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Overview

Central question:

How is CMS pushing top mass measurements to a new precision frontier?

» Summary of the /s = 8 TeV results
» Combinations and new results: the current precision frontier
> Individual channels & where we push forward

» Discussion of Run 2 results

» Kinematic fits, statistical strategies
» Systematics breakdown
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Run 1 Results

CMS-PAS-TOP-14-022 » CMS combination: total uncertainty

Run 1 combination of 0.3% via pair production channels
L B B s I B B B B » Most impacted by flavor corrections
M 2010, dilepton TR TIo and QCD modeling uncertainties
JHEP 07 (2011) 049, 36 pb* (value * stat + syst)
CMS 2011, dilepton —_ 17250+ 043  1.43 GeV
EPJC 72 (2012) 2202, 5.0 fb™* (value £ stat + syst)
CMS 2011, all-jets * 17349+ 0,69+ 1.21 GeV In 2017, 4 tOp mass pub|lcatlonS:
EPJC 74 (2014) 2758, 3.5 fb* (value + stat + syst)
CMS 2011, lepton+jets * 173.49 + 0.43 + 0.98 GeV | 2 Top jet mass, boosted tf events
JHEP 12 (2012) 105, 5.0 fb* (value # stat + syst)
CMS 2012, dilepton | 172,82+ 019% 1.22 GeV CMS-PAS-TOP-15-015
This analysis, 19.7 fb™ (value * stat + syst) i _ .
s 2012, bt - 172424 0252 050 Gev > Pole mass via tt production cross
This analysis, 18.2 fb™ (value * stat + syst) .
o section
CMS 2012, lepton+jets 172.35+ 0.16 £ 0.48 GeV
This analysis, 19.7 fb™* (value * stat + syst) CMS-PAS-TOP-16-006
CMS combination N 172,44+ 013 % 0.47 GeV
(value + stat + syst) H H H

Tevatron combination (2014) - e yoaz Y > me In d||ept0n Channel USIng
Xiv:1407,2682 7434+ 037 0.52 G
szt (aine s st sysh Mbb MT2,MAOS
World combination 2014 ——
ATLAS, CDF, CMS, DO 17334+ 0.27+ 0.71 GeV CMS.PAS.TOP-15.008
arXiv:1403.4427 (value + stat + syst)

T I > m; from single top events (!)

165 170 175 180

rnt [GeV] CMS-PAS-TOP-15-001

Top quark mass at CMS, TQP@PF 2018


http://dx.doi.org/10.1103/PhysRevD.93.072004
http://dx.doi.org/10.1140/epjc/s10052-017-5030-3
http://dx.doi.org/10.1007/JHEP09(2017)051
http://dx.doi.org/10.1103/PhysRevD.96.032002
http://dx.doi.org/10.1140/epjc/s10052-017-4912-8

Channel-by-channel breakdown

All hadrons - 46% of pair prod. Dilepton — 4% (9%) of pair prod.

» 4q — Multijets background » 2y = Difficult reconstruction
> Attempt to satisfy constraints: Mr,

> Give up on neutrinos: My
P Run 1: CMS-PAS-TOP-15-008

» Run 1 with ldeogram method:
CMS-PAS-TOP-14-022

> Opportunity to leverage > Analytical Matrix Weighting
substructure developments in > Run 1 CMSPAS-TOP-14010
g vs. g discrimination > Limited by pQCD, b-jet modeling

l+jets —30% (45%) of pair prod. Single top

> Clean signal, generally most » Difficult to isolate from dominant
precise channel tt, smaller cross-section

> Limited by b quark JEC's » First result from CMS published:

» Run 1 with ldeogram method: CMS-PAS-TOP-15-001
CMS-PAS-TOP-14-022 > Limited by JES, matching scales

» Top jet mass measurement:
CMS-PAS-TOP-15-015

Percentages in red include 7 decays
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“Alternative measurements’ CMS-PAS-TOP-15-012

> CMS produces a diversity of top Run 1 Alternative Combination

mass results

b-jet energy peak
TOP-15-002 (2015)

Alternatives give 0.4% error LeptansSecix N

PRD 93 (2016) 092006

» Combination of all results yields Dilepton kinematics
. . TOP-16-002 (2016)
only slight improvement

172.29 + 117 + 2.66 GeV

+ +1.58
@— 17368020 *1%8 (o Gev

+1.10+268
171.70 £ 1.10 3,00 GeV

Single top enriched

b 172.60 £ 0.77 097 o2 Gev
TOP-15-001 (2016)

» But, demonstrates consistency of
top mass measurements at CMS

Mr,/MAOS observables

172.22 £ 016 *088 | o) Gev
TOP-15-008 (2016)

Xk

Lepton+J/¥

17350 + 3.00 + 0.90 GeV
TOP-15-014 (2016)

Kinematic endpoints
cMS EPJC 73 (2013) 2494

47
t

4090 +170
173.90 + 0.90 21006V

3 ) Preliminary Projection b hadron lifetime

173.50 + 1.50 + 2.91 GeV
TOP-12-030 (2013)

t

H -me I, arXiv:1608.03560
H === o (tf), JHEPO8 (2016) 029
: sec. vtx, PRD 93(2016)2006
R single t, PAS-TOP-15-001
I+jets, PRD 93(2016)2004

Dilepton My, 172.30 £ 0.32 124 |, Gev
TOP-14-014 (2014) L
BEST backgrounds
TOP-15-011 (2015)

172,61+ 0.57 + 0.90 GeV

% . 2. 2%, Yo /.

| P P e

CMS alternative comb
TOP-15-012 (2016)

172,58 + 0.21+ 0.72 GeV

CMS Run |

172.44 + 0.13 £ 0.47 GeV
PRD 93 (2016) 072004

Total uncertainty on m_ [GeV]

0 <
Run I 0.3/ab, 14 TeV 3/ab, 14 TeV CMS Run | + Alt. techniques
TOP-15-012 (2016)

CMS-DR-2016-064 [ R I B
160 170 180 190
m, [GeV]
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“Alternative measurements’

Single-top: cMs-PAS-TOP-15-001 Lepton+J/1: CMS-PAS-TOP-15-014
» Unbinned ML fit using m,,..» with > Decay process within tt:
Gaussian core, (2x Crystal Ball)-+Novosibirsk tail t—= (W= w)(b— J/p+X = p"u™ +X)
——— ———

t,tf ron-t oM mivery

E’ 1001 = (1735 £3.0) GeV. :@4 7

19.7 b (8 Tev) g I EE 1

> r ARASYRAARS s : ]

&eooF- CMS 4 2 o 2 ]

o E 3 o b * 1 4

500 E sl T 180

2 r —t channel +bkg E m(Gev)

24005 ----- total bkg | r 1

@00k non-top E wf- o ]

E E r Statistical uncertainty

200F E [P Gaussion component |

E 3 201~ {: h + *

100 | [ 4f B ]

CE L - L L LT d :+VH\HH\HH\HHM§‘ ]

8670 150" 200 250 300 Wshs(oe N h " o m

> my = 173.50 £ 3.00 4 0.90 GeV

=172.60 £ 0.777997 GeV
me —0.93 V€ » Unbinned ML fit: Gaussian+Gamma

Limitations: JES, matching scales L .
» Limitations: WF, UR, tOp pT, matrix

First top mass result to use element generator/PS matching
single-top-enriched samples in CMS
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Run 1: Top jet mass CMS-PAS-TOP-15-015

{+jets channel:

> Idea: Compute differential tt cross section with (1) leading-jet pr
for events with highly-boosted top jets

> “Unfold” to move from reconstruction to particle level (2)
> After unfolding, leading-jet pr peak is sensitive to m; (3)

> After a ¥ fit to data: m; = 170.8 £ 9.0 GeV
> Statistical uncertainty: 6.0 GeV

19.7 b (8 TeV)
T

> Modeling uncertainty: 4.6 GeV = T T
> —$— Data
i ‘ _sowewn ‘ L rmieTy) S 0015 m=1785Cev
2 E J > L 4] <
5 40 i‘g 250 cMS  —4—Dam 2 £ m,=172.5 GeV
u U‘EQ MADGRAPH+PYTHIA —lo e M =166.5 GeV
<5 2 MC@NLOHHERWIG 0.01
POWHEG+PYTHIA
15
1+ i 1 0.005 {1

o 3 skl { i ]
é 1 ! ++**+ } Jﬁ % + I ! L L
] t | | | L Y
& s i T TR 150 200 250 300 350

| | | | -
100 200 300 400 500 Leading-jetm [GeV] Leading-jet m . [GeV]
Leading-etm_ [GeV] et jel

(1) (2) (3)
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Run 2: Pushing the precision frontier

{+jets channel cms-PAS-TOP-17-007

> 2j2b events with 14 (e/u)
> AK4 jets, b-tagging uses SV+tracks+MVA
(69% eff.)

» Kinematic fits generate m;, my,
distributions, improve signal purity
X2 _ (Xf _Xm)T G- (Xf _Xm)
Peor = X > 0.2
> Weighting by Pgor improves

probability of correct parton-jet
assignment

x10° CMS Preliminary 359 fb” (13 TeV)

CMS Preliminary  35.9 fb' (13 TeV)
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Run 2: (+jets CMS-PAS-TOP-17-007

Perform ML fit to data:
» ldeogram method constrains mass, jet energy scale factor (JSF)

L(sample|me, JSF) = P(JSF) ] (Z Poor (i) ( ST P (mE | me, JSF) x Py(misS | me, JSF)))
i

events i=1

> n = # parton-jet permutations (perm.)
> j-sum runs over correct/wrong/unmatched perm.
> w; = event weight emphasizes events with correct perm.

> Presents 1D fit, 2D fit, and “Hybrid" fit (P(JSF) as Gaussian)

CMS Preliminary ~ 35.9 fb™ (13 TeV)
p

Effects on results:

> Benefit: syst. impact of JEC reduced
(0.74 GeV 1D — ~ 0.15 GeV 2D)

» In 2D options, have to balance
uncertainties on JSF

172 1722 172.4

("Hybrid”)  m,[Gev]
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Run 2: (+jets

Result:

hyb
mt

= 172.25 + 0.08(stat. + JSF) £ 0.62(syst.) GeV

JSF™® = 0.996 + 0.001(stat.) & 0.008(syst.)

Systematic breakdown —

>

>

Key: Affects all / Affects some

First Run 2 measurement
with NLO generator setups.
bJEC impacts persist

Color reconnection modeling
more rigorous than in Run 1

» Constraints will tighten

Factor of 2 improvement on
stat. unc. relative to Run 1

CMS-PAS-TOP-17-007

2D approach | 1D approach Hybrid
smi®  GSFD smiP T
(GeV) (GeV) (GeV)
Experimental uncertainties
Method calibration 005 <0.001 0.05 005  <0.001
Jet energy corrections (quad. sum) | (0.13)  (0.002) (0.85) (019)  (0.003)
—JEC: InterCalibration 002 <0.001 016 004  <0.001
~JEC: MPFInSitu 001 <0.001 023 007 <0.001
- JEC: Uncorrelated 013 0.002 078 016 0003
Jet energy resolution 008 0.001 0.04 004 0.001
b tagging 003 <0.001 0.01 003 <0.001
Pileup 008 0.001 0.02 005 0001
Non-tf background 004 0.001 0.02 002 0001
Modeling of hadronization
JEC: Flavor (linear sum) 042) (0.001) 0.31) 039) (<0.001) |
— light quarks (uds) 012 -0.001 -0.01 4007 0.001
—charm 003 <0.001 -0.01 002 <0.001
~bottom 031 <0.001 031 031 <0.001
- gluon 023 0003 0.02 015 0002
bjet modeling (quad. sum) (0.13)  (0.001) (0.09) (0.12)  (<0.001)
—b fragmentation Bowler-Lund 007  <0.001 0.01 005  <0.001
~b fragmentation Peterson 004 <0001 0.05 0.04  <0.001
— semileptonic B hadron decays 011 <0001 0.08 010  <0.001
Modeling of perturbative QCD
PDF 002 <0.001 0.02 002 <0.001
Ren. and fact. scale 002 0.001 0.02 001 <0.001
ME/PS matching threshold 008 0.001 0.03 005 0.001
ME generator 0.19 0.001 029 022 0.001
ISR PS scale 007 ___0.001 0.10 006 <0.001
FSR PS scale 024 0.004 0.2 013 0003 |
Top-quark transverse momentum | <0.01  <0.001 <0.01 <0.01  <0.001
Modeling of soft QCD
Underlying event 007 0.001 0.10 006 <0.001
Early resonance decays 022 0.008 042 003 0005
Color reconnection modeling 034 0.001 023 031 0001 |
Total systematic 071 0.010 1.09 0.62  0.008
Statistical (expected) 005 0.001 0.05 007 0.001
Total (expected) 072 0.010 1.09 062  0.008


https://cds.cern.ch/record/2284594?ln=en

Run 2: Top pole mass CMS-PAS-TOP-16-006

Extract m; given parametric dependence

; of production cross-section, o;z, on mass
2.2 b (13 TeV)

5 CMS —observed

----expected

{+jets channel:
my = 170.6 & 2.7 GeV

7959% CL.

On 2.2 fb~! of Run 2 data

i P Categorize by jet/b multiplicity,
lepton charge/flavor

f( 6‘ ' ‘1(‘38‘ 17‘0‘ 172‘ ' ‘1’;4‘ ' ‘17‘6‘ ' ‘1;8‘
Top quark pole mass [GeV]

v

i)
v

> 44 categories in total

Source Amt[GeV] » Limited by uncertainties on oz
Uncertainties from the fit in the fiducial region —22/+2.5 . . .

Extrapolation to the full phase space —0.7 /+1.1 » Previous World Combination:

Beam energy —0.08 /+0.12

pir/ pip and PDF+as —09/+1.1 173.34 £ 0.27 (stat.) = 0.71 (syst.) GeV
Total +2.7

CMS-PAS-TOP-13-014
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In summary & the path ahead

v

In Run 1, CMS reached a precision of 0.3% on m;

v

Our public Run 2 result demonstrates improvements thanks to the
increased luminosity and center-of-mass energy at the LHC

» Top mass distribution is replete with physical information

> Repeating measurement procedures... for now
> “While we have data, we have hope”

More results to come + future combinations and collaboration.
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