Top quark mass determination
at Hadron Colliders

(a short report)
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Outline of the talk

1) Motivation.

2) Direct top quark mass measurements.

+ interpretation.

3) Top quark mass determination from NLO observables.

4) Summary

What is not in the slides:
- many of the measurements (just a personal selection)
- top quark mass schemes definitions (see A. Hoang & P. Marquard talks)

A. Irles, TopLC2015



Top quark mass measurements: motivation

The heaviest elementary particle A peculiar quark
discovered so far
4 Discovered in 1995, only observed in
e two colliders. , ,
LEuves BE G Mainly produced in pairs <
charm ’ !
up +
¢ 0.005 ‘ 1.5 t w
€001 @ o015 Decays before hadronizing
down  strange 2t .
~99% of times
& bottom 4
m ~ 173 GeV:

- Fundamental parameter of the Standard Model (SM)

— Important for precise tests of the SM
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— Test of new physics scenarios. 3
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Top quark mass measurements: motivation

Consistency of the SM and BSM SM Vacuum stability

80.60 | I I T | I I I | I I I | I
" experimental errors 68% CL
80 .50
> 3
3
) :
=
80.40
g0.30 | My = 1200 07 GeY _ SSMITTTIT 120 122 124 126 128 130
| S, Moo EEEE NIH !FGBV}
B | 1 1 | | | 1 | | 1 1 | | | 1 | | 1 1 | | | 1 B
168 170 172 174 176 178 _
m, [GeV] My > 129.6 GeV+2.0 (m;” 17334 Gev) —0.5GeV GS(A%)OOOOT'”M +0.3GeV
[Heinemeyer et al updated to summer 2014] [Degrassi, Di Vita, Elias-Miro,Spinosa, Giudici * 12,
Alekhin, Djouadi, Moch * 12]
Enter in all loop corrections (reduce parametric
uncertainty) Strong dependence with the Higgs and top-quark mass.
10 Assumption: no New Physics up to the Planck scale
4
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Direct top quark mass measurements

Inferring the top quark mass from the kinematic properties of its decay products.

T=1 46%

Matrix Element method (ME):
Calculates event probability densities from differential cross

sections and detector resolutions.
- Maximizes the statistical information.
- Current implementations at LO.

Ideogram method:
Event likelihood function to test compability of event

kinematics with the decay hypothesis convoluted with
detector resolutions.

Template method:
Compare histograms in data to simulations.

8| mm*=160Gev| o |
3 mM-=170 Gev = =
E m“=180 GeV | @ 3
D £ -
s 15%
“dileptons” l i e il
These methods measure the kinematic MC mass 5
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Direct top quark mass measurements: Matrix Element

Plz,mi) =

Cr(n'rz

Most precise measurement at Tevatron

/Tda y,me) dgidqz f(q1) f(q2) Wy, x, kigs)

LO ME PDFs Transfer fu nction

1.05—————————————— Simultaneous fit of m_and k___ (global factor for the Jet
_ DJ Collaboration | t _JES L .
; ¢ fileptonsjets |  Energy Scale -JES-, used for in situ calibration using the
L i m L=9.7f6™f  hadronic W decay)
103 | Improvements:
sl ] Full Run Il data - statistics
T : Improved objects ID (e, mu, b)
s 13_ = = -_ Faster method that allowed dramatic increase in MC
T statistics . - . |
= 174 93 - 0 76 GeV | Typicdl statistical uncertainty: @
172 173 174 175 176 177 ~0.25 GeV —» ~ 0.01 - 0.05 GeV

top quark mass (mt) [GeV]

m,"“=174.98+0.58 (stat+JES)+0.49(syst) GeV  Larger unc:

Had. and UE - 0.26 GeV

MC _174.98+0.76 GeV Residual JES - 0.21 GeV

PRL [arxiv:1405:1756]

A. Irles, TopLC2015

Single most precise measurement!!



Direct top quark mass measurements: Ideogram Method

45°°°—= =;;:;:; E Most precise measurement at the LHC
40000;_'" thwrong il sihgie top ;
35000;.__Dﬁ_w3malc ad «_Data

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

Permutations / 5 GeV

L
CMS, lepton+jets, using 8 TeV S 42 i
d ata . I:l 3o contour
ldeogram method using all 1o
: = permutations. 1.008
o T Estimators: m and m_.
R .5 SSRUR RN PRU R SERPY W _ t w 1.006
& bt ....i....l Simultaneous fit of m and JSF
0 50 100 150 200 250 300 t 1.004
i [GeV]
PM,S Prellimlin:lary,‘ 19.7 .fb ‘ s = 8 TeIV, II+]gts|
20000 i_.__-J[cormvt = \z‘\:J.i:s i 1.002
18000 I furong — RS 171.5 172 172.5
15000;_._.|:1_ﬁ_unmatched *_Data - m, [G BV]

Permutations / 5 GeV

m,"“=172.04+0.19(stat+JSF)+0.75 (syst ) GeV
m."“=172.04+0.77 GeV

Data/MC

Larger unc:

Flavour JSF - 0.41 GeV
= [GeV] JES - 0.26 GeV
Pile-up - 0.27 GeV

JHEP 12 (2012) 105, CMS PAS-TOP-14-001



Direct top quark mass measurements: Template Method

Evenls ¢ GeV

f&Eel

Events
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Best fit background
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Most precise measurement at the ATLAS experiment

lepton+jets channel, using 7 TeV data. 73

3D fit of m , JES and bJSF.

m "ec° 5 2
t A L M .

m reco s arXiv:1503.05427
w greco.tb Pr

Rb reco i (pg‘ Thiep pw' ) o
q

Uncertainties on JES and bJES and hadronization are
reduced.

I
- ATLAS

0.03F gimulation, 1s= 7 TeV [ = 167.5Gev

Mygp = 172.5 GeV

LOZ2%

| | My, = 177.5 GeV 1

i Larger unc:
1015} JES ~ 0.51 GeV
- Btag - 0.50 GeV
_- ISRIFSR - 0.32 GeV
LOOS
0t a0 160 180 200 o0
IT'l:;f.i” [GeV]

"©=172.33+0.75(stat + JSF+bJSF ) =1.02(syst) GeV
1©=172.33+1.27GeV 8



Top quark mass extraction from lepton+b-jet invariant mass

« CMS @ 8 TeV using di-lepton channel (ue) :
CMS PAS-TOP-14-014

19,7 1h (& Tav)
BOG—

T L CMS
Mt ' ' ' ] 'L'; s00/ Froliminary
s ] = N
so w A E
I\_.-. Al = . ] - .'ll. i l.,'. = a3 T ] ..r
z TEF - d____.{"’f . :-:‘UE:- ..‘., y + dam
#f-:-. ] sl . F .f'l',-f/\ NaclgraphsPyikin o BS
E ul ] 2000 o *"I P =785 Gel
7 . ’ , Madgraph+Pythia + B3
1 1 L 1 N Ir"::_ ¥ ':'- ;:J‘ ?llll:‘-‘.ull BG
I 1| 1M LT 178 180 t J -'-ﬁ; — ,,rtfﬂ'
. . e [ G R T T R B T
S. Biswas, K. Melnikhov, M. Schulze, JHEP 1008 (2010) 048 i [Ge|
/ \ -
(Mp¢) at NLO accuracy in QCD 0718700
E PO cms e an0f
- Theoretical predictions are forward-folded through the detector "' ™™ o /
. 0.013 it
Z ol i e ;
* MadGraph fit to m‘,""" (rate and shape) 0.008f . oa E
h@& G ang N | I"Illn — ﬂin.:lurnn.'?-'.r
M, grey = 172.3+03(stat) £1.3(syst)GeV oot ; B Wiy
= | J.": ' TI"“ ‘-r q.E
* MCFM@NLO fit to mﬁ (NLO production, LO decay, oo F g \'g,"_— :".=F'?=-=R=r=v
07 50 100 1s0 200 280 @00 56O
shape) M [GeV]

:ﬂmr =171.4+04(stat) 1 .0(syst)GeV

* Main uncertainties: o(ugr)=0.51 GeV; o(b-frag)=0.40 GeV

J. Fuster, Blois 2015



Top quark mass extraction from lepton+b-jet invariant mass

ATLAS measurement using dilepton channel

dilepton channel, using 7 TeV data.
Template method fitting the m ™ distribution (lepton + b-jet invariant mass)

Compared with simulations at NLO(production) with LO decay

0.03
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0.02
0.015
0.01
0.005

Y40

Mormalised events /! 2 GeV

100 120 140

60 B0

mi™ [GeV]

0.045 ATLAS e cey
004" Simulation, ys=7 Tew M T EEEEE
My = 172.5 GeV
0.035 Lo

. \m,, =177.5GeV

160

Events / 3 GeV

400

300

200

100~

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

m)“=173.79+ 1.41GeV
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arXiv:12503.05427

PR TR e dete, dlegton:
------ Best fit background

Best fit 1
+ Uncertainty

T | T T T
ATLAS
| 1s=7TeV, 461"’

e L

geepeqymedop

1 e P 1A
100 120 140

40 60 80

160
mie° [GeV]
Larger unc:
JES -~ 0.75 GeV
Btag - 0.68 GeV

ISR/IFSR - 0.53 GeV 10



Direct Top quark mass measurements: summary

CMS DO

Most precise individual
measurements (not
included in the comb.)

A. Irles, TopLC2015

Tevatron+LHC m,,, combination - March 2014, L _=3.5f0"-8.7 b’
) ATLAS + CDF + CMS + DO Preliminary
T Pl | el -—.— = 172.85 + 1.12 (0.52+ 0.49 + 0.86)
CDF Runil, di-lepton = 170.28+3.69(1.95  +3.13)
CDF Runl, al jets R 172.47 + 2.01(1.43+0.95+ 1.04)
COF Runll, ET'®4
oF unll & et bb———t-mt  173.93 + 1.85(1.26+ 1.05+ 0.86)
DO iusr:j\)\‘, l+jets @it 174.94 + 1.50(0.83+0.47 +1.16)
DO Runfl, di-lepton = 174.00 + 2.79 (2.36 = 0.55 + 1.38)
alLas ST Jyjeis R — 172.31+ 1.55(0.23 £ 0.72+ 1.35)
ATLAS 2011, di-lepton _— — 173.09+1.63(064  +150)
CMS 2011, l+jets — et — 173.49 £ 1.06 (0.27+ 0.33+ 0.97)
GMS 2011, di-taptan PP P 172.50 + 1.52 (0.43 +1.46)
CMS 2011, alljets ———— 173.49+ 1.41(060  +123)
World comb. 2014 %,/rei =310 b 173.34 £ 0.76 (0.27 £ 0.24 + 0.67)
28 Tevatron March 2013 (Run I+1) [ 173.20 £ 0.87 (0.51+ 0.36 £ 0.61)
8S Lhe September 2013 | e Oy | 173.29 + 0.95 (0.23 £ 0.26 + 0.88)
= | | I 1 = totgl  (stat. syst.)
165 170 + f175 180 185
My, [GEV]

Mass of the Top Quark

July 2014 (* preliminary)
. @
CDF-I dilepton 167.40 +11.41 (£10.30 + 4.90)
. o
D@-| dilepton 168.40+12.82 (+12.30 + 3.60)
. . _— =
CDF-II dilepton 170.80+3.26 (+1.83+ 2.69)
. .
D@-I dilepton 174.00+2.80 (£2.36+ 1.49)
. .
CDF-I lepton+jets 176.10+7.36 (+5.10+ 5.30)
. _—— -
D@-| lepton+jets 180.10+5.31 (£3.90 + 3.60)
. -
CDF-Il lepton+jets 172.85+1.12 (£0.52+0.98)
, 0
D@-Il lepton+jets 174.98+0.76 (+0.41% 0.63)
. @
CDF-I alljets 186.00+11.51 (£10.00 + 5.70)
H *
CDF-Il alljets 175.07 £1.95 (£1.19+ 1.55)
. 2
CDF-Il track 166.90+9.43 (£9.00 + 2.82)
-

CDF-Il MET+Jets

Tevatron combination *

173.93+1.85 (+1.26+1.36)

174.34 +0.64 (£0.37+0.52)

(£ stat + syst)
x?/dof = 10.8/11 (46%)

150 160

170

180
M, (GeV/c?)

190 200

11




Direct Top quark mass measurements: summary

80.60 | T T T | T T T | | T | | T
B experimenral errors 68% C i
8050
5
[1}]
S
=
=
80.40
50.20 SM|M,=125.6 + 0.7 GeV
3, N SM, vserﬂ
120 122 124 126 128 130
1\le [Gev“ C | | 1 1 | 1 1 1 | | 1 | | 1 1 1 | 1 1 | | 1 1 T
168 170 172 174 176 178
JHEP09(2014)18? m[GeY
r- ’ ? ‘. ‘.A—Jj’.’--' l"—ﬂ‘-
178 -
176 *
174 - :
M, i
/Hﬂ/ Metastability
] e
DO CMS
lﬁﬁ " - Nl » & ¢ - #
10 15 120 125 130 135 140
M
I 12

V(g) = A" [4+Xad® (6B ME)+As0®/(BM L)
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“Direct” Top quark mass measurements: MC tools used

Colored object lq
W+ )
v, q

color

Non
colored

color | )
objects

{ —-

Co/ (o] b

antiproton

i :

Calculation / tt production Top decay
Simulation LO/NLO LO

Hadronization +
detector effects

13
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Direct Top quark mass measurements: interpretation

The world combination achieves an improvement of the total my,, uncertainty of 28% relative to the most
precise single input measurement [16] and = 13% relative to the previous most precise combination [6]. The
total uncertainty of the combination is 0.76 GeV, and is currently dominated by systematic uncertainties due
to jet calibration and modelling of the 7 events. Given the current experimental uncertainty on mygp, clarifying
the relation between the top quark mass implemented in the MC and the formal top quark pole mass demands
further theoretical investigations. The dependence of the result on the correlation assumptions between mea-

LHC/Tevatron NOTE There is no well defined prescription that relates

MC pole
ATLAS-CONF-2014-008 mt and mt

CDF Note 11071
CMS PAS TOP-13-014

DO Note 6416 Is the same MC mass for both colliders? And for the
four experiments?

Current estimation of the uncertainty ~O(1) GeV

Current precision in m "©~ 0.7 GeV

.

S. Moch et al., arXiv:1405.4781,

ATLAS, CDF, CMS and DO Collaborations, arXiv:1403.4427,

A. H. Hoang and |. W. Stewart, 500 Nouvo Cimento B123 (2008) 1092-1100,

A. Buckley et al., arXiv:1101.2599

A. H. Hoang, arXiv:1412.3649. 14

-

-

L]

L]

A. Irles, TopLC2015



Requirements for a precise top quark mass determination

1) Define an observable which should show good sensitivity AO _ Amy

2) Small theoretical uncertainties.
3) Well defined mass scheme - NLO calculations!

4) Measured observables are corrected to the parton level where they
are compared with calculations

260 6., ,qlpblat LHC8 260 ., lPP]at LHC8 —— NNLO
240 m(m) = 163 GeV 240 mpoe =173 Gev -0
220 e 220 )
200 200 I e
180 e~ 180
160 - 160
W Eo NNLO 140
120 120
100 | 100 |
1 1
(e /L
Langenfeld, Moch, Uwer PRD 80, 054009 (2009)
Czakon, Fiedler, Mitov hep-ph/1303.6254 15
P. Uwer

A. Irles, TopLC2015 La Thuile, Feb. 2013



Top quark pole mass extraction from inclusive cross section

\s - ?T?‘u'.u.;[ma] = 0,118

E U ': L L
a E = -~ CMS,L=23f" -
- 2201 == - Top++ 2.0, ABM11 B
- R - Top++2.0, CT10 .
200 s = Top++ 2.0, HERAPDF1,5 —
- E LS e Top++ 2.0, MSTW2008 -
180 ili_ S Top++20,NNPDF23  —
B 3 :
160} e -
1or 2
[ ERG= .
120 I ?'_L = T L T . -

165 170 175 180 185 190
|J::||!3 IIGBU}

m, Pole= 176.7*32 GeV cms, phys. Lett B 728 (2014) 495

- Dilepton channel

Cross-section [pb]

- —— MSTW 2008 NNLO

3501 ATLAS —— — MSTW 2008 NNLO uncertainty _
: \ CT10 NNLO i
\ ------ CT10 NNLO uncertainty -
R NNPDF2.3 NNLO =
300 N Y — + NNPDF2.3 NNLO uncertainty ™|
- 8Tev T \ O \s=7TeV, 461" Yysm
B 4 \o \s=8TeV,203fb" .
4 ' ]
ST A e SNt
By Y — \I"'\I i
- T ~— \ ™
200 — 7TeV \\. \ 1
L A A " \. - A n Iy \
— \ < =]
- \ w""‘"&...‘jj T ]

: \
| | | | | Ly | Lo

mt'°°'e= 172.9%22

s GeV s ew Phys. J. C74 (2014) 3108

- MC simulations are used to correct for event efficiency selection and acceptance

- mt'”°'e inferred from the inclusive tt cross section at NNLO(+NNLL).

- “Limited” theoretical sensitivity:

A. Irles, TopLC2015

Ao /o =5 Am/m
tt tt t t

Larger unc:

PDF - ~1.5 GeV
Scale - ~1.0. GeV 16
Lum. - ~0.7 GeV



Top quark pole mass determination from the et rates

1 do et

R(m*, ps) = (M, ps)s ps =

T tt+1-jet dp s

m =170 GeV
- tt+1-jet T T e
The production of extra gluons(quarks) depend on e e - E
the top-quark mass S ,

- differential
Mass dependence enchanced in certain regions of

T E
the phase space s
0.2 0.3 0.4 0.5 0.6 0.7 0.8 ps
- normalized NLO - small corrections
Cancelation and reduction of systematic uncertainties B e
(theoretical and experimental) - POWHEG {f at NLO + Pytnias
- = POWHEG tf+1Jet at NLO + Pythia8
e tt+1Jet NLO (Pert. Calc.)
- Large event rates at LHC ~ 30% of the A _
inclusive cross section g T e
- NLO & NLO+PS corrections available.
0.2 0.3 0.4 0.5 0.6 0.7 0.8 ps

Eur.Phys.J. C73 (2013) 2438"’
Alioli, Fernandez, Fuster, A.l., Moch, Uwer, Vos



Top quark pole mass determination from the et rates

Am 4-5_ T T T | T T T | T I T I T
Q o - S | BN | |
D — imi - =
8. 4:_ ATLAS Preliminary ¢ Data | = ﬁ 150 ATLAS Preliminary (simulation)
S C e fi+1-et, m™ =170 GeV 3 - F
= 350 \s=7TeV, 4.6 b’ o ER
- tt+1-jet, m =180 GeV 3 & C
3 — g osC \
25~ ¥ = =N { ................... P ~ .........
o I S E 3 * { E
1 55_ _E 13— Mean = -0.08 + 0.08 GeV _f
- e . 1.5 ¥?/NDF = 0.4 E
1_ — _ |
= . e A R RN B N RS SN VR i
05F = 166 168 170 172 174 176 178 180 182
SE s e m, [GeV]
: I.I 1 1 | 1 | 1 1 | | | 1 1 | 1 1 |
% 0.2 0.4 0.6 0.8 i mPole=173.723 GeV
t .

Jo, [pérton level]
S ATLAS CONF 2014-053

- ATLAS 7 TeV, semileptonic decay

- MC simulations are used to correct to parton level for event efficiency selection
and acceptance

- mt'f’°'e inferred from the tt+1Jet cross section at NLO(+PS) with pT(Jet)>50 GeV.

- No dependence on the MC mass used in the correction procedure

Larger unc:
JES - 0.94 GeV
ISRIFSR - 0.72. GeV

Scale - 0.93 GeV
A. Irles, TopLC2015
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Top quark pole mass determination: summary

— Tt 1 v 1 1 1 1 r r r r | r r r 11 r 1 11 T T T 80-6ﬁ|||||||||||||||
. Top quark pole mass determinations - ; %
ATLAS Prellmlnary . experimental errors 68% CL [.e0]
compared to direct measurement LEP2/Tovatron
5.9
DO approx NNLO: MSTWO08, 1.96 TeV 2009 v 169.1°
2 8050
DO approx NNLO: MSTWo08, 1.96 TeV 2011 ——%——— 167.5_ i
3.0 <
CMS NNLO+NNLL: NNPDF2.3, 7 TeV 2013 . 176.7_+28 %
ATLAS NNLO+NNLL: PDF4LHC, 7 TeV 2014 1714 + 2.6 ;g
ATLAS NNLO+NNLL: PDFALHC, 8 TeV 2014 1741 + 2.6 80.4
2.5
ATLAS NNLO+NNLL: PDF4LHC, 7-8 TeV 2014 172.9_+2 )
_ 2.3
ATLAS NLO: ft+1 jet, 7 TeV 2014* 1 73.7_+2 1
Direct reconstruction LHC+Tevatron 2014 - 1733+ 0.8 80 30 = Bx0.7GeV MSSM FEETEE |
1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 | 1 1 1 1 - GrJ VI:CM -1
140 150 160 170 180 19 ]
1 | | 1 1 1 | | | | | | 1 1 1 1 1
pole 68 170 172 174 176 178
, [GeV] m, [GeV]

[Heinemeyer et al updated to summer
2014] + “non authorised” ellipses

Best top-quark pole mass  ILC prospects

measurement so far.

19
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Conclusions

> Precise top quark mass determinations are mandatory to test
and probe the SM and BSM.

> Current direct top quark kinematic mass determinations reach
precisions better than 0.5%...
> What is its interpretation?
> What is the theoretical uncertainty associated to this
Interpretations?

> Unambiguosly scheme defined top quark mass
determinations need to compare measurements with NLO
calculations.
> Theoretical uncertainties of the order of 1-1.8 GeV
> Traditionally, less precise (experimentally) methods.
> Last results show great advances in the increase of
experimental precision of these methods.

20
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Thanks to J. Fuster, A. Jung, M. Vos and many others for interesting
discussions and the slides that I've borrow from them

21
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Back up slides
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The top-quark mass: why so important?

SM consistency

El B | I I I | I | | I | I I | | | | : | | | | | | | I I J,_
B i1 m, world comb. + 1o ]
tq."'; ~ 68% and 95% CL contours | i -t-m, = 173.34 GeV 7
= 80.5 — M fitwlo M, and m measurements | --0=076GeV ' —
2 B fitwio M_, m and M_ measurements || —5=076 050, ,GeV 7]
S B W't H 1] . ]
B direct I'u'l,.,‘r and m_measurements ¥ #,/ _
80.45 _— i H/ —
B e y

80.4 #os

— M, world comb. + 15
80.35 [ My =80.385 + 0.015 GeV

7
L
= L NN
-
s
F
'z
-
L
¢
-

n ‘
RN \H+/ ’

80.3 g

- , Xy Y i

L {0 o g Y -

~ '\I‘-'E-.\'I "-,' ‘J'ﬁh,f \';‘fl‘:‘t:'d‘ . bﬂ‘-;:é.dd —

- o P o . ]

C 1 /I"/I I S R vl N1 5§ BRI AR RN A

140 150 160 170 180 190
m, [GeV]

Enter in all loop corrections
(reduce parametric uncertainty)

Relation H, W, t mass — EW fit
(SM and BSM)

My = M + Aryop+Ary
3 Grn? 1
8/2m2 tanByy
11 (?Fﬁff% cos Oy ﬂf%
Ary ~ In
- 24\/272 My

Artop ™
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Mass scheme

] 16mp = .
I'-IG( r Il.ri”'::l _ 1 Euﬁ 'fITE,—-. i 3)) ! Z C.””Jr 1
P Y @ i =0
by e P f e
\—‘1:].} L,E.Q r % E .‘:-‘- N L= - T 7% { 22” I
2. — iy - , nn — & T
n=0 (a)

[Bigi, Shifman, Uraltsev, Vainshtein 94 Beneke, Braun,94 Smith, Willenbrock 97]

Pole mass has an intrinsic ambiguity of the order of AQCD

260 O ¢ [pblat LHCB 260 | U‘

>, [Pb] at LHC8
;gg m(m) = 163 GeV 240 mpole = 173 GeV —  NNLO
T R e B 220 & v T T T NG
200 e T 200
180 JRREDE 180 hu‘“‘“--‘ T
160 — NNLO 160
140 7T NLO 140
120 120
100 | 100 |
1 1
wy y

Running mass definition provides better perturbative stability (tt)

Langenfeld, Moch, Uwer PRD 80, 054009 (2009) 24
Czakon, Fiedler, Mitov hep-ph/1303.6254



What is it measured?

[Mangano, Top Worksti;:p, July 2012, CERN]

25



in situ calibration factor

1.056————7——— 7
i D@ Collaboration
i . -« « ti—lepton+jets |
e L e ow e o ST

1.03}
1.02

1.01} ' B

Direct top quark mass measurements: Matrix Element

Most precise measurement at Tevatron

' m, =174.98 + 0.76 GeV

top quark mass (mt) [GeV]

PRL [arxiv:1405:1756]

A. Irles, TopLC2015

172 173 174 175 176 177

Source of uncertainty

Effect on m, (GeV)

Signal and background modeling:

Higher order corrections +0.15
Initial /final state radiation +0.09
Hadronization and UE +0.26
Color reconnection +0.10
Multiple pp interactions —0.06
Heavy flavor scale factor +0.06
b-jet modeling +0.09
PDF uncertainty +{).11
Detector modeling:
Residual jet energy scale ${1.21
Flavor-dependent response to jets +0.16
b tagging +0.10
Trigger +0.01
Lepton momentum scale +0.01
Jet energy resolution +0.07
Jet ID efficiency —0.01
Method.:
Modeling of multijet events +0.04
Signal fraction +0.08
MC calibration +0.07
Total systematic uncertainty +0.49
Total statistical uncertainty +0.58
Total uncertainty +0.76

TABLE I: Summary of uncertainties on the measured top
quark mass. The signs indicate the direction of the change in

m+ when replacing the default by the alternative model.



Direct top quark mass measurements: Ideogram Method

—

CMS Prellmlnary 19?fb ‘, Is= BTeV I+]ets

3 4000 - ] Most precise measurement at the LHC
0 40000 s 165 .
g 35000F = 3 Table 1: List of systematic uncertainties for the combined fit to the entire lepton+jets data set.
-g 30000 : | 6mD (GeV) JJSE | omP (GeV)
$ 25000 ] Experimental uncertainties
20000 E Fit calibration 0.10 0.001 0.06
15000 E pr- and y-dependent JES 0.18 0.007 1.17
10000 - Lepton energy scale 0.03 <0.001 0.03
5000 ] MET 0.09 0.001 0.01
o B i e Jet energy resolution 0.26 0.004 0.07
= b tagging 0.02 <0.001 0.01
ol 1 108”0 s naee? S5
= e Pileup 0.27 0.005 0.17
° 0.8 00 E0 200250 300 Non-tt background 0.11 0.001 0.01
mE® [GeV] Modeling of hadronization
CMS Preliminary, 19.7 fb ', is =8 TeV, l+jets Flt“’Dr-dE'pE’ndE’ﬂl JSF 0.41 0.004 0.32
2 20000F—iconeer [Py E b fragmentation 0.06 0.001 0.04
0] E Lo I W Jéts 3 . . ) - .
©  1gop0f -] fwrena st top . Semi-leptonic B hadron decays 0.16 <0.001 0.15
g 16000 —- L] f.unmatched e_Daw - Modeling of the hard scattering process
§ 14000 : PDF 0.09 0.001 0.05
E 120000 E Renormalization and 0.12+0.13  0.0044+0.001 | 0.25+0.08
o 10000F K factorization scales
8000 = ME-PS matching threshold 0.15+0.13  0.003+0.001 | 0.0740.08
60002 ; ME generator 0.23+0.14  0.0053£0.001 | 0.20+£0.08
4000; ] Modeling of non-perturbative QCD
20001 Underlying event 0.14+0.17  0.002+0.002 | 0.06+0.10
o 1 5:TT 1 T Color reconnection modeling 0.08+0.15 0.002+0.001 | 0.07+0.09
T M— Total 05 0012 | 129
© ;
[m] R Ly o
053 200 300 400
reco [GeV]

m"“=172.04+0.19(stat+ JSF) +0.75 (syst ) GeV
m"“=172.04+0.77 GeV »7
JHEP 12 (2012) 105, CMS PAS-TOP-14-001




Direct top quark mass measurements: Template Method

it — lepton+jets tt — dilepton Combination
my 1GeV] | ISF | bISF mi;, [GV] || mm™ [GeV] P
Results 17233 | 1.019 | 1.003 173.79 172.99
Statistics 0.75 | 0.003 | 0.008 0.54 0.48 0
— Stat. comp. (Myep) (.23 na nia (.54
— Stae. comp. [(J5F) (.25 | (L3 nia mia
— Stat. comp. (bJSF) (.67 | LK) | 0008 nia
Method 0.11 =£0.10 | 0.001 | 0.001 0.09 = 0.07 0.07 0
Signal MC 022 £0.21 | 0.004 | 0.002 0.26 =016 0.24 | +1.00
Hadronisation 018 012 | 0.007 | 0.013 0.53 = 0.09 034 | +1.00
ISR/FSR 032 £0.06 | 0.017 | 0.007 0.47 + 0.05 0.04 | —1.00
Underlying event 0,15 £0.07 | 0.001 | 0.003 0.05 = 0.05 0.06 | —1.00
Colour reconnection 0.11 £0.07 | 0.001 | 0.002 0.14 = 0.05 0.01 | —1.00
PDF 0.25 £0.00 | 0.001 | 0.002 011 = 0.00 0.17 | +0.57
W/Z+jets norm 0,02 £ 0.00 | 0.000 | 0.000 0.01 = 0.00 0.02 | +1.00
W/Z+jets shape 0.29 £0.00 | 0.000 | 0.004 0.00 = 0.00 0.16 0
NP/fake-lepton norm. 010 £ 000 | 0.000 | 0.001 0.04 = 0.00 0.07 | +1.00
NP/fake-lepton shape 0.05 £0.00 | 0.000 | 0.001 0.01 £ 0.00 0.03 | +0.23
let energy scale 058 =011 | 0.018 | 0.009 0.75 = 0.08 041 | =023
b-jet energy scale 006 £003 | 0.000 | 0.010 0.68 = 0.02 034 | +1.00
Jet resolution 0.22+0.11 | 0.007 | 0.001 0.19 + 0.04 0.03 | —1.00
let etficiency 0,12 £0.00 | 0.000 | 0.002 0.07 = 0.00 0.10 | +1.00
Jet vertex fraction 0.01 =£0.00 | 0.000 | 0.000 0.00 = 0.00 0.00 | —1.00
b-tagging 0.50 £0.00 | 0.001 | 0.007 0.07 = 0.00 0.25 | =077
ET’“i“ 015 £0.04 | 0,000 | 0.001 0.04 + 0.03 0.08 | —0.15
Leptons 0,04 £0.00 [ 0.001 | 0.001 0.13 = 0.00 0.05 | =034
Pile-up 0,02 £0.01 | 0.000 | 0.000 0.01 = 0.00 0.01 0
Total 1.27 £0.33 | 0.027 | 0.024 141 = 0.24 0.91 | —0.07

Table 3: The measured values of my, and the contributions of various sources to the uncertainty in the 7 —

lepton+jets and the 17 — dilepton analyses. The corresponding uncertainties in the measured values of the JSF and

bJSF are also shown for the T — lepton+jets analysis. The statistical uncertainties associated with these values

are typically 0.001 or smaller. The result of the my,;, combination is shown in the rightmost columns, together with

the correlation () within each uncertainty group as described in Sect. 8. The symbol n/a stands for not applicable. 28
Values quoted as 0.00 are smaller than 0.003. Finally, the last line refers to the sum in guadrature of the statistical

and systematic uncertainty components.

A. Irles, Td




Alternative measurements
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Alternative measurements

Kinematic endopoints .
P me = 173.9 £ 0.9 (stat.) "7 (syst.) GeV

Lipt=50M" /E=7Tev cMS Lint=50m" /&=7Tev cMs — L.
= T T T T B T T

Eur. Phys. J. C 73 (2013) 2494
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o,; (pb)

Mt from cross section

Langenfeld U Moch S and Uwer P 2009
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Phys. Lett. B728 (2014) 496-517

\V'E TTeV
Uncertainty (inclusive o) Aoy feeu ACYICy  Aoygfoy;
(%) (%) (%)
Data statistics 1.69
it modelling 0.71 —0.72 1.43
Parton distribution functions 1.03 - 1.04
QCD scale choice 0.30 - 0.30
Single-top modelling - - 0.34
Single-top,/tt interference - - 0.22
Single-top Wt cross-section - - 0.72
Diboson modelling - - 0.12
Diboson cross-sections - - 0.03
£+jets extrapolation - - 0.05
Electron energy scale/resolution 0.149 —0.00 0.22
Electron identification 0.12 0.00 0.13
Muon momentum secale /resolution 0.12 0.00 0.14
Muon identification 0.27 0.00 0.30
Lepton isolation 0.74 - 0.74
Lepton trigger 0.15 —0.02 0.19
Jet energy scale 0.22 0.06 0.27
Jet energy resolution —0.16 0.03 0.20
Jet reconstruction /vertex fraction (.00 0.00 0.06
b-tagging - 0.18 0.41
Misidentified leptons - - 0.41
Analysis systematics (o) 1.56 0.75 227
Integrated luminosity - - 1.98
LHC beam energy - - 1.79
Total uncertainty (o) 1.56 0.75 3.80
Eur.Phys.J. C74 (2014) 3109
31


http://link.springer.com/article/10.1140/epjc/s10052-014-3109-7
http://cds.cern.ch/ejournals.py?publication=Phys.+Lett.+B&volume=728&year=2014&page=496

The R observable: calculations

ole 1 dO'rt+1 -jet ole 21110
R(IHF ,Ps) = - (H7p ,Ps)s  Ps= =
Orirl-jet  dPs V3t
m =170 GeV
= . Gt +1-jet [Pb]
Calculations: | pr(jet) > 50GeV, n(jet)| < 2.5
m " [GeV] | LO NLO
- Fixed NLO calculations 1 76151 | 522500
(Dittmaier et al arXiv:0810.0452) ' 20 ot
170 49.910 45.45(6
- 172.5 46 508%3;”5 42 3?%@%13}
* Mass scheme fixed 175 153723) " | 30.46(6)
(pole mass) 180 37.800(2) | 34.73(5)

Pole mass scheme chosen, small NLO corrections
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Off shell corrections to ttbar production.

do /dM,; [fh/GeV] K pp = vee p i, bh4X @ /5 =8TeV
lu : I I I I ! 1 ! I I I !
1F
0.1 2
— ' LO 0 e WV = T et .
/1 NLO
0.01 1 1 1 1 ] —10 i ] 1 1 1 ]
200 300 400 500 600 700 800 200 300 400 500 600 700 800
M, [GeV] M; [GeV]

Figure 20: Distribution in the invariant mass of the tt pair with standard cuts for the

LHC at /s = 8 TeV for dynamical scale pg = Ev /2.

arXiv:1207.5018v?2
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