0007; Larkoski, Marzani, Soyez, Thaler 1402.2657

Improve robustness for the LHC by considering the soft drop jet mass

1E Jgroomed

21



Soft drop jet mass

Soft drop improves resilience of the peak against hadronization and the UE

0.2 0.2
B | | | | | | | | | | | | | | | | | B | | | | | | | | | | | | | | | | | | | 1
- : Pythia8: pp — tf, Had+MPI - - : Pythia8: pp — tf, Had+MPI :
0 16__ I p\]ceto = 200 GeV, pr 2 750 GeV, R=1.0 N — 0 16_— p}ceto = 200 GeV, pr > 750 GeV, R=1.0 h
ST I - LT I Zew = 0.01, B =2 1
% = | Had+MPI: peak = 180.83 GeV 4 % - t s
= (),12:_ | Had: peak = 176.35 GeV _: = (),12:— Had+MPI: peak = 175.26 GeV ~
§ _ . . § = Had: peak = 174.37 GeV 3
~ = Partonic: peak = 173.89 GeV 4 ~ = . .
S _ 4 = = Partonic: peak = 173.37 GeV -
5 0.08 — 5 0.08 |
S i _ = i |
b - . b - 1
~— - = ~— - | 1
= 0.04- — — 0.04 | —
& m - =173.1GeV : | mp - =173.1GeV. j
O. | l l l l | | | | | | | ] O. ] l l l | l l l l ] ] ] ] ] ]
170.5 175.375 180.25 185.125 190. 170 175 180 185 190
M J [GGV] M J [GGV]
Hoang, AP, Mantry, Stewart 1906.11843;
. . . AP, Stewart, Vaidya, Zoppi 2012.15568
A challenging task to account for residual shifts ;0 o\t AP stewart 1708.02586:
Hoang, Mantry, AP, Stewart and ATLAS, 29

ATL-PHYS-PUB-2021-034



Summary of challenges in the current paradigm

Top mass sensitive \=/ Current Paradigm
Poor theoretical control ‘=4

Good theoretical control ‘=

Less sensitive to the top mass ‘=

NLO4-PS

soft-collinear hard

23



Overcome challenges in the new paradigm

: :
Top mass sensitive =/ Current paradlgm New paradlgm

Poor theoretical control 3‘

Good theoretical control ‘= >
@

Less sensitive to the top mass ‘&’

NLO+PS

Top mass sensitive ‘=

Good theoretical control ‘=

soft-collinear hard yt-collinear hard

To overcome these challenges we need:
1. Top mass sensitivity in the hard region

2. Insensitivity to soft physics and contamination from the underlying event  ,






The 2-point correlator

- K do;; — L

EENEM) = Y [ oo BEyd (i — )8z — )
0 J

\ Inclusive cross section to produce
particles i and j + anything else!

- = o E(ny)é(n
d cos x - /dindQnQ 5(711 * 19 —COSX)< ( 1222( 2)>
Y EEC

Not event by event:

0 X T 0 50 100 150
x (degrees)
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Progress in recent years

Energy correlators map transition from perturbative to free hadron phase

Komiske, Moult, Thaler, Zhu 2201.07800

10V -
1 CMS 2011 Open Data
' . harged hadron EEC
AKS Jets, [’ < 1.9 T charged hadron
I prt e [500, 550] GeV
101 { CHS, p;'°>1GeV
Eu) ] Free Hadron Transition Quarks/Gluons
a8
_8 lim*
N =% 3
= 107 L
I *
Z. | _I_-I~
10~ - .FFI' ¥
E ﬁ-‘-"' ¥
107 1072 107! 10°
Ry

3.0
|
-2.5
1.2
< 0.8 -1.5
0.6
-1.0
CMS 2011 Open Data
0.4 AKS Jets, || < 1.9
pr' € [500, 550] GeV 0.5
0.2 Charged Hadron EEEC
0 Ry ~0.25 00
'(8).2 0.4 0.6 0.8 1.0

§

This talk: first time applying them to top quarks
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Which correlator will well characterize the top decay?

28



Which correlator will well characterize the top decay?

dO’i' i — — — —
— Z/ v & E,E;Ey 6%(fi1 — 1;)0° (g — 1;)0° (i3 —

n;d"n;d ny

—

7s

)
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What do we expect to see at leading order?

The correlator is sensitive to angles

w ’ a, between the decay products.
Ny 1 — cos 6)2'3'
Gij =
h 2

In the top rest frame: 512 an 523 T 531 = [2, 2.25}

2 -
Lab frame angles: ( = ZC@;‘ ~ (%) ZQ;‘

1<J 1<J

3m?
()~ 5

30



Top mass imprinted at a characteristic angle

Boost
iy~
i ™~ 5
Pr ¢
Komiske, Moult, Thaler, Zhu 2201.07800
”
I |
1.4

In contrast, in the CFT limit EEEC exhibits a featureless " 25

-2.0

power law:

G\ (€12, C23,C31) =5 C;;HW(ZL)G(Z, Z)

- 1.5

-1.0

CMS 2011 Open Data
AKS5 Jets, [ < 1.9
pr' € [500, 550] GeV 0.5
Charged Hadron EEEC I
Ry ~0.25

' 0.0

light quark/gluon jets M e e os e Y g

3




Suppress contribution from collinear splittings

We want to preserve the () ~ 3m?/Q* dependence but { = Z ¢;; will also pick up

i<j

collinear splittings

32



Constrain angles in equilateral configuration

dX(4¢)

dQd¢

MXL)(C12,C23,C31,Q5C) — Z i 0 (C12 w) 5 (Cgl 9“{) : (CQB Jk)

== /dCleCngCgl /dUM\(An) (<127 C237 C317 C? 5C)

4 4 4

QSn
(3¢ —Ca—Cs—C1) [ O0¢ = [Cim — Counl):

l,m,ne{l1,2,3}

1,0,k
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Understanding the distribution

What does the distribution look like at leading order?

q o g’%f;
-y q
b
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Understanding the distribution

What does the distribution look like with higher order corrections?

| Cufbw)z, W» Caupts 2
Ime
57,

35



Understanding the distribution

What does the distribution look like with nonperturbative corrections?

Uncorrelated
contamination (UE)

Perturbative
correlations &

\
\\\\\
D A0\ 009 9.9 A
\\\\\\\\\
10908
300y

(R \
o \
1 \\

)
\\\\\\\\\

Nonperturbative
correlations,

20y, XY,
7, /,
/, ’/
// /I
//. /,

/,
//

We know from other studies of energy
correlators that NP corrections are an

additive power law

hep-ph/9902341
hep-ph/9411211
hep-ph/9708346
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Understanding the distribution

What is the effect of asymmetry cut?

ﬂ-

S0
5 <
\ < C = 94"
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Enough sketching!
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Simulation in PYTHIAS

8 | | | | | | | | | | | | | | | | | | | |
T PyTHIA8, ¢"e™ — t(— bgq' )i+ X
ﬂé 6: [\/\ m, = 172GeV, O = 2000GeV  _
° 360=002,n=2 R=12 -
6¢ = i Hadron level i
< ¢ — .E 4 I B
: | ' ()
< Q/
| 2% / -
Clo | / (=26C :
O | | | | | | | | | | | | | Im | | ] _
0. 0.02 0.04 0.06 0.08 0.1
3¢

1. Distinct peak at { ~ 3(m,/ 0)*: peak dominated by hard decay of the top

2. Resilient to collinear radiation, aIn ¢, < 1: fixed order perturbation
theory sufficient



Simulation in PYTHIAS

8. I I I I I I I I I I I I I I I I I

i M VINCIA2 3| ee — t(—>|bqq )+ X7

p I : \\ m; = 172 GeV, Q = 2000GeV -

o [ | n=2 R=12 :

ANl=s [ L i

¢ 6C il e Al : | Hadron level _
«—> — : —

< > L L —36=002 -
S|52: | —_360=0015

V ; : ----360=001 -

) - -

O. ' N r‘-l--.l.h_r_.;zi-ggﬁﬂi’:ﬂ/':l"l‘:.:‘l == -
0. 0.02 0.04 0.06 0.08 0.1

3¢

1. Asymmetry cut creates a sharp cutoff and makes the top peak visible. No hierarchy
required.

2. Impact on statistics: dX/d¢ ~ 4(60)°G"(, ¢, ¢ m,)
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Excellent top mass sensitivity

/\//\l(n)(glz, G23,G31) = Z E’?giEZ(s (C12 f, CA”> ’ (CQS < &k) 0 (C31 - é]k)

2,7,k
1.5 | | | | | | | l | | | | | | | | | | | | | | | l_ | | | | | 1.5 | | | | | | | l | | | | | | | | | | | | | | | l_ | | | | |
PyTHIAS, ¢"e™ — t(— bgg )t + X —m; = 170GeV - PyTHIAS, ¢"e” — t(— bgg )t + X —m; = 170GeV -
N\ 360=002,n=1, R=12 ‘ 36¢=002,n=2, R=12 —m; = 172GeV -
—m; = 175GeV
HN\O = 2000 GeV Q = 2000 GeV
1 . 1. S _mt 80G€V
\§/\
é N i é AN I
1E=| g S :
%1 = I ,%] g | _
0.5 0.5} =
" Solid = Hadron level Solid = Hadron level f
E Dashe;d = Partlon level | | | R | | Daslrlled Pall'ton level| T
O. ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] . ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ]
004 005 006 007 0.08 0.09 0.1 004 005 006 007 0.08 0.09 0.1
3¢ 3¢

n = 2 is not IRC safe: absorb IRC sensitive pieces in moments of fragmentation function
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Hadronization corrections

1. Nonperturbative effects enter as an additive power law: not a shift as in the

case of jet mass

2. Normalized distribution: small effect on the peak, Am/*d ~ 150 = 50 MeV

Oo6 | | | | | | | | | | | | | | | | | | | | 1.1 | | I | | | | I I I I I I I
: PR - - PyTHIAS, efe” — H(— bgg )i+ X —m;=170GeV -
i s ~ —— Hadron Level _ | } ]
i // N — — Parton Level - i 360 =002, n=2, R=1.2 —m; = 172 GeV |
I ] 0 =2000GeV
0.4 - 1.- L it
5 \\ _ E et | /.,(.w“"*-i-{:\\\\
'-d B _ 8 g | ) -\ * e
I + — —INT ) A % [ \
- PyTHIAS, ee” — t(— bgg )t + X - go - .
b 02 - 0.9+
. My = 172 G€V, Q — 2000 GGV ~ -
 360=002,n=1, R=1.2 ] ] Solid = Hadron level
i i Dashed = Parton level
O. I I I I I R I I I T 0.8 ' ' | | | | l | I I\ I
0.05 0.06 0.07 0.08 0.09 0.1 0.064 0.068 0.072 0.076
3¢



EEEC on tops at the LHC

43



We are in fact sensitive to the production mechanism

€

1.

5 | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
PyTHiA8, efe” — t(— bgg )t + X — m; = 170GeV -
360=002,n=2, R=12 —n, = 72 GeV ]

L 0 =2000GeV —m = 115GeV.

1. . — My = 180 GeV_|

18 \ —
0.2 —
TN Solid = Hadron level >x
: | | Dasllled = Pall"ton level|
(). ] ] ] ] ] ] ] ] ] ] ]

004 005 006 007 008 009 0.l
3¢

_ (BE ) ()€ (7Ts) 1)

(Ve |e)

For eTe™ collisions we can define a state via a local operator O: |y,) = 0]0),

and produce tops with definite velocity O/m,
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Energy correlators at hadron colliders

Let us take a closer look at the definition of :
the correlator:

(| E(1i1)E(ri2) E(Ti3) |14 )
o (Vt|Yr)

At hadron colliders we have something like:

lv,),, = |An anti-k;jet with R = 1.2 and py;., € [600,650] GeV>

Here we need jets to specity the state
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Implications for hadron colliders

At the LHC we also have soft junk from the
underlying event

Q1. How does adding UE impact the observable?

We can only indirectly constrain top velocity
through p .

,Jet

Q2. How do shifts in pr. impact the state

| ;) and the EEEC measurement?

(Wi |E(riq)E(ri2)E(13) |11)
(Ve |1be)

10* do

PT jet

. PyrHIAS, pp — t(— bgq’) + X

gl m; =172GeV, R = 1.2

Parton level

— —- Hadron level

6L -
; ... —— Had+MPI
4 TSR
2_ | | | | | | | | | | | | | | | | | | | | | | | | :
550 570 590 610 630 650
Pret [GeV] 46



Q1: What is the impact of the underlying event?

For now fix the top quark velocity in pp but include underlying event and consider a
(unphysical) state of hard tops with a definite velocity:

Y¢)pp = | Tops produced with phard = 600 GeV>

The underlying event still impacts the p;.. and

adds additional uncorrelated soft radiation to
the measurement.

Use pr e In the energy weights

/\Ezp)(gl% (o, Ca1) = Z (PT,i)n(pT,j)n(pT,k)n5 (C12 B é(pp)) 5 (CQS B é(gp)) 5 <C31 B A(pp))

i.j.k € jet (pT’jet)Sn
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A: Correlators themselves are insensitive to the UE!

1Y4)pp = | Tops produced with phard = 600 GeV>

15 I I I I I I I I I I I I I I I I I I I I I I I I
\ | | |
\  PyrtHIAS, pp — t(— bq )+X Hadron Level -
_ \\ 36 =02, R=1.2 ]
- v \ i =172GeV, pp’i € [600,605] GeV :
Hard : S 1. — o
th pT,Jet ol X \\ ’/ N
= | ==="" /" "\ -
NE e, \} -
go) 'C%N NN _
§ EQT \\ _
| O AN \

n=1, No MPI —n:Z,NOMPI \\
—— n =1, With MPI n=2 With MPI ™

P8

§
/\
=

\®

/

/

I/I

0.
0.4 0.5 0.6 0.7 0.8 0.9 1.
3 g(pp)




Q2. How to deal with shifts in jet p, impacting | y;)?

Write the measurement as

1.5 | | | | | | | | | | | | | | | | | | | | | |

- PyTHIAS, pp — t(— bqq ) + X, Had+MPI -

I3 ( 5 C) i m, = 172GeV, 3677 = 3.5(170/prie)” -

) i I n=2,R=1.2 i

S| X 1 i

dls - ‘

© 0.5 -

: Prie € [590,6101 GV~ _ :

Completely insensitive to - —— = Prja € [630,650] GeV TS~
e O. | | | | | | | | | | | | | | | | | | | | | | | |

the underlying event 0.5 0.6 0.7 0.8 0.9 1.

3 g(pp)

Only need to characterize the nonperturbative effects on the hard scale p;;
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A: Disentangle by considering multiple p; bins

Unlike jet mass, pr ;. shifts impact the peak nonlinearly

SFpert (mt7 pT,jet y aS 9 R)

C(pp) _

. (pT.jet + Anp(R) + AMPI(R))2

At leading order F-9 = m;

pert

Determine Ayp(R) and Ay p(R) independently

from the pr;., spectrum

2

PYTHIAS8 my| Parton \/ Frery |Hadron + MPI \/ -
172 GeV |172.6 £ 0.3 GeV | 172.3 £ 0.2 = 0.4 GeV
173 GeV [173.5 0.3 GeV | 173.6 = 0.2 £ 0.4 GeV
175 GeV [175.5 404 GeV | 175.1 0.3 £0.4 GeV
173 — 172 0.9+ 0.4 GeV 1.3 0.6 GeV
175 — 172 2.9+ 0.5 GeV 2.8 0.6 GeV

;= 2, 3 6§(pp) — 35(170/]?T,Jet)2

| | | | | | | | | | | | | | | | | | | | |
PyTHIAS, pp — t(— bgg’) + X

m; = 172GeV, R =1.2

— Theory fit -
A Pyraia8, Had+MPI -

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_
500 750 1000 1250 1500 1750 2000

Prjec|GeV]

A promising evidence for complete
theoretical control of the top mass

up to errors S 1 GeV!
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Outlook

Future improvements:

1. Improve the MC analysis by optimizing for A{, binning of PTiet and exploring
configurations other than equilateral triangle

2. A systematic study of statistical power including HL-LHC projections

Factorization theorem: Mele. Nason 1990.1991:

Czakon et al 2102.08267

PT je
= [ Qf; @ H; j_4 (ZJBPT,t — Z; tﬂ?)

d>.
de,jet d77 dC

‘tracks]

R Jii(27, 20 R) ® JEEEC (1, 21y G5 Mg Iy

Kang, Ringer, Vitev 1606.07063
Energy correlator jet function
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Outlook

Can we exploit the imprint of 2-body W decay in tops in the 3-point correlator?!

10_ I I I I | I I I I | I I I I |
- PYTHIAS m = 172GeV -
8- ce — t(— bqq )T + X 0 = 2000 GeV ~
P :ﬁ E \ n=2, R=2 E
ol Ran 6— —
T T L, Parton level -
X b W — qqg?! :
S 41 | _
- b i | _
L) 1 —367=0.05 :
O | |\~|__|._.J—-—|//:\*~4—g____|____4___ | L
0 0.05 0.1 0.15

Possibly a way to overcome the systematics of Prjet shifts due to the underlying event?
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1. The 3-point correlation function gives a kinematic structure in the hard region

Conclusions

2. Very tiny hadronization corrections to the normalized spectrum

3. Impact on pr;. can be independently studied quantified.

\
Top mass sensitive ‘& x

Poor theoretical control '~

Current paradigm

Good theoretical control ‘=

Less sensitive to the top mass ‘=

NLO+PS

soft-collinear

hard

-

dx
dIn/ [\/\

New paradigm

Top mass sensitive ‘=

Good theoretical control ‘=

%t—collinear
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Supplementary slides
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Light Ray Operators

Need light ray operators for Lorentzian signature dQ
Sveshnikov, Tkachov hep-ph/9512370, Hofman, Maldacena; 0803.1467

‘\3
N

T—> OO

g(ﬁ) — / dt lim T2niTOi(t,Tﬁ)
0
E(n) ~ / dt (Energy Hux through dﬂ)
0

Consider correlation functions of energy flow operators:

(W|E(m)E(n2) ... E(in)|1)

| 1//) specifies the state on which we measure the correlator
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Measurement on tracks

The measurement is insensitive to the usage of tracks,
allowing for high angular resolution.

PP A orm

‘,
=
X
.
2
&.\
Q,
O

1.5

1.

0.5

PyTaia8, pp — t(— bqgq’) + X, Had+MPI
m; = 172 GGV, DT, jet € [590, 610] GeV
n=2,36""=35170/pri)*, R=1.2

—— All particles
Tracks only

0.6 0.7 0.8 0.9
3 g(pp)
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Comparison with Vincia

8. | | | | | | [ | | | | | | | | | | | |
i /“L“"/ \\ l ete” — |t(—> bqé')t_-ll— X i
p I ,’ m, = 172 GeV, Q = 2000 GeV -
oy ’ 360=002,n=2, R=12 -
N a T i
Bl | Hadron level _
w 4. —
X i —— PyTHIAS ]
=1 —— VINCIA2.3 -
2. —
O. | | | | | | | | | | | | | | | _
0. 0.02 0.04 0.06 0.08 0.1

3¢



Relaxing asymmetry cut at parton and hadron level

This peak (W — gg’?) persists at hadron level, while this one (f — bgg’) requires asymmetry cut.

_ PyTHIAS

—— 367 =001

O l I\ S | —

m, = 172GeV -
0 = 2000 GeV —
n=2, R=2

Parton level 1

n I | | | ' ! ! ! | ! | | | ~
- PyTHIAS m; = 172GeV
—ce — 1(— bqq )i + X 0 = 2000 GeV ~

n=2, R=2

Hadron level _Z

: —— 36 =0.01

0. 0.05

2
\/ — 36 =0.05

——36¢ =0.05
|L=_.I__—L__J-_¢'—-‘l-ﬁ_d—_-—l m NS
0 0.05 0.1 0.15
3¢



Analysis of p; .. shifts

Here we show py. shitts relative to parton level:

10 | | | | | | | | | | | | | | | | | | | | | | |
. PyrHIAS, pp — t(— bqq’) + X i
QL. My = 172GeV, R=1.2 N
B :\ |
58 :
< OF -
S|e ]
Al Parton level ~ < -
- —- Hadron level \\\\\_
- — Had+MPI T
2_ ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] —

550 570 590 610 630
PT jet [GGV]

650

10* do

10

PyTaia8, pp — t(— bqq’) + X
m,=172GeV, R=1.2

--- Parton level
—- Hadron level, A’ = 12 GeV
— Had+MPI, A" =4GeV

2
550

570 590 610 630
PT jet [GGV]

650
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Obtaining the top mass from multiple p; .., bins
Parameterize the all orders peak position:

¢PP) = 3(1+ O(ay))

peak

= 3(1 + O(ay))

f(pT,jet7 me, s, AQCD)2 (pT,jet iy A(pT,jet) me, Cg, AQCD))2

. Work with

pz(c(pp)v p%,jet) i ( (pp)ref (pp)V) (3(1 + O(as))  3(1+ O(Oés))) |

eak eak eak \% re
3 J p (pT,jet)2 (pT,Eet)Q

Define

Aref — A(p5§,§et7 mt, &g, AQCD)7 AY (p?lc,jet o p?ﬁ,ﬁeta me, g, AQCD) — A(p?lc,jet) mt, &g, AQCD) — Aref
Solve for p

ref ref ref ref\2 ref ref) 2 ref \Y
(p%. . AT AV) — JF PT et . 2pT o AT 4 (AT | (pT,jet + AT (AT + AY) |
P pT,_]Gt’ y pert ™ . .f Aref 2( v )2 | (Y 3 ..
PT et T PT jet (pT,jet)

The asymptotic value for p;.., depends only on m, and AT



p(p},‘,jet’ Arefa AV) [GeV]

Obtaining the top mass from multiple p

Fit function:

P = Pasy T C2 (p%,jet)_z T C3 (p%,jet)_g

173.——

| | | |
pl’Tij?et = 600 GeV

172.F _
1711 E
170f  _-—mmEET T ;
7 e -
i '¢¢' —— Aref = AV = O, P =m; = 172 GeV -
169. :," ——- Exact, A = 5GeV .
[ e Expanded (0'”), Aws = 5GeV i
168 I L ' ' | l ! ! ! | 1 ! | 7
500 1000 1500
Prie [GEV]

000

) [GeV]

(pp)
eak

§P

p(p\]]",jeta

176. I I I I I I I I | I I I I | I I I I | I I I I | I I I I
- PyTHIAS, pp — (> bgq’) + X, m; = 172 GeV Z
174 [ R=12,n=235" = 350170/ prje) -
L P € [590,610] GeV ]
172. =
170. =
E — Parton levhelll_é
168 - — Hadron level
i — Had+MPI
166. | | | | | | | | | | | | | | | | | | | | | | | | | | | |
800 1000 1200 1400 1600 1800 2000
p;,jet |GeV]
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Case study: top mass via soft drop jet mass
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Soft drop jet mass

Soft drop jet mass can be analytically resummed as well

(1/0)do/dM; [GeV ']

0.3

Hoang, Mantry, AP, Stewart 1708.02586

&
b
|

S
(Y

Top Mass Determination

With Light Soft Drop Jet Groommg -
pp — it B
— — = Pythia 8.2, Hadronic -

—— Hadronic Factorization _

—
—-
e
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Hadronization corrections

To describe the hadronization corrections we looked closely
into the effects of clustering and two-pronged geometry of Collinear soft
the groomed jet

Collinear Soft SDOE
Collinear CO"inear
\_ Soft ( Nonperturbative \ :' : : }rejected

Hoang, AP, Mantry, Stewart

1906.11843; AP, Stewart, Vaidya, | Vincia 2.2 cice g i1 000 GeV
Zoppi 2012.15568 | SDOE region
- . : 1 .. =018=1
Factorization of NP corrections: | ¢ p
da.had dO.pa,rt d dé\_ |
dl{Q — dKDQ Qﬂlﬁzd C?(mQ(]?Q?ZCUhﬁ?R)d Z §
L/ ) ms
QYT+ 61T, doPart
2 02 (mJ7 Q <cut 6 R) ~ 9

NP corrections governed by 3 universal constants




Comparing theory prediction with MC simulations enable m,

0.3

O
b

(1/0)do/dM;[GeV ™

Hoang, Mantry, AP, Stewart
1708.02586; Hoang, Mantry, Michel,

AP, Stewart (soon)

L e
pp — tt, pr =750 GeV
Zeut = 0.01, B =2 _
R=1, p}em = 200 GeV -
Pythia 8.2, Hadronic

mr - =173.1GeV _
Hadronic Factorization -

, mR =172.85 GeV -
' (QF, x) =(1.7GeV, 0.5)

—
e

fit range

175 180
M] [GGV]

Simultaneously fit for m, and €2]

Normalized events / 500 MeV

0.1

0.08

0.06

0.04

0.02

Calibration of Monte Carlo Top Mass

MC calibration

Hoang, Mantry, AP, Stewart and
ATLAS, ATL-PHYS-PUB-2021-034

_ ATLAS Simulation Preliminary
 pp —tt, XCone R=1.0 jets

Soft-drop (z,,=0.01, p=2)

750 GeV < p_< 1000 GeV

— Powheg + Pythia8
----- NLL prediction, MSR mass

=— NLL prediction, pole mass

Theory Unc.

165

170 175 180 185
Large-R jet mass [GeV]
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Uncertainty breakdown:

Source of Uncertainty size [MeV]| comment
Theory + 230/-310  Envelope of NLL scale variations
Fit methodology + 190 fit range, pr bins
UE model + 155 A14 eigentune variations,
CR models
Observable definition + 200 Zeut = 0.01,0.005,0.02, 8 =1, 2,

Anti-k; / XCone jets

my PR (R =1GeV) = 172.42 -
my oM (R = 1GeV) = 172.27 -

OF " = 1.49
Q%H7 = 1.9 -

+ 0.03 GeV :

- 0.07 GeV .

- 0.1 GGV
- 0.09 GeV

r5° = 0.52 4 0.09

ro ' = 0.98 -

- 0.12

Normalized events / 500 MeV

Variation / Nominal

Calibration of Monte Carlo Top Mass

0.1

0.08

0.06

0.04

0.02

| | | | | | | | | | | | | | | |
ATLAS Simulation Preliminary

pp — tt, XCone R=1.0 jets
Soft-drop (z.,=0.01, 5=2)
750 GeV < p_< 2000 GeV

Powheg + Pythia8

Powheg + Herwig7

Statistical Unc.

Total Unc.

2

_ E‘thlﬁ

1.4

0.8F-
0.6F-

122?‘_;%& fu__

170 175 180 185 190
Large-R jet mass [GeV]

Calibration for Herwig consistent with Pythia despite very different shapes
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M%,sd — (

2

1€ Jgroomed

Lessons learned

2

0.2

B | | I | | | | | | | | | | | | | | | |

- : Pythia8: pp — tf, Had+MPI
— 0.16 pr® =200 GeV, pr >750 GeV, R=1.0 7
:'> Zeut = 0.01, B =2
b -
C% 0.12- Had+MPI: peak = 175.26 GeV —
= Had: peak = 174.37 GeV i
3 0.08 Partonic: peak = 173.37 GeV i
§ :
b
~
— 0.04 | —

| nfll}wc =173.1GeV

180
M;[GeV]

0.
170 175

1. Successtul Hadron level calibration but challenges ahead: Describing
Underlying Event will require additional parameters

Ferdinand, Lee, AP (in progress)

2. Need hadronization models for anything more complicated than soft
drop jet mass with no systematic method to assess the uncertainties.

185 190
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