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Introduction

Top quark mass measurement : motivations

e Several motivations for top quark
mass measurement Eur Phys. J. C 74, 3046 (2014)
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e Electroweak fit
o Relation between my,,, my & my
o Possible constraints on BSM

e Stability condition of the EW vacuum
and top mass measurements
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e A word of caution : we only use MC :

o Hard matrix element : affect
normalisation of the variables

o Parton shower evolution : affect
normalisation and shape of
variables

o Hadronisation model : idem

e MC mass : my,, propagator prior to

top decay

— This is what we measure in general

o Need also to relate mtop and field
theoretic masses
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Introduction
Definition of decay channels
Top mass measured in tf events :

e /+jets channel : good balance
between high signal rate,
background and kinematic
reconstruction

\ Q/&"
e Dilepton channel : very low ~_

background, but &
under-constrained kinematics for
Myp Measurement, low signal

rate > K <

({ e Hadronic channel : highest signal
rate but very high backgrounds,

&/— g \& mostly from QCD multijet production
- N -~ §
Q ) + EW single top production )
/&
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Introduction

Key ingredients to top mass measurements

Methods to extract top mass : Jet Energy Scale

e Likelihoods : - Calibration
-A < AJES
o Template Miop
o ldeogram

e Matrix element

Jet-parton assignment
- b-jet ID helps
- Kinematic fitter

ATLAS : anti-k; with R=0.4 ;
Topo Calo cluster
CMS : anti-k; with R=0.5;

Particle flow candidates

ATLAS : g, = 70% 5 Elight ~ 1%
CMS :¢gp~ 70% 5 Elight = 1%
Top quark mass standard reconstruction methods
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Introduction

Measurement techniques
Template method :

e Exploit dependence of myy, on
kinematic observables

- Form templates using MC

- Maximise consistency of
templates with data at given
Mmyop related parameter
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e Avantages : m [GeV]
- Robust and straight-forward
e Drawback :

- Sub-optimal sensitivity
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Ideogram method :
Calculates per-event probability, as MEM

Defines probability densities from
distributions in MC, as templates

Avantages : In between the two

Matrix element method :

Directly calculate the event probability :
Pevt(mtop) = ftopPsig(mtop) + (1 — ftop)Pbkg(mtop)
Psig(mtop) < ‘Mﬁ(Phpz,;mtop)\

Avantages :

- Use full 4-vectors — maximal use of
statistical informations

Drawbacks :

- Computationally intensive
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Step-by-step procedure

© Select {t events candidates

e Efficient b-tag algorithms, high integrated luminosity

e Good object reconstruction

® Construct best estimator for m, (e.g. inv. mass of decay products)
@® Parametrise reconstructed mass in terms of generated mass

@ Perform maximum likelihood fit

e Calibrated on MC, evaluation on data = tt modelling crucial

s mmM =160 GeV | < )
o mMc=170 GeV | ¢ £
= MC_ © D
mM=180 GeV | § <
°
£ o
a-mg+b
1
. ) s 4] 1
M. Seidel Moriond QCD "14 Mt thC .—mteT thC
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Template method : description

= Mygp by ATLAS in (+jets channel @7 & 8 TeV (Ph.D. F. Balli, IRFU, 2014)

o Apply template method using the observable mizc°
- Signal template : parametrised by Gaussian + Landau functions
- Background template : parametrised only with Landau

e Reconstructed top quark mass has strong dependence on JES and bJES

e [n-situ measuring additional quantities to reduce these systematics :
- Reconstructed mass of W boson (m(g*°) to constrain JES SF;
developed by ATLAS & CMS (¢ + jets)
- Ratio of p2 " over p! to constrain bJES SF : only ATLAS (¢ + jets)
- Both templates : Two Gaussian functions
arXiv :1503.05427, submitted to EPJC

3 ] 1 3 ooasf ! J 3 8 005- | 3
o ATLAS ~ ] [usk=095 ATLAS ER:] - ATLAS ~ -
O 0.03F Simulation, fs-7 TeV e, = 1675 ev 2 ooar =" " Simulation, 8= 7TevS < Simulation, V=7 TeV [ovsr-00s
2 o = =1, E r - | bUSF = 1. |
2 0oz | My = 1725 Gev: g o 0357D - EN- 0.04= pa bUSF = 1.00
2 Clmo=imscor] 8 oo 57195 EN [Jossreros -
3 002 4 B 2 8 o003
2 1 2 0025 -2
s B R
E 0015 4 E ooz E- r
2 1 s 5 8 002
0.01 7 0.015 3 3
3 0.01 ~ 001 |
0.005, E 0.005 E
0 L L L | iy L L L |
140 160 180 200 22C 60 70 80 90 100 11C 0.5 1 15 2 25 3
gy [GeV] me [GeV] R

S. Pires (LPNHE) Top quark mass standard reconstruction methods May 18t 2015 7/21


https://tel.archives-ouvertes.fr/tel-01059762/document

Template method : kinematic fits

Main challenge :
e Reconstruct tt correctly even though :
- Several assignments between partons and jets possible at LO
- Additional jets coming from ISR/FSR
— Perform kinematic fit of the event, using %2 minimisation : anxu 1s12sses
w2 =2 {27;1 In TFjot (B2 | Ejots) +In TFL( ] | Er) + Kjms. In TFgps (7 | ij)}

jet,i

Mg, ey — Mig, m, — My, m —Mw = My — My
+ 8~In2~{ Qs 5 P+ ChCIzﬁsz P+ Cthz r2 }
top top w w
———
Myop extraction JES constraint  ETss constraint

— Perform kinematic fit of the event, using likelihood maximisation : ariv:13125595
L=-2 {Hf:1 In TFiet (ERERS | Ejet,i) - In TR (E7"% | Ep) Tlj=x,yIn TFE/.'”/‘SS(E,WSS | P,V)}
X B(Mg,quq | Miop; Ttop) - B(Mauev | Miop, Top) - B(ma,q, | mw,Tw) - B(myy | mw,Tw)

Mygp eXtraction JES constraint Efss constraint
= In both cases implementation of Transfer Functions (TF) ; enable to
parametrise detector resolutions
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Template method : /+jets @ 7 TeV

|Analysis lead by F. Balli and IRFU

e Signature : 2 b-jets, 1 lepton, 2 jets, EMSS (1v)

e Use of likelihood kinematic fit for jet-parton assignment
= 3D vs 2D analysis reduces systematics by ~ 40%

o [ATLAS @ 7 TeV : 172.3 + 0.8(stat.) + 1.0(syst.) GeV |

— Main uncertainties : stat. comp. bJSF (0.67) ; JES (0.58) ; b-tagging (0.50)

arXiv :1503.05427, submitted to EPJC
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Template method : dilepton @ 7 TeV and @ 8TeV
e Signature : 2 b-jets, 2 leptons, E'SS (2v)
= Use of my, estimator, defined as invariant mass of lepton and b-jet

e Reconstruction of the estimator and event fit :
- Choose permutation that minimise my,

-~ 75-80% correct assignments

|ATLAS @ 7 TeV | CMS @ 8 TeV | (only eu channel)

e 173.8 £ 0.5(stat.) & 1.3(syst.) GeV e 172.3 4 0.3(stat.) & 1.3(syst.) GeV
— Main uncertainties : JES (0.75) ; bJES (0.68) ; — Main uncertainties : JES (0.4) ; b-frag. (0.6);
hadronisation (0.53) scale (0.55) ; top pr (0.66)
- ; ; ; . . ' . 19.7 o™ (8 TeV)
« data, dil > 0.016F o,
8 "ATLAS 4l B::li:::i:round 8 E CMS 100t
‘2 400 's=7 TeV, 4.6 fo = gt fit —| = 0.014:— Preliminary 800
’:E: 4 Uncertainty = 0.012F jzz
& 300 E Z ook 29
= F 65 70 75 [Gw&\n/]
F m [Ge
200/ i 0.008 o daa
0.006 Madgraph+Pythia + B
E T m=178.5 GeV
100 - 0.004F Madgraph+Pythia + BG
F ! \ m=172.5 GeV
0.002F # o Madgraph+Pythia + BG
- 1 | Il S— L
40 60 & 100 120 “wm 160 % 50 100 150 200 250 300 350
e [GeV] miin [GeV]
arXiv :1503.05427, submitted to EPJC CMS-PAS-TOP-14-014
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Template method

- 00000 b |
Template method : All-jets @ 7 TeV

e Signature : 2 b-jets, 4 jets

8 800:—'J'L‘dt ‘46f'b,‘ T e 7TV
. . . . . o £ =4,
e Use of likelihood kinematic fit for > 700F R ra5cev
i i [} F ATLA top
jet-parton assignment £ soor S Mot cacgrouns
e Multijet background : estimated from 500F Eur. Phys. J. G (2015) 75 158
control regions in data : 400¢ E

300

- Divide into 6 regions by using two F
200F

observables with minimal

correlation : number of b-tagged 1005

jets and the 6™ jet pr
- Purity close to 17%

0oL o
™

L ¢ t ]
§+++++ Pt A e R

= Myop estimator : Ry o = mj;/ m; T6 18 2 22 24 26 28 3 32 34 36

RG/Z

Data/(MC+BG)
oo —_

o [ATLAS @ 7 TeV : 175.1 + 1.4(stat) + 1.2(syst.) GeV |
— Main uncertainties : bJES (0.62) ; JES (0.51) ; hadronisation (0.50)
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I[deogram : description

e Conceptually in between MEM and template method
- Calculates per-event probability as MEM
- Defines probability densities from distributions in MC as template methods
- Use several approaches applied in template methods, as %2 kinematic 2D
fit
e Multiple permutation per event
e Combine event-per-event likelihood

e Construct |Ike|lh00d frogn event probabilities

Pgot zexp(

Wevent

L(sample | mep, JSF) = [] Z Poor (i) | Y1 Pi(mis | Miop, JSF) x Pi(mif’? | migp, JSF)
7

events i=

fit i reco
PD in mig, PD in my
Wevent = 027:1 Pgol(i)

® m{gp Ane (mtopvJSF) ; mig° < JSF

— Used by CMS for All-jets & £ + jets
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Ideogram method

- ldeogrammethod |
Ideogram : All-jets & 7 + jets @ 8 TeV

All-jets @ 8 TeV
e Signature : > 4 light jets, 2b-tagged jets

o Use of ¥ kinematic fit for jet-parton
assignment

e Multijet background : estimated from
data-driven estimate
- Purity close to 16%
= Mygp estimator : Pyor > 0.1
CMS @ 8 TeV : 172.1 & 0.4(stat.) = 0.8(syst.) |

— Main uncertainties : bJSF (0.36) ;
JES (0.28) ; signal modelling (0.29)

CMS Preliminary, 18.2fb 7, (5 =8TeV
700 T T T
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0.5
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T

{ + jets @ 8 TeV

e Signature : = 1lepton, > 4 jets with 2b

o Use of ¥ kinematic fit for jet-parton
assignment

= Myep estimator : Pyor > 0.2
| CMS @ 8 TeV : 172.0 &+ 0.2(stat.) &= 0.8(syst.) |

— Main uncertainties : bJSF (0.41) ;
JER (0.26) ; signal modelling (0.35)

| Most precise LHC measurement : 0.77 (0.45%) |

CMS Preliminary, 19.7 b, |5 = 8 TeV, l+jets
(P

12000l weorrect
=L [ Waets

ftwrong [ single top.

1t unmatched * Data:

CMS-PAS-TOP-14-001
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Permutations / 5 GeV

s
‘ﬂm" il I |

o .
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Data/MC
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AMWT method

— e ol
Analytical Matrix Weighting Technique (AMWT)

e Used by CMS for dilepton @ 8 TeV T )
- Under-constrained system due to 2 v

Events
8
8

- Constraining with help of my, My,
— Up to 8 possible solutions per event

- One degree of freedom in the kinematics
e Reconstruct most likely mass for the event
e Scan myo, hypotheses

- Solve using smeared jets

- Assign weight for each solution N T )

AMWT mass [GeV]

- Highest weight — myq,
CMS @ 8 TeV : 172.5 £ 0.2(stat.) = 1.4(syst.)

— Main uncertainties : JES (0.61) ; b-frag (0.67) ;
renormalisation and factorisation scales (0.87)
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o
Matrix Element Method : description

o For each event a probability is defined as a function of the probabilities to be signal like (Psjg) or background like (Ppxg) :

Peyt(Miop | X) = fropPsig(Miop | x) + (1 — frop) Pokg (Miop | X)

o The probability to be signal or background like is related to the differential cross section 9 & (Mygp) through :

frop = Nsig
1P = Niig+Npkr

1 do’

Pi(miop | X —_
H(men [ ) = Gops(Miop) dx

— (mMwp | x)  with i = signal or background

b5 (Mtop) = €' (Mtap) S}y (Mrop)

e Computing the differential cross section is the heart of the method :

k : observables of the final state \M“(m P2, X, m,ap)\ Matrix element fpd, : parton density function l
at the reconstructed level J e.g.pipg — tt— bbe,uvev,, J
(mtop | k) /dp1 02d®M;(p1, P2, X, Migp) [ foar (01) foar (02) TF(x | k)

x : observables of the final »1 and py : incoming parton y do : phase space for process ) TF(x | k) : Transfer Function
state at the parton level from k to x J
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Matrix Element Method

MEM : Transfer Functions

e Transfer Functions, TF(x | k), relate parton-level quantities to detector-level ones

e Parametrise the jets’ energy detector
response :

- Typically two Gaussians are used :

o One for the core of the
distribution

o One for the tails

- Developed Crystal Ball @LPNHE :
o Better description of the tails
o Correct observed data/MC
discrepancy

e The jets and leptons directions (1, )
- Well-measured, use of 8-functions
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e Parametrise the leptons’ energy detector response

- Well-measured too, use of 8-functions
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MEM : dilepton @ 7 TeV and @ 8 TeV

Analyses on which A. Demilly, S. Pires and LPNHE contributed

= -
§ 178 axmiy+b= m®
2. - a=0.89+0.02
€8 1750 b=19.43 +4.08 GeV
. . € - %2= 068
o Calibrate the method with Monte-Carlo events T D chvan)=o0
3 174—
- Pgyt Obtained with LO Matrix Element (MG4) & 1l
4
4 L
- Parametrise detector response 170"
ATLAS Work In Progress
168 i
168 170 172 174 176 178
. . . . Generated m " [GeV]
® Calibration improved by pseudo-experiments
- T T T T T T T T T H E T T ER Jug T T T T T T T
14001 #Entries = 170342 m,,, = 172.50+ 0.22 GeV ) [ <u>=-0.01+£0.02 | 12005 #Entries = 9692 m,, — visit LPNHE on July 3¢
1200 #Events =9038.83 x2=0.13 B "8 <0 =138£001 ]  #kvents 9692 x2=0.12
E PowHeg+Pythia m_ at 172.50 GeV 2 e o 3 1000~ Dataat {s8 Tev, L =203 fb™
1000 ATLAS Work In Progress g - ATLAS Work In Progress
E = £ i - 8001
800 140~ : i E £
£ Eoe + - E
600~ 12f 3 600"
400 T ] 400
200~ £ E 2001
0.8[- - £
o- £ ] =
| ATLAS Work In Progress g E
200 06 ! ) ) ) ) s00h
162 164 166 168 170 172 174 176 178 180 182 168 170 172 174 76 178 20055 164 166 168 170 172 174 176 178 180 182
My, [GeV] Generated m, [GeV] Myep [GeV]

° | ATLAS @ 7 TeV | (only eu channel) : Ph.D. A. Demilly, LPNHE, 2014
ATLAS @ 8 TeV | (only eu channel) : S. Pires, LPNHE, Ph.D. defence 3" July 2015
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http://inspirehep.net/record/1339833/files/CERN-THESIS-2014-140.pdf

MEM : Computational challenge merged

e Numerical calculation of an N-dimensional integral using MC integrator VEGAS.
ATLAS CPU (in seconds)

o Use of MadWeight4 (only LO) : 350M
- Typically 15 mn / event — 800 days / MC e

- Production : ~ 400 variations (3 proba., Syst.) ==~
=~ 15M hours for 8 TeV results 0o

o Tested new tools oo

- MadWeight5 : x60 faster, NLO
- MemTk : x100 faster, NLO

10000000

000000

41220 41223 We1225 41227

e New calculation techniques 19/12 T a2
e Parallel calculus : @LPNHE/UPMC : SGI UV2000, - .

19 Tflop/s, 1024 cpu, 16 TB shared memory small part of
- MemTk : ~ x20 faster w. 32cores GRIF-LPNHE
[

e GPU calculation
- MEM : x150 faster (arXiv :1407.7595)

- @LLR:H—1t (CHEP'15talk)

- @LPNHE : buy XeonPhi & GPU for tests
e On going collaboration in lle de France labs
(LAL/LLR/LPNHE) for ATLAS/CMS/LHCb software HC 2600 SI
— ANR LPaSo not accepted, but try to continue... - =

N " Y v
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Matrix Element Method

o Mip = 174.98 + 0.58(stat.) + 0.49(syst.)

MEM : DO results : 7 + jets

Lepton + jets : = 4 jets & >1 b-tag
2D measurement of ks and myq,
Calibrations and pulls apply on both

Factorise systematic uncertainties
- Avoid double counting

Migp = 174.98 =+ 0.77(tot.) GeV

Phys.Rev.Lett. 113 (2014)

n1.057
u :
* 104
1.03f

1.02

1'017m,-17498+058GeV .
- Kyes = 1.025 £ 0,005

172 173 174 175 176 177
m, [GeV]

= Most precise systematics measurement
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Conclusion

Diversity of measurements at the LHC

- Direct kinematic measurements
- ATLAS and CMS French groups are involved
- Alternative measurements too (see next presentation)

Final Run-I measurements still to come !

Run-Il data should give access to even better precision

On going work in Top LHC WG for harmonisation of the systematic
uncertainties (ATL-PHYS-PUB-2014-020, CMS-PAS-JME-14-003)
- French implication (R. Chierici, F. Deliot, J. Donini, B. Malescu,
T. Theveneaux-Pelzer, D. Varouchas )
- (TOP LHC WG meeting), this Wednesday !
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https://indico.cern.ch/event/375429/overview

Conclusio

Summary of main results

alljts miewnses

ATLAS Preliminary m,, summary - Mar. 2015, L

w=46 fb'-20.3 fb"

M b oL (el JSFbUSH

1750 £ 18 (14 t12)

1722 + 2.1 (o7 s20)

172334127 (02920252 0872 1.02)

oty e

N — 173794 1.41 (054
o) depton = —_— 1729 £ 2
S 1737 42

ATLAS Comb. + 16
stat. uncertainty

stat. @ JSF © bJSF uncertainty
total uncertainty

*Preliminary, —Input to comb.

|
170

1
175

|
180 185
Myep [GeV]

19.7 o (8 TeV) + 5.1 fb™* (7 Tev)
T

LA L B B I AR
CMS Preliminary

CMS combination, dilepton
September 2014

——

CMS combination, lepton-jets
September 2014

CMS combination, all-hadronic
September 2014

CMS combination
September 2014

Tevatron combination
July 2014 arXiv:1407.2682

World combination March 2014
ATLAS, CDF, CMS, DO

—

17251+ 0.22 + 1.14 GeV
(value = stat + syst)

172.38 + 0.11 + 0.70 GeV
(value #stat + syst)

172.40 + 0.26 + 0.79 GeV
(value *stat + syst)

172.38 + 0.10 + 0.65 GeV
(value  stat + syst)

174.34 +0.37 + 0.52 GeV
(value  stat + syst)

173.34 +0.27 +0.71 GeV
(value # stat + syst)
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