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Outline

® TJop Mass Measurements at the LHC

MP = m, + (nonperturbative effects) + (perturbative effects)

® Factorization for e e~ — tt

® Jop Mass Calibration for Monte Carlo Generators
[Butenschoen, Dehnadi, Hoang, Mateu, Preisser, IS arXiv:1608.01318]

® Factorization for pp — tt with & without Jet grooming

® Predictions for LHC top mass measurements with SoftDrop
[A.Hoang, S.Mantry, A.Pathak, IS (soon)]

® Conclude



LHC & Tevatron Top Mass Measurements

Use Direct Reconstruction to obtain sensitivity:

Kinematic Fit

» Selected objects:
4 untagged jets
2 b-tagged jets

» Constraints: = W boson & = W boson

2x mj;
m = mub 1- mub 2" manmop
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Eike Schlieckau - Universitit Hamburg September 30th 2014

Use Monte Carlo Templates
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Determine best fit value of Monte Carlo top-mass parameter:

CMS: mMC = 172.44 + 0.49

ATLAS: mM¢
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— 172.84 £ 0.70




What is mY'“ ? AHoang, IS arXiv:0808.0222

e Natural to think it is the pole mass, but its not.

& Pole Mass has an infrared renormalon:

Factorial growth in pert. series: (25,)" n!a?*!
Ambiguity: mP°'® ~ Aqcep
Due to the shower cutoff, m}f\m does not.

€ Pole Mass involves virtual integration over all momenta.

MC has shower cutoff which restricts real radiation. Due to
unitarity, this cutoff also affects virtual radiation & m}twc defn.



What is mY'“ ? AHoang, IS arXiv:0808.0222

e |tis not the MS mass.
miog > 'y ~1.4GeV

Not compatible with Breit-Wigner in Monte Carlo.
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What is mY'“ ? AHoang, IS arXiv:0808.0222

® Itis most like a short distance mass with cutoff R ~ 1 GeV

MSR mass: m}f\/ISR(R ~ 1G6V) ~ m}i\/IC

vary R: definition uncertainty|~ 0.5 GeV

MS Scheme: (> m(m))

m(m)—mP°® = —m(m) [0.42441 o, (M) + 0.8345 o (M) + 2.368 o2 (M) +. . ]

MSR Scheme: (R < m(m)) @ Hoang, Jain, Scimemi, IS arXiv:0803.4214

musr(R) —mP°l® = —R[0.42441 o (R) + 0.8345 o (R) + 2.368 a2(R) +. . .

mumsgr (mMsr) = m(M)



Extracting a Short Distance Top Mass at the LHC

To improve on the current experimental measurements:

® must use a kinematically sensitive LHC observable

e theoretically tractable (= factorization at Hadron level),
to obtain a measurement in a precise mass scheme
defined at Lagrangian level.

® control contamination (ISR, Underlying Event, ...)

First simplification:

® boosted top quarks, @ =2pr > my t )
Pq - Rl

I 1=}
- L
L}
L

L

&

ey®

enables us to be inclusive over decay products
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Theory Issues for pp — ttX

jet observable

suitable top mass for jets

initial state radiation

Production
e Q=2pp ~1TeV

final state radiation
underlying event/MPI
—e 1N — 173 GeV

color reconnection

beam remnant —o [, ~1.4GeV

parton distributions —* Aqcp

sum large logs  Q > m; > T



Theory Issues for pp — ttX

jet observable XK

suitable top mass for jets X First

.. o + — r
initial state radiation ee —ttX

and the issues
final state radiation X x
underlying event/MPI

color reconnection *

beam remnant

parton distributions

sum large logs @ > m; > T} *



eTe T — tt Measure what observable? d?o

Hemisphere Invariant Masses

2
M2 — (ZM‘) soft particles 52 — (Zp

1€a  p_collinear n-collinear 1€b
_ \\ ) /
— oSS axis
— S ——
hemisphere-a hemisphere-b

Peak region:

52000 [
St = MtZ — m2 ~/ mF < m2 %1500 | | 0=10.6 GeV
. Mtz — m2 1000
St = ~1'<m i
™m

500 |

. : ml’ I 1 i
Brelt ngner: S% i (mr)2 — (m> §% + T2 "o 100 200 300 400

M,, (GeV)



Factorization: Fleming, Hoang, Mantry, IS hep-ph/0703207
hep-ph/0711.2079

Hard Functions

¢¢

d?o Q
(dMQ dMQ) — UOHQ Q Um Eaﬂma“) Answer

hemi

/ Z
xJp (§t _ % T, 6m, u) Tg (@;- @ 1 sm, u) Stomi (£ —k, & — K ) F(k, k')

/- f

Hadronization
OCD (boosted HQET)
Jet Functions Soft
l Evolution and decay of top Function
quark close to mass shell Perturbative Cross talk
l control over mass scheme

HQET



Factorization: Fleming, Hoang, Mantry, IS hep-ph/0703207
hep-ph/0711.2079

d’o Q A
— H m Hm y s Mmy nswer
(dM,? de)hemi 70Hq (@ i) Hon (17 m 1)
/
< (30— S50 0m, 1) s (30— S 0,0, 1) S (£, € — K ) F (K
m m
k 2 QAQCD
MP* =my +Ti(as +a +...) A
1 h
measure extract do .
this this dM
Short distance m; can (in principle) be 0.006 |
determined to better than Aqcp oot T4 MN[Pe




Jet Function Results up to O(a2) & NNLL:

Jain, Scimemi, L.S. arXiv:0801.0743

3
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Top Mass Calibration of Monte Carlo
[Butenschoen, Dehnadi, Hoang, Mateu, Preisser; IS arXiv:1608.013 18]

Calibrate the m,"© parameter in Monte Carlo against
Hadron level theory predictions with definite 7 parameter

ete” — tt theory:

NNLL + NLO + nonsingular + hadronization + renormalon subt.

VFNS for final state jets with massive quarks
[Gritschacher, Hoang, Jemos, Mateu, Pietrulewicz 2013, 2014]

[Butenschon, Dehnadi, Hoang, Mateu (to appear)]

MSR mass, Soft Gap Scheme, and R-evolution [ticang, jain, scimemi, Stewart 20103
[Hoang, Kluth 2008]

jetti : it - B
2-jettiness variable: 7 =1-max i IQt pil
Tt

20 = f(mMSR as(mg), 1, Doy .oy s By 15y s By 1))

-

any scheme non-perturbative renorm. scales finite lifetime




Fit Procedure:

1
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PyYTHIA 8.205

Fix mMC©. Generate MC data with Q = 700, 800, ..., 1300, 1400 GeV.

For given 11; , Fit theory in peak region to determine {2, and my

Repeat 500 times for different 1; to obtain perturbative uncertainty
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Results:

. 1
o mMC differs from mP”° by

0.9 GeV (NNLL) or 0.6 GeV (NLL)

e mMC compatible with

mMSR(R = 1GeV)

mMC = 173GeV (7¢'¢)

mass order central perturb. incompatibility total
miicey NLL  172.80  0.26 0.14 0.29
my ey N°LL  172.82  0.19 0.11 0.22
mP°®  NLL 172.10 0.34 0.16 0.38
mP'®  N2LL 172.43 0.18 0.22 0.28
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Theory Issues for pp — ttX

jet observable XK

suitable top mass for jets X

initial state radiation Can apply this to current
measurements if we
trust Pythia extrapolation

underlying event/MPI for remaining items

final state radiation *

color reconnection *
beam remnant

parton distributions

sum large logs @ > m; > T} *



Theory Issues for pp — ttX

jet observable * & Jet Mass in Jet of radius R

suitable top mass for jets >

initial state radiation % Better: factorization

final state radiation % for pp

underlying event/MPI « Note: no star here
color reconnection X

beam remnant X et veto

parton distributions %  multiple channels

sum large logs Q> m; > T %k



pp — il A.Hoang, S.Mantry, A. Pathak, IS QCD

® Can be extended to pp
(using N-jettiness) (scewart Tackmann, Waalewiin) l

SCET

d?o N
=tr|Hom ST R,...)9F|®@Jp @ JpRII ® [ f
2 2 t Qm y L1y
dM 7,dM7%,dT " / l
same jet functions!
® BUT control of underlying event 0.025
, — © 300<p} <400GeV PYTHIA8AU2
IS mOdel dependent. I 00200 Iysl<2,R=1 ~Zq (1 TeV) -
. F : 98 > Zq 4
3 Y & U partonic
Simple one parameter function F S 0obr — — hadronic+MPI -
. _g [ — - - partonic + ) |
does give a reasonable model = 0010} : — partonic ® F -
hich duces Pythi = o0ost ¢ ‘
which reproduces Pythia S 000s]
(IS, Tackmann,Waalewijn 2015) 0.0000'1 T =0



Issue is that UE / MPI is significant:

1 GeV shitt

0.12—— ! [ I B B [ I B B ) B B B
- pp: pT = 750 GeV,R=1,75°"'= 100 GeV ~
G |

Pythia:

0.08— | m— 00 (Partonic) —
u | pp (Hadronic) B
5 ‘ %’ - e pp (Hadronic+MPI) .
— | b B I |
0.04— —
o I _
2 )

I Lo b b b by

Q]-?O/ 175 180

Input mass in
Pythia m=173.1 GeV

185 190 195 200
M J [GGV]
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Jet Substructure Interlude:

key tools for: e grooming jets
® tagging subjets

eg. W/Z tagging in 2016 2 @

L

EXPERIMENT

Soft Drop Trimming

Larkoski, Marzani, Soyez, Thaler Krohn, Thaler; Wang

N-subjettiness D>

Thaler, van Tilburg Larkoski, Moult, Neill

(see also Stewart, Tackmann, Waalewijn)

21



More scales:

Collinear Subjets

also used for:

Multiple Measurements:
Sum Logs of Jet Radius, In(R):

Bauer, Tackmann,Walsh, Zuberi 2012

Match To Fartorine
SCET Jet Functxon
H H
J"’ ‘]ﬂ Pﬂg —$ Tl TR

Jn,, ' Jn,., s ‘]f-lg

+

Snﬂ Snum..ﬂ,
Sﬂ e

See Chris Lee’s talk
22

Procura, Waalewijn, Zeune 2014

virtuality
A




More scales:
Soft Subjet Larkoski, Moult, Neil

Maseh To Factorw Factorize

SCET St Flametion Boundary Solts

H

H
Jns I

Sﬂ,.:l-t,.;

Sﬂ nn 8)

Factorization theorems for both collinear and soft subjects
were use for for their calculation of D,

23

virtuality
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Soft DI"OP Larkoski, Marzani, Soyez, Thaler 2014

Grooms soft radiation from the jet

min(pT’iaij) > Zent (AR'LJ )6 < > Zcut 9/8
pri + P Ro
two grooming parameters
Groomed Jet Groomed
Clustering Tree
f Zg
[ — il —zg Ieg
More Grooming Less Grooming
: >

P e B<O B=0 B>0 B~ o0



Calculating Mass!?

Larkoski, Marzani, Soyez, Thaler 2014

Pythia 8, partonic

Pert. QCD at ~NLL

0.25 ] I L] LR B 0.25 T '
- E'a'n jet —_— plalnjet SO|Id mult emT‘
— B=2 — B=
0.2  — B=1 - 02 L —— B=
B=0 E=o Sudakov factor
—— B=-05 — B=05
0.15 |- = 0.15 |- / =
R=1, p>3 TeV R=1, p>3 TeV
zcut=0.1 zcut=0.1
0.1 I - 0.1 -
0.05 —/ i / - 0.05 —/ i
0 1 1 ll 1 1 ll 1 1 ll 1 L1 O L1 1 11 1 L1 L 1 ll 1 1
10® 10° 10* 10° 102 10" 10° 10° 10° 10* 10° 102 107 10°
m?/pt? m?/pt?
More Grooming l l l l Less Grooming l
: >
B—»-oo B<O B=O B>O B—»oo



Soft DI’OP Factorization Frye, Larkoski, Schwartz,Yan 2016

Factorize
Match to SCET Jet Function

zcut

pasE HAdds

Collinear
L, functi
log ~ - unction SC
do
d — H(QQ)SG(Zcutaﬁ)
€9 .

X [50(62, Zeut, B) @ J(@)}

Isolates measurement

H(Q?) JE) ‘ achieve NNLL precision
- 1 1 loél
—log —— b



Top Jet Mass with Soft Drop
pp — tt

A.Hoang, S.Mantry, A. Pathak,IS (to appear)

27



DT > My > Ft > AQCD

e PBoosted Tops pT > My retain top decay products
T+ t )
Fat Jets R>» — _ e
pr . ¥
Sensitivity S ~ 1"y for measurement of jet-mass 11 ;
LMy —my
0 o e peak region
. O.OIOT § ~ F .
Grooming Zeuty O tail
o0 | region
§>T
Jet Veto T or pS

| 172 - 174 - 176 | 178 180

(Perturbative and Nonperturbative effects give I' > 1'; )

28



Modes:

I
i
I
I
i
I
| I
—— p*
1
QZew \ 77 A Q
Aaco(R )" s Q Zgyt

Ul4rae collinear (KAC3
'{'Df’ chay PFOAUC.‘{"-Y
% r~adloton

collinear - So-FIL dVLOle.S

(cs)



Modes: In(%)

BJ- Slope = 8
T Softer
[/ .
[ Hyperconfining
Collinear
N i M
[
Soft Dropped A p2 > /\0002
CS
uc
1 ft S~ i 1
1 2 [a)
R

ul+ro collinecar [\ACB
+Df) chay PFOAUC_f-y
%( F‘a_ckc\o«k(\of\—

collinear - JD-FIL d\/t,ocle.S‘

(cs)



Can only apply a “light soft drop” for tops:

I'y 1 @ )5

— |\ > Zcut >
m <2m / “eut (Q)?
Ensure soft drop

does not touch Jg

QmFt N B=2

______
—————
--------
-
-
-
-
_______
-
I
I
-
-
-
-
-
-
‘—
| -

~ -~
~
-~ -
-~
e
-
-~
-~
~
-
™
-
- ——
-~
- ——
- ——
-
—————
——

-

Ensure soft drop removes global
soft radiation from measurement =Ty e S——A

Factorization with Soft Drop on one jet:

d?o
dMZdT o

= tr [[A{QmS(Tcut, chuta ﬁ7 © e )®F] ®‘]B®II® ff

« {/dzdk J5 (st _ %,rt,(sm)sc [z— ( e )%,szt,ﬁ] Fc(k)}

26chut
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Pythia Tests

32



Z... dependence

Transition for “light grooming”
as predicted by factorization!

0.15 \\

[ [ [ I [ [ | [ | [ [ [ [ I [ [ [ [ | [ [ [ [ [ [ [ [
- pp-top jets, pr = 750 GeV y
i Varying zcyt N
: 3= =100,=1,R=1 i
01— I Pyth|a, Zcut= 01 —
- ‘ — Pythla, Zout = 0.05 ]
> .
% ‘ % - m— Pythia, zo,t= 0.01 B
— 1 B - s PYthia, zgyt = 0.005 =
- s Pythia, oyt = 0.001 .
0.05— & N No SoftDrop
q70 175 180 185 190 195 200



Jet Radius
Dependence

residual dependence
~ 200 MeV (this pT)

0.15

0.1

1 do
O'dhdj

0.05

I I | I l I I I I | I I

pp—top jets, pr = 750 GeV

TBCUt= 100 GeV, No SoftDrop

— Pythia(NoCuts), R =0.7
m—— Pythia(NoCuts), R =0.8
s Pythia(NoCuts), R =0.9
s Pythia(NoCuts), R =1.0
—— Pythia(NoCuts), R =1.1
— Pythia(NoCuts), R =1.2
——  Pythia(NoCuts), R =1.5

180 185 190 195
M; [GeV]

0.15—
5 ™~
o ‘ % 0.1
— | b

0.05

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

pp-top jets, pr = 750 GeV

5% =100 GeV, zgyt =0.01,8=2

Pythia(NoCuts), R =0.7
Pythia(NoCuts), R =0.8
Pythia(NoCuts), R =0.9
Pythia(NoCuts), R =1.0
Pythia(NoCuts), R =1.1
Pythia(NoCuts), R =1.2
Pythia(NoCuts), R =1.5
Pythia(NoCuts), R =1.7
Pythia(NoCuts), R =2.0

200



0.15 I I I I [ | I I | I I | I | I I I I l | I | I I I I |
Bea C U t - pp->top jets, pr = 750 GeV ]
: Varying Beam Cut :
Dependence : NoSofbrop,R=1 " —— pymia, =25 -
0.1 s Pythia, 1g%'= 50 —
- e Pythia, 15%'= 75
5 ’ g - Pythia, 7%= 100 -
-5 T e Pythia, 7%= 125
- s Pythia, 15%= 150
0.05 Pythia, No Beam Cut |
q70 175 180 185 190 195 200
M; [GeV]
0.15 I I I I I I I I | I I I I | I I I I | I I I I | I I I I
- pp—top jets, pr = 750 GeV N
: Varying Beam Cut :
i Zeut =001,8=1,R=1 i
0.1— Pythia(NoCuts), 7g%"= 25 —
- Pythia(NoCuts), 75%“'= 50 -
5| = L . cut —
> ’ % — Pythia(NoCuts), tg " =75
-1 5 - Pythia(NoCuts), tg%"'= 100 -
- s Pythia(NoCuts), 75%Ut= 125 N
0.05 s Pythia(NoCuts), 15%'= 150 o
Pythia(NoCuts), No Beam Cut

Q7O 175 180 185 190 195 200



Pythia (Hadronic e+e-) versus (Hadronic+MPI pp)

0-15|||||||||||||||||||||||||||||

- pp: pr = 750 GeV,R=1 i
G Ire at! \ ee: Ejet = 1200 GeV, hemisphere ]

5% =100 GeV, z¢yt =001, 8=1 ;

0.1— |
u pp Pythia(SoftDrop) _
5 ‘ g = ‘\‘\ — 0" @~ Pythia(SoftDrop) -
N - "‘\ we= === = pp Pythia(No SoftDrop) -
- AN —— w = o" e~ Pythia(No SoftDrop) -
0.05 N e G LI pp Pythia(No SoftDrop, MPI off) —
”
I I I I I I I I I I I I I I I I I I I I I I I I | I I I I
170 175 180 185 190 195 200
My [GeV]
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e+e- comparison with pp: MP| and Hadronization effects
(All curves with SoftDrop)

Only 0.19 GeV shitt from MPI

0.25 I I | i T /AL N R E B B I —

- ri= . - -
- / L\ Comparing e*e” and pp -
: / I Zcut = 0.01, B = ]. :
0.2— ]
— / I —— e = @@ partonic Q=1800 GeV
B - === === = ee: hadronic Q=1800 GeV
B I 4 \ — P partonic pr2750 GeV
0.15— W m—— DD hadronic pr2750 GeV|
N \ N e pp: hadronic+MPI p72750-
815 | \ ' -
— | B | \ -
0.1— A\ —
0.05(— =
0 | I I N N N N N B . L
170 174 176 178 180
Mj [GeV]

Input mass in
Pythia =173.1 GeV 37



Pythia vs. Factorization
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Which M, Variable?

0.15—

0.1

1 do
O'dMJ

0.05

l

l

| I [ [ [ I | [ [ I [ [ I I [

Jet Mass Variables

pp->top jets, pr = 750 GeV

TBcut= — IOOsZCUt =0_01,ﬂ — l,R — 1

m (Particles)

m (Exact XCone)

m (Approx XCone)

- == = M (Particles), No SoftDrop
== === = M (Exact XCone), No SoftDrc
w— === = m (Approx XCone), No SoftD|
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Pythia vs. Factorization
with SoftDrop

includes:
Hadronization+MPI

Input mass in
Pythia =173.1 GeV

T T 1

0.15

0.05

[ T [ 1 | T T 1 | T T 1 I

I I I | I I [ I l I

pp—top jets, pr = 750 GeV
2cut=001, B=2, R=1, 75°*'=100 GeV)

Pythia Had+MPI: m;=173.1
Theory Hadronic: m;=173.6
(21, x9) = (1.57 GeV, 0.98)

| M| | [ 1 1 | | | 1 1 | | | 1 1 |

0.25

175 180 185
M [GeV]

190

0.2

0.05

I|IIII|IIII|IIII

pp-top jets, pr = 750 GeV
Zcut=0.01 s ﬂ=2

(R=1, 1°*'=100 GeV)

Pythia Had+MPI: m;=173.1
Theory Hadronic: m;=173.6
(21, x9) =(1.57 GeV, 0.98)

IIII\II]I'IIIIIIIIIIIIII
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Pythia vs. Factorization
with SoftDrop

includes:
Hadronization+MPI

Input mass in
Pythia =173.1 GeV

T T 1

0.15

1 do
O'dMJ
|111|T1111|

0.05

[ T [ 1

I I I | I I [ I l I

pp—top jets, pr = 750 GeV
2cut=001, B=2, R=1, 75°*'=100 GeV)

Pythia Had+MPI: m;=173.1
Theory Hadronic: m;=173.7
(21, x9) = (1.37 GeV, 0.98)

[ | [ 1 1 | | | 1 1 | | | 1 1 |

175 180 185
M [GeV]

190

0.25——

0.2

|IIII|IIII

[|[I[I

0.05

T I I I I | [ I I I T | I I I I

pp—top jets, pr = 750 GeV
Zcut=0.01, ﬂ=2

(R=1, 7°"=100 GeV)

Pythia Had+MPI: m;=173.1
Theory Hadronic: m;=173.7
(Q1,x9) = (1.37 GeV, 0.98)

|I|[I[|||IIIIIIII

IIIIII
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Pythia vs. Factorization 1~~~
- l pp—top jets, pr = 750 GeV |
- i =001, B=2, (R=1, 75°*'=100 GeV i
with SoftDrop o =001, A2, (R=1, 75100 Ge¥)
I : Pythia Had+MPL: m;=173.1 -
. . =N | Theory Hadronic: m;=173.4 R
InCIUdeS° j!% 1 (Q1,x) =(1.57 GeV,0.68) -
Hadronization+MPI /! :
0.05— I —
| l
| -
[%'70 I ‘I | 1l5 | l l | 1E|30 | ] 18|5 I l 180
M;j [GeV]

0.25 — II T T T T [ T T T T [ T T T 1
E | pp—top jets, pr = 750 GeV E
o | Zeut=0.01, B=2 B
i [ (R=1, 1g°"'=100 GeV) i
- I —
0.15:— [ _:
815 | -
~ls L [ i
01— ]
- : Pythia Had+MPIL: m;=173.1 2
in Ut Mass in : | Theory Hadronic: m;=173 .4 -
.P 0'05: | (Q1,x) = (1.57 GeV, 0.68) _:
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Looks very promising.

But do note that this was high pT.

Pythia: curves do not change for lower pT with R=1

Not yet clear whether lower pT
values can be predicted with
SoftDrop.

44



For Comparison:

no SoftDrop

Pythia vs.
Factorization

two reasonable fits with
quite different masses
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Summary

® Llargest uncertainty in the top mass is “‘what mass is it?”

® Factorization provides answers with short distance 7¢ parameters

® Can Calibrate MC to determine relation: mi\m = ms+ ...

® Discussed promising new method in pp to measure Top Quark Mass

Future Directions

® More pT bins, NNLL, fits , combine SoftDrop & no SoftDrop, ...

® pp Monte Carlo calibration



