ADITYA PATHAK (UNIVERSITY OF VIENNA)

IN COLLABORATION WITH
ANDRE HOANG (UNIV. OF VIENNA),

SONNY MANTRY (UNIV. OF NORTH GEORGIA),
IAIN STEWART (MIT)

EXTRACTING SHORT DISTANCE TOP MASS WITH
LIGHT GROOMING

UNIVERSITY OF VIENNA, NOV 17
BASED ON 1708.02586
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TOP MASS MEASUREMENT

Why should we care about a precision m;?

» Stability of SM Vacuum
» Precision Electroweak Measurements
» BSM Searches

Butazzo, Degrassi, Giardino, Giudice, Sala

Higgs
potential

Gfitter Group, 2014
;l B I I I I I I I I I I I I I I I I : : ! 1 1 I I 1 1 1 I 1 'IL
o - 68% and 95% CL contours Qi % okl e Lt il
O B . P3| oy =173.34 GeY -
=  80.5 — I fltwio M, ard m, measurements 12 - - 0 =0.76 GeV . —
— s - g
Eg B fltwio M,,. m and M, measurements ||:} — %= 0.76 L 0.50,,Ge¥ P Andreassen, Frost, Schwartz
- 15 -7 P - )
- o direct M, and m, measurements i ] S
80.45 H pd
. 03 o =
— 15 r ’,""
30.4 : — Pt )-— Metastability
[ LIS A ey A — e 176;
— M, world comb. — & e T | /\
60.35 [— M, =80.385 L 0.015 GoV - ] o | |
B _,,1-:-‘-"_'_ | = 174 I\@f \ J
80.3 — - f
| - 172+ o
- - ,{\@24\0
: (QQQ?- N > Absolute stability
80.25 e \ﬁ: ”5'_.-' \1\.?;,, fltter sl ] 170Mq4z2\6 (Planck—sensitive)
B - ) 1 1 1 ..-}/’ 1 1 1 1 | 1 1_ ’[\@f/ \9 1
L0 ]
140 15 190 163 D
[GeV] 120 122 124 126 128 130 132
° ® mt MHiggs
Direct Indirect global e . _eoge - o
Moasurcments P = Significant contribution to
I

uncertainty due to m;
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STATUS OF TOP MASS PRECISION

Two categories for top mass extraction:

Top Mass from total cross section (Inclusive):

CMS (2016): m:=173.8 = 1.8 GeV
JHEPO8 (2016) 029
ATLAS (2017): m=173.2 £ 1.6 GeV

ATLAS-CONF-2017-044

Kinematic Top Mass Extractions (Exclusive):

CMS @ 8 TeV (2016): my=172.35 = 0.16 (stat + JES) = 0.48 (sys) GeV
Phys. Rev. D 93 (2016)

ATLAS @ 8 TeV (2017): my=172.08 = 0.41 (stat) = 0.81 (sys) GeV
ATLAS-CONF-2017-071
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Two categories for top mass extraction:

Top Mass from total cross section (Inclusive):

CMS (2016): m:=173.8 £ 1.8 GeV
JHEPO8 (2016) 029

ATLAS (2017): m:=173.2 £ 1.6 GeV
ATLAS-CONF-2017-044

S 350k ——— MSTW 2008 NNLO 1’ You essentially count the number of
— N ATLAS —— — MSTW 2008 NNLO uncertainty _ . . .
c \ CT10 NNLO 4 events with top quarks in a given
2 . . P CT10 NNLO uncertainty -
O —\'\\ NNPDF2.3 NNLO . channel
9 300— %, — . NNPDF2.3 NNLO uncertainty ™|
& B o VW§=7rev, 4.6 fb"_1} vsm
n n Y s=8TeV, 20.3 b £ . .
8 - S~ 1 » Compare with theory cross section
el ' : —4 - that depends on the top mass.
oy : - ]
200 — e — . .
- ; \‘3\,{ > Uncertainties from PDF, Luminosity,
- e i QCD scales, modeling and other
150~ u.::_"-ui experimental systematics
[, | | | | | | | | L

164 166 168 170 172 174 176 178 180 182
pole

m [GeV]
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STATUS OF TOP MASS PRECISION

Two categories for top mass extraction:

Kinematic Top Mass Extractions:

CMS @ 8 TeV (2016) : my=172.35 = 0.16 (stat + JES) = 0.48 (sys) GeV
Phys. Rev. D 93 (2016)

ATLAS @ 8 TeV (2017) : my=172.08 = 0.41 (stat) = 0.81 (sys) GeV

CMS All-jets, 18.2 fb™" (8 TeV) ATLAS-CONF-2017-071

> 1000F mm . | L T
8 i . tt correct Background - ) . .
© goo Wiwong - oas : Make use of kinematic
& : ; ‘ information of final state
600/ .
& : particles.

400

2001 » Compare data against
SR = Monte Carlo simulations.
s 1 /%W ,
T 5- b 3 s : .
s 100 200 300 400 > No direct comparison of

mj* [GeV] theory and data.

all-jets channel at 8 TeV
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STATUS OF TOP MASS PRECISION

Two categories for top mass extraction:

, , , Very precise!
Kinematic Top Mass Extractions: YP

CMS @ 8 TeV (2016) : my=172.35 = 0.16 (stat + JES) = 0.48 (sys) GeV
Phys. Rev. D 93 (2016)

ATLAS @ 8 TeV (2017) : my=172.08 = 0.41 (stat) = 0.81 (sys) GeV

CMS All-jets, 18.2 fb™" (8 TeV) ATLAS-CONF-2017-071

> 1000F mm . | L T
8 i . tt correct Background - ) . .
© goo Wiwong - oas : Make use of kinematic
& : ; ‘ information of final state
600/ .
& : particles.

400

2001 » Compare data against
Q s = Monte Carlo simulations.
s 1 /%M ,
8§ o5 b ) MO : :
s 100 200 300 400 > No direct comparison of

mj* [GeV] theory and data.

all-jets channel at 8 TeV
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STATUS OF TOP MASS PRECISION

Two categories for top mass extraction:

: : : Very precise!
Kinematic Top Mass Extractions: yP

CMS @ 8 TeV (2016) : my=172.35 = 0.16 (stat + JES) = 0.48 (sys) GeV
Phys. Rev. D 93 (2016)

ATLAS @ 8 TeV (2017) : my=172.08 = 0.41 (stat) = 0.81 (sys) GeV
ATLAS-CONF-2017-071

Top Mass from total cross section (Inclusive):

CMS (2016): mi=173.8 £+ 1.8 GeV
JHEPO8 (2016) 029
ATLAS (2017): mi=173.2 + 1.6 GeV

ATLAS-CONF-2017-044

In this talk we discuss How precisely do we know
another source of uncertainty. the mass definition?

What mass is it? Sy ~ 1 GeV




MOTIVATION, GOAL, CHALLENGES

STATUS OF TOP MASS PRECISION

Masses in Quantum Field Theory get renormalized.

mbare _ mbare i Z(mbare)

Y(m) = 2CF %m(% + ﬁnite) + O(a

2
S

)

m
> X >

Jg

(E ()
ZD

Charge of electron is a scale

dependent quantity because of
quantum effects.
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STATUS OF TOP MASS PRECISION

Masses in Quantum Field Theory get renormalized.
mbare _ mbare i Z(mbare) g.’\/\ﬂ,]-g
m
>i(m) = %C’F - m(% + ﬁnite) + O(a?) > - >

Quantum effects changes the meaning of
the top mass: A scale dependent quantity.

We pick a renormalization scheme:

e Pole Mass - Remove the tull one loop correction >

e MS mass - Remove the 1/e term from ¥

wudrge of electron is a scale
dependent quantity because of
quantum effects.
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STATUS OF TOP MASS PRECISION

What scheme is the top mass measured in?

Kinematic extractions make use of Monte Carlo and hence are
measuring a MC top mass parameter.

CMS @ 8 TeV (2016) : my=172.35 = 0.16 (stat + JES) = 0.48 (sys) GeV
ATLAS @ 8 TeV (di lepton) : m=172.08 = 0.41 (stat) = 0.81 (sys) GeV

pole — MSR paa |
My M, Ty .. =

U A=
Ashower _ 1 1oV _< \
-L- o - .

™~
~N

/ Field Theoretic
MC

m; Definition?

Butenschoen, Dehnadi, Hoang, Mateu, Preisser, Stewart 2016
Hoang, Stewart 2008
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GOAL OF THIS WORK
Bridge the gap between
le —
m?oe,mt,mltws}{, .o theory, MC and

experiments using
analytical calculations

~
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KINEMATIC EXTRACTIONS

)tb\\l?b\

Find events with top quarks

Lumi section: 122
Orbit/Crossing: 31722792 / 2253

m; = p; = (p1 + p2 + pp)°

Measure top mass
spectrum using decay
product momenta

probability oy
0.30 ;

0.25
0.20
0.15
0.10
0.05

171 172 173 174 175

measured top mass
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F. Krauss. (Sherpa Collaboration), “Sketch of a tth event”. Available at https: //
www.opensciencegrid.org/wp-content/uploads/2014/05/event.jpg
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F. Krauss. (Sherpa Collaboration), “Sketch of a tth event”. Available at https: //
www.opensciencegrid.org/wp-content/uploads/2014/05/event.jpg
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top and anti-top

F. Krauss. (Sherpa Collaboration), “Sketch of a tth event”. Available at https: //
www.opensciencegrid.org/wp-content/uploads/2014/05/event.jpg
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top decay products top and anti-top

F. Krauss. (Sherpa Collaboration), “Sketch of a tth event”. Available at https: //
www.opensciencegrid.org/wp-content/uploads/2014/05/event.jpg
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top decay products /+ w8t . N\ topand anti-top

F. Krauss. (Sherpa Collaboration), “Sketch of a tth event”. Available at https: //
www.opensciencegrid.org/wp-content/uploads/2014/05/event.jpg



REAL LIFE IS HARD

proton

Collect top decay
products in a cone _
b a se d o n a j et a I g o rit h m F. Krauss. (Sherpa CoIIaborio),“Setc; ‘f ;h er\;"vable at https: //

www.opensciencegrid.org/wp-content/uploads/2014/05/event.jpg




EFFECT ON THE MASS SPECTRUM

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Collecting additional junk (Underlying Event) +
Hadronization effects shift the peak of the top mass spectrum

MY 0.012 -
probability My do :
0.30 ; oo
0.25 dM 0.008 -
0.20 f
() 1 55 0.006 r

0.10 . oot TIL¢ MP®

0.05

0.002 /_>

171 172 173 174 175 7 I T 7 T 7 U ST

78 180

measured top mass measured top mass

In order to measure top mass accurately we must
know how the peak shifts. -> Theoretical challenge!



MOTIVATION, GOAL, CHALLENGES

KINEMATIC EXTRACTIONS  Boosted top jets with R = 1

0.2
| | | | I | | | | I | | | | I | | | |
0 16__ I p¥et0 = 200 GeV, pr > 750 GGV, R=1.0 __
S I i
8 - | Had+MPI: peak = 180.83 GeV -
— 0-12__ | Had: peak = 176.35 GeV ]
% l Partonic: peak = 173.89 GeV i
B 0.08 -
= i _
b n _
— ~ _
| — nfllltvlc = 1731| GeV |
175.375 180.25 185.125 190.
M ;[GeV]

Partonic Pythia without hadronization and UE (MPI modeled)

Fastjet: Cacciari, Salam, Soyez, 2011
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KINEMATIC EXTRACTIONS  Boosted top jets with R = 1

0.2
| | | | I | | | | I | | | | I | | | |
- : Pythia8: pp — 1, Had+MPI -
0 16__ I p¥et0 = 200 GeV, pr > 750 GGV, R=1.0 __
| TR _
- I
% _ | Had+MPI: peak
—= 0-12_— | Had: pea \@v ]
% l Partonic: geak = 173.89 Ge _
B 0.08 \ -
= i i
5 F \V 2
~— — —
= 0'04__ \ -
5 nflzltvlc = 17 1| GeV | -
O.’ ] ] ] ] ] ] ] ] ] ] ] ] ] ] ]
170.5 175.375 180.25 185.125 190.
M ;[GeV]
Contamination

Effect of hadronization ~ 2 GeV

Fastjet: Cacciari, Salam, Soyez, 2011

from UE ~ 5 GeV!
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KINEMATIC EXTRACTIONS

Boosted top jets withR = 1

0.2

| | | | I | | | | I | | | | I | | | |
- : Pythia8: pp — 1, Had+MPI -
In order to aim — 0160 | P =200 GeV, pr > 750 GeV, R = 1.0 -
for m, precision . "t | -
<1 GeV we O i | Had+MPI: peak
S, .12 | Py v il
must account - L Had: peak -
for these effects % B Partonic: gdeak = 173.89 Ge _
[ [ \ B 7
in our analytical 5 0.08— \ —
calculations = [ \v _
E 0.04:— \ _:
5 nflzltvlc =17 1| GeV -

O.’ ] ] ] ] ] ] ] ] ] ] ] ] ] ] ]

170.5 175.375 180.25 185.125 190.
M ;[GeV]
Contamination

Effect of hadronization ~ 2 GeV

Fastjet: Cacciari, Salam, Soyez, 2011

from UE ~ 5 GeV!
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MODERN TECHNIQUES IN PERTURBATIVE QCD

WHAT CAN WE CALCULATE ANALYTICALLY?

Components of MCs based on factorization:

» hard scattering

Allows arbitrary measurements

on the final state particles, but
» non-perturbative hadronization limited in accuracy ~ NLO + NLL

» underlying event model

> perturbative shower

See the recent Jet Substructure review by Moult, Larkoski and Nachman 2017



MODERN TECHNIQUES IN PERTURBATIVE QCD

WHAT CAN WE CALCULATE ANALYTICALLY?

Components of MCs based on factorization:

» hard scattering

Allows arbitrary measurements
on the final state particles, but
limited in accuracy ~ NLO + NLL

> perturbative shower
» non-perturbative hadronization

» underlying event model

Devise analytically calculable exclusive observables that
e are sensitive to the top mass,
e describe these components with systematically improvable accuracy,

e robust against contamination and account for NP corrections.

See the recent Jet Substructure review by Moult, Larkoski and Nachman 2017
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HARD TO CALCULATE THE TOP MASS SPECTRUM IN THEGRY

Top quark production involves
several “energy scales” which
make the direct calculation in

theory hard.

Q > My > Ft > AQCD

>5OOG< 173.1 GeV 1.4 GeV 0.5 GeV
f energy at which top quark [
% === i ‘e is produced
energy at which quarks

HOW DO WE CALCULATE THIS IN THEORY T0 combine to form hadrons.
ACCOUNT FOR QUANTUM CORRECTIONS?




USING EFFECTIVE THEORIES
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https://www.flickr.com/photos/1uk3/3913309568

https://www.musely.com/tips/how-To-Grow-13-Inches-Of-Hair-In-A-Week/10645683
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USING EFFECTIVE THEORIES

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Same fluid equations describe flow

of both water and olive oil!

https://www.musely.com/tips/how-To-Grow-13-Inches-Of-Hair-In-A-Week/10645683

https://www.flickr.com/photos/1uk3/3913309568

oV

pl—+(V.VW]=-VP+ pg + VNV

o

} 1
change of Convective term
velocity with time

|
'
Pressure term: Fluid
flows in the direction
of largest change in

pressure

\
Body force term:
external forces that
act on the fluid (such
as gravity,
electromagnetic,
etc.)

b

viscosity controlled
velocity diffusion
term


https://www.flickr.com/photos/1uk3/3913309568
https://www.musely.com/tips/how-To-Grow-13-Inches-Of-Hair-In-A-Week/10645683

USING EFFECTIVE THEORIES

Water = H,O ——>p



http://www.waterwise.co.za/export/sites/water-wise/images/water/water-molecules.jpg

USING EFFECTIVE THEORIES

AP AL AL S S

AL

h

Very different in their molecular
composition!

Water = H,O ——>p

\
b@//f////&///

http://www.waterwise.co.za/export/sites/water-wise/images/water/water-molecules.jpg

4 (live Oil!

https://www.dreamstime.com/royalty-free-

stock-photography-olive-oil-chemical-

mposition-im 25717637
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Hydrodynamics is an ‘Effective Theory’ that does not
care, and know, about physics at short distances.



USING EFFECTIVE THEORIES
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oV

E'F(VV)V]:—VP'Fpg'FﬂVzV

Pl

Hydrodynamics is an ‘Effective Theory’ that does not
care, and know, about physics at short distances.

‘Full theory’ knows about Je
physics at all distances: 0 &

Molecular Orbital Theory for H,O: 1. —
Very Complex! Not suitable for B r
macroscopic physics. wOir T
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USING EFFECTIVE THEORIES
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Pl

oV
—+
Ot

(V.NW]=-VP+ pg + uVV

Hydrodynamics is an ‘Effective Theory’ that does not
care, and know, about physics at short distances.

‘Full theory’ knows about
physics at all distances:

Molecular Orbital Theory for H,O:
Very Complex! Not suitable for

macroscopic physics.

This exact philosophy can be applied
to QFT calculations for strong force.
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MODERN TECHNIQUES IN PERTURBATIVE QCD

EFFECTIVE FIELD THEORIES

A
QCD
T S
SCET® > Soft Collinear Effective Theory:
Bauer, Pirjol, Stewart 2002 . . . .
collider physics applications
my —— H,,
. i bHQET® > Heavy Quark Effective Theory:
t = tegur, Wise 1989 decay of top quark close to mass shell
s \
! ‘% Fleming, Hoang, Mantry, Stewart 2007
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EFFECTIVE FIELD THEORIES

A

QCD
T S

SCET® > Soft Collinear Effective Theory:

Bauer, Pirjol, Stewart 2002 . . . .
collider physics applications
my —— H,,
. i bHQET®) > Heavy Quark Effective Theory:
t = tagur, Wise 1969 decay of top quark close to mass shell
T a
| % Fleming, Hoang, Mantry, Stewart 2007



ANALYTICAL CALCULATIONS

SOFT COLLINEAR EFFECTIVE THEORY

Sterman-Weinberg criteria for infrared-collinear safety (1977)

Cross section for ete  to hadrons contained in back to back cones with
energy E(1-€) and angle o:

olE, 0, Q, €, 0) =(da/dS2), Q|1 -(gz*/37%)(31nd6+41nd1n2€+7%2/3 - 3)]

Sensitive to collinear and soft emissions

» Excludes observables sensitive to arbitrary collinear/soft emissions,
e.g. particle multiplicity in a jet.

» Sufficient to ensure calculability, (but not necessary: e.g. Sudakov Safe

observables)
Larkoski, Thaler 2013



MODERN TECHNIQUES IN PERTURBATIVE QCD

SOFT COLLINEAR EFFECTIVE THEORY

Consider back to back jets in e*e" collisions:

e = () =)

1€a 1€b

hemisphere-a hemisphere-b

Jet Directions:
' =(1,n), a*=(1,—n)

Light cone coordinates:

_nt nt _ 9 _ 2
Pr=p ot e =0T p) D =p'p” —p]|



MODERN TECHNIQUES IN PERTURBATIVE QCD

SOFT COLLINEAR EFFECTIVE THEORY

soft particles 9
5 2 2 __ p
Mt = ( Z p'g ) n-collinear n-collinear M{ — ( Z p; )
1€a = ieb
————— thrust
7/;7’ axis
hemisphere-a hemisphere-b
o o [ J [ J [ J 2 - 2
Distinguish particles based on their momentum: p°=pp —pi
n-collinear ~ Q (A%, 1, \)
ni-collinear ~ Q (1, A%, \) >\ — jet <K 1

ultrasoft ~ Q(\%, A%, \?). Q

M2, =pTp +0(p)=p"Q+O(p})

With carefully aligned axis jet mass
is simply given by the + component




MODERN TECHNIQUES IN PERTURBATIVE QCD

SOFT COLLINEAR EFFECTIVE THEORY

SCET Modes Scaling Fields

o %et
Q

< 1 n-collinear Q(N2,1,)) (&, AR
n -collinear Q (1,223, )) (&, AM)

ultrasoft QN A%, A) | (Yys, AL

» Quarks and gluons now distinguished based on their momenta.

» Three characteristic scales: Q > Q) > Q\°

» Ultrasoft modes couple to both collinear modes through + component
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EFFECTIVE FIELD THEORIES

A

QCD
TS

SCET® > Soft Collinear Effective Theory:

Bauer, Pirjol, Stewart 2002 . . . .
collider physics applications
my —— H,,
. i bHQET® » Heavy Quark Effective Theory:
t = tegur, Wise 1989 decay of top quark close to mass shell
L
| % Fleming, Hoang, Mantry, Stewart 2007



MODERN TECHNIQUES IN PERTURBATIVE QCD

HEAVY QUARK EFFECTIVE THEORY

. ?
LHQET = hv—l— (ZU_|_ y D_|_ —om + §Ft) hv—l—

M?. — m?
Sp7 = it < m bHQET Modes Scaling Fields
’ m

n-ucollinear (mét, e, §t) (hy,, AY)

™m = : QSst msy 3 Y
Ui _ ( | Q,OJ_) n -ucollinear (m 6 ,st> (hy_, AZ)

T R R R

ultrasoft (e, 250, 280 ) | (W, AL)

» Top quark now labeled with velocity
» Expansion in Ft/m
» Same ultrasoft modes as before but at lower virtuality

» Residual term for mass scheme dm
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HEAVY QUARK EFFECTIVE THEORY

_ . 7}
LHQET — hv+ (ZU+ ' D+ _‘|‘ §Ft) hv+

2 2
N Mt,f —m . .
Sp5 = < m bHQET Modes Scaling Fields
™
n-ucollinear o 25t 3, (hy,, AY)
uo (m Q ) n -ucollinear QF: ms, (hy_, A")
Uy = 9 9 OJ_
(1 . . .

ultrasoft Gh et 6 (s, A™ )

» Top quark now labeled with velocity

» Expansion in Ft/m

» Same ultrasoft modes as before but at lower virtuality

» Residual term for mass scheme dm
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WHAT CAN WE CALCULATE ANALYTICALLY?  peak Region:

2 2 2
Boosted top jets at ee collider (2008) Mz —m” ~ml <m

Factorization Theorem derived using Soft Collinear Effective Theory (SCET)
and Heavy Quark Effective Theory (HQET):

( do )hemi = 00 Ho(Q, ttm) 11, (mJ, ﬂ%,um,M)

AMPAM2
[T [~
y / ardi= 7 (5 - @ Ft,u) T (8 - @, o
m mj

(boosted HQET) Control Over X Shemi({T =k, 17 — k', p) F(k,E)
Jet Functions Mass Scheme Soft Function Hadronization

Fleming, Hoang, Mantry, Stewart 2007, 2008

soft particles

9 2
_ 2 E 7
/\4 t2 — ( g péb ) n-collinear n-collinear Mf — ( pi)
1€a 1€b
=— e — — M

hemisphere-a hemisphere-b
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WHAT CAN WE CALCULATE ANALYTICALLY?

Boosted top jets at ee collider (2008) Fleming, Hoang, Mantry, Stewart 2007, 2008
Hm: A. Hoang, AP, P. Pietrulewicz, I. Stewart 2015

do Q
— H m ( ) y My )
(dMEdMg)heml 70 Q(Q - ) " m m.j Homy 1

[T [~
/dl+dl JB(st — Q— Ly, om, ,LL)JB< r— Q—,Ft,(Sm,u)

my mgj
J X Shemi(l+ T k; [~ — kl? :u) F(kv k/)
MP = my, + Ty(ag + a4 .. ) 4 m? model this
t
r \ h. dO. 0.012
measure this extract this M
Includes a non-perturbative function:
0.004} mt Mpe
Z\ (OIW (0)|N)*6(e — kg — k7 ) -
Korchemsky Sterman 1999 B B B R
Hoang, Stewart 2007 M

Improved understanding of hadronization corrections



MODERN TECHNIQUES IN PERTURBATIVE QCD

WHAT CAN WE CALCULATE ANALYTICALLY?  stewart, Tackmann, waalewiin 2010

Event shapes for hadron colliders: N-jettiness (2010) .

75 = min Z mln{ﬂ;et (pu nt) pjet (pza nt) Pheam (pz)}

n¢ nt

_ 7;15 i 7;75 4+ Ebeam 7
XCone is a particularly nice choice for jet and
beam measures

XCone (,8 2) vs. Anti—kr XCone (,8 2) vs. Anti—kp
6;' N=6,R=05 ; 6;’ . N=2,R=10 ;
' — XC - | . — XC ]
5 S5 | | .
°a aky - - aky
4 " 4t ]
2 Q ot |
‘Zs .
1 ") T
0 ............... 0: ...... I T TR
—4 —2 2 4 —4 ) 0 2 4

Stewart, Tackmann, Thaler, Vermilion, Wilkason, 2015



MODERN TECHNIQUES IN PERTURBATIVE QCD

WHAT CAN WE CALCULATE ANALYTICALLY?  Hoang, mantry, ar. stewart(scon)

Top jets at the LHC using 2-jettiness

d*c A A
= tr|HomS(T", R, .. )0F|®Jp ® JpRIIQ f f
2 2 Qm y L1, B B
dMJldezdfth /
Jet Veto in Initial State Radiation
Beam Region g, Jet Functions! PDFs
0025 —
—_ - 300 < p <400GeV  PYTHIAS AU2 -
. 0020F bul<2R =\1 gs > Zq(1Tev) 4  » Generalization of the ee result for
> : . :
G Y & U LR partonic ;
— 00I5p — — hadronic+MPI the LHC
g . — - - partonic + 0 ]
5 0010 —partonic® F 4 » Non-perturbative corrections are
o .
B 0005 ! modeled and can account for the UE
0.000 =t . i o
0 150 200

my [GeV] F(t) = H(K)N(a’ A) (ﬁ)a_leXp(_—%)

Stewart, Tackmann, Waalewijn 2015 A



MODERN TECHNIQUES IN PERTURBATIVE QCD

WHAT CAN WE CALCULATE ANALYTICALLY?  Hoang, mantry, ar. stewart(scon)

Top jets at the LHC using 2-jettiness

0-35 T T T T T T T T T T T T T T T T T T T T
. - pr 2750 GleV, R=1 | SR l- NLL per‘lurbative ]
Dominant dependence . 03F w2 173.6ev - 2=04GeV, =017
. T - — 0,=1.0GeV,x,=0.1 -
on the first moment: T 00 . Q=16GeV, 5 =01 ]
- cr =07 .
s 0% SN N
Q — - /" A
1 — dk kF(k) 30,15:_ / B
S / :
5 0.1F / 3
= - // ~ ]
0.05F . 7 g
F et .+ “pp — tf Ungroomed Fact.Thm. I

N(CL, A) é a_]' _2)6 0. = '1—1- o b b

F/y = 6/ oxD| —— 170 172 174 176 178 180
A \A PATA M, (G
0.25 Uk

L T T T T I T T T T I T T T T I T T T T T T T T ]
- pp — tt Ungroomed Fact.Thm. i
e @ —_ B >750GeV, R=1 7 N ]
Less sensitive to x; i pr= e [~ ]
° D) - - i
(higher moments) S g5 E
= Z _
C 2 S - ]
- QQ QQ — Ql g 0.1 .
2 — — v 0 A =02 .
Q% Q% S 0.05:_ p — . xél):0.3 —:
- Z7 1736, Q0 220GV ]
| | | | l | | | | l | | | | l | | | | l | | | | 1

0.
170 172 174 176 178 180
M;[GeV]



MODERN TECHNIQUES IN PERTURBATIVE QCD

WHAT CAN WE CALCULATE ANALYTICALLY?

Foy = oo ed) (f)a_lexp(_—%)

Top jets at the LHC using 2-jettiness

While the underlying event can be
modeled in this framework, we
would like to explore methods to
directly reduce the contamination
while retaining calculabilit

0.2

. .
[ [
[\ N

<
-
&

(1/o)do/dM; [GeV ]

<
o
=

yin pQCD.

veto

Pr

Pythia8: pp — tf, H

ad+MPI

=200 GeV, pr > 750 GeV,JR = 1.0

Paftonic: peak = 173.89 GeV

Had+JMPI: peak = 180.83 GeV
Hadf peak = 176.35 GeV

/

0, —
170.5

e nflllt\“c =173.1GeV
175.375 180.25 185.125
M ;[GeV]

Hoang, Mantry, AP, Stewart (soon)

A A A

0.35
T T T T I T T T T I T T T T T T T T T T T T
C pr>750GeV, R=1  see-s NLL perturbative 1
_ 03 P = 173.Gev —— - Q,=04GeV,x,=0.1 =
T> ook — Q,=1.0GeV,x,=0.1 1
o - - . Q1:1.6G6V,XZ:O.1 ]
<) - .Y S GEERRRN .
~ 02_ * \ N N —
: C /~‘ ‘N ]
= - / N
S F / ]
5 0.1F / ]
5 - / . " e, .
0.05F / Re "t
NPT .+ “pp — tf Ungroomed Fact.Thm. I
O. 3 -l —l | | I | | | | I | | | | I | | | |
170 172 174 176 178 180
M;[GeV
0-25 T T T T I T T T T I T Jl[ Ie I] I T T T T T T T T
- pp — tt Ungroomed Fact.Thm. i
— - pr=750GeV, R=1 77N B
~—|1 02_ / \ ]
% I T~ ]
C% 0.15 -
S 0 §
= . i
K 0.1
= B
5 L =02 §
— - D _ 7]
— 0.05 . —ee =03 7
B )/ i
i 27 = 173.Gev, QY =2.0GeV }

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

172 174 176 178
M;[GeV]

180
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JET GROOMING

WHAT CAN WE CALCULATE ANALYTICALLY?

Novel jet substructure techniques: Jet Grooming

Butterworth, Davison, Rubin, Salam, 2008
Ellis, Vermillion, Walsh, 2009, 2010

Krohn, Thaler, Wang, 2010

Jet grooming selectively removes radiation that includes
contamination from the UE and pile up.
Trimming (2010):

111111111111111111111111111111

111111111111111111111111111111

Krohn, Thaler, Wang, 2010



JET GROOMING

WHAT CAN WE CALCULATE ANALYTICALLY?

Novel jet substructure techniques: Jet Grooming

Butterworth, Davison, Rubin, Salam, 2008
Ellis, Vermillion, Walsh, 2009, 2010

Krohn, Thaler, Wang, 2010

Jet grooming selectively removes radiation that includes
contamination from the UE and pile up.
Trimming (2010):

T Analytical properties?

Krohn, Thaler, Wang, 2010



JET GROOMING

WHAT CAN WE CALCULATE ANALYTICALLY?

In kt
~In zO

Probe the analytical properties

Lund by considering radiation off an
kinematic energetic parton
diagram

Want no emissions here.

soft co]linear
region

These emissions don’t affect

/ the groomed jet mass
s

UOIZAI J[FuB—33Ie[ 1JOS

large y ~ In 1/6 small
angles angles

Dasgupta, Fregoso, Marzani, Salam 2013



JET GROOMING

WHAT CAN WE CALCULATE ANALYTICALLY?

B m Probe the analytical properties
P = 2R2 by considering radiation off an
Pt energetic parton

cut Trimming

Inz0

complicated!

60‘é’o a4 60/('
RS D
e " ,
In1/6 In1/6 In1/6

Dasgupta, Fregoso, Marzani, Salam 2013



JET GROOMING

WHAT CAN WE CALCULATE ANALYTICALLY?

2 Compare different groomers:

Dt R? Starting to understand

Pruning D
N
=
—
| Q%
B g
S e g
S 87
g ¢ "‘.(/Oo
il e
: G
@ R
“‘,‘/G[
In1/6

Dasgupta, Fregoso, Marzani, Salam 2013



MODERN TECHNIQUES IN PERTURBATIVE QCD

SOFT DROP GROOMING Two grooming parameters:

Larkoski, Marzani, Soyez, Thaler 2014

6
Grooms soft radiation from the jet Z > Zeut 0
min(pr;, pr;) (ARij )5
> <cut
pri + P Ry
Groomed jet Groomed Clustering tree

More Grooming Less Grooming

>

p = —o0 B<O B=0 B>0 B~ oo



MODERN TECHNIQUES IN PERTURBATIVE QCD

CLUSTERING AND GROOMING

Cluster particles in a jet defined by some algorithm

particles
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CLUSTERING AND GROOMING

Cluster particles in a jet defined by some algorithm

particles

—

Jet clustering
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CLUSTERING AND GROOMING

Cluster particles in a jet defined by some algorithm

particles —

—

Jet clustering



MODERN TECHNIQUES IN PERTURBATIVE QCD

CLUSTERING AND GROOMING

Cluster particles in a jet defined by some algorithm

- -
particles — - et

—

Jet clustering



MODERN TECHNIQUES IN PERTURBATIVE QCD

CLUSTERING AND GROOMING
Soft Drop grooming

Apply soft drop grooming on this jet

—

Jet clustered based on original algorithm

particles _--

jet



MODERN TECHNIQUES IN PERTURBATIVE QCD

CLUSTERING AND GROOMING
Soft Drop grooming

Recluster the jet:

—

Re-cluster particles pairwise based on angluar distance

particles :
jet



MODERN TECHNIQUES IN PERTURBATIVE QCD

CLUSTERING AND GROOMING
Soft Drop grooming

miﬂ[pTi,ij] S » (Rij)ﬁ
cut

pPri + Prj Ry
Go back and groom!

_

Apply soft drop condition at every branch

particles

jet



MODERN TECHNIQUES IN PERTURBATIVE QCD

CLUSTERING AND GROOMING
Soft Drop grooming

miﬂ[pTi,ij] S » (Rij)ﬁ
cut

pPri + Prj Ry
Go back and groom!

_

Apply soft drop condition at every branch

I




MODERN TECHNIQUES IN PERTURBATIVE QCD

CLUSTERING AND GROOMING
Soft Drop grooming

miﬂ[pTi,ij] S » (Rij)ﬁ
cut

pPri + Prj Ry
Go back and groom!

_

Apply soft drop condition at every branch

particles :+
Eﬁ jet

—_— e




MODERN TECHNIQUES IN PERTURBATIVE QCD

CLUSTERING AND GROOMING
Soft Drop grooming

miﬂ[pTi,ij] S » (Rij)ﬁ
cut

pPri + Prj Ry
Go back and groom!

_

Apply soft drop condition at every branch

groomed jet
jet |

—_— e




MODERN TECHNIQUES IN PERTURBATIVE QCD

GROOMED JET MASS

Larkoski, Marzani, Soyez, Thaler 2014 ] mg

Soft drop has an advantage of being / =
amenable to theoretical calculations

-----

. Yo,
5
.

Pyth|a8 partonlc Pert QCD at ~ NLL
0.25 T - 0.25
plaln Jet plain jet  solid: mult. em.
Rl p— | ol p— Sudakov factor
—— B=-05 ——— B=-05 /
0.15 _R=1,pt>3TeV i 0.15 _R=1,pt>3TeV i
z,,=0.1 z,4+=0.1
0.1 - 01 | _
0.05 - 0.05 / -
i RO | PR EPR B\ S 0!
10% 10° 10* 10° 102 10" 10° 10° 10° 10* 10° 102 10" 10°
m?3/pr2 m2/pr2

More Grooming l l l l Less Grooming l
1
1

>
p = e B<0 B=0 B>0 p= oo



MODERN TECHNIQUES IN PERTURBATIVE QCD

GROUMED TOP JET MASS Hoang, Mantry, AP, Stewart 2017

Top quarks at the LHC with jet grooming (2017)

Factorization Theorem for Soft Drop Groomed Top Jets:

d
C _N[Js®Se® Fo

aM y . .
(more precise version up next)
The factorized cross section uses universal ingredients:

» Jg : Fleming, Hoang, Mantry, Stewart 2007

» Se, Fc : Frye, Larkoski, Schwartz, Yan 2016 Allows us to use
semi-leptonic
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THEORY TOOLS: GUIDELINES, USAGE, ROBUSTNESS

HOW DO WE USE THESE THEORETICAL TOOLS?

Groomed top jet mass cross section:  Hoang, Mantry, AP, stewart 2017

do ()
dM ;

M2 —m2— Q!

(%

= N((I)J,Zcut,ﬁ,,u)/d§, d®y Dy (5, D4, m/Q) /df JB( — &, 6m, ,u)
< fdisc (€= (@4 1)) (2" Qe) T, Bp] Folk, 1) @=2preosh(ny

. 14
(“"decay” factorization) Di(s', @a, m/Q) = m(8'2 4+ T?) @t(®a, m/Q)




THEORY TOOLS: GUIDELINES, USAGE, ROBUSTNESS

HOW DO WE USE THESE THEORETICAL TOOLS?

Groomed top jet mass cross section:  Hoang, Mantry, AP, stewart 2017

do ()

o §/7 5771, :u)
dM j

(M2 m? — QY

(%

— N(®, 2o, B 1) / 45’ dy Dy(3, Dy, m/Q) / a0 T

></dkSCKK—%kh(CI)d,Q))(ZBQZCUt)”lﬁaﬁaﬂ} Fo(k, 1) Q= 2prcosh(ny)

o o o Dt(§/7 (I)da m/Q) — A/Qrt 2
Parameters in the factorization formula: m(8'2+T7)

di(Pq, m/Q)

» Kinematic scales pr, n, : determines statistics of boosted top events
» m¢and Q, : parameters to be fitted (I';is fixed to SM value)

» &m : choice of renormalization scheme

> Soft drop parameters z.,: and B: adjust the strength of the groomer

» Renormalization scale p: use for estimating perturbative uncertainties



THEORY TOOLS: GUIDELINES, USAGE, ROBUSTNESS

HOW DO WE USE THESE THEORETICAL TOOLS?

Groomed top jet mass cross section:  Hoang, Mantry, AP, stewart 2017

do ()

o §/7 5771, :u)
dM j

(M2 m? — QY

(%

— N(®, 2o, B 1) / 45’ 4y Dy(3', g, m]Q) / a0 T

></dkSCKK—%kh(CI)d,Q))(ZBQZCUt)”lﬁaﬁaﬂ} Fo(k,1) Q= 2pr cosh(ny)

o o o Dt(§/7 (I)da m/Q) — A/Qrt 2
Parameters in the factorization formula: m(8'2+T7)

di(Pq, m/Q)

» Kinematic scales pr, Ny : determines statistics of boosted top events
» m¢and Q, : parameters to be fitted (I';is fixed to SM value)

» &m : choice of renormalization scheme

> Soft drop parameters z.,: and B: adjust the strength of the groomer

» Renormalization scale p: use for estimating perturbative uncertainties



THEORY TOOLS: GUIDELINES, USAGE, ROBUSTNESS

HOW DO WE USE THESE THEORETICAL TOOLS?

Groomed top jet mass cross section:  Hoang, Mantry, AP, stewart 2017

do ()

o §/7 5771, :u)
dM j

M3 i — Q!
S

— N(®, 2o, B 1) / 45’ dy Dy (3, Dy, Q) / a0 T

></dkSCKK—%kh(CI)d,Q))(ZBQZCUt)”lﬁaﬁaﬂ} Fo(k,1)  Q=2prcosh(ny)

o o o Dt(§/7 (I)da m/Q) — A/Qrt 2
Parameters in the factorization formula: m(8'2+T7)

di(Pq, m/Q)

» Kinematic scales pr, n, : determines statistics of boosted top events
> Im¢{ and |Q : parameters to be fitted (I, is fixed to SM value)

» &m : choice of renormalization scheme

> Soft drop parameters z.,: and B: adjust the strength of the groomer

» Renormalization scale p: use for estimating perturbative uncertainties



THEORY TOOLS: GUIDELINES, USAGE, ROBUSTNESS

HOW DO WE USE THESE THEORETICAL TOOLS?

Groomed top jet mass cross section:  Hoang, Mantry, AP, stewart 2017

do ()

o §/7 5m7 :u)
dM j

(M2 m? — QY

(%

— N(®, 2o, B 1) / 45’ dy Dy(3, Dy, m/Q) / a0 T

></dkSCKK—%kh(CI)d,Q))(ZBQZCUt)”lﬁaﬁaﬂ} Fo(k, 1) Q= 2prcosh(ny)

o o o Dt(§/7 (I)da m/Q) — A/Qrt 2
Parameters in the factorization formula: m(8'2+T7)

di(Pq, m/Q)

» Kinematic scales pr, n, : determines statistics of boosted top events
» m¢and Q, : parameters to be fitted (I';is fixed to SM value)

» &dm : choice of renormalization scheme

> Soft drop parameters z.,: and B: adjust the strength of the groomer

» Renormalization scale p: use for estimating perturbative uncertainties



THEORY TOOLS: GUIDELINES, USAGE, ROBUSTNESS

HOW DO WE USE THESE THEORETICAL TOOLS?

Groomed top jet mass cross section:  Hoang, Mantry, AP, stewart 2017

do ()

o §/7 5771, :u)
dM j

(M2 m? — QY

(%

N, B 1) / 45’ dy Dy(3, Dy, m/Q) / a0 T

></dksc{(z—%kh(cbd,Q))(zﬁchut)ﬁ,ﬂ,u} Fo(k, 1) Q= 2prcosh(ny)

o o o Dt(§/7 (I)da m/Q) — A/Qrt 2
Parameters in the factorization formula: m(8'2+T7)

di(Pq, m/Q)

» Kinematic scales pr, n, : determines statistics of boosted top events
» m¢and Q, : parameters to be fitted (I';is fixed to SM value)

» &m : choice of renormalization scheme

> Soft drop parameters z.,;: and B: adjust the strength of the groomer

» Renormalization scale p: use for estimating perturbative uncertainties



THEORY TOOLS: GUIDELINES, USAGE, ROBUSTNESS

HOW DO WE USE THESE THEORETICAL TOOLS?

Groomed top jet mass cross section:  Hoang, Mantry, AP, stewart 2017

do ()

o §/7 5771, :u)
dM j

(M2 m? — QY

(%

— N(®, e, B / 45’ dy Dy(3, Dy, m/Q) / a0 T

></dkSCKK—%kh(CI)d,Q))(ZBQZCUt)”lﬁaﬁaﬂ] Fo(k, 1) Q= 2prcosh(ny)

o o o Dt(§/7 (I)da m/Q) — A/Qrt 2
Parameters in the factorization formula: m(8'2+T7)

di(Pq, m/Q)

» Kinematic scales pr, n, : determines statistics of boosted top events
» m¢and Q, : parameters to be fitted (I';is fixed to SM value)

» &m : choice of renormalization scheme

> Soft drop parameters z.,: and B: adjust the strength of the groomer

» Renormalization scale p: use for estimating perturbative uncertainties



THEORY TOOLS: GUIDELINES, USAGE, ROBUSTNESS

HOW DO WE USE THESE THEORETICAL TOOLS?

Groomed top jet mass cross section:  Hoang, Mantry, AP, stewart 2017

do(®,)
dM ;

M2 —m2— Q!

(%

— N(CIDJ,zcut,B,,u)/dé’ d®y Dy (5, D4, m/Q) /dﬁ JB( - §’,5m,,u)

x /dk Sor| (¢~ %kh(%, Q))(zﬁchut)Hlﬁ,ﬁ,u} Fo(k,1) Q= 2prcosh(ny)
DU(E B4, m/Q) = — 3 du(@t, m/Q)

Parameters in the factorization formula:

Power counting in the EFTs involved

imposes strong constraints on the
ranges of these parameters.

» Renormalization scale p: use for estimating perturbative uncertainties



THEORY TOOLS: GUIDELINES, USAGE, ROBUSTNESS

CONSTRAINTS FROM POWER COUNTING

Constraints on the top mass scheme choice:

(pole mass does not violate power counting)

~ 1 pole
Pole Mass: —>—‘—>— $— mPe Am;  ~ Aqcp

» Good for electron in QED, but NOT for quarks: renormalon ambiguity
MS Mass: My

> No ambiguity and suitable for inclusive cross sections, but NOT for
kinematic extraction: incompatible with Breit-Wigner

pole —
m = My +H{(U + ...
MSR Mass: t t

Ih=14
mele _ mt(R, ,LL) -+ (Smt(R, ,u) 7GeV > t GeV

e = B33 o[ (4)

=t k=0 > Take R ~ I;: No Ambiguity and
Define using MS coefficients a,,;, Compatible with Breit Wigner




THEORY TOOLS: GUIDELINES, USAGE, ROBUSTNESS

CONSTRAINTS FROM POWER COUNTING

Constraints on the kinematic region

and soft drop parameters: ! __
ucollinear groomed _ — — —
10k - —
9 > Zeut 2 5 = 107 allowed regio
m m Q 8 Collinear and
N 1073 \Soﬂ; factonz@
Ensure soft drop otk T m=——
does not touch mass T~ o _ _  usoftnotgroomed _
1075 | | e |
Ensure soft drop 500 1000 1500 00
removes most
p1 [GeV]

contamination

“light grooming” here

» Light grooming region: z.,: ~ 1%

» Minimum prallowed by constraints: pr~ 500 GeV



THEORY TOOLS: GUIDELINES, USAGE, ROBUSTNESS

CONSTRAINTS FROM POWER COUNTING

light groomed factorization invalid
107!
§ 1072 allowed region B =2 §
e N
1073
usoft not groomed
10—4 | | |
500 1000 1500 2000
1 pr [GeV]
10-'L light groomed factorization invalid
2 1072 33
N allowed region B=1 e
1073
usoft not groomed
1074 | | |
500 1000 1500 2000
1 pr1 [GeV]
10-'L light groomed factorization invalid
5 2 =
102
3 , 3
allowed region B=0
1073
usoft not groomed
1074 | | |
500 1000 1500 2000

pr [GeV]

1071

1072

1073

10~

107!

1072

1073

107!

1072

1073

ed
scollinear 81O B =2, pr =1000GeV
7~ allowed region

= usoft not groomed

175 180 185 190 195 200
M j [GeV]

ucollinear groomed

B =1, pr = 1000 GeV

usoft not groomed

175 180 185 190 195 200
M j [GeV]

ucollinear groomed

B =0, pr = 1000GeV

usoft not groomed

175 180 185 190 195 200
M j [GeV]

Vary (3
Peak Region

More
grooming



THEORY TOOLS: GUIDELINES, USAGE, ROBUSTNESS

CONSTRAINTS FROM POWER COUNTING

light groomed factorization invalid p
0" Vary
5107 allowed region =2 Peak Region
103 107 usoft not groomed
usoft not groomed
Lo+t | | 10-41 1 1 1 1
500 1000 1500 2000 175 180 185 190 195 200
Pt [GeV] M j[GeV]
1
: ucollinear groomed
1| light groomed factorization invalid 101 B=1, — 1000 GeV
10 on pPr c More
45 45 a\\()wed I‘egl .
3 R - i 2 1T gqrooming
1073
us o ° ° ° °
~L.| Light grooming constraints invalidate
[
—1 values of z,; and B typically employed by
o [ ) ( J
oL experimentalists: z.,: ~ 0.1, =0,
§ 1072
W

owed:

1073

f . OO
ulsotnot gr(l)omed — p 21 ,2

| | 10—4 | | | | ] l
500 1000 1500 2000 175 180 185 190 195 200

prIGeV] M ;[GeV]




TESTING EFFECTIVENESS
OF LIGHT GROOMING




THEORY TOOLS: GUIDELINES, USAGE, ROBUSTNESS

TESTING EFFECTIVENESS OF LIGHT GROOMING

» Most Contamination is removed with light grooming.

Predict: transition at z.y: ~ 1% \/

Pythia8: pp — tf, m”“ = 173.1 GeV Zeut = 0.20 -

pr 2750GeV, R=1 —nu 7.,:=0.05 -

p}eto = 200 GeV, B = 2 — Zeut = 0.02 7

E—— Zcut — 0.0l ]

0.1 — Zogt = 0.005
Zeut = 0.001

No soft drop

(1/0)do/dM; [cev!]




THEORY TOOLS: GUIDELINES, USAGE, ROBUSTNESS

TESTING EFFECTIVENESS OF LIGHT GROOMING

i | | | | | | | | | | |
I Pythia8 Had+MPI: pp — 11
— [ mM© = 173.1 GeV, pr > 750 GeV
o . 0.09- Zou = 0.01, =2 R—07
Pred |Ct: % p pr° =200 GevV R=08
B \ R=09 7
Independent of < 0,060 A\ Ro10
. 2t X R=12
Jet Radius 5 : R=15
£ 0.03 _
O_ l l l l | l l | l l | l l l l
170 175 180 185 190
0-15 | | | | | | | | M‘] [l(}eY] | | | | | | | |
u . - R=0.7
Pythia8 Had+MPI: pp — tf R 08
— | mf©=173.1GeV, pr 2750 GeV R=09
'> | No soft drop, py° = 200 GeV R=10
8 0.1+ R=12 —
. S 0 N>
» Without Soft Drop (huge): T | S
S 0.051 /
b B
By i
O. | | | | | | | | | | | | | | | | |
170 175 180 185 190




THEORY TOOLS: GUIDELINES, USAGE, ROBUSTNESS

TESTING EFFECTIVENESS OF LIGHT GROOMING

Predict independent of cutoff
on radiation outside the jet (“jet veto”): \/

0-12 | | | | I | | | | I | | | | I | | |

Pythia8 Had+MPI: pp — 1t
mMC = 173.1GeV, pr > 750GeV, R = 1

Zewt = 0.01, B =2
“ /\ t I P = 20 GeV

Py = 40 GeV
p;eto _
p;e 0 _

veto

No p; cut

O
-
O

O

-

W
L

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

I
DN =
o O
o O
Q Q
o o
< <
|




THEORY TOOLS: GUIDELINES, USAGE, ROBUSTNESS

TESTING EFFECTIVENESS OF LIGHT GROOMING

Significant
improvement with
soft drop:

Without soft drop:

0.2
I ] I I I I I I I I I I I I I I I I
- Pythia8: pp — 17, Had+MPI -
— 016 pr®=200GeV, pr 2750 GeV, R=1.0 ]
| TR -
B Zeat = 0.01, B=2 i
% L t ]
g 0.12[- Had+MPI: peak = 175.26 GeV ]
~ - i
= - Had: peak = 174.37 GeV -
% 0.08:— Partonic: peak = 173.37 GeV _:
= N i
b - i
~ - | 4
= 0.04 I i
- | n}NC =173.1GeV .
O. | | | | | | | | | | | | | | ]
170 175 180 185 190
0.2 I I I I I I I I MJ [l(}eY I I I I I I I I
- | Pythia8: pp — 1, Had+MPI ]
— 016 | pr =200 GeV, pr =750 GeV, R = 1.0 7
= i | i
8 - l Had+MPI: peak = 180.83 GeV
= 0-12__ | Had: peak = 176.35 GeV ]
E - Partonic: peak = 173.89 GeV i
5 0.08F -
= _ i
b | \
~ - —
= 0.04 _
: - nfll?“c =173.1GeV
O. | | | | | | | | | | | | | ]
170.5 175.375 180.25 185.125 190.

M;[GeV]
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TESTING EFFECTIVENESS OF LIGHT GROOMING

Soft Drop Prediction: QQ = 2pr cosh(ns)
e*e” and pp collisions should be close for similar kinematics

i | | | | | | | | | | | | |
- Pythia8: mM = 173.1 Gev
B veto y 7
. . | pr =200GeV, R=1 pp — tt: pr =750 GeV i
WlthOUt SOft Drop |> o115~ ... pp: No soft drop (Had+MPI) —
. L - e pp: No soft drop (Had) ]
(differ): S T
~ i ee — tt . Q = 2400 GeV i
2 0.1 “'N, = = = = ee: No soft drop (Had) —
3 = / \:0. -
S - ’ N
= i ’ LN e
L oosk L. S T ;
— i I ~. .., i
N—’ i ‘/ -~ , ~ : ........ |
SR B T
L L | | ]
170 175 180 185 190
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TESTING EFFECTIVENESS OF LIGHT GROOMING

Soft Drop Prediction: \/
e*e” and pp collisions should be close for similar kinematics

With Soft Drop
(peaks within
0.2 GeV ):

Much Smaller Contamination!

QQ = 2 pr cosh(ny)

| Pythia8: mM“ = 173.1Gev
- pr® =200GeV, R =1

pp — tt: pr > 750GeV
pp: soft drop (Had+MPI)

T 0.15 B Zew =001, B=2 e pp: No soft drop (Had+MPI) _
% = o pp: soft drop (Had) .
g i /77 \N e pp: No soft drop (Had) i
~ i / ee — ti: Q = 2400 GeV _
% — / - X< - == = ee: soft drop (Had) —
= - ' O- e, ===+ ee: No soft drop (Had) i
b - / J. I
S . AN i
E . '\\ S T N
> . N ~ ; _
lﬂ -~ . -.L..;-.-..._
O. - -I ' ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] |

170 175 180 185

MJ [GEV]



TESTING ROBUSTNESS
OF THE THEORY
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TESTING ROBUSTNESS OF THE THEORY

Independent NLL theory fits to
Had-only and Had+MPI Pythia

» Expect a dominant change in Qq:
Nonperturbative corrections can
model UE.

Expect m; to remain the same:
Nonperturbative corrections
well understood and do NOT
mix with the perturbative
components.

O°3 I I I I I I I I I I I I I I I I I I I
B pp — tt: pr > 750GeV ]
1 Zw =001, =2, R=1, pf°=200GevV |
Lot 4 — = Pythia Had: mM° = 173.1 GeV
CBU 0.2 decay: mM® =172.8 GeV = —
= T @, ¥y = (2.Gev, 0.1) :
53 I / -« = high p;: m®=173.GeV
N Q7 1) = (1.Gev, 0.3) i
= 0.1 |
S -
= L7/ |
~ ./ ‘ No UE : :
O._ | | : | I | | | | I | | | | I | | | |
170 175 180 185 190
M ;[GeV]
0-3 I I _I I I I I I I I I I I I I I I I I
| pp it pr2 DOGN - poiia Had+MPI: ]
- - _ 3 m, = . 1
l% 2o =001, 5=2 decay: m™R =173.1 GeV T
5 0.21— (QPMPL X IOMPY = (3.4 Gev, 0.3) T
; I 4 — .= high p;: mM™* =1732 GeV |
S ot QM XM = (1.7 Gev, 0.6)
b | -
= 0.1 N |
S I/ = l
v: / ° - =
_-/:With UE: .
0._ | | : | I | | | | I | | | | I | | | | |
170 175 180 185

M ;[GeV]
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TESTING ROBUSTNESS OF THE THEORY

4

Independent NLL theory fits to
Had-only and Had+MPI Pythia

Expect a dominant change in Q;

Nonperturbative corrections can

model UE.

Expect m; to remain the same:
Nonperturbative corrections
well understood and do NOT
mix with the perturbative
components.

Get m; within 0.3 GeV

Bands correspond to
perturbative uncertainty

0.3

]

-

<
b

(1/0)do/dM; [GeV~

pp — tt: pr =750 GeV
Zew = 0.01, B=2, R=1, pr® =200 GeV

— = Pythia Had: mM° = 173.1 GeV
decay: mM® =172.8 GeV
@', x) = 2.Gev, 0.1)
- = high pr: m™* =173. GeV
Q7 1) = (1.Gev, 0.3)

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

——
———

M ;[GeV]

3

[GeV™
©
[\
N\

(1/o0)do/d

rd

T

- pp — tt: pr = 750GeV
R =1, py° =200GeV
Zewt = 0.01, B =2

I I I I l I I I I l I I I I l I I I I

— = Pythia Had+MPI:

mMC = 173.1 GeV

decay: mMR =173.1 GeV

(QPMPL X IOMPY = (3.4 Gev, 0.3) T

—« = high pr: MR =1732GeV |
@M XM = (1.7 Gev, 0.6)

| | | |

/ NS ~ —

-/ With UE, —5aoo - -

| | 'l | I | | | | I | | | | I | | | |

0.
170

175 180 185 190
M;1GeV]
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TESTING ROBUSTNESS OF THE THEORY
Independent NLL theory fits to Had- only and Had+MPI Pythla

0 3 I I I I | I I | I I I | I I I I O 3 I I | I I I I | I I I I I
i pp = tt: pr=> 750 GeV ] i pp — tt: pr > 1000 GeV ]
— L Zew = 0.01, B=2, R=1, py*° =200 GeV 11— [ Zew = 0.01, =2, R=1, pr® =200 GeV ]
S — — Pythia Had: mM“ = 173.1 GeV S — — Pythia Had: mM“ = 173.1 GeV 1
8 0.2 decay: mMR =172.8 GeV = — CB" 0.2 decay: mYR = 1728 GeV = —
= T @', x) = 2.Gev, 0.1) 1= T @'", Ay = (2 GeV, 0.1) .
N UE' = | == highp;: m™*=173.6ev T | —-— high py: m"*=173.GeV ]
O e T | Q, 5 = (1.Gev, 0.3) T L Q7 1% = (1.Gev, 0.3)
= 0.1 = 0.1
& &
O_ 1 I 1 O 1 1 : 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1
170 175 180 185 90 170 175 180 185 190
M [GeV] H|gher PT M, [GeV]
0-3 I I I I | I I I I | I I I I | I I I I 0.3 T T T T | T T T T | T T T T | I I T T
" 1t > 750 GeV 7 - [ 7
e ocer — Pythia Had+MPT: ] pp it pr > WOOGY . Pythia Had+MPT: ]
= eV ' R=1, pf 200 GeV
- r 001 5 € =173.1GeV 1 001, 6 =2 € =173.1GeV .
L | Zeut = B= decay mMSR = 173.1 GeV 1 '> [ o = B= —_— decay my>R =173.1 GeV 1
&5 021 QUYL OMP (3 4 e, 03) | B 02 QYL OMPL (3 4 ey, 0.3)
With UE.§ i — - = high pr: mMR? =1732GeV | ; i = — - = high p;: mWMR =1732GeV |
‘3 N QIMPLOMPh — (1.7Gev,06) 4 =5 L (QPMPL MPL) — (1.7 Gev, 0.6)
~
b b
= 0.1 = 0.1
b b
iy —
| | : | | | | | | I | | | | | | | | | | | : 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1
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TESTING ROBUSTNESS OF THE THEORY

Summa"z'ng the fit results: Not shown: results for “high pt” fact. theorem.
Had, decay, MSR : mMSR = 1728Gev, QY =20Gev, M =01
No UE: | " "
Had, decay, pole: myo" = 172.4 GeV, Q7 =1.8GeV, ry’ =0.1

Had+MPI, decay, MSR: ~ mMSR = 173.1Gev, QPM! =3.4Gev, 2{PMT=0.3

With UE:

Had+MPI, decay, pole: mfc’le = 172.7GeV, Q?)MPI = 3.2GeV, :ch)MPI = 0.3



THEORY TOOLS: GUIDELINES, USAGE, ROBUSTNESS

TESTING ROBUSTNESS OF THE THEORY

Summa"z'ng the fit results: Not shown: results for “high pt” fact. theorem.
Had, decay, MSR : mMSR = 1728Cev, QY =20Gev, M =01
No UE: | " 1
Had, decay, pole: myo" = 172.4 GeV, Q7 =1.8GeV, :U(2 ) —0.1

Had+MPI, decay, MSR: ~ mMSR = 173.1GeV, QPM! =3.4Gev, 2PMT=0.3

With UE:

Had+MPI, decay, pole: mfc’le = 172.7GeV, Q?)MPI = 3.2GeV, :ch)MPI = 0.3

» (Preliminary) Fits to Pythia with mM¢ = 173.1 GeV yield
m">R~ 173 GeV for R = 1 GeV: Compatible with ee
calibration by Butenschon et. al, 2016.

Butenschoen, Dehnadi, Hoang, Mateu, Preisser, Stewart 2016
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TESTING ROBUSTNESS OF THE THEORY

Summa"z'ng the fit results: Not shown: results for “high pt” fact. theorem.
Had, decay, MSR : mMSR = 1728Cev, QY =20Gev, M =01
No UE: | " "
Had, decay, pole: myo" = 172.4 GeV, Q7 =1.8GeV, ry’ =0.1
. Had+MPI, decay, MSR: ~ mMSR = 173.1GeV, QPM! =3.4Gev, 2PMT=0.3
With UE:
Had-+MPI, decay, pole: fOIe =172.7GeV, Q?)MPI = 3.2GeV, a:éQ)MPI = 0.3

» (Preliminary) Fits to Pythia with mM¢ = 173.1 GeV yield
m">R~ 173 GeV for R = 1 GeV: Compatible with ee
calibration by Butenschon et. al, 2016.

Butenschoen, Dehnadi, Hoang, Mateu, Preisser, Stewart 2016

> Pole mass fits yield values 0.4-0.6 GeV smaller than mV¢;
Can be explained by evolution of MSR mass at NLL

mPo'® ~ mMSR(R = 5 GeV)
myPR (1 GeV) — mMR(5GeV) = 0.53 GeV
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TESTING ROBUSTNESS OF THE THEORY

Fits for ungroomed Fiss 1o Pythia with mMC = 173.1 GeV yield m{MR~ 172.8 GeV
topjets et re ettt e re et

Ungroomed — — Pythia Had: mMC = 173.1GeV
Factorization: mM® = 173. GeV ]
(Qq, x) = (1.6 GeV, 0.6)

Ungroomed — — Pythia Had: mM° = 173.1GeV -
Factorization: mM*® = 173. GeV ]
(Qq, x) =(1.6GeV, 0.6)

e
p—
N
<
f—
()]

~ N pp > ti: R=1, py° =200GeV
pr = 750 GeV

pp > ti: R=1, py° =200GeV
pr € (550, 750) GeV

No UE:

<
o
N
<
o
(9,

(1/o)do/dM; [GeV ]
II\IlIIIITIIIIlIIII

| | | | | | | | | | | | | |
(1/o)do/dM; [GeV ]
| | | | | | | | | | | |

| ™

oL T A T TR R N NN S R [ oL 1 N I R NS N N TR S T S R
170 175 180 185 190 170 175 180 185 190
I M ;[GeV
M ;[GeV] ngher pT 71GeV]
Iﬁ

0'12_ ! ! ! ! | ! ! ! ! | ! ! ! ! | ! ! ! ! | ! ! ! ! | ! ! ! T ] 0.12_ T T T T | T T T T | T T T T | T T T T | ! ! ! ! | ! ! ! ! H
- Ungroomed — — Pythia Had+MPI: m'® = 173.1 GeV - L Ungroomed — — Pythia Had+MPI: m"“ = 173.1 GeV -
— 0.1 Factorization: mM® =172.7GeV —-| — 0.1 Factorization: m}® =172.7 GeV —
S . @™, 5" =(5.6Gev, 0.7) 1 & . @Y1, M = (5.6Gev, 0.7)
) - ] @) - ]
with UE.Q 0'08:_ pp > ti: R=1, py° =200GeV _: g O°08:_ pp > ti: R=1, pF'° =200GeV _:
o - pr € (550, 750) GeV ] S - >750GeV ]
= 0.06F- 4 = 006 T =
N B i < B Sy i
T 1 L y S i
= 0.04 4 =004 : -
S ¢ : : I : ~7
= 0.025 7/ : = T 00 / : =
C ' ' : g ' ' N
0. | | : | | | | | | | | | | | | | | | | I | | | | | | | | | N O' | | : | | | | | | | | | | | | | | | | I | | | | | | | | | N

170 175 180 185 190 195 200 170 175 180 185 190 195 200

M ;[GeV] M ;[GeV]
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OUTLOOK Bridging the gaps between
Theory, Data and MC

pole — MSR
mt ,mt, mt 9 o o o

~




Bridging the gaps between
Theory, Data and MC

mPo' m,, mMSR, Major challenge - limited
statistics at high pr required by
light grooming.

Theory (QFT)
Ungroomed factorization
Monte can be used to analyze
Carlo lower pr top jets.
/ Light grooming effective in
MC , .
Experiment mt redUC|ng the UE - pl|e Up? If
pile up behaves like soft
radiation:

Ql N Qll\/IPI—I—Plle up

Track based pile up
subtraction methods likely to
be compatible.



pole — MSR,

my y 1T, TNy

Theory (QFT)

Experiment

’ [ ] [ ] [ ]

~
e

Bridging the gaps between
Theory, Data and MC

Monte
Carlo

MC

Monte Carlo Top Mass
Calibration - not limited by
statistics.

A more thorough calibration
studies with multiple pr bins,
other values of z.,: and .

Observed agreement between
e*e calibration and our
preliminary studies suggest
that one may be able to use
MCs to extrapolate outside the
range of factorization theorem.



CONCLUSION

» Factorization Theorems for Soft Drop jet mass
enable direct QCD calculation of hadronic cross
section

» Light Grooming with Soft Drop

» Dramatically reduces Underlying Event (factor
~5)

» Retains events without need for strong selection Theory(QFT)

cuts \

» Enables both semi-leptonic and hadronic
channels to be used

Simulation
(Monte Carlo)

» Gives result that is insensitive to jet radius and
jetveto Experiment

» Theory depends on m _and Q , and agrees well with
Pythia.

» Pythia UE shifts Q. with small effect on m,
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» Factorization Theorems for Soft Drop jet mass
enable direct QCD calculation of hadronic cross
section

» Light Grooming with Soft Drop

» Dramatically reduces Underlying Event (factor
~5)

» Retains events without need for strong selection Theory(QFT)

cuts \

» Enables both semi-leptonic and hadronic
channels to be used

Simulation
(Monte Carlo)

» Gives result that is insensitive to jet radius and
jetveto Experiment

» Theory depends on m _and Q , and agrees well with
Pythia.

» Pythia UE shifts Q. with small effect on m,
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TOP JET MASS WITH SOFT DROP

Radiation off the top quark (either collinear or soft):

CONSTRAINTS FOR SOFT ORGP ON BOUSTED T0P JETS”_»
/\3//

K= (kT k7 k1) = (BE(1 = cosf), E(1+cos), k)

/
_‘1;
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Radiation off the top quark (either collinear or soft):

CONSTRAINTS FOR SOFT ORGP ON BOUSTED T0P JETS”_
/\(/

K= (kT k7 k1) = (BE(1 = cosf), E(1+cos), k)

Peak Region: M ; —m’ ~ mI' < m’ t

m2 QmFt
Q2(1 - cosf)| ~ o

2| (1 — cosf) A
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CONSTRAINTS FOR SOFT DROP ON BOOSTED TOP JETS V

Radiation off the top quark (either collinear or soft):

k:f = (kT k7, k1) = (E(1 —cosb),E(1 +cosb), k)

Peak Region: M ; —m’ ~ mI' < m’ t
m? 2ml’
2| (1 —cosf) Q2(1 - cosf)| ~ ta

Soft Drop: z > 2., 6”
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CONSTRAINTS FOR SOFT DROP ON BOOSTED TOP JETS V

Radiation off the top quark (either collinear or soft):

kf = (kT k7, k1) = (E(1 —cosb),E(1 +cosb), k)

Peak Region: M ; —m’ ~ mI' < m’ t
m? 2ml’
z|(1 —cosf) A Q2(1 -cosf)| ~ ta

Soft Drop: z > 2., 6”

How to decide whether to keep the gluon or groom it away?
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CONSTRAINTS FOR SOFT DROP ON BOOSTED TOP JETS y

Radiation off the top quark (either collinear or soft):

kf = (kT k7, k1) = (E(1 —cosb),E(1 +cosb), k)

Peak Region: M ; —m’ ~ mI' < m’ t
m? 2ml’
z|(1 —cosf) A Q2(1 -cosf)| ~ ta

Soft Drop: z > 2., 6”

How to decide whether to keep the gluon or groom it away?

Answer: Decide based on what EFT modes are important.
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CONSTRAINTS FOR SOFT DROP ON BOOSTED TOP JETS V

Radiation off the top quark (either collinear or soft):

K= (kT k7, k1) = (E(1 —cos), E(1 +cosf), k)

N\

~ ml <« m? . Lt

Mass scheme is specified in HQET

Peak Region: M ; —m’

m2 ert

02 (1 4 cos 8) 02

2| (1 —cosf) H

Soft Drop: z > 2., 6”

Keep Ultra-collinear modes
Groom away Soft modes

SCET [A ~m/Q < 1]

bHQET [I'/m < 1]

n-collinear (&,, Ay)

n-collinear (&5, Ak

n)
mass-modes (¢, An)
)

Crosstalk: soft (gs, As

ph~Q(A 1,
ph~Q(1, A%, A
P~ QA A N)
pgNQ()‘27 )‘27 )‘2)

n-ucollinear (h

ey AR)  EP~T(, A1)
n-ucollinear (h,_, A") kF~T(A71 A1)

same soft (qs, A%) ~ (A A A) )
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WHAT MODES ARE LEFT AFTER SOFT DROP?

Non Perturbative Mode

-1 = 1500 GeV
In(z"") Soft Dropped b -
blue curve: 0 |
measurement M, ‘@,‘/ P° o~ A2
in the peak region "" | QCD
CS | , Collinear
Soft, Lom
— I w
ln(Zcult) : UCMZT}
Collinear Soft Mode ln(é’c_ll) In(6™ 1)

» Collinear Soft Mode: widest angle soft mode allowed

» Non Perturbative Mode: determines scale of NP corrections



In(z™") Soft Dropped pr =100 GeV WHEN DUES
2 SOFT DROP
~ Moo STOP?

e Colline;r

— 7,2
J

| WHAT IS THE SIZE OF
| UC NONPERTURBATIVE
In(4;") In(6") CORRECTIONS?

Pr = 750 GeV

ln(Z;llt)

ln(z_l) T Softer

PP~ A2

Soft Dropped QCp

?

Collinear

J v
/ m zF,

1
In(Zgy) Soft
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GROOMED JET RADIUS DISTRIBUTION

Groomed Jet Radius shows
similar transition at z.,: ~ 1%

The peak of Ry
distribution decreases
as a function of pr.

Soft Drop can be satisfied by
top decay products, and give
rise to this behavior.

(1/o)do/dR,

(1/o)do/dR,

N

\9)
LI L

T mMC =173.1Gev Zeut = 0.10
pr = 750 GeV — Zcut = 0.05
pr° =200 GeV ———  Zeut = 0.01

1 R=1,8=2 —— Zeu =0.005 |

I I I I I I I I I I I I I I I I I I I I I I I I
Pythia8 Had+MPI: pp — 170GeV < M; < 180GeV

Zeut = 0.001 |

1 | | | I | | | | |
0.3 0.5 0.7 0.9 1.1

R,

. I I I I l I I I I l I I I I l I I I I l I I I I

L mMC = 173.1GeV, pi™® = 200 GeV
AR=1, 2oy = 0.01, =2

Pythia8 Had+MPL: pp — 7 170GeV < M, < 180GeV

pr € [450,550] GeV -
pr €[550,750] GeV
pr > 750 GeV i

0.3 0.5 0.7 0.9 1.1
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TWO CASES FOR NONPERTURBATIVE CONVOLUTION

In(z™h)

Soft Dropped

1

pr=1500GeV - Factorization at High pr: Q > Qm(
Agep

M2 o2
-~ d—o- - N(QBQZCUM /’L)/de JB ( / T an Ft7 5?77,, M)
Collinear dM ; my
w2
In(zgy,) | S E\Y (o =
I UucC X/dkSC[<€_k<2BQ > )(2 chut)l—i_ﬁaﬁa /'L]FC(kaﬁ)
| Zcut
In(6,") In(6™")
m/Q h ~ Ry/4 Q = 2 prcosh(n)
(1) T . —7s0cev Factorization with Decay Products Effects:
Softer
Soft Dropped A P°~ AG do(®) M2 —m? — QY
PP QD ST = N (@, e, B [d5 a0 DU, B, /@) [ae 1 (F )
Collinear
2 k 1
MJ — ”ZIQ N mtn X /dk SC {(6 — %h(q)d, g)) (QBQZCU‘B) 145, Ba ,LL} FC(k7 1)

ln(z;ult)

Iy

Dy(§, @4, m/Q) = de(Pg, m/Q)

(82 +17)
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FACTORIZATION WITH DECAY PRODUCTS EFFECTS

dO‘((I)J)
dM ;

M?% —mi — QY

Tt

— N(@J,zcut,ﬁ,,u)/dé’ d®y Dyi(5, @4, m/Q) /d€ JB( - §',5m,,u)

></dksc{(z—%kh(@d,g))(zﬂqzzm)”lﬂ,ﬁ,u} Fe(k,1) - 0; Q

(@ m)Q) s
r(@2 41z o @ = 2 pr cosh(ny)

OO O

» Factorization now depends on angluar distribution of decay products

Dt(§/7 (I)da m/Q) —

» Model function now beta dependent

F(;(k)deca'y _ ngghPT (k, B=1)



PYTHIA STUDIES: PYTHIA COMPARISON WITH SOFT DROP FACTORIZATION
FACTORIZATION WITH DECAY PRODUCTS EFFECTS

- R=1

35 45 55

121

Which factorization to use?

0a Q

2 m

Qett — (pry QL) ~

Compare the + component
of non perturbative mode

0.45 I IQ/’/Int I I I I I I I I I 045 T T T T l T T T T l T T T T l T T T T
i Zeut =001, 8=2, R=1 I Zeut = 001, 8=2,R=1 |
0.3 _
% [ _._. High-py Fact. Thm.:k = 0.5 GeV
= Decay Fact. Thm.: k=0.5GeV
Q
0.15 _
S~ —.-. High-pp Fact. Thm.: k = 1.0 GeV
m ______________
e e Decay Fact. Thm.: & =2.0GeV
O._ T T I | [ 0 i A N WA T N SO T SN MR AN SO S A SR N SR SR S
500 1000 1500 2000 2500 500 1000 1500 2000 2500
pr [GeV]
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RESULTS FOR SMALLERPT ~ or—g
B pp — tt . pr € (550, 750) GeV
0 Zw =001, B=2, R=1, p;®=200GeV ~ ~
Use values obtained from 3. e s
° ° ° - B (Q(l), x(l)) = (2.GeV, 0.1)
fits to higher pr bins S _ o high prs m = 173, GeV
T QY, 1) = (1.Gev, 0.3)
= 0.1
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LARGE ZCUT VALUES: BREAK DOWN OF LIGHT GROOMING FACT.
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EFFECT OF CUTS ON DECAY PRODUCT SEPARATION
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We observed disagreement
on the left of the peak
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