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Contents

Highlight the current CMS top mass measurements(*)
1. short recap of direct measurements
2. emphasis on indirect/alternative measurements

Discuss how we are constraining systematics with tt data
Give the global picture of top mass combinations

In-talk discussion is welcome

DISCLAIMER: I will not cover several of the experimental aspects similar to ATLAS or
Tevatron (reconstruction techniques, methodologies, assessment of experimental
uncertainties...), to leave more time to results [see Sandra’s and Marina’s talks]

(*) More details here

* https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP



https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP

Introductory considerations on m, measurements

* We are in the domain of systematic uncertainties since a long time now

» Continuing with standard techniques for determining the top mass will bring
progressively less information to our knowledge

« We truly are/will be in a condition of high statistics for top (pair and single)
production. This unique opportunity should be exploited in a threefold way:

» 1) use data to constrain systematic effects whenever possible, with particular
emphasis to systematics of theory/modelling origin

» 2) put in place alternative analyses, not necessarily relying on a direct
reconstruction technique. Invent new techniques which can be conceptually
uncorrelated to improve the combined errors

» 3) make measurements in portions of phase space where the influence of
systematics is known to be smaller (AKA “we can afford throwing some of our
statistics away”)

» We should keep collaborating among experiments and theory to get the best
out of our data
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Direct reconstruction in the fully hadronic channel

CMS,L=3.54fb", \s=7TeV

At least four central leading jets with p>60, at,

= e CMS data
least two more Wlth Pt>30 8 250~ Combined tt and multijet
. i — — tt component
» Two b-tags required o Multijet background
(2] 2001~ Uncertainty on f,
= .
. ()
QCD background determined from data 2

» Event mixing in control regions

Only consider the 6 leading jets in the event:
check all combinations 4lights+2heavy jets to
form two tops, keep the ones with a 2 above a T Qoo
cut from a constrained kinematic fit imposing oo 150 200 250 rr?fgo[Ge\ifO
the W masses and the equality of the top masses

Ideogram: bi-dimensional maximum likelihood fit to the mass and a jet energy
scale factor value for light jets

L (sample|my, JSF) = ] (SIEZJZ my* [y, JES) Py (miy®|m, ]ES) (1= fsig) Poig (11 m)Pbkg(m‘ﬁ.fm))
events \\  > Templates

Sum over permutations

Signal fraction 5



The fully hadronic channel

* Large improvement from the JES
constraining via a 2D template fit

» The method is calibrated via MCs

Source Unc. [GeV]| Unc. [GeV] || Unc. [GeV]
JES+PU 0.52 0.97 0.48
bJES+Had 0.80 0.49 0.39
Detector modelling 0.17 0.29 0.21
Signal modelling 0.51 0.46 0.52
Background 0.35 0.13 0.22
Method 0.42 0.13 0.06
Syst. 1.22 1.23 0.86
Stat. 1.40 0.69 0.27
Total 1.86 1.41 0.90

ATLAS@7TeV ’

‘ CMS@7TeV
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CMS Preliminary, 18.2 fb'1, {s=8TeV

Bl 22 10g(L) =1
[ 24 log(L) = 4
[[]-2at0giL)=9

171 172 173
m, [GeV]

CMS@8TeV

m, = 175.1 % 1.9 GeV (1.06%)

m, = 173.49 + 1.41 GeV (0.81%)

m, =172.08 £ 0.90 GeV (0.53%)

arXiv:1409.0832

Eur. Phys. C74 (2014) 2758

Tighter selection
Better resolution

CMS-PAS-TOP-14-002

2D fitwith JES  JSF=1.007 £0.011

Larger statistics 6



Direct reconstruction in the
semileptonic channel

One isolated lepton and at least four central
leading jets with p;>30, of which two are b-
tagged

Analysis strategy similar to the hadronic channel

Only consider the 4 leading jets in the event:
check the two possible combinations of
2lights+2heavy jets to form two tops. Keep the
combinations giving the best y2 aftera
constrained kinematic fit imposing the W
masses and the equality of the two top masses

The fitting (and calibration) procedure is there
analogous to the fully hadronic channel

» Light JES constrained in situ

Permutations / 5 GeV

O
=

Data/

Permutations / 5 GeV

Data/MC

CMS Preliminary, 19.7 fb "', 1 (s= 8 TeV, l+jets
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The semi-leptonic channel

» (Calibration performed is also performed

as in the hadronic channel

Source Unc. [GeV] | Unc. [GeV] | Unc. [GeV]
JES+PU+JSF 0.83 0.43 0.36
bJES+Had+bJSF 0.73 0.61 0.44
Detector modelling 0.84 0.27 0.28
Signal modelling 0.62 0.64 0.39
Background 0.10 0.13 0.11
Method 0.13 0.06 0.10
Syst. 1.53 1.03 0.76
Stat. (m, only) 0.23 0.27 0.11
Total 1.55 1.06 0.77

ATLAS-CONF-2013-046
ATLAS@7TeV

‘ CMS@7TeV
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CMS@8TeV

m, = 172.31 £ 1.55 GeV (0.90%) | m, = 173.49 + 1.06 GeV (0.61%)

m, = 172.04 + 0.77 GeV (0.45%)

JSF=1.014 +0.021; bJSF = 1.006 + 0.022

Superseeded by a new measurement
with an uncertainty of 0.7%

JSF=0.994 £ 0.009

JHEP 12 (2012) 105

Use all jet permutations

CMS-PAS-TOP-14-001 JSF =1.007 £0.012

Larger dataset and MC

Refined treatment of hadronisation
and bJES 8




Direct reconstruction in the fully leptonic channel

» Two isolated, opposite charge leptons in the event

* At least two jets with pr>30, one b-tag. Top candidates from the two mostly b-
tagged jet in the event

CMS Preiiminary 19.7f0" (8 TeV)
* Weigh analytical solutions function of m forthevs ~ ~_F ‘
* Small background under control with data S ook \
Source Unc. [GeV] | Unc. [GeV] | Unc. [GeV] | Unc. [GeV] E}) 400F
JES+PU 0.88 0.98 0.69 0.43|  300f
bJES+Had 0.84 0.76 0.69 0.72 200k
Detector modelling 0.52 0.25 0.17 0.31 ook
Signal modelling 0.67 0.61 0.99 0.99 - \ \L
Background 0.14 0.05 0.02 0.12 oF
Method 0.07 0.40 0.03 0.07 166 168 170 172 174 176 178
Top quark mass [GeV]
Syst. 1.49 1.46 1.40 1.29
Stat. 0.64 0.43 0.17 0.32
Total 1.62 1.52 1.41 1.33
’ ‘ CMS@8TeV
ATLAS@7TeV CMS@7TeV | m, =172.47 + 1.41 GeV (0.81%)
m, = 173.09 £ 1.62 GeV (0.94%) | m, = 172.50 + 1.52 GeV (0.88%) e pas0p14-010 Weighting technique
ATLAS-CONF-2013-077 Fit to m(£b) EPIC72 (2012) 2202
Superseeded by a new measurement Weighting technique m, =172.3 +1.33 GeV (0.77%)

with an uncertainty of 0.8% CMS-PAS-TOP-14-014  Fit tom(€b) 9



19.7 b

(8 TeV)+5.1 " (7 TeV)

I L B
CMS FPreliminary

CMS 2010, dilepton
JHEP 07 (2011) 049, 36 pb™’

175.5 + 4.6 + 4.6 GeV
(value = stat = syst)

CMS 2010, leptontjets
PAS TOP-10-009, 36 pb"

CMS 2011, dilepton
EPJC 72 (2012) 2202, 5.0 fb™'

CMS 2011, leptontjets
JHEP 12 (2012) 105, 5.0 fb™

CMS 2011, all-hadronic
EPJ C74 (2014) 2758, 3.5 fb™'

CMS 2012, leptontjets
PAS TOP-14-001, 19.7 fb™'

CMS 2012, all-hadronic
PAS TOP-14-002, 18.2 !

CMS 2012, dilepton
PAS TOP-14-010, 18.7 fb”'

CMS combination
September 2014

Tevatron combination
July 2014 arXiv:1407.2682

World combination March 2014

ATLA|3_. CDF, CMS, DO |
| | | | |
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173.1 £ 21 £ 2.6 GeV
(value = stat = syst)

172.5 £ 0.4 + 1.4 GeV
(value = stat = syst)

173.5 £ 0.4 £ 1.0 GeV
(value + stat + syst)

173.5 £ 0.7 £ 1.2 GeV
(value * stat = syst)

172.0 £ 0.1 £ 0.7 GeV
(value + stat + syst)

1721 £ 0.3 £ 0.8 GeV
(value + stat + syst)

172.5 £ 0.2 £ 1.4 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)

180
m, [GeV]

CMS combination

CMS PAS TOP-14-015

Make sure to combine only consistent

measurements
» Only direct reconstruction techniques used
Correlations | Combined
Pyear | Pchan Uﬂcertaint}f
Experimental uncertainties
In-situ JSF factor 0 0 0.10
Inter-calibration JES component 1 1 0.01
MPF in-situ JES component 1 1 0.05
Uncorrelated JES component 0 1 0.14
Other JES uncertainties 0 0 0.00
Lepton energy scale 1 1 0.02
Emiss scale 1 1 0.06
Jet energy resolution 1 1 0.17
b-tagging 1 1 0.03
Trigger 0 0 ARE
MHi (Pileup) 0 | 1
Background Data 0 0 0.05
Background MC 1 1 0.07
Fit calibration 0 0 0.05
Modeling of hadronization
Flavor JES component 1 1 0,05
Flavor-dependent hadronization uncertainty 1
b fragmentation and B branching fractions 1 1 0.
Modeling of the hard scattering process and radiation
Parton distribution functions 1 1 0.06
Renormalization and factorization scales 1 1
ME-PS matching threshold 1 1 0.16
ME generator 1 1 0.13
Top quark pr 1 1 0.12
Modeling of non-perturbative QCD
Underlying event 1 1 0.16
Color reconnection 1 1 0.18
Statistical uncertainty 0.10
Total systematic uncertainty 0.65
Total uncertainty 0.65

1 65 119779(3Tev>+5.1ro"(ﬁe1 75

CcMS iLrehmfnaty 1

CMS 2010, dilepton -0.1%
CMS 2010, lepton+jets 0.3%
CMS 2011, dilepton I 2.9%
CMS 2011, lepton+jets . 14.6%
CMS 2011, all-hadronic I 4.7%
CMS 2012, lepton+jets - 46.5%
CMS 2012, all-hadronic . 23.0%
CMS 2012, dilepton I 8.0%
CMS combination Septem&er 2014

-1 ‘OO C‘J ‘I(|JO

BLUE Combination Coefficient [%)]

my = 172.38 = 0.10 (stat.) = 0.65 (syst.) GeV

10



TOP PAIRS FOR CONSTRAINING
SYSTEMATIC UNCERTAINTIES




m, modelling systematics*)

* Radiation: at the LHC top quark are often produced
with extra jets from the initial (or final) state

» Higher energy, gluons from initial state (more colour)

» About half of the event with an extra jet with p; >50 GeV!
» Impact on jet pairing, systematic errors due to radiation
description in MC can be dominant

* Colour connection: the issue of the decay of an unstable
coloured particle before hadronization

» One of the decay products is connected to the rest of the
event. In MCs the effect is driven by shower evolution and
the specific connection model, steered by parameters.

» Impact on different soft particle/jet emission between jets
and mass reconstruction via the decay products

* Fragmentation function/model of the b quark

» Impact on analyses exploiting (semi)exclusive b decays
» Blindly use LEP/SLD tunes for now

(*) Non exhaustive list, but most important modelling systematic sources for top mass
reconstruction. CMS approaches used, ATLAS have similar techniques.

1/ N dN/dxy

MC/Data

Lepton

Light quark je

FSR jet

—s— ALEPH data
— P6,72*
—— P6, Z2*rbLEP

——— Pb, Z2*rbLEP hard H
——— P6, Z2*rbLEP soft f

ALEPH data: arXiv:hep—ex/UlDBOSitIz



Constraining radiation .. U LosomaE T

_8 Zi 1§_ LIEFItUrHJElR Eumlbined E
S e o ooy ]
» Use observables which are maximally sensitive oL ey RS
to radiation to constrain Monte Carlos - anXivi1404:3171 | ]
. | & Data 1
» In MCs: Change by a factor ‘Fwo .the . 07 CrophePytia S
renormalization and factorization scales in the [ - MadGraphyi =2 = 4°Q° ]
ME MC. Shower emission scale in the PS is I MiadGraphis, =i, = 074 i
. . 0% ----- MadGraph matching up -
changed accordingly. Also vary the matching scale S MadGraph matching down -
for multi-leg generators s T
s
4 05k . L BT

3 i 6 1 > B
* Inclusive jet multiplicity Nietss €tjets s
CMS Preliminary, 19.6 f' at {s=8 TeV

1 JI_O.‘j_l T T TT T T 1T T T TT T T TT LI T T TT T T TT]

» Conqstent agreement across channels and 5" O Brarton Cambmed T T

energies s e

=095 - 3

O E = = 7

: S ME I CMS-PAS-TOP-12-041 -

» Jet gap fraction ossE ___________k

. ) .. SO * Data E

» Fraction of events that do not have a jet emission o [ Syst+Stat error =

. . . E —— MadGraph+Pythia =

(in a defined angular range) above a certain pp cut  °752% . MadGraph 4°Q° -

ST . 0 75 MadGraph Q%/4 E

» TH uncertainties typically bracket the data. = ---- MadGraph matchingup 3

. . 0.65 ; MadGraph matching down

Central CMS tuning also describes well ATLAS ool E

data §105—

0 .

» CMS data able to exclude extreme variations gosob ]
2 "~ 50 100 150 200 250 300 350

=  additional jet p_ [Geé]



Reconstructed top mass as a function of kinematics

m{P - <m{"> [GeV]

data - MG Z2* [GeV]

CMS expands the top mass reference measurement
as a function of AR, M, pr(t), pr(tt). Check
observables sensitive to radiation and CR effects

» Use semileptonic events and choose the two best jet
permutations after a kinematic fit.

m{P - <mP> [GeV]

» The 1D mass determination are shown. Agreement also

for the 2D analyses

» Data not sufficient yet for a discrimination among the

models (also agreeing among each other)

CMS Preliminary, 19.7 fb ™, {s =8 TeV, l+jets
25_||||||||||||||||||||||||||||||||||||||||||||_
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data

CMS Preliminary, 19.7 fb ", {s =8 TeV, l+jets
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CMS-PAS-TOP-14-001
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A closer look to b fragmentation

CMS PAS TOP-13-007

We have so much statistics that we can envisage a
bottom physics program by using only top pair events

In situ constraining of b fragmentation may be possible

» Exclusive decays can be reconstructed

» Work ongoing in finding the best variables helping in
testing and constraining the b fragmentation

19.7 0™ (8 TeV)

0.6_ ons p—
C M . B VadGraph+Pythia6+Z2*
[ Preliminary MadGraph+Pythia6+P11
05~ o . - . [77777] POWHEG+Herwig+AUET?2
C DT(K=n") POWHEG+Pythia6+Z2*
0.4F
0.3F
0.2
0.1
0_ . | | | | | | | | | | | | | |
0 0.2 0.4 0.6 O'Sr:h 1 gﬁz
Ry =p_/X
p, - P/ &P

19.7 fb' (8 TeV)

Candidates

Candids

il 0'5: CMS —— Data
> r M . B MadGraph+Pythia6+Z2*
8 0.45 - Proliminary MadGraph+Pythia6+P11
- C + [Z777] POWHEG+Herwig+AUET2
e 04 I/ P (nw) 7] POWHEG+Pythia6+22*
D 0.35F
b N
O =
2 0.3:—
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0.15k
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L Nyigna=5809 + 406
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# Data
[OBackground

Osignal
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- m=3.0864 +0.0019 [C]Background
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TOP MASS;
ALTERNATIVE TECHNIQUES
IN CMS

STRANGEBEAVER.com
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Why bother?

Precision measurements can become an increasingly important task at the
LHC Runll. Maybe the only available task at all.

Issue #1 for m,: the classical measurements are dominated by systematic errors

» Most of which are fully correlated across channels, methods and experiments (even
at different accelerators)

Issue #2 for m,: connect convincingly what experimentalists measure/infer
with what should enter the fits to the SM (a properly defined short distance
mass)

It becomes essential to perform and envisage alternative measurements of the
top mass, and attack both issues whenever possible:

» Reduce the total error by combining estimators of the top mass which present as
much as possible uncorrelated systematic uncertainties

» Construct analyses that are explicitly sensitive to the top pole mass (see also
Marina’s talk)

17



N,,/GeV

The m,, method

Look for visible masses (as m,,) as proxies

of the top mass.

CMS PAS TOP-14-014

Use fully leptonic ep events to favour a very “clean” environment

» By choosing the highest p; b-jet and taking only the pairing minimizing my, the
correct combination is found 85% of the time

» Perform a y2 fit to the shape of the m, distribution

19.7 o' (8 TeV)
450 — % -
A00E- s CMS | 5 500E
350E- S i Simulation "“E =
300  om e Z' 400
250F g e — m{=172.5 GeV _| =
200 - " — m=1665Gev | ~200F
150E - = m,=169.5 GeV 200>
100E. = .3 m=175.5 GeV -
50E- d? "1'..,‘:_ — m=178.5 GeV 100 =
D E' < BT B th|_|—|—| P T R ﬂ r
158 1.5
1 _w g"@ 1k
D'E';_l AN T N T T N T T T T T T N Y T I Y Cla 05 ;;
0 50 100 150 200 250 300 3 )

min [GeV]

19.7 o' (8 TeV)

CMS

Preliminary

* data
1 ttviy
[ 1non-WiZ
] Wjets
N ewitw—II
] DY/IVV
B tt signal
MC syst+stat

WA UL TR \-."'i-.\' e )
e A A

50

100

130

200 250 300 330
mp" [GeMip



The m,, method

19.7 fo" (B TeV

Experimental systematic uncertainties 3 °°'°c cms * o —
dominated by radiation (+0.6 GeV), b- B 2:2: Frelminay -
fragmentation (0.6 GeV) and the F ok 20
description of the top p. (x0.7 GeV) " o8k \ dm:” ™ ic

m=172.3 £1.3 GeV 000 T A A
Can also compare data directly with MCFM o002 .‘._.-?‘ , _ E%uz:éh;?}h%
(NLO only in production) after a detector R R T

folding by using a response matrix

» Use phase space definition matching the
one used in the analysis

Directly compare distributions with the
pole mass

TH uncertainties now derived on MCFM:
scales, PDFs, value of the b mass.

m; =171.4 710 GeV

mit" [GeV] (reco)

a0

U[] 20 40 60 80 100 120 140 180 180 200

miin [GeV] (gen

0

)
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The B hadron lifetime technique [asmsiorass] {

/R

The relativistic boost of the b quark depends linearly on mt .
» Get rid of the energy scale uncertainties in the jet \h'

Semileptonic and dilepton final states are used

mg
In each selected event, the secondary vertex with largest Lxy is chosen, and the

median of the distribution of these Lxy is used to extract mt

Important to subtract the backgrounds by using data driven distributions from

COI]tI‘Ol I‘egions CMS preliminary, {5=8 TeV, [L=19.6 fb™ CMS Simulation, Vs=8 TeV
T 5 oref
. S, . 5.0.76~
» Lxy reconstruction 5 0sl : G [~ eu-channel
tested on bb events ¢ — 074  —— p+jets-channel
(tight b tag on one = e 0.72:_ o— e+jets-channel
: —— L
side), excellent gt « data © Multijets (Pythia) o 25-30 um/GeV
agreement DT/MC o o -
in all the p; range 3 0881
O 12 -
= L
3 0.66—
I e ; r )
0sl 0.64F
- 7 mm for 172.5GeV
0.6 0.62+||\|||||\|||||||III|III|III|III|IIlllll‘ll

10 162 164 166 168 170 172 174 176 178 180 182
Transverse momentum [GeV] Myep [GEV]



The B hadron lifetime technique ¢  osmeeemeer

2000 eu-channel

Jets / (0.1 cm)

1800
- data | [
« e . 1600
The analysis is calibrated on MC - Hovers  [Wev

. single top Dz_> 1
Hw Bw- v

1200
1000

The dominant systematic uncertainties are
expected to come from hadronisation

Conservative approach to also quote all difference

L, [cm]

MC/DT on the top py as extra systematic error

e i il I

Source A GeV |

Data/Z Bekg
=
o

j+jets etjets e
Statistical 1.0 1.0 2.0
Jetenergy scale 0.30+0.01 0304+0.01 0.30+0.01
Multijet normalization (¢+jets) 0.50 £0.01 0.67 £0.01 - _ CMS preliminary, s=8 TeV, | L=19.3-19.6 fb"
Experimental W+jets normalization (/+jets) 1.42+0.01 1.33+0.01 - £ E )
DY normalization (£¢) - - 0.38 +0.06 r 140002_ njets channel
Other backgrounds normalization  0.05£0.01 0.05+0.01 0.15+£0.07 g 120001 + data .tf
W+]ets background shapes ({+jets) 0.40+£0.01 0.20+0.01 - 2 . .QCD .single top
Single top background shapes 0.20£0.01 0204001 0.30£0.06 10000
DY background shapes (£¢) - - 0.04 4 0.06 u DZ_’ L .W_’ v
Calibration 0.424£0.01 0504001 0214001 8000F
Q?-scale 047 £0.13 0204£0.03 0.1140.08
Theory ME-PS matching scale 0.73£0.01 0874003 0.44£0.08
’ PDE 0264+015 0264015 0264015
Hadronization model 095+0.13 095+0.13 0.67+0.10
b hadron composition U9 0010 059 0010 059 = 0.U1
B hodenn lifatizag 129 1 118 Nn29 1 118 N729 1 11 i | el 1
Top quark pt modeling 3.27+048 3.074+045 2364035 4 L[ cm?
Underlying event 027 £051 025+048 0.19£0.37 2 e[ !
Colour reconnection 036 £051 0344+048 0.2640.37 ﬁ | l l "i ﬂ
= ‘ﬁ[]_S—llll||||||||||||||||
”’It — 1?3.5 :l: 1.55tat :l: 1.35};51- :|:2.6PT{I-} GEV g 0 1 2 ’ ?
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Extraction of m, from the cross section

» Exploit the dependence of ¢,, on m, and o

» Parametrize measured and predicted cross section as a function of the top mass

o Need the full dependence of analyses’ acceptances on m,.
o Extract m, by using a joint likelihood approach

» Method to directly access the pole mass (even though not competitive)

Vs = 7 TeV; aglm,) = 01184

CMS, s =7 TeV, L =23 fl5"; NNLO+NNLL for g

B % T : o T T T T T T T ‘ v W . T ] T T T T | T T T T | T % Ii IE | T T T T | T T T
a 220r'.'.._ E ——— CMS,L=231fb" = —w Withay(m )=01184 +0.0007 = Sio =
e R « === Top++ 2.0, ABM11 B N A With ag(m ) of PDF set = §§§
g wimn Topt+ 2.0, CT10 v =R =
200 N | P | e Top++ 2.0, HERAPDF1.5 — ABMA1 L. H—=r—+H
F e e ] e Top++ 2.0, MSTW2008 - . = | =
1801 L. = Top++2.0,NNPDF23 - CT10 = L= F m
&2 o Phys. Lett. B728 (2014 S
160—H - v 3201) | | eapori s = | 2.1 M—
140: H=l ] MSTW2008 % %” ¥——H
E— é; \E % ii IE - III
r g ~ § NNPDF2.3 ST I "
120’_‘ ne e B ’-Ji e I V- .'.». "_»‘ | | | | | | I I I | | % |§ | | | |
165 170 175 180 15350“3 190 160 165 170 175 180 185
m"® (GeV) mP°® (GeV)
meas +2.1
> fixed avs(mz) = 0.1184 £ 0.0007 o7 55
pole 13 LHC beam energy: 193
— Y \
My 176'7—2-8 GeV . +15 . +09 407
PDF: 713, 1rF Zoor st o7
. MC. 405
> fixed my = 173.2 1.4 GeV: my=" oa
4+0.0028
rlg(mz) = 0.1151 —0.0027 22



Kinematic end point method in di-leptons

» Exploit the same procedure
as for hypothetical NP

signature where none of the

masses is known and can be

Eur. Phys. ). C73 (2013) 2494

-~ Ve /7
W= - I/ .r} X v -’/ — ) :

) H_ \ - [ i i‘:l: = —
b £ q ¢

determined in isolation from the others
» First determine together the W, top and neutrino mass
» Then apply a constrain to the W and the neutrino to get the known masses

Knowing p(t), p(tbar) (hence the top rest frames) one could exploit kinematics
to link distribution endpoints to the masses into play. Focus on dilepton decays

; ; 11 210 221
Use variables which are least sensitive to the event and top pys: M2, M2, M,,

M7 = my +mj + 2(E} ET — P":L'P?)

Mrr = min {max(m3, mb

pTEI +p mISS

M2l is M2 where all transverse quantities
are defined w.r.t. the direction of the two-
parents system

)}

M;2 is the min parent mass consistent with two identical
decay chains (a, b) terminating in a missing particle.

M3 Iy

__________________

/// Wt /// v ! o

Upstream \ isible C hild Upstream -\:_1;;;11: laﬂiﬂf




Kinematic end point method in di-leptons

Selection requires two isolated leptons (non-Z-like) 1400.',4-31?,5;*{'?",‘ R
and two b-tagged jets. Use largest mass b{ pairings f**’q

1200 o 4 i
¢ ¢ % ]

. . . 1000 $ ¢ d= |

Use data to model backgrounds with contribution © ‘ )
. . . . 0 800 g.* M, (GeV) ]

beyond the endpoints (typically mistagged jets) P - :
@ 600 )

» Use control regions with anti-b-tags @ K |
400 [ -

Likelihood fit to the endpoint regions 4 < {210,221, m,,} 0 . 1

| | %" ""56 100 150 200 250

L8 (3t man) = [ (4t RE (i — ) dy + (1= ) B* () M, (GeV]

Lim=50m" /s=7Tev
LI B T 7

S(I|I ) — N[Imax — I} Xio E X ii Xmax 400? o

fax {J Imax E I i: Ij”' 350__
» Thex, . linked to the masses via analytic functions - 300f

. . LiH]
» Systematic error dominated by JES (5 250
© oo}

Constraint 5
Fit Quantity None n, =0 m, =0and My =804 | 3 150F
mZ(GeV?) | —556 = 473 £ 600 0) ©0) 100
My (GeV) 72E7 L9 807 £11+1 (80.4) ;
M, (GeV) 163+£10£11 | 1740£09+2 173.9 £ 09712 20k

IS Y
"% f00  1%0

M; =173.9 £ 0.9 (stat) T3 (syst) GeV

Mty — Mto1 = ppp Fes

200

GeY)



TOP MASS COMBINATIONS

AKA: how to deal with 1001 systematic errors
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Combining may be tricky

* Combining results from different analyses and experiments is a necessity for
precision measurements

» In general a very difficult task (different conventions, error splitting, information in the
documentation, missing or non-recoverable information,...)

» Communication among the experts is of the essence but...

« ..assumptions are sometime needed
» Categories of systematics
» Correlations of systematics (often difficult to assess)

* For the top mass need to combine a consistent and unambiguous set of
measurements
» Just measurements performed via direct reconstruction for now

» Use a simple method like the Best Linear Unbiased Estimate



BLUE primer

Method universally used so far for combining measurements

» Very practical when a more detailed combination is not feasible (different
experiments/time, no likelihoods,...)

Given a linear combination of measurements: Y = \y = E \i Y

U\ = Z \ =1
i=1

The Best Linear Unbiased Estimate simply finds the vector of coefficients
minimizing the total variance:

_ M), y N M \; !
Sy R - iy

» Y is the combined value, A the vector of linear coefficients
» M is the (NxN) covariance of the n measurements
» U isavector of all 1’s (i.e. contraction by U means summing all indexes)



Comments about high correlation regimes

0P =0a2*0g2*(1-p2)/(0a2+0g2-2*p*Oa*0Op)

1.4 |- B/OA= 21.0 .
o bg/Oa=1.1 ==~ =
* Best understood with only two measurements ..| L~ =" e |
A and B with errors 0,< oz and correlation p ) e —set—
J 2 g | e N N\
A 0% — POACRH 9 v G i s - N
I — B ¥ 4 A -
Y =Mya+Apyp M = 55— g (1)
g"“)l —|_ JB - pU_,élO—B _— “,4 “/_,f’ LAY
: /,::/, ‘\\'
2 0?51023(1 o pg) -~ 1 )\ _ B ,OU‘JLO—B O-K(‘).s -0.6 -04 -02 o0 02 o406 o8 !
0? o 2 2 — 2 ] o ? B - 2 2 — Mag=(0g.a%-p*0a*0p)/(0a%+0p?%-2*p*Op*OR)
04+ 05 POACR 04 t0op 2p040R . a=(oa, e i A
gg . : Aa for O‘B/OA=)\2=.g - :
* Varying p, the combined error is maximum 12
(equal to o,) for p=0,/0y, where A flips sign 3 S el
» Low correlation region - p<o,/oy 4 i i
0.2 R 6 s
o BothA,and A; are> o L o o s o o so— g = —
o Info decreases (error increases) as p increases 32 [(B1or costrctonts A 2
> High CorTEIation region - p>GA/GB _1_'%—1 -0.8 -0.6 -0.4 —O.ZB (o] 0.2 0.4 0.6 0.8 4
O One CoefﬁCient )\B ls < 0 Information weights IWA,B=(1A/5A‘32)/I and IWcor=1-IWa-IWg
o Info increases (error decreases) as p increases W r—1— T —— .
» Boundary - p=0,/0y (max correlation) : :;;;- Weer o7 05/oA= =]
o One coefficient A5 is=0 i
o Error is maximum = g, (marginal info from B is o)0 o N T . = e N S T S I S . a
g o 2 . S et B i
 Introduce information weights (IW: A, B, p) -
» Sum is equal to 1 by construction os
. . . . 0.8 i i Low | HIGH
» IW from p is minimum (negative) for Az=0 gy e corn_|{ comn




March 2013: first ever top mass World Average

 Big effort for reaching common conventions in the splitting of systematic unc.s
» Across the LHC experiments, but also talking with the Tevatron.

arXiv:1403.4427
. . ATLAS CONF 2014-008
* Most notably (but not only) on the JES uncertainties IS PAS TOP-13.014
» 1JES: in situ calibration, statistical origin CDF-NOTE-11071

» std]ES: light jet calibration with data, only correlated within the same exp | po-NOTE-6416
» flavourJES : from different jet energy responses (gluon vs quarks)
» DbJES : modelling of the response for b jets. TH uncertainties correlate it among exp.s

Input measurements and uncertainties in GeV

CDF DO ATLAS CMS World
Uncertainty [+]ets di-/ | all jets ET™ [+]jets di-/ [+jets di-/ [+jets di-/ | all jets || Combination o | prey
Miop 172.85 | 170.28 | 17247 | 17393 | 17494 | 174.00 | 172.31 | 173.09 | 173.49 | 172.50 | 173.49 173.34
Stat 0.52 1.95 1.43 1.26 (.83 2.36 0.23 0.64 0.27 0.43 (.69 0.27 0.0 0.0
1JES 0.49 n.a. 0.95 1.05 0.47 0.55 0.72 n.a. 0.33 n.a. n.a. 0.24 0.0 0.0
stdJES 0.53 2.99 0.45 0.44 0.63 0.56 0.70 0.89 0.24 0.78 0.78 0.20 0.0 0.0
flavourJES 0.09 0.14 0.03 0.10 0.26 0.40 0.36 0.02 0.11 0.58 0.58 0.12 0.0 0.0
bIES 0.16 0.33 0.15 0.17 0.07 0.20 0.08 0.71 0.61 0.76 0.49 0.25 0.5 1.0
MC 0.56 0.36 0.49 0.48 0.63 0.50 0.35 0.64 0.15 0.06 0.28 0.38 1.0 1.0
Rad 0.06 0.22 0.10 0.28 0.26 0.30 0.45 0.37 0.30 0.58 0.33 0.21 1.0 1.0
CR 0.21 0.51 0.32 0.28 0.28 0.55 0.32 0.29 0.54 0.13 0.15 0.31 1.0 1.0
PDF 0.08 0,31 0.19 0.16 0.21 0.30 0.17 0.12 0.07 0.09 0.06 0.09 1.0 1.0
DetMod <0.01 <().01 <0.01 <(.01 0.36 0.50 0.23 0.22 0.24 0.18 0.28 0.10 0.0 0.0
b-tag 0.03 n.e. 0.10 n.e. 0.10 <0.01 0.81 0.46 0.12 0.09 0.06 0.11 0.0 0.0
LepPt 0.03 0.27 n.a. n.a. 0.18 0.35 0.04 0.12 0.02 0.14 n.a. 0.02 0.0 0.0
BGMC 0.12 0.24 n.a. n.a. 0.18 n.a. n.a. 0.14 0.13 0.05 n.a. 0.10 1.0 1.0
BGData 0.16 0.14 0.56 0.15 0.21 0.20 0.10 n.a. n.a. n.a. 0.13 0.07 0.0 0.0
Meth 0.05 0.12 0.38 0.21 0.16 0.51 0.13 0.07 0.06 0.40 0.13 0.05 0.0 0.0
MHI 0.07 0.23 0.08 0.18 0.05 <0.01 0.03 0.01 0.07 0.11 0.06 0.04 1.0 0.0
Total Syst 0.99 3.13 1.41 1.36 1.25 1.49 1.53 1.50 1.03 1.46 1.23 0.71
Total 1.12 3.69 2.01 1.85 1.50 279 1.55 1.63 1.06 1.52 1.41 0.76 29




Tevatron+LHC m,, combination - March 2014, L _=35f"-87fb”
3 ATLAS + CDF + CMS + DO Preliminary Su IMnN |aI‘Y
ST i e - ——i 172.85 + 1.12 (0.52 + 0.49 + 0.86)
SO Funil drispten : = ' 17028 +369(195  +3.13) ATLAS + CDF + CMS + DO Preliminary
z::‘:: il‘”‘ B p—— 172.47 + 2.01(143 +0.95+ 1.04) CDF Runll, 1+jets . e
unll, E7 +jets . . L, =878 -
L:.g__-:-l o P —— 173.93 £ 1.85(1.26 + 1.05 £ 0.86) CDF Runll, di-fepton I 4
b bttt 17494 £+ 1.50 (0.83 £ 0.47 £ 1.16) CBF Runil aljets | 55
DIII. Funll, di-lepton - " e 174.00 £ 2.79 (2.36 + 0.55 + 1.38) C-Ef-lzﬁan |, ™= +jets I 6.3
-5’ - - - . o e = =BT .
”J_L’e“ :D 1, biets PP R— 17231+ 1.55(023+0.72+1.35) D0 ?3'1”_ hiets I 103
ATLAS 2011, di-lepton 173.09+ 163 064 +1.50) DO Runll, di- epton | 03
R [ ] A T ) {1 3 b | - 3__." .
CLW_H; s b e = 173.49 + 1.06 (0.27 £ 0.33 £ 0.97) ATL ”5.3 1. bjets 15.8
CMS 2011, dHepton PI— 172.50 + 1.52 (43 +1.46) HTHS SOt e 11
CW _f R CMS 2011, l+jets 277
=5 e o 17349 £ 1.41 089 +1.23) Ly =430 . '
Ly =35m" CMS 2011, di-lepton I 31
World comb. 2014 ¥, /2% =30 b b 17334 £ 0.76 (027t 024 £ 067) e et et '
_____________________________________________________________________________________ -3 -:'._. cis 75
:::—51 Tevatron March 2013 (Run 1+1) B bl ol 173.20+0.87 051+ 036 +061) =15 I 2
}i S LHe September 2013 B B ] 173.29 + 095023+ 026+0.88) |
- total (stat syat.)
] 1 ] Tewatron + LHC m, cx:-mb |
March 2014
165 170 175 180 G \'!{535 | | |
e
Measurements BLUE -::c:\mb. oW M:W rnmp -100 0 100
coeff. [%] (%] || %] BLUE Combination Coefficient [%]
I+jets 346 166 || 16.1
CDF 21 B I is | ¢ Most precise individual results are CDF and
EPs 6.3 16.9 2.1 : ;
Do et 10.3 258 || 32 CMSin lept0n+] ets
di-I 0.3 7.5 0.0
ATLAS  [Hiets 15.8 242 || 61 . . .
dicl 71| 219 [ 12 | « The ensemble of correlations gives an impact
I+jets 277 513 || 76 . ; ..
CMS i 3 251 || o way more important that any individual
all jets 7.5 292 || 08
Correlations (ITW o) - “1673 || — measurement 30



Testing the

S‘ 200: T | T T 1 | T T | T T | LI | LI | T e S‘ 100: T | T 1T | T T T | LI | T T T | LI | T E
Stabilit = 150E ATLAS +CDF + CMS + DO Preliminary § = ggE ATLAS + CDF + CMS + DO Preliminary
Y e 1% o o
g 100~ trw, 1 £ % P e e g
< 50k e E . T = e
. . r - _'-'."_-.___.___ ] C o == o ]
Different correlations ot e d -t00f ;// :
are tested, varying  -sof e T .
= 5 . ] = .
them separately and -to0p = - 1 2000 -
. s ,J”'f ofxp,, wix Prev 3 - ]
even in a correlated -15% -+ _ KEL aPXPeo 4 72300 E
way -200F T A = -300F -
- :I | 111 | 1 11 | 1 11 | 11 1 | 11 1 | I: - :I | 111 | 111 | 11 1 | 11 1 | 111 | I:
2070 ""20 20 80 80 100 3070720 20 80 80 100
Multiplicative factor f [%)] Multiplicative factor f [%]
L1 e e e L e S 1€ e e I O O O O N
O 10[}; ATLAS + CDF + CMS + DO Preliminary E © 100F ATLAS + CDF + CMS + DO Preliminary ]
Eﬂ_ 5!]—\ ‘\/\ / .,ll _ % 5[:"._ /". ;’-
2 S S N = A g e e A . L
0Ok - A s 0 - - 4 ]
E _50E -\./ o | E 50t ‘\.---f A \ .."'F ;
- L F [ WA
-100F {1 <«-100f o
A0 st
555555555505 B33 Sisboobbobbiks
T T T R T R R TR R B T T RN R AR KR
Wwwmnno F Lz LT w wwmwnmn o gLz LW
Resultsstable 48882 §FE555 352 cougzEEEso 50k
o . = 3J I = gl gl =" 5 - . = I3 I = Q F = AT T 5 - :
within 200 MeV 2.8 ¢ §§:§£§§§§H§§ &8s %gagagagagagﬁég
cE £ 3 E oE € 2% E
for the central cag b2 s 93 i g g b o s 93
2 2 £« 2 ‘; o 52 ¢ fa g ©0
T R Do ] I B o = 2 o
value, 300 MeV & § § - < % s S 2%
for the error == g - 2 = ;2
=" [=Y 3



Yet another summary

Tevatron+LHC m, indiv. comb. - March 2014, L_=35fb"-8.7 fb”
ATLAS + CDF + CMS + DO Preliminary

o HES b el — 173.29+080@m23+024£072)
% di-lepton P— e — 17274+ 1.151043+0.06+1.07) Per channel
ﬁaljem B } = i m— 173.17 £ 1.20 (0.65+0.30 £ 0.96)
C
‘5 Er et - ———— ] f393+185(126+105+086
g:EF S S S— g — 73.19+1.00(@52+044+073)
O oo P p——e— ey | 74 85 + 1 48 (078 + 048+ 1.16)
f_:'fjf ATLAS e —— 7265+ 1440311041+ 1.34) Per experiment
E:MS P— ] — 7358+1.03029+028+0295)
S Tevaon 00 jea e 173.58 + 0.94 (0.44+ 0.36 £ 0.74)
T e - - ‘| Per accelerator
= LHC P ] m— 173.28 + 094 (022 + 026 £ 0.88)

World comb. 2014 1 tmmtem— 00 173.34 + 0.76 (027 + 024 + 0.67)
% & Tevatron March 2013 (Run [+11) I=——=@—i s—1 173.20+ 0.87 051+ 0.36 £ 0.61)
::éﬁ' LHC September 2013 I Gl m— 173.29+ 095023+ 026+0.88)
- | | | total | (stat syst)

170 172 174 176 178 180

rnt{:np [GEV]

32



Many things happened since...

* Very dynamic field, making a combination soon

obsolete

July 2014 (* preliminary)
&
CDF-II dllepton * 170.80 +3.26 (+1.83+2.69)
@
D@l dilepton 174.0042.80 (-2:36+ 1.49)
-
CDF-Il alljets * 175.07 +1.95 (£1.55+1.19)
D —
CDF-Il MET+Jets 173.93+1.85 (£1.261.36)
B el
CDF-Il lepton+jets 172.85+1.12 (£0.52+0.98)
[
D@-Il lepton+jets 174.9840.76 (£0.4140.63)
B
Tevatron combination * 174.34+0.64 (:0.37+052)
(Run | and Run Il) (+ stat + syst)
x?/dof = 10.8/11 (46%)
165 170 175 180

M, (GeV/c?)

185

NEW

197 7' (8 Tev) + 5.1 17" (7 Tev)

I | T T I T | T I I I | I T I T | T T
CMS Preliminary
CMS 2010, dilepton ® 175.5 + 4.6 + 4.6 GeV
JHEP 07 (2011) 049, 36 pb" (value = stat * syst)
CMS 2010, lepton+jets ® 173.1 £ 2.1 £ 2.6 GeV
PAS TOP-10-009, 36 |:IIJ"I (value = stat + syst)
CMS 2011, dilepton . 172.5 £ 0.4 £ 1.4 GeV
EPJC 72 (2012) 2202, 5.0 fb™" (value * stat + syst)
CMS 2011, lepton+jets - 173.5 £ 0.4 £ 1.0 GeV
JHEP 12 (2012) 105, 5.0 ! (value = stat + syst)
CMS 2011, all-hadronic 173.5 £ 0.7 £1.2 GeV
EP.J CT4 (2014) 2758, 3.5 fb ' N (value + stat + syst)
CMS 2012, lepton+jets , . 172.0 £ 0.1 £ 0.7 GeV

L_Duf8 0044004 A0 7 £
CMS 2012, all-hadronic I 1721 £ 0.3 + 0.8 GeV
-1
CMS 2012, dilepton 172.5 £ 0.2 £ 1.4 GeV
_PAS TOP-14.010.19.7 fb fvalue 2 stat £ syst

CMS combination 172.38 = 0.10 £ 0.65 GeV
September2014 ______[oooe] ______(value tstat syst)
Tevatron combination - 174.34 = 0.37 = 0.52 GeV
July 2014 arXiv:1407.2682 {value * stat + syst)
World combination March 2014 = 173.34 £ 0.2T £ 0.71 GeV
ATLAS, CDF, CMS, DD (value * stat + syst)

| | 1 1 | 1 | 1 | | | | | 1 | 1 1 1

m, [GeV]

ATLAS Preliminary m,, summary - Mar. 2015, L_ = 4.6 fo'-203 "

Mgy = B (s 0S5 = WSF =)

|
‘ dhl::'::‘,“ ‘I—|_|_|—| 1761 2 18 (1s =12 ) |
‘ "gh'hp":"":'_":,_' l_l—-'—l-i—l 1722 =21 gor =za ) |
I
—t-ln-h'll"'“'::, | S o R | 1723 1127 jop=ossnm = 108)
— dieghort* (T, i 174792141 (ame =1m}
'
=il dllapin [ 0 S e e ———t 1728 =
-uﬂh'lﬂl"t'::‘f" r Ay =
1
i
r1r.'l_:}fﬁf.:mluﬂ.‘.'. DOTE" Praiany I ': " — i b+1ia
! —— stal iRcadtainty
R E R i
HTJ;‘:;;'V:ET;’I‘JF 24 i ' stal & JSF & bISF "
e ! ——— total ;
I
Tewatron Comiby. Jiud 2074 14 I b i
e AT et S0 I (- Prediminary, —Input 1o ATLAS comb.
I
I l | | |
165 170 175 180 185

My [GEV] 33




Speculations and work about Do-CMS

A new combination is in the works, but still on hold for an apparent tension
among the measurements

Several crosschecks have been performed to assess whether the two most apart
measurements (Do and CMS) are compatible with each other

» This is a potentially biasing procedure

» Worried about the assessment of correlations of systematic errors, and the fact that
the difference be due to something treated differently in the two analyses

Comparing methods and results (on MCs)
» Consistent sensitivity of the methods to a b]JES variation

» Check size and sign of systematic variations, looking for unexpected anti-
correlations. Major systematics are found to be OK: JEC, ME generator, b-
fragmentation, colour reconnection

Work is still ongoing before moving to an update of the World Average

» Next (final) test: use common events to determine the correlations or biases
(compared to errors in play)
34



QUTLOOK AND
CONCLUSIONS




= Std. meth. == Endpoints

CMS preliminary projection

Perspectives forthe newruns s ‘- ——
O 3.5 5

* Many assumptions: take with grain of salt ; 3 CMS PAS FTR-13-017 3
» Increase of cross section compensates larger -%
inefficiencies from triggering (+reconstruction) % 2.3 3

» Detector improvements after LSII should help § 2 E

keeping the assumption above true also in 215
tremendous PU conditions as for 3000/fb

otal m

» Data itself will be used to constrain systematic +
sources, especially those due to MC modelling F %

(light- and b-JES will be fitted in situ when 0
pOSSible) CMS preliminary projqction :é?%s —UEGR
; 1.2 I Prasoin 30 fb! 300 fb™! i 3000 fb! =
Q : 13 TeV 14 TeV 14 TeV :9
» Typical reduction of systematic errors: (—:: | 15
» Light-]ES: factor 2 (30/fb) to 4 (3000/fb) t 13
» b-JES: factor 2 (30/fb) to 10 (3000/fb) g 0'8:
» Radiation: factor 2 (30/fb) to 4 (3000/fb) § 0.6F

» b-tagging: factor 2 g
» CR: factor 2 (30/fb) to 10 (3000/fb) E O'ﬁ_

» Lepton ES, PU, PDFs, UE, background and other 0.2}
TH errors stay constant [
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Conclusions

Experimentalists have measured the (MC!) top mass with direct reconstruction
techniques at the level of 750 MeV, or better by now (likely below 600 MeV)

We should determine how this mass relates to a well defined short distance
mass, and quantify an extra possible error on it

We have experimental methods more sensitive to a short distance mass to be
studied, and methods largely uncorrelated to the present ones to be exploited

We have plenty more data to be taken in the next years, with which systematics
effect can be constrained even further.

In the long run it does not look impossible to reach, in practice, an error on the
(MC) top mass of the order of Aqgcp. That would also likely correspond to the
end of this game (?).
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