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overview

1. why we care about the top mass
EW vacuum stability

2. why it's hard to measure at the LHC

3. jet substructure methods
jet grooming and EECs

4. the new method

5. feasibility and conclusions
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Why care about top mass: stability of the EW vacuum

e We have our Higgs potential
e completely related:

- -

our

Higgs potential

hoe moe.‘\."K .KQY\
dat zijn Eewn Pi27

vacuum

UNIVERSITY (one can think of more reasons but let’s focus on the one the authors focus on)
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Top mass: the stability of the EVW vacuum

e \We have our Higgs potential

S 4 . Stable
S i alternative
§ our i potential
e Butif you look at higher scales, the & vacuum 4
effective potential changes -
o depends on all parameters of the SM
o Higgs self-interaction (A) and top mass
o BSM physics
e
I} 4
GHENT .
UNIVERSITY (one can think of more reasons but let’s focus on the one the authors focus on)
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Top mass: the stability of the EVW vacuum

e \We have our Higgs potential

8 \ . Stable
A ’ : alternative
g 1 ¢ our /I‘\ potential
e But if you look at higher scales, the & %) vacuum / \\ I
effective potential changes a3 4 ¥ B
o depends on all parameters of the SM “

o Higgs self-interaction (A) and top mass
o BSM physics

. Higgs field
e Current measurements indicate we are metastable at

- native potential "¢
higher scales (different minimum) ¢

Metastable alter-
native potential
L(no global minimum)

\
stability if the Higgs \

|

§

] ~ X ‘
Metastable altérs\ / \

o potential was based ‘\

J I on my mental stability ",

GHENT , , \

UNIVERSITY (one can think of more reasons but let’s focus on the one the authors focus on) . 5
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Top mass: the stability of the EVW vacuum

e We have our Higgs potential

cosmologists when you ask what
the EW vacuum instability means:

e Butif you look at higher scales, the
effective potential changes
o depends on all parameters of the SM
o Higgs self-interaction and top mass
o BSM physics

e Current measurements indicate we are metastable at
higher scales

e Vacuum has to remain stable until new

physics scale is reached (otherwise cosmologists become very, very sad)
= © High Hubble rates during inflation and high temperatures during reheating: why did we not
GHENT end in the real vacuum?

UNIVERSEY  Universe would be a ticking timebomb eh! 6
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Top mass M, in GeV

Top mass: the stability of the EVW vacuum

e so we don’t want to be metastable
e measuring top mass = measuring upper bound of scale of new physics

o red lines = scale of breakdown (GeV)
e many other reasons

T so how do we measure the top mass?

150 = ;s\'a‘?"\.‘\*ﬁ i % ‘
O 7
100l Stability E
s0f =
Oon i i 1 1
0 50 100 150 200
Higgs mass My, in GeV
=
GHENT
UNIVERSITY

Pole top mass M, in GeV

180 p—r ’ :
E > - .‘_.’_, }00
..+ Meta=stability. .-~
175 = e
170 et
. Stability
165

115 120 125 130 135 h eavy to p

Higgs mass M, in GeV

(one can think of more reasons but let’s focus on the one the authors focus on)
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click here to read from someone who

Top mass: measuring at a ee collider

e not a physically observable particle, what even is the top mass? 3 éﬁ@m%% st m
o mMCis assumed to describe the pole mass (mass from renormalization scheme) 7 P R
m  mass of “free” top quark with all self energies absorbed (parton level) ¢,
m  already point of discussion n+1=6 l
u>me
) , L o e Ot s © s B e O
e every QCD observable ¢ however also has nonperturbative corrections:
o™ =4(Q, m,'\’. ag (L), p; sm%) + rrNP(Q_. Aqcep)- =3
\‘ dependence only disappears for infinite order "
sk
e for ee, top mass can be extracted from e.g. top pair production xsec in g
ee annihilation ) i e §
o  color-singlet (no difficult color neutralization) ¢ el !
O no QCD ISR z mpole miSR(R) mVSA(R) my) )
o almost no corrections due to width el Mes i R
e t

e non-perturbative QCD corrections are minimal

/\W o SO mt'\’IC and the experimental observable should describe the pole mass well with minimal non-perturbative corrections

GHENT
UNIVERSITY

ttW David.Marcus.E.Marckx@cern.ch


https://www.annualreviews.org/doi/10.1146/annurev-nucl-101918-023530
https://www.annualreviews.org/doi/10.1146/annurev-nucl-101918-023530

click here to read from someone who

TOD maSS: measuring at a DD CO”ider does know what this all means

e for pp collider very difficult
o UE
o protons give nonsinglet color configurations
o non perturbative effects, collinear splitting and IR radiation
m not perfectly modeled until now

) ?

o™ =a(Q, m,‘\‘. a (L), e, smX) + NP O, Agep)-
this is a much bigger
issue here at home :

CMS Experiment at the LHC, CERN
Data recorded: 2016-Aug-27 23:44:01.739584 GMT
2 Run / Event #LS: 279685 / 178456860 / 95

—

GHENT
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https://www.annualreviews.org/doi/10.1146/annurev-nucl-101918-023530
https://www.annualreviews.org/doi/10.1146/annurev-nucl-101918-023530

Top mass: measuring at a pp collider

e for pp collider very difficult
o UE
o protons give nonsinglet color configurations
o non perturbative effects, collinear splitting and IR radiation
m not perfectly modeled until now

o™*P = 5(Q, m,'\'. ag (), u; sm*) + UNP(Q. Aqcep)-

o effects of QCD and electroweak quantum fluctuations
have to be covered by PS

(probably not safe to assume that this is well done)

o Can we find a measurement method that is less affected

GHENT
UNIVERSITY
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Normaized events / GeV

Rato

click here to read from someone who
does know what this all means

e.g. non-pert. corrections
are huge for jet masses
a

0.035— ATLAS Ssmulation et -
E Yem8Tov ... My, = 167.5 GV~
0035 m,, = 172.5 GoV -
: [Im, =177.5Gev
0.025 & A g* 3
0.02! .ff: 4 i
0.015"
0.01*
0.005 57
0.',.
2
L memmems
A S—
0 5.,
0

by the non-pert. part and can be used to infer the pole mass with less uncertainties?
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https://www.annualreviews.org/doi/10.1146/annurev-nucl-101918-023530
https://www.annualreviews.org/doi/10.1146/annurev-nucl-101918-023530

Top mass: measuring at a pp collider 71 foss know what i ol megrs,

e for pp collider very difficult
o UE
o protons give nonsinglet color configurations ‘s
o  non perturbative effects, collinear splitting and IR radiatior -°
m not perfectly modeled until now

o™ =a(Q, m,‘\‘.a‘(;l], 7 sm*) + an(Q. Aqcep)-

o effects of QCD and electroweak quantum fluctuations
have to be covered by PS

(probably not safe to assume that this is well done)

o Can we find a measurement method that is less affected

by the non-pert. part and can be used to infer the pole mass?
T m two examples using jet substructure, 4 tops is not one of them

GHENT
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https://www.annualreviews.org/doi/10.1146/annurev-nucl-101918-023530
https://www.annualreviews.org/doi/10.1146/annurev-nucl-101918-023530

Top mass using jet substructure: groomed mass

3 o0ast '::;L:%smuuéwn [ impy = 1675 Gov
. . . . % 003+ m_ng.saovfé
e using jet masses is a bad idea {oows s TR R
o not IRC safe E 002! i iy :
o U o i
o doesn’t match parton level at all, swamped by non-pert. QCD o005
B U s o O weme o
2 RIS
. . § | S re—— '_//\—‘
e jetgrooming ] m————

"130 140 150 160 170 180 190 200

o  soft drop or PN regressor m[GeV]
o not perfectly non-pert. safe, UE is still background £XS Slmisetion Frefiminary

% 0 14{* ‘alnn"-le }ell‘s‘ I H> l;b I(s;ﬂ drop) *I
‘g 0 12; R=08 —— H ->bb (regression) 7:
< L pT>4OOGeV
S o1 ]
e understanding the description of non-perturbative corrections 0.08]- ]
for groomed jets. [26, 30, 31] 0.06- ]
—_ 0.04- E
Jms 0.02% ; v
GHENT SR
UNIVERSITY 0o 05 1 15 2 |7
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http://arxiv.org/abs/1906.11843
http://arxiv.org/abs/2301.03605
http://arxiv.org/abs/2301.05714

Top mass using jet substructure: energy correlators

e boosted top jet: 3 body decay, collinear radiation
o  define three-point correlator (EEEC)
o Cij is “angle” between PF candidates in jet, A’??j T AQ%‘
(1 — cos(#;5))/2

’ §1 2/23/31

are specific angles you choose

o  you scan a triangle over the jet and see how well the energy profile matches that triangle

o ncontrols the weight you put on soft PFs

CMS Slmulatlon Vs = 8Tev

& 0.05FTTTTIT T o AL d¥(8¢) —~(n) A
;G:)‘ C _QCD Pyth|a6 ] 10d = =/<1C12(1C23(1C31/dmwﬂ (€12, ¢23,¢31. ¢, 6C) .
2 0.04/- — tt MadGraph ] S
o [ N-subjettiness ]
© 0.03[ Jetp, > 200 GeVic ] where
R ] ~ )
:> w © HTT top and W ] |::> M (12, (23, C31) = (2)
0'02:7 mass selection ? l:," il i ” 5 2
: ] Z P (Cl’ Cn) (Ln —Cm) (C:n = Cﬂ.-) :
0.01; B i.3.k (2

o-
0 010203040506070809 1
%l

—

GHENT
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we look ensemble basis (not per event)

tw

Cpeak ~ 37”% /Qz

(assume 3 equal decays)
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Top mass using jet substructure: energy correlators

e 3 body decay, collinear and soft radiation
o here we take T = 012 = £23 = £13 (assume perfect triangular decay)

o to reduce sensitivity to non-pert. part, we can focus on hard decay angles (not collinear)
o and look at higher powers of n (harder radiation)
o “size sensitive subjettiness scan”, how big is triangle? (important for later: can also be shape sensitive if ¢,#5,,#C, ;)
o  sensitive to the top mass
1.5 T T T T l T I-l T I T T T T | T T T T I T T T T | T T T T 1.5 Y : g y I '+I_I | J } y : _I’I_I | ! | y y g I_l L X ! X
PyTHIA8, efe” = 1(— bgg )i+ X — m;=170GeV - Pyruia8) e’e” - (- bgg i+ X —m; = :;g ge;/]-
36 =0.03 @:1.2 —m; = 172GeV 7 36¢=0. ,:1.2 —m = eV
\ J 1 v —m; = 175GeV | 0 = 2004 Ge —m; = 175GeV |
1A ” _— ;= 180GeV_] 1. — m; = 180GeV_]
g B ».,\\ = ,_E_ & 1
% o : P N ™ 1 : ,.pe] e}
0.5+ NN 0.5 ]
" Solid = Haliron level \ I : Solid = Hadron level
| Dashed = Parton level ] - | 1 Dasllled = Pall‘ton levelI
v o by ok by v b by v by L - TR T T WA PO Y Y T A SV Y S AR
8204 0.05 | 0.06 007 008 009 0.1 8-04 0.05 0.06 0.07 0.08 0.09 0.1
ik 3¢ 3¢
GHENT QcD larger scale substructure further lowers non-pert. QCD
UNIVERSITY sensitivity 14
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I.SIIIIIIII LB P T R N B e ) D Y I U T ST R R S S |

- PyTHIAS, e b H(— bq[l[')t_ Hx |— m = 170 Gev |
energy correlators (EECs) A o s e v 57
-9 v —m; = 175GeV |
) il 1. i ks - —m; = 180GeV_|
Elow .
gl= ]
R PR G T S g Bl .
] ! 0.5 |
PyrHia8, pp — 1(— bgg') + X : 1
0.75F m; = 172GeV, R = 1.2 ] Solid = Hadron level™ 3
[ n=2, 357" = 3.5(170/ prje)’ ] - | | D sllled = Parl'ton levelI [
£% osL ] 8:04 0.05 0.06 [0.07 0.08 0.09 0.1
Af' —— Theory fit ] 37
R A Pyruia8, Had+MPI | 5
0.25} =
R PR I |

() ST SR W A B assumes a jet pt distribution!!!
500 750 1000 1250 1500 1750 2000

Prje [GeV]

e Problem: location of peak also depends on pt of the jets
o you need a perfect jet pt description to extract the top mass
o sensitive to PDFs, large experimental uncertainties, large non-pert. corrections...

_. o can we do better? Maybe we can use the W in the top decay to calibrate our method
T

GHENT
UNIVERSITY 15
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use the W as a standard candle:

first goal

e since W is not a QCD object, we know its mass very precisely from | nu decays

o if we can extract W angles and top angles at the sam

e time, we can calculate ¢/,

m maybe from this we can extract m/m,, without need for jet pt info?

o we define a new observable similar to EECs:

Fod [y . i PT.iPT.; PT .k
1/(¢,Cs. Ca) = E /(K,_;k ’
hadrons *
i.9,k

X O(Cij; = Cix = Cri >Cs) 0 (C -

x O

[ Ca> (VG = VG)*) -

(13(71.,1.1\'
(I)T.j('t )d dCi_)'I.'
(v/Gij + v’ﬁ]g)
2

(1)

e £, ¢, and g, are reparametrisations of the angles (overall scale, smallest allowed “angle”, max

asymmetry between two largest “angles”)
pt’'s act as energy weighting (IR safety)

m Heavisides, less delta functions!

GHENT
UNIVERSITY

tw

small g basically gives 2-point-like correlator, larger ¢, becomes very similar to original symmetric EEC

16
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use the W as a standard candle: first goal

e large C. peak for angular scale of top decay
S p — tX (13 TeV) =T Tl ilionla— mf/pg‘,jet)
P, jet € [500,525] GeV x[¢s(1 — Cs)]1/4
Pythia8.3 /ﬂ =
) ) «s.uh B mf
‘/ ﬁ 7 ; '\:N.. i Ct ~ 3.5%—
significantly better stats than i g i, T P Xo m
eqmlat case' 3 N;ff-5/"vz A (0 gt
R = By LRI |’ \ g7 "\//f h- T VY T(
O 2.5 [PT, jet (S [500 525] GeV - T(C,O.l,mf/p;m) x 10 0 Ol - b - % o IV\.:'\
[Pythia 8.3 ... Equilateral proj. x 50] . T = > W B
E 2.} :' CW ~ 4. 5 1 =< 2 "\ 3N .\/ /<‘l:/ 0 00
- 0.1 < P = : :
B 150 =7 S o< > /20.25
- I 50
S 1 0.2 2 < . :
g I @ —05
n‘ 0.5;_ CS 0.3 5 N\ _1. 10 C
O -1.2 810
_— =
T ¢ 0.4 —1.50
GHENT : : :
UNIVERSITY correlation can’t be too asymmetric 17
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because we want a top decay structure

David.Marcus.E.Marckx@cern.ch



use the W as a standard candle: first goal

e low ¢  a peak at the angular scale of the W

all asymmetries are allowed because the ___
third particle is not relevant

m
GHENT

UNIVERsITY Simultaneously resolve the W and top inside a single jet without performing any reclustering!!!

tw

Projected EEEC

pp — tX (13 TeV) [ T(¢¢s5Ca = m7/PT o)
P, jet & [500, 525]9&\7 E‘u\.

Pythia8.3 —Z~i.._ o

’ pr—l)t)l( I 3
[P7,jet € [500,525]GeV — T(¢,0.1,m7 /phy,,) X 10]

[Pythia 8.3

||||||||||||||

Equilateral proj. x 50]

.
>
\

y/
y

hEY
-~
k‘.‘
\
X

18
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use the W as a standard candle: second goal

e So we can extract /¢, at the same time ik TS Smns T na
e how do we extract the mass ratio from this any better? . Z+
o jet pt boosts top and W angular scale the same way & 3.81 e By By e
= no jet pt sensitivity — 331} & e R
o parton level, hadron level, MPI, PDF effects 56l Pt & Beihinifdalad

e ratio cancels a lot of the sensitivity to this modeling! efi EEE EEOT BAE PIID

e we can safely use the peaks to extract the mass P jet [ GeV]
ratio!
:pp—)tX ---- T(,0,00) ] ® m — my : —0.18 £ 0.31 GeV
o) 2.5FP1jet € [500, 525] GevV — T((,O.l,mf/p?,jel) X 107 750 il T A gphadrontMPI _ o hadron, 070 4 .26 GeV
= [Pythia 8.3 ... Equilateral proj. x 501 ; ‘ ‘
5} 2.1 i EL ST my E (o) Jul m?TwNNLO - fnf“f"“": — 0.090 + 0.23 GeV
= S B ]
= 15 F c E 0 & pMSHT20an3lo _ pdefault, o 099 + 0.23GeV |
Q O .~
g E v\ i : S [ v mi\'NPDFdO - m\liefauli: —0.14 ﬂ: 0.24 GeV
Q £ A’ "'. AP 4 I
5 LE 4 s . [l [ @ mtservis wma. _ pyttersis wart., _ .57 1 0.35 cov
=B 0.5 :— k‘ m:/lncin had. _ m:’inria part. _ 014 4 0.33 GeV i
T e e 500 550 600
! 0 ; . : 0.8
GHENT ¢ Prjet [ GeV]
UNIVERSITY ~100MeV compared to 1GeV for groomed jet mass 19
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use the W as a standard candle: last hurdle

e extracting ¢, is difficult
e unlike top, the width doesn’t protect from non-pert. corrections

e how do we deal with non-pert. corrections?

Let’s divide again!

define W(Q) =T(¢.0,00)
(Z / e

e divide by standard two-point EEC
o both sensitive to same effects
o  cancels leading non-perturbative effects

o peak agrees well for non-perturbative effects
— o peakyou gethere is still g,

arenT © still same pt dependence

UNIVERSITY
tw

DT,i P15 do-l]

2
p T Jct dCZ]

2)

3(¢ - Cz‘j)) .

x W (C)

: [pp—tX

[Pythia 8.3

Projected EEEC

_ T N
2.5[Pr.jet € [500,525]GeV  —— 7(¢,0.1,m}/pf,,) x 10

-------- Equilateral proj. x 501

2.251

T T T T TTr
f— Parton-level Pr,jet €500, 525] GeV ]
[— Hadron-level

#2F_ Had + MPI H

E"ﬁ. 5 & Relative Had. shift: - 0.022 ]
— Relative MPT shift: + 0.032 ]
1 1 " 1 "
0.075 0.1 0.125
\,/ - [575 600] Ge ke
. O
A —[5..)0 575] GeV el -
h " - = o, M
N [525,550] GeV ':.":"\VWW‘
—[500, 525] GeV “\“:;w o
WMW

1 1 1 | 1 1 1 1 | N]"-xv.x_ 1 : 1

0.1
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use the W as a standard candle: gameplan

1. measure TI(¢.¢s.Ca)for top region to extract g, but this has pt dependence .

2. measure w() to extract ¢, with minimal non-pert. uncertainties
3. define the ratio £/¢,,, without pt dependence

4. extract from this m/m, without any need for jet pt

5. we know m,, so we know m/!!!

6. commit tax fraud (covered in next presentation)

GHENT
UNIVERSITY

X ESAT TR

2.5[Prjet € [500,525]GeV  — 7(¢,0.1,m/p?,) x 10]

tPythia 8.3 = ... Equilateral proj. X 50

o b my, ]
2

Projected EEEC
-
ot b
 RARaaans

T T

0.5
0 E 4
0 .
¢
_ z;p—;tx: Ha'd+ﬂ[PI' = — Parton-level 'p,_mg[suu,'sza] GeV
| my=172.5 GeV gaf eorer el
2‘25_ my = 80.4 GeV -

¢ x W(Q)

* Pythia 8.?3’.'”"\
e i

“ Relative Had. shift: - 0.022
Relative MPT shift: +0.032
L L h

0.1 0.125
:'.I\“/( s $‘/‘,. p
o 505GV B ]
./ —I[525,550]GeV o ™
— [500,525] GeV e | e
PR PO T I . il
0 0.1 0.2 0.3
21
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Feasibility and conclusions

. . . 1 l 'A Run:‘2. : 1'71.9':1:.1.5 G'eV .
more details in companion paper to come _ 180 § i e
small feasibility study: c pe A AR
) &) ® HL-LHC: 172.5 + 0.3 GeV
e stats from CMS Run 2 top mass measurement ; 175}
e 300 and 3000fb™ assumed = } ﬁ E
e cumulant of statistical errors < 170l
e reasonable variation in the polynomial degree = - l |
e variation of the peak fit range by + 10% 5 1651172 ] L T
3 171 Projection [GeV]
170
. 160L : : : -
conclusions 400 500 600 700 800
e complex scheme to bypass several non-pert. issues pr et [ GeV]
7~]e

e uncertainty seems not super competitive but doesn’t have as many doubts?

e _—investigate using charged particles only to calculate EECs? lower stats, higher angular accuracy
[T

GHENT

UNIVERSITY 22
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