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The top quark mass and fate of the universe

Right now: An exciting era of precision collider physics!

The top and the higgs masses determine the nature of the
stability of the electroweak vacuum
[Buttazzo, et al., 2013][Andreassen, et al. 2014]

— Direct top mass the most precise:

m,lgwc =173.34 £ 0.76 GeV [World combination 1403.4427],
but ...

® MC top mass parameter: No field theoretic mass scheme,
O(1) GeV theory uncertainty argued o Memsabiliy
[Hoang 2004.12915]
® Sensitive to the parton shower, hadronization model i
[Hoang et al. 1807.06617] = M

— Indirect cross section measurements not precise enough
1 5
my®e = 172.9f§"‘é GeV [ATLAS, 1406.5375]
1 .
mboe = 172.73? GeV  [cMs, 1701.06228]

\\/ Absolute stability
-/ (Planck-sensitive)

122 124 126 128 130 132

2/31



Kinematic top mass measurements

Knowing kinematics of the top decay improves precision
on my
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Kinematic top mass measurements

Consider the jet mass:
2
ieJ

[Fleming et al. hep-ph/0703207, 0711.2079]
[Bachu, Hoang, AP, Mateu, Stewart 2012.12304]
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Kinematic top mass measurements

Consider the jet mass:

2

i€J
[Fleming et al. hep-ph/0703207, 0711.2079]
[Bachu, Hoang, AP, Mateu, Stewart 2012.12304]

Challenging to calculate:
— Strongly correlated with the outside radiation

— Precision spoiled by uncorrelated contamination (UE)
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Kinematic top mass measurements

Consider Soft drop jet mass

2
M?,sd = Z pi" Zm?—Ftht—F

i Jeroomed

— Removes wide-angle soft radiation

— Improves robustness significantly for the LHC

[Hoang, Mantry, AP, Stewart 1708.02586] [Hoang, Mantry, Michel, AP, Stewart]

[ATL-PHYS-PUB-2021-034] % [T T T T
E 0.1~ ATLAS simulation Preliminary -
0. 3 [ pp - ti, XCone R=1.0 jets ]
[ pp = 1, pr =750 GeV 1 & ogl Soft-drop (2,=0.01, =2) 1
- [ Ze =001, =2 i g "L 750 Gev <p, <1000 Gev ]
% ool R=1,pf®=200GeV 7 F —omgerie |
ST — — - Pythia 8.2, Hadronic | £ 0.06- ML prediction, MR mass |
s | mMC = 173.1 GeV ] E t — NLL prediction, pole mass |
o
S+ 1 ——— Hadronic Factorization - z 004; [ theory unc. 1
5.0 /) , mMSR = 172.85 GeV 4 04 1
o= $Q5, x) = (17 GeV, 0.5) ] L ]
~ B 7 v 0 7 F 4
= oy ) 1 0.02/- ]
L \ fitrange @ oo—=——eo h| F ]
ol v bt by =
170 175 180 185 190 Tl b b
My 1GeV] 165 170 175 180 185 190
J e’
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Kinematic top mass measurements

Consider Soft drop jet mass

2
Misd - ( Z pi‘) ~ m? + tht 4+ ...

i Jeroomed

— Removes wide-angle soft radiation
— Improves robustness significantly for the LHC

[Hoang, Mantry, AP, Stewart 1708.02586] [Hoang, Mantry, Michel, AP, Stewart]

[ATL-PHYS-PUB-2021-034]

Still quite a challenging task to quantify the

remaining corrections in ‘..."!
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Lessons from other scienc

Correlation functions are S
extremely powerful! o |, Measurements by Plank Satelte 5 .
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Correlators for collider physics

For a precise theoretical formulation:

—

—

— Consider correlation functions of energy flow operators: (£(71)E(fi2) ... E(TIN)) (Hofman, Maldacena; 0803.1467]

Cannot work with local operators: need light ray operators

[Hofman, Maldacena; 0803.1467][Sveshnikov, Tkachov hep-ph/9512370][Kravchuk, Simmons-Duffin 1805.00098]

Borrow a wealth of insights from CFT and string theory

[Hofman, Maldacena; 0803.1467][Belitsky et al. 1311.6800][Korchemsky, Sokatchev 1504.07904][Kologlu et al. 1904.05905, 1905.01311]
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hy have we not already been using correlators?

Cosmic variance is not an excuse for collider physics!

[KITP Seminar, Feb 2009; 47 min into the talk]
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https://online.kitp.ucsb.edu/online/strings09/maldacena/

Why have we not already been using correlators?

Since the beginning of the LHC we have exclusively focused on jet-based observables (m, 74, eﬁla), .

11 /31



Why have we not already been using correlators?

Energy-correlators only require angles to be measured precisely!

[KITP Seminar, Feb 2009; 49 min into the talk]

— Can be computed on tracks! [Chang, Procura, Thaler, Waalewijn, 1303.6637][Moult, van Velzen, Waalewijn, Zhu 2108.01674]
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https://online.kitp.ucsb.edu/online/strings09/maldacena/

Progress in recent years

— Resummation in the small
angle limit in SCET

— EEC: mapping transition
from perturbative to free
hadron phase

— EEEC: Interference in the
squeezed limit

[Chen, Luo, Moult, Yang, Zhang, Zhu

1912.11050]

[Dixon, Moult, Zhu, 1904.01310]

[Chen, Moult, Zhu 2104.00009]

10°
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[Komiske, Moult, Thaler, Zhu]
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[Karlberg, Salam, Scyboz, Verheyen 2103.16526]

13 /31



Probing the top with the three-point correlator

(Pe|E(71)E (132)E (73) [9e)
(Welr)

(E(M1)E(T2)E(Ti3))¢

14 /31



EEEC on top: A kinematic top mass sensitive observable

Three-point correlator:

G™ (Ci2, Cos, Ca1) = /daﬂ(">(§12,§23,§31)

. EEVE} R . A

M (Cr2, Co3, Ca1) = Z Qi?f"k(s (C12 - Cij) 0 (@3 - Cik) 0 (Csl - §jk)
W5,k

In the CFT limit EEEC exhibits a featureless power law

[Dixon, Moult, Zhu, 1904.01310][Korchemsky 1905.01444][Kologlu et al. 1905.01311]
eH CFT . —14~(4) .
G (C127CQ33C31) C31 G(sz) 9

2z = C12/C31 5 (1=2)(1-2)=(Cs/Cn

ClzDC%

(31
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EEEC on top: A kinematic top mass sensitive observable

The top quark decay imprints m; as a characteristic scale in the
3-point correlator:
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EEEC on top: Excellent mass sensitivity

3 1 1-5 T T 17T T T 17T T T 17T T T 17T T T
Stuiytthels;rr_lpleit C;onﬁgu.ratlon of an PYTHIIIKS e (o bqq Y+ X |_m[ 170 Gev |
equilateral triangle (;; = (: 360=002n=2 R=12 —m = 172GeV -

— 175GeV |
=2 v =
|| @=20006e — m, = 180GeV_
| :
L5 S .
< | 1
0.5 -
| :\ ) ‘ Solid = Hadron level > ™
| 3¢ | F | : Dasllled = Pall‘ton levelI T
0. I T - 1111 1111 1111 1111 U I -
< ¢ > 0.04 005 006 0.07 0.08 0.09 0.1

3¢
—» Hadronization effects: small effect on the peak Am*d ~ 230 MeV.
— Peaked at (peak ~ 3m; /Q2 peak dominated by hard decay of the top.

— Resilient to collinear radiation asIn{peax < 1: fixed order perturbation theory sufficient.
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EEEC on top: measurement at the LHC

At the LHC we can measure EEEC on jets

containing top decay products: L lPYTHIAS 1|7p - 1> 1|7qq) + X, Had +MPI-
; m; = 172GeV, 367 = 3.5(170/prjw)* |
r n=2,R=12 b
- Ly ™
Els
g%
% = "\ P
o5k
I Prie € [590,610] GeV
L ——— prju € [630,650] GeV TS~
Unlike EEEC, pr jet is susceptible to 0'_. N R PR RN RN PR R P
hadronization and underlying event: 0.5 0.6 0.7 0.8 0.9 1.

— Consider multiple pr jet bins

3 éf(pp)

Assuming that prje can be unfolded to 1 GeV accuracy, then

— Differences between parton, hadron and with MPI: well less than 1 GeV (likely less than 500 MeV)
— Impact of the UE: less than 300 MeV (in the PyTHia MPI model)

The EEEC observable is fully robust against the UE: Obtain corrections to pr jet independently
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Conclusions

1
2
3
4
5

. Correlation functions are powerful tools for precision collider physics.

. The 3-point correlation function is very sensitive to the top mass.

. Very small hadronization corrections to the normalized 3-point correlator.

. The only sizable corrections from hadronization and the UE enter solely into prjet.

. Corrections to the jet pr are observable-independent and can be independently studied and quantified.
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Supplementary slides
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More on correlation functions of energy flow oy

Energy flow operators are natural objects in QFT:

oo
E(R) = / dt lim r2niTy,(t, rt)
0

r—>00

that can be used to define energy weighted cross sections:
Ow = /d4xeiq‘r(0|(9(:¢) E(f)E(72) ... E(Ry) O (0)]0)

such as the 2-point correlator (EEC):

dy E;E; .
ij

Each event contributes
to multiple bins, with
the final distribution
being an ensemble
average over all events:
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EEEC on tops: Compare different energy weights

Study the simplest configuration of an equilateral triangle éij =(:

dX(6¢ —
dédg = [ d¢12d¢23d(a: dUMXl)(ClzyCzS,(sl,C,fsC)
I.SHHHHHHHH[H 1.5,,,,,,”,,,,,,HH,HH,HH
PyrtHIAS, ¢*e” — (= bqq )T + X —mr 170Gev ] PyrHIA8, efe” — H(— bqg )i+ X  — m; = 170GeV A
N\ 360=002,n=1, R=12 —m = :;5863 360=002,n=2 R=12 —’"r::gg"x:
I\ —my = e _ —my = eV ]|
1. [\@ = 2000GeV o —m, = 180GeV_| T — my = 180GeV.]
B [ Bl 1
2|5 [ 2|5 ]
gle | = ]
0.5+ 0.5 —
[ Solid = Hadron level 3 i Solid = Hadron level ™ ».:f
t Dashed = Parton level | [ B L | | Dasllled=Pa1;ton levelI T
8:04 0.05 0.06 0.07 0.08 0.09 0.1 8:04 0.05 0.06 0.07 0.08 0.09 0.1
3¢ 3¢

— n = 2 is not IRC safe, but can be computed using the track-functions formalism
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EEEC on tops: nitty-gritty of measurements in hadron collisions

At the LHC we can measure EEEC on jets containing top decay products:

Measurement operator for pp collisions:

(pp)(<127 (23,(31) = Z (pT’i)n(pT’j)iL(pT’k)n(g <C12 _ @(me) 5 <<

W4,k € jet (pr.jec )"
4,

(P = ARy = ([ A2, + A¢2,

C(pp)) (§ C(m))
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EEEC on tops: nitty-gritty of measurements in hadron collisions

At the LHC we can measure EEEC on jets containing top decay products:

The peak the distribution is determined by pr: and not pr ... But the parton level top pr,: is not directly
accessible, so consider

dS(@E) _ dS@0) dpry
dPT,jetdC dpr,dC dpr et

Because of energy weighting and small angle limit, the basic properties of d¥(6¢)/dpr,+d¢ are completely
insensitive to the underlying event.
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Impact of asymmetry cut 6¢

Asymmetry cut 6¢ only constrains
triangles with ¢ > 26¢

¢

A

dx
— =4
d¢

| PYTHIA8|, pp = (= bgg) + X ]
Had+MPI ]
n=2, R=12 B
m; = 172 GeV ]
Prjet € [590,610] GeV—
— 3647 = 3.5(170/ prje)* T
— 3600 = 33170/ prje) 1
- == 367 = 2.5(170/ prje)’

(5¢)> G™(¢, ¢, ¢Gmu)

0K (¢
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Effects of hadronization and underlying event in pp collisions

Hadronization and MPI will impact the jet pr:

Had. _ _ part. Had. UE _ _Had. UE
Priet = Prjer + 007, Prjet = PTojet T 0PT

[Dasgupta, Magnea, Salam; 0712.3014]

pP1,jet appears in two places:

1. PT,jet appears in the measurement operator

ﬁg:;)(Clm C23,¢31) = Z (Pr.0)"(Pr,y)" (Pr.4)" g (Cm - éij-”p’) g (423 - éfim) d (431 - f_gip))

(P.jor)3™ J

1,7,k € jet
2. The state |¢¢) in hadron colliders in (i
and needs to be constrained via pr jet.

E(71)E(2)E(is)

1¢) cannot be described by a local operator
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Effects of hadronization and underlying event in pp collisions

If the state |1;) is fully specified (through unphysical phard)

one achieves complete insensitivity to the UE
(despite pr jet in M<pp))

S5 5S5-——¥¥F—F———1—
T T T T T T T T

\  PyrHia8, pp - 1(— bqq)+X Hadron Level 1 PyrtHIA8, pp — 1(— bqq)+X Hadron Level 1

L J 1
\\ 360=02, R=12 360=02,n=2, R=12

L
P \gm = 172Gev, phard € [600,605] GeV = 172GeV, phard € [600,605] GeV

T

1 T
b i 1] . 1. 1 .
E - S~ Pz ] E - N
gl= / N 1 g|= \‘ 1
[2S] / \\\ 1 d|= . ]
0.5u \\ . 0.5 ]
L ~_ A L N 1
r n=1,NoMPI  — =2 No MP;\\\:’ F — All particles S~ ]
[ ——n=1, With MPI n =2, With MPI 3 [ Tracks only ™
[ )| S——— L v v b v b v v b a [ )| S———— Lo v v b v b v v b w i
0.4 0.5 0.6 0.7 0.8 0.9 1. 0.4 0.5 0.6 0.7 0.8 0.9 1.
3 éf([’l’) 3 éf([’l’)

spendence , : (n) . RN NN PR
Dependence on prjet in “\/l(mz) drops out when normalized 2831



Hadronization and UE effects directly related to the ppjes

The state |1)¢) must be specified through pr e, but the corrections to the prjet can be independently
specified (something like PDFs)

LS—r——p1—1— 1 10

[ PytHIA8, pp — H(— bqq)+X Had+MPI‘ [ Pyruia8, pp — (- bad') + X ]
[ 1 m=172GeV, prju € [590,610] GeV ] A P e el 1
i Vo on=2,36000 2350170/ pri)t, R=12 1 8l = ey, = .
2 o Z= 7] BT e R R Parton level g
£l ¥ S SE 1
g ; 1 3|8 60 ——- Hadron level 1
WiE [ 1+1° °F — Had+MPI ]
o o 0.5 e _ .9.| S L <. ]
~L TR Parton level j al N B
r ——- Hadron level N r .
I —— Had+MPI ] - =~
) J L Y NS S U SR AU ol v v v v e e

0.5 0.6 0.7 0.8 0.9 1. 550 570 590 610 630

3407 prieGeV]

650
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Obtaining the top mass from multiple pr ;e bins

1. Parameterize the all orders peak position:

2 2

my my
=3(14+ O(as

f(pr,jet, me, Aqop)? ( ()

eak

C(pp) =3 1+Oa5
P ( (ee)) (pr.jet + A(PTjer, me, s, Aqep))

2. Work with
-1
v v v 3(1+ O(as 3(1 + O(a.
WG ) = (e - ') (ML) 302 Sl ) =
P jet PT jet
3. Define
A(pa?,fjcm M, Os, AQCD) = Aref7 A(p},jcm mt, AQCD) = Aref + AY (p’\ll“,jct - pfl?,gcm me, Qs, AQCD)

4. Solve for y:

. N N N ref ref) 2 ( Aref
A AY) = P et < 2 AT @ (il + ATT) (AT 4 AY) +0 (( ! ))

Py PiEhee + AT 2(PY jer)? 8(PY jor)® P jor)

Y(PT jet>

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

ot

30/ 31



Obtaining the top mass from multiple pr ;e bins

y Epeak
1.0 * Parton data
my fit: (172.4 +0.6)(1+O(as )) GeV
777777777777777777777777777777777777 0.8}
06 °
168/ * Parton
[  Hadron 0.4
1661 « Hadron+MPI *oee,
0.2 oene
164 e ..
Priet e e T et
800 1000 1200 1400 1600 1800 2000 600 800 1000 1200 1400 1600 1800 2000
Speak Speak
1.0} « Hadron data 10 « Hadron + MPI data
m, fit: (173.2 £0.5 +0.3)(1+0(as)) GeV m, fit: (173.2 £0.3 £0.3)(1+0(as)) GeV
o8l °, o8l °
\ .
\ 8
o 0.6 A
041 0.4
ooe, on
02} vorns 02 o,
wee e
.. .o
Prjec et
600 800 1000 1200 1400 1600 1800 2000 600 800 1000 1200 1400 1600 1800 2000
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