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Channels for m, measurements

Typically, the top mass Is

extracted from ttbar decays.

All-hadronic channel
= High BR, low S/B.
Lepton+jets channel
= Most precision for m,
measurements.
Dilepton channel

= Highest S/B,
underconstrained
kinematics due to 2
neutrinos.

Can also utilize topologies
enriched in t-channel single
top events.
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= Different regime of

production and final state

kinematics.

g g
ttbar
lepton+jets
Impose W mass channel

constraint to
reduce JES
uncertainties.

LHCP Conference — 29 August 2015 3



Lepton+jets: kinematic fit (CMS 8 TeV)

CMS PAS TOP-14-001

"  Select a single high p+ lepton, 24 jets, exactly 2 b tags.

" Utilize a kinematic fit for event reconstruction.
Increases the fraction of correct jet-parton assignments.
Improves the reconstructed m, resolution.

"  Vary object energies within their resolutions, impose the constraints:
my, = 80.4 GeV, m=m,,,,-
BEFORE kinimatic fit
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AFTER kinematic fit
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Lepton+jets: 2D likelihood fit (CMS 8 TeV)
CMS PAS TOP-14-001

CMS simulation, \E 7 TeV u+|ets CMS simulation, Vs =7 TeV, pu+jets CMS simulation, \s =7 TeV, u+jets
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= Dependence on MC top mass and
Jet Scale Factor (JSF).

" The values of m, and JSF are extracted
In a 2D likelihood fit. wW— W

= |n-situ calibration of the JES.
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Results: lepton+jets (CMS 8 TeV)

CMS PAS TOP-14-001

m, = 172.04 £ 0.19 (stat+JSF) £ 0.75 (syst) GeV
JSF = 1.007 £ 0.002 (stat) = 0.012 (syst)

CMS Preliminary, 19.7 fb™!, (s = 8 TeV, l+jets

JSF

1.012 ®  |n-situ JES calibration reduces

total uncertainty from 1.29 to
0.75 GeV.

= p; and n-dependent JES

1.01

1.008 uncertainty is reduced from

1.17 to 0.18 GeV.
1.006 "  Dominant systematic
004 uncertainties:
00 = Flavor-dep. JSF: 0.41 GeV.
1,002 = Pile up: 0.27 GeV.

= Jet energy resolution: 0.26 GeV.
171.5 172 172.5
m, [GeV]
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Results: all-hadronic final state (CMS 8 TeV)

CMS PAS TOP-14-002

m, = 172.08 + 0.36 (stat+JSF) + 0.83 (syst) GeV
JSF = 1.007 + 0.003 (stat) £ 0.011 (syst)

Similar techniques to CMS
lepton+jets result.

Select 26 jets and 22 b tags.

Kinematic fit to increase the
fraction of correct ttbar
permutations and improve m,"
resolution.

2D likelihood fit with in-situ
JES calibration.

Dominant systematics:
= pr and q-dep. JES: 0.28 GeV
= Flavor-dep. JSF: 0.36 GeV.
= Pile up: 0.31 GeV
= Background: 0.22 GeV

Events / 5 GeV

Data/MC

Multijet background is modeled
with event mixing technique.

CMS Preliminary, 18.2 fb™, (s =8 TeV
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Normalised events / GeV

Lepton+jets: 3D likelihood fit (ATLAS 7 TeV)

ATLAS, Eur. Phys. J. C (2015) 75:330

" Select 1 high-py lepton, high MET, 24 jets, 21 b tag.
= Separate fits are conducted for 1 b tag and 22 b tag events.
" Reconstruct ttbar system with kinematic likelihood fit.
= Similar to the technique used by CMS.

" Conduct a 3D likelihood fit with bhad brep
observables: my,,°, my,"*® and Rp,. preco,2b _ pr*" +pr
= In-situ calibration of JES (m,, ) bq pWJetl 4+ pWJ€t2
and bJES (R,,), relative to udsg. T r
0.045F T T T T T T T w o5 | T T
E [ JusF=0.95 ATLAS S r ATLAS [ JbusF=095 -
0.04f Simulation, Vs=7 Te ~ - Simulation, (s=7 TeV o .
0 035:—DJSF= no 2 0.04F " busF=100 ]
. = o) B L ] i
O.OBE—DJSF:MS , E - [ | busF=1.05 :
0.025F- & 003 E
C © L i
0.02¢- 5 0oL =
0.0155 Z T i
0.012— 0_01__ _
0.0055 sensitive to JSF
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Events / GeV

Results: lepton+jets channel (ATLAS 7 TeV)

ATLAS, Eur. Phys. J. C (2015) 75:330

m, = 172.33 = 0.75 (stat+JSF+bJSF) + 1.02 (syst) GeV

JSF = 1.019 + 0.003 (stat) + 0.027 (syst)
bJSF = 1.003 + 0.008 (stat) £ 0.023 (syst)

" A significant reduction of
the bJES uncertainties
Is achieved by the 3D fit

— ]

Major systematics:

= p; and n-dep. JES: 0.58 GeV.
bJES: 0.06 GeV.

= b tagging: 0.50 GeV.
= |SR/FSR: 0.32 GeV.

approach.
LA B B B LU UL LU SR BRI
600 aTLAS « data, ljets N JSF vs. m,
_ 1 ¥ Best fit background
5001— \s=7 TeV, 4.6 fo L Best fit — é e tostat.cont. 22b |
f ——m=—— 1o stat. cont. 1b
+ Uncertainty 1.025 ———— 1o stat. cont. comb. fit B
400
300 1.020— —
200
1.015— —
100 ATLAS
0 1.010 Vs=7 TeV, 4.6 fb” _
! | ! !
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reco +iets
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Normalised events / 2 GeV

Nathan Mirman

Dilepton Channel (ATLAS 7 TeV)

Eur. Phys. J. C (2015) 75:330

Select 2 leptons, high MET,
22 jets, 1 or 2 b tags.

2 neutrinos — underconstrained system

Conduct likelihood fit with m,,, observable
* |nvariant mass between lepton, b jet pairs.

Separate m, template shapes are obtained

for signal and background.

ATLAS
Simulation, Vs=7 TeV
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Results: dilepton channel (ATLAS 7 TeV)

Eur. Phys. J. C (2015) 75:330

m,

= 173.79 + 0.54 (stat) £ 1.30 (syst) GeV

— " |p-situ JES calibration not

0.9F PO Implemented in the dilepton

0.8f —comb. 2 channel.

0.7F E " Small sensitivity to

0.6f = backgrounds due to dilepton

0.5F s selection (0.1 GeV).

0.4F E " Dominant systematics:

0.3 : = JES: 0.75 GeV.

0.2~ ATLAS E = bJES: 0.68 GeV.

0.1 (s=7 TeV, 4.6 fo! = = Parton showering &

0—23 = T - hadronization: 0.53 GeV.

mdl [GeV] . |SR/FSR 0.47 GeV.
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Single top enriched events (ATLAS 8 TeV)

ATLAS CONF-2014-055

" Select 1 high-p+ lepton, high
MET, 22 jets, 1 b tag.

"  Further selection I1s conducted
using a neural network with
12 input variables.

= Conduct a binned likelihood fit »  Frormmer—

B ATLAS Prellmlnary 7

single top
t-channel

with the my, observable. %20000'_“@‘8 SF electrons + muens my LATA NSSeTeV
= Signal (single top + ttbar) g r N {j, it s-channe -
and background shapes L] Z+jots, diboson

B Multijets ]
certainty -

Ldt=203f" "]

modeled separately.

" Single-top versus ttbar event
topology

Less combinatorial
background.

= |ower S/B.

= Different color flow and
production energy scale.

10000

rel. difference

0 01 02 03 04 05 06 07108 09 1
NN output

~50% t-channel
events
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Results: single top (ATLAS 8 TeV)

ATLAS CONF-2014-055

m,= 172.2 +£ 0.7 (stat) = 2.0 (syst) GeV

®  Results are complementary to ttbar measurements.
= Different regime for single top production.

> 1500 ———T1——————71 I
[ _ ~ . . ]
S 1 ‘B Sf-STeVdf‘tzz 07 tstat) cev £ Dominant systematics:
i B estfit. m  =172.2 = 0.7 (stat.) GeV " ,} 17
S| It Moo _ G W 1 = JES + bJES: 1.5 GeV.
2 i Single-top t-channel signal o S, WY S ]
3 fsignal  peeeeNcepeed = t-channel parton
& 1000 |— d pr— e — :
Background o 17133 172**1?070[69\1/]74_ ShOWGFIﬂg &

: ATLAS Preliminary 4%

1 hadronization: 0.7 GeV.
f Ldt =203 fb" ]

0.5 GeV.
500 [—
i / = Shape component due to
PDFs and flavor of jets
produced In association

with the W.

1 1 1 1 1 1 | 1 1 1 1 1 1
60 80 100 120 140
m(lb) [GeV]
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ATLAS and CMS Combinations

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/ TopLHCWGSummaryPlots

Analyses combined using

ATLAS+CMS Preliminary my,, summary, s = 7-8 TeV. TOPLHCWG

World Comb. Mar 2014, [7]
stat®JSF®bJSF
total uncertainty

— stat®JSF@®bJSF
- =—— =—— total uncertainty

My, * tot. (stat®JSF@bJSF + syst) s Ref.
Best Linear Unbiased ATLAS, I+jets (*) — o 172.314 1.55 (0.75 + 1.35) 7 7ev [1]
Estimator ( BLU E) ATLAS, dilepton *) — e — 173.09 + 1.63 (0.64 + 1.50) 77Tev [2]
CMS, l+jets — 173.49 £ 1.06 (0.43£0.97) 7TeV [3]
methOd . CMS, dilepton —r 172.50 + 1.52 (0.43+ 1.46) 7Tev [4]
»  Accounts for CMS, all jets — 173.49+ 1.41 (0.69+ 1.23) 77Tev [5]
correlations between LHC comb. (Sep 2013) 173.29 + 0.95 (0.35 + 0.88) 7 TeV [6]
all uncertainties. World comb. (Mar 2014) 173.34 + 0.76 (0.36 + 0.67) 1.96-7 TeV [7]
. ATLAS, l+jets = e 172.33+1.27 (0.75+1.02) 7Tev [8] €
Analyses reviewed today jATLAS, dilepton — 178.79+ 1.41 (0.54+ 1.30) 77ev (5] €
- SO far, Separate ATLAS, a-II jets e =1175.1+1.8(1.4+1.2) 7 TeV [9]
combinations by —> ATLAS, single top = F——f—e— 172.2+ 2.1 (0.7 + 2.0) 8 TeV [10] <€
ATLAS comb. (Mar 2015 172.99 + 0.91 (0.48 £ 0.78) 77ev (8
ATLAS and CMS —3 CMS, |+jets ’ —e— 172.04 £ 0.75 (0.18 £ 0.74) 8TeV [11] €
Most precise si ng le CMS, dilepton —e 172.47 £ 1.41 (0.17 £ 1.40) 8Tev [12]
: : — CMS, all jets = 172.08 + 0.89 (0.37+ 0.80) 8TeV [11] €~
com bl nation uses C M S CMS comb. (Sep 2014) 172.38 + 0.65 (0.14 + 0.64) 7+8TeV [11]

7+8 TeV results.

= Total uncertainty Is
now below 1 GeV.

May 2015

(*) Superseded by results
shown below the line

[1] ATLAS-CONF-2013-046

[2] ATLAS-CONF-2013-077

[3] JHEP 12 (2012) 105

[4] Eur.Phys.J.C72 (2012) 2202
[5] Eur.Phys.J.C74 (2014) 2758 [11] CMS PAS TOP-14-015
[6] ATLAS-CONF-2013-102 [12] CMS PAS TOP-14-010

[7] arXiv:1403.4427

[8] arXiv:1503.05427

[9] Eur.Phys.J.C75 (2015) 158
[10] ATLAS-CONF-2014-055
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Summary and Conclusions

ATLAS and CMS have provided measurements of the top
quark mass In the ttbar all-hadronic, lepton+jets, and

dilepton channels, as well as single top enriched events
(ATLAS only).

In the lepton+jets and all-hadronic channels, measurements
utilize techniques to reduce their sensitivity to the JES.

= 2D likelihood fit with the m,"*c® and m,,"¢® observables
(CMS lepton+jets & all-hadronic).

= 3D likelihood fit with the m;"*®°, m*« and R,
observables (ATLAS lepton+jets).
= Also provides sensitivity to bJES.

Recent combinations by ATLAS and CMS achieve sub-GeV
precision on the value of the top quark mass.
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Additional details: lepton+jets (CMS 8 TeV)

CMS PAS TOP-14-001

2D fit w/ in-situ m, = 172.04 £ 0.19 (stat+JSF) £ 0.75 (syst) GeV
JES calibration JSF = 1.007 + 0.002 (stat) £ 0.012 (syst)
1D fit

(for crosscheck) m, = 172.66 + 0.11 (stat) = 1.29 (syst) GeV

2D fit improves p; and n-dependent JES uncertainty from 1.17 to 0.18 GeV. —

CMS Preliminary, 19.7 fb™, |s = 8 TeV, l+jets

& Systematic uncertainties =~ Am,?P (GeV)
2 1.012
pr and n-dep. JES 0.18
1.01 Pile up 0.27
1.008 Detector modeling 0.28
Method & backgrounds 0.15
1.006
Flavor dep. JSF 0.41
1.004 b frag. & decays 0.17
1.002 Signal modeling 0.39
171.5 172 172.5 Total 0.75

m, [GeV]
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Additional details: all-hadronic (CMS 8 TeV)

CMS PAS TOP-14-002

2D fit w/ in-situ m, = 172.08 £ 0.36 (stat+JSF) + 0.83 (syst) GeV
JES calibration JSF = 1.007 + 0.003 (stat) £ 0.011 (syst)
1D fit

(for crosscheck) m, = 172.59 + 0.27 (stat) + 1.05 (syst) GeV

2D fit improves p+ and n-dependent JES uncertainty from 0.86 to 0.28 GeV. —
CMS Preliminary, 18.2 fb™, (s =8 TeV

w 1.018
D 1016 =-ZA:og:II:;=l Systematic uncertainties =~ Am,?P (GeV)
-2Alog(L) =
1.014 728 log(L) = © pr and n-dep. JES 0.28
1.012 Pile up 0.31
1.01
1.008 Detector modeling 0.21
1.006 Method & backgrounds 0.23
1004 FI dep. JSF
1002 avor dep. 0.36
1 b frag. & decays 0.14
0.998 Signal modeling 0.45
0.996
171 172 173 Total 0.83

m, [GeV]
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Additional details: lepton+jets channel (ATLAS 7 TeV)

ATLAS, Eur. Phys. J. C (2015) 75:330

Signal + background fit to data

m, = 172.33 +£ 0.75 (stat+JSF+bJSF) 3 600 arias e damidets |
+ 1.02 (syst) GeV 3 ool 157 TeV. 461" S pest ft background
JSF =1.019 £ 0.003 (stat) = 0.027 (syst) & 400 } Uncertainty

bJSF = 1.003 + 0.008 (stat) £ 0.023 (syst)

300

"  bJES uncertainty significantly reduced 00
due to 3D fit approach.

" Dominant uncertainties are due to JES 7|
and b tagging (0.50 Gev). o P Py e o ee P S,

‘PSO 140 150 160 170 180 190 200 210 220

topreco [Ge\/]

100

Systematic uncertainties Am, (GeV)
W 1.04 y : :
Jet energy scale 0.58 2 T :z:::: cont. =20
. ——— 1o stat. cont. comb. fit
b jet energy scale 0.06 102l |
Pile up 0.02
Detector modeling 0.58 1.00F |
Method and backgrounds 0.33
_ _ 0.08l ATLAS B
Signal modeling 0.53 (527 TeV, 4.6 fb”
| | | |
Total 1.22 171 172 173 174 175

Miop [GeV]
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Additional details: lepton+jets channel (ATLAS 7 TeV)

ATLAS, Eur. Phys. J. C (2015) 75:330

Normalised events / GeV

Normalised events / 0.05

[ JusF=0.95 ATLAS
0.04 Simulation, Vs=7 Te
[ luse

R R R KR KR RSO PRRRROPRPIIRIFER
60 70 80 90 100 110

mie [GeV]
QOS5 T T T T T T T T
ATLAS [ JusF=0.95
Simulation, Vs= 7 TeV -
0.04 \:’ JSF =1.00
[ JusF=1.05
0.03

0.02

0.01

05 1 15 2 25 3

reco
Roq
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Normalised events / GeV
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Q
1.025
1.020
1.015

1.010

T T
——e—— 1o stat. cont. > 2b

——=—— 1o stat. cont. 1b
——+—— 1o stat. cont. comb. fit

. e

/

NG /%TLAS i
T (s=7TeV, 461"
1070 1015 1020 1025
JSF

—=e— To s

T
tat. cont. > 2b

——=—— 1o stat. cont. 1b
——+—— 1o stat. cont. comb. fit

| ATLAS
(s=7 TeV, 4.6 fo”!
L L
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I
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L
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mi [GeV]

—=e— 1o

T
tat. cont. > 2b

——=—— 1o stat. cont. 1b
——=+—— 1o stat. cont. comb. fit

N

ATLAS ~_ Y,
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Additional details: dilepton channel (ATLAS 7 TeV)

Eur. Phys. J. C (2015) 75:330

m, = 173.79 £ 0.54 (stat) = 1.30 (syst) GeV

Small sensitivity to backgrounds due to very clean dilepton signal sample.
Dominant systematics due to JES and bJES, parton showering &

hadronization (0.53 GeV), and ISR/FSR (0.47 GeV).

st || =
0-8;_ —eom: _; Jet energy scale 0.75
32: :% b jet energy scale 0.68
0.5E E Pile up 0.01
04— —g Detector modeling 0.25
0'32_ E Method and backgrounds 0.10
(;215: Aszl-?ATseV, 46 T :é Signal modeling 0.78

O- 1'73 17'4 1%5 = Total 1.30

me, [GeV]
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Additional details: single top (ATLAS 8 TeV)

ATLAS CONF-2014-055

"  Dominant systematic uncertainties due to jet energy scale, W+jet
background shape & normalization, and t-channel parton shower &
hadronization modeling.

" Complimentary to ttbar-based measurements due to lower Q? regime,
different backgrounds and color flow.

m, = 172.2 £ 0.7 (stat) £ 2.0 (syst) GeV
Slgnal + background flt to data

—_
0
o
o

| T T
- (5=8Tev data gs- Y Systematic uncertainties Am, (GeV)
B Best fit: Mygp = 172.2 + 0.7 (stat.) GeV ¥ of ]

Jet energy scale & pile up 1.5

i Single-top t-channel signal S G SN
B tt signal . W A

Background . fro s TrzeT Detector modeling 0.5
.¢.

Events / 2.5 GeV

—
o
o
o

ATLAS Preliminary

i W+jet background 0.5
I det 20316"

500 _| | Other backgrounds 0.5
i 1 | t-channel modeling 0.8

Other top signals modeling 0.4

1 1 1 1 1 1 | 1 1 1 | 1 1 1 |
60 80 100 120 140

m(lb) [GeV] Total 2.0
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