Top quark physics
cross section and mass
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* |ntroduction
e Cross section measurements
« Mass measurements
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Role of top quark physics

* Top quark physics after the Higgs discovery

— Special role in EWSB mechanism?

— Does it play a role in non-SM physics?
— Are the couplings affected?

— Main background for many NP searches

* Monitoring of production

mechanism

* Interpretation of m,,: top, W,
Higgs masses

» Are properties consistent with
our understanding of EWSB?

* Is there any sign of NP in top
production/decay?

Michele Gallinaro - "Top quark physics: production and mass" - La Thuile - March 1-7, 2015

Inclusive tt cross section [pb]

10 E

|||||||||

..............

™ ATLAS+CMS Preliminary sep2014
TOPLHCWG

Permutations / 5 GeV

'DFALH(
3 7 8 9
Vs [TeV]
CMS 19.7 fb™' (8 TeV)

~

« Data,
+ 10 stat. unc.
—— Syst. unc.
—~— Total unc.

0.2

|

prb@\ies

+ SM pred. Pro 81

(2010)

PRI PR -
0.65 0.7

\\ }

S

el L
0.75 0.8

Fo

Data/MC




Cross section measurements

[ TeV

ATLAS+CMS Preliminary o, summary, /s =7 TeV TOPLHCWG

------- NNLO#NNLL (Top++ 2.0), PDFALHC, m _ =172.5 GeV
I scale uncertainty
scale ® PDF @ c, uncertainty

Sep 2014

=== 7 glal uncertainty
= = = fotal uncertainty
o x(stat) =(syst) =(lumi)

ATLAS, l+jets 17924=9=7pb =07 1"
ATLAS, dilepton () 173=6" "pb =07 1"
ATLAS, all jets () F 1167-18278=6pb  L.=ton
ATLAS combined 177=3"}=7pb L0710
CMS, I+jets (%) 164=3=12+7pb L0811 1
CMS, dilepton (%) 170=4=16=8pb RRT™
CMS, 1, #u () 149:24226=9pb L =11w
CMS, all jets (*) 136:20:40=8pb  L=11w
CMS combined 166= 2=11=8pb L0811
LHC combined (Sep 2012) 173- 2= 8=6pb L0741 1"
ATLAS, I+jets, b—+Xuv 165:2=17=3pb Led.7 16"

ATLAS, dilepton ey, btag
ATLAS, dilepton ey, N, -E7™*
ATLAS, 1+

1829231242+ 36pb L =451’
181222875.+33pb =450
186:13:20=7pb  L.21’

ATLAS, 1, +jets 194 = 18+ 46 pb L7’
ATLAS, all jets i — 168=12 5= 7pb LA T
CMS, I+jets —.—i 158=2=10=4pb L2223
CMS, dilepton ko 1619225 5,236pb L2530
CMS, 1, L 143=14222=3pb Le22i
CMS, 1, +ets 1522 12232=3pb 1 =3an’
CMS, all jets iy 139:10226=3pb L350

{") Superseded by results shown below the line
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Effect of LHC beam energy uncertainty: 3.3 pb
(not included in the figure)
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....... NNLO-+NNLL (Top++ 2.0), PDF4LHC
my,, = 172.5 GeV
I scale uncertainty

scale ® PDF @ ag uncertainty

ATLAS prel., e/u+jets
ATLAS-CONF-2012-149, L =58 fo”

CMS prel., e/u+jets
CMS-PAS TOP-12-006, L,,=2.8 o'

CMS, elpH-‘l:h
arXiv:1407.6643, L,,=19.6fb"

ATLAS, dilepton ep.
arXiv:1406.5375, L;,=20.3 fb”'

CMS, dilepton (ee, pu, ew)
JHEP 02 (2014) 024, L,,=5.3 b

LHC combined ey (Sep 2014)
CMS-PAS TOP-14-016,
ATLAS-CONF-2014-054,

L,=5.3-20.3 0"

ATLAS+CMS Preliminary o,; summary, Vs=8TeV TOPLHCWG

Sep 2014

= ~— — sfat. uncertainty
= = = total uncertainty
O +(stat) =(syst) = (lumi)

241+2+31+9pb

228 +9°2 + 10 pb

257 +3+24+7pb

2424 +17+55+7.5pb

239.0+21+11.3+6.2pb

2415+14+57+6.2pb

Effect of LHC beam energy uncertainty: 4.2 pb
(not included in the figure)
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Dilepton channel

 Branching ratio (BR) ~5%

JHEP 02(2014)024

! ' -+ Data '

2]
» Background: small ‘g . CMSs=8TeV,L=531b" mvv |
. > 80001~ o= channel =g;:,';l‘g’tz ]
* Clean final state oo oy
I D ]
— two leptons + =2 jets + MET 6000 Uncertainty

— kinematic variables

4000 -
2000}
« Signal visible w/without b-tagging
» Measure cross section: o 14
€6, pp, ep final states ”;3 - . —
—btag (CSV): eff 85%, misID 10% O o06t—y : 5 S
— Cut and count b-jet multiplicity

« Main systematics: JES, lepton ID,
(pileup, b-tag, signal modeling)

o = 239 + 2 (stat.) £ 11 (syst.) = 6 (lum.) pb| +5%
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Tauy +lepton final state

PLB 739(2014)23

S 1200 S B TeY)
° I | n: g WS o 8 - CmMS —f—daif .
Se eCt © 200y : s 9 10001~ =gdilehto)r(1$
—one isolated lepton (e/u) Y i - BN 0Y-diboson
—at least two jets (one b-tagged) | ,, % 800 @ :‘,Ei.df:ﬂirf:i;?y‘:
—OS tau (hadronic decay) i o 6003 ]
—MET W i
* Determine t fakes from data o
— Expected to be dominated by quark/gluon jets 200} i

— Estimate from multi-jet/W+jets: use data B f§
150 200 250 300 350 400 450
My, [GeV]

100

dominant syst.: t fakes, b-tag
Good agreement between measurement and predictions
oi(ety) = 255 £ 4 (stat) &= 24 (syst) & 7 (lumi) pb; 100
-+
o(Uth) =258 + 4 (stat) + 24 (syst) £ 7 (lumi) pb] 0%
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Is there a charged Higgs?

JHEP 07(2012)143, CMS-HIG-12-052, CMS-HIG-14-020, CMS-HIG-13-026

* [f anomalous tau/lepton production in ttbar decays there may be
contribution from charged Higgs

:. 0.4-_'“'!:':[‘"'I“"I""' """" | MRARY LR !""_: B . _56M§I|Illll|l;l_l)l|.l':bllkiI.I_)IIT‘\II lllllll & —.—observed
N g ; :lt::ger-\t:ﬂz:d(:eV] 2 f;:r i Preliminary 7, +jets final state = 18 ... median expected
0.35 3 DY +jets Z. LE 0.021- —=— Observed N % 16 [ = 1o expected
0.3F = Singlo . E - #5 Expected median + 16 { 1 [ ]+ 20 expected
“F & othertt  80< my+ <160GeV{ 77 Expected median +20 ] = m{°% scenario, tan=30
L 1 o o
0.25 3 S bkg tofal unc. B @ 0.015 4+ 4 x 12
02- |:"jslgnaltotal unc. S S t — H b i re] 10 pp —) t(b)
“f B(t—=H") =005 = L> + 11 \_) b
0.15f - E 0.0 T v 1 £ 8 t
- - ] E 6
01F 7]  sa O &
: 0 4
0.05F & 0:005
» 2
0 | L L L L L L L L L L L L l L L L L
0.1 012 0-3 0-4 0!5 0-6 0-7 0-8 0-9 1 llllllll l L1l l Ll L 1 l L Ll l Ll Ll l llllllll 0
plead-track/ET 090 100 110 120 130 140 150 160 200 300 400 5°|3| G 300
m,, (GeV) wlGeV]

Yields in agreement with expectations = set limits
my: 80-160 GeV  B(t — bH™) < 1.2-0.6%
200-600 GeV o(pp — t(b)H") < 4-1 pb
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All-hadronic: cross section

JHEP 05(2013)065. EPJC 74(2014)2758
CMS simulation at Vs =7 TeV

 Fully hadronic final state (BR~46%)
* Six jets and no leptons in the final state

®  MJ MC for tt signal region

o

w

o
TTTT

weighted MJ MC estimate
for outside of tt signal region

Arbitrary units
o
(2]
T

« Reconstruct ttbar system and fit with least > method m%_
— reconstruct both W bosons 0_25_ ood agreement
— Myp1=Myy, are free parameters orsh with simulation

— b-jets are taken as b-quark candidates
— take permutation with smallest 2

« Multijet QCD is main background (from data) o

100 150 200 250 300 350 400 450 500 550

— Use same selection without b-tag req. m, (GeV/c?)
— Re-weigh mass spectrum from anti-tagged sample

« Templates are inputs for likelihood fit for cross
section measurement
— Signal and background templates

0.1F

CMS, 354" at \s=7TeV
- ¢ CMS data: 3136 events

——- tt component
--------- multijet background

— fit to tt and multijet
| fyg= 0.351+0.025 |

— Signal fraction is a free parameter +20% g
|0 = 139 + 10 (stat.) £ 26 (syst.) £ 3 (lum.) pb| w [/
e Dominant Syst_: JES, b-tag ?o 150200 250" 300350 ‘"" 550

GeV/
Michele Gallinaro - "Top quark physics: production and mass" - La Thuile - March 1-7, 2015 m (e cé



Cross sections

+5%

CMS Preliminary,o, summary, \s =8 TeV

August 2014

CMS dilepton (ee,up,en)
JHEP 02 (2014) 024 (L=5.3/fb)

239+ 2+ 11+ 6pb

(val. = stat. + syst. + lumi.)

228+ 9+ 2 +10pb

(val. = stat. = syst. = lumi.)

CMS prel. e/p+jets
TOP-12-006 (L=2.8/fb)

CMS e/u+t

257+ 3+24+ 7pb
arXiv:1 407.664:? (L=19.6/fb)

(val. = stat. + syst. + lumi.)

— NNLO+NNLL (top++ 2.0), PDF4LHC, m = 172.5 GeV

Czakon et al., PRL 110 (2013) 252004, arXiv:1112.5675 (2013)
[ scale uncertainty
[ ] scale @ PDF @ ag uncertainty

l I l l

100 200 300 400
o(tt) (pb)

» Cross section measurements provide test

of pQCD predictions
e Standard “candle’:

— ttbar is a dominant background for NP searches
« Comparison in different channels may

provide constraints on BSM

—
<

1 LI T 1 T I I T I LI

- [T T
0 - LIS 1
o [ Yr Tevatron combined* 1.96 TeV (L=8.8 fb") . .
e ~ = ATLAS dilepton 7 TeV (L=4.6 fb) ATLAS+CMS Preliminary Sep 2014
c | e CMS dilepton 7 TeV (L=2.3 fb)
o | O ATLAS I+jets” 7 TeV (L=0.7 ft') TOPLHCWG
D | O CMS I+jets 7 TeV (L=2.3 o)
L) ® ATLAS dilepton 8 TeV (L=20.3 fb')
»n ® CMS dilepton 8 TeV (L=5.3 fb")
{02 £ LHC combined ey* 8 TeV (L=5.3-20.3 fv)
8 — O ATLAS I+jets* 8 TeV (L=5.8 fb™) [
5 ~ O CMS hjets* 8 TeV (L=2.8 fb") i
4= — * Preliminary 250'
© I
= B [
> I
= 200
c 10 [
i i
s NNLO+NNLL (pp) 150F

—— NNLO+NNLL (pp)
Czakon, Fiedler, Mitov, PRL 110 (2013) 252004

l L1 L1 l 11 ? 1

mm? =172.5 GeV, PDF@ a uncFNainties achrding to PDF4LHC
1 1

8

L 1 l 1 1 1 L l 1 1 L 1 1 1 1 1 1 1 1
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Vs [TeV]
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Cross sections (cont.)

CMS-TOP-14-016

o)
+4% Czakon, Fiedler, Mitov 1303.6254 [hep-ph]
ATLAS+CMS Preliminary o‘;summary,G=BTeV TOPLHCWG Sep 2014 350 NNLd (s cales) _‘ J
....... NNLO+NNLL (Top+-+ 20), PDFALHC — p—— NLO (scales) vz
Mhop = 172.5 L€ — — — total uncertain 300 LO (scales) crrnd
Y eany CMS, 7767 e . — NNLO
280 ATLAS+CMS, 7TeV »—s— s’ ,

ATLAS, 7TeV s «—
st ez 2 WS, 8TV —— 4 NLO
e | 5 200 kR “~—LO0

prel., e/u+jets  p——i—e 228+972+10pb ) B OONDNER
CMS-PAS TOP-12-006, L,,=2.8 fo” e RPN
150+ aIRRIN (L
CMS, efus, ) —— 257+3+24+7pb WU N\
arXiv:1407.6643, L,,=19.6 fo 2. NS
100 \\ sa>>=ndep. ug g variation
ATLAS, dilepton eu 2424+17+55+75pb NN PP — tt+X; my,,=173.3 GeV
arXiv:1406.5375, L,=20.3 fo” 50 MSTW2008(68c¢.l.) L&' NLO; NNLO |
CMS, dilepton (ee, uu, en)  j—a 239.0+ 2.1+ 11.3+ 6.2 pb 6.5 7 7.5 8 8.5
JHEP 02 (2014) 024, L =53 fo’ Vls [Te w
LHC combined ey (Sep 2014) 2415+1.4+57+6.2pb
CMS-PAS TOP-14-016,
ATLAS CONF-2014-054, Collider |otot [pb]|scales [pb] | pdf [pb]
Lm632038" ect of LHC beam energy uncertainty: 4. +0'110(1'5%) +0'169(2'4%)
Fn:'n mcI’ulaeg:mne figurg)y 2eb Tevatron 7. 164 —0200(2.8%) _0' 122(1.7%) +3-5 0/
|||I|||||||||| |||||I||||||| 44260/ 47270/ — 0
100 150 200 250 300 350 400 LHC 7 TeV | 172.0 | T2227%) | +4.7(27%)
* —5.8(3.4%) —4.8(2.8%)
[ U
o [P0 LHC8 TeV | 2458 | “0307000) | Toiteoms
= I F22.7(2.4%) | +16.2(1.7%)
meas. challenging the theory  [Lac14 Tev]| 9536 | 7227240 [F1620075%0)
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Differential cross sections

EPJC 73(2013) 2339, CMS-TOP-12-027

CMS Preliminary, 12.1 fo'at {s = 8 TeV

 Measure differential cross section

= ey +detsCombined  ® Data

— Test perturbative QCD O totp mMoono 1
. , . o E ---- POWHEG
— Test BSM scenarios (Z’ decays, etc) with narrow resonance  °\© ronE

O 102E

— Improve ttbar modeling and reduce uncertainties

 Correct for detector effects and acceptances

* CMS sees softer top p; in data, agreement with ;
ATLAS at h|gh pT 10° 400600 800 1000 1200 1400 1600

10k

f [GeV]
— Due to momentum reshuffling, P. Nason, indico.cern.ch/event/ s CMS Preiminay, 12. fwatTg:S;X
301787 T e omes | Toan
— FSR shower changes mass of final state partons. Light parton £ o mMoEND
shower can build sizeable mass, and t/tbar do not radiate EL? 7t ""f\;mEﬁNLO-E
(reduced momenta to conserve energy) : S
* NNLO might be able to solve issue
3k
» Short term solution: consider difference as
: )
uncertainty

(=}

11 1111 1111 11 11 1111 Illll - [ '
0 50 100 150 200 250 300 350 400
p. [GeV]
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Cross section in the R measurement

N.Cim. B125(2010)983, PLB 736(2014)33

CMS, Vs=8TeV, [Ldt=19.7 fb"

* Focused on measurement of R:

‘g 40000 ey events
* Di ' BR(t — Wb S NN ® Data
Dilepton final state R = BR( ) _ V2 e .
« Use profile likelihood BR(t — Wq) sowof B e
« Syst. unc.: PDF, ttbar modeling, etc. S0 vv o
W, multijets, other
o (tf) = 238 + 1 (stat.) £ 15 (syst.) pb| +6%
) CMS, Vs =8 TeV, [Ldt=19.7 fb" . ' . . _:j_’_
g 12000 :-— e events : L events : 2 jets ey events . Jet multiphlicily
a2 02 ; A r<1 |* Measure R by comparing number of
swof- e op et IR > 0. 955 at 95,4 cL] | ttbar events with O, 1 and 2 b-tags
oo - i « Fully “data-driven” background
= ’ .. | determination
2000; — Use wrong assignment in m, distribution
| 012340123401234012340123401234012340b_:a;g:d?etom:m?pliié . b_tagging multiplicity VS. R’ Sb, gq
go‘81llllllllllllllllllllllllllllllllllllllllllll ||th)|>0.975a<t95c>AC:L

012340123401234012340123401234012340123401234
tagged jet multiplicify
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ttbar+jet cross section

 Direct measurement of typical bkg to ttH coupling
« Anomalous tt+jets could signal BSM final states

 Study ttbar with associated jet production
— Dilepton events (=4 jets, at least 2 b-jets)
— Order jets by b-tag discriminator value

— Ratio of number of events obtained from data by fitting the
b-tagging discriminator distributions

— Cross section measured in the visible (full) phase space
(p+>20,40 GeV)

ey o = 0.022 4 0.003 (stat) &= 0.005 (syst)

arXiv:1411.5621

« Results compatible (1.60) with NLO calculation

« Dominant systematics (ttbar modeling and JES) 12
cancel in the ratio (23 15} - ‘ *
— Remaining uncertainties from b-(mis)tag rate Tg oé— ) ) ;
S %0 1 2 3 =4

Number of b-tagged jets
Michele Gallinaro - "Top quark physics: production and mass" - La Thuile - March 1-7, 2015 13



itV (V=y,Z,W)

CMS-TOP-13-011, EPJC 74(2014)3060

] T T T L= BETY g T T T T —= f|b4 eI
. . T CMS Observed _: T CMS - Observed ]
« Measurements will give access 2 S 12, B aw E
. 16 O tw ] Oz ]
to EW couplings of the top W recve ] @
14 [ Non-top-quark = [3 Irreducible ]
8 [ Misidentified lepton ] 40 [ Mismeasured charge —
— Backgrounds 1 [ Misidentified lepton |

o o _ -1 -
' CMS preliminary L=19.7 fb™' at \I§'—8'Te'V % BG uncertainty — Backgrounds

B T ;(2 r\lj: r\|[);=1=7"§15'0$ 2/;1 4 | . Dat'a ' ] t .I t 30 % BGuncertainty ]|
s N,B,Z:I:4288 :1629 Stat. uncert. MC _| rI e O n S . E
_ - P i SS dileptons:
@ 2000 . 6 ]
2 ] 4 10 A
2 ) P
- |
o - 0 0
g 1000 tt - Total  (uup  (uwe  (ee)p  (ee)e Total up'u* e'yt e'e’ pp  ew ee
=
2z Y = — - | ' 1|9..'}lb‘.(B‘TB'V)I -
Combine 2- 3- and 4-’;'..& [ oms ~ #20bam ]
lepton final states . , S
E = ttV xsec 3.70 from 4o . A
8 bkg-only hypothesis  ,f ~— |/ e
= s :
Charged hadron isolation / GeV 200. S
Oy, = 24 +£0.2 (stat) 0.6 (syst.) pb 100 — -
- - ]
Consistent with theoretical predictions o900 200 30 40 500 800
Saw [fb]
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Multi-top production

JHEP 11(2014)154, JHEP 01(2014)163

* Production of 4 tops is an attractive scenario i

in a number of new physics models g 1

« The SM cross section is ~1fb t
i

i

» Use lepton+jets final state

 Combination of kinematical variables and 9290000000
multivariate techniques

« Data are consistent with bkg expectations
» Set upper limit cross section 32fb @95%CL

CMS Vs =8TeV, L =195 fb™!

' T ' T
High-pT leptons

¢ Data
[] Rare SM processes
I Charge misID
I Non-prompt e/u

722} Total bkg uncertainty

Events / 25 GeV
S

« Search for same-sign dileptons

:\'IIIlllll|IIIIIllIllIIllllllllllllllllllll

» Several models considered 80

« Consider multiple search regions defined by
MET, hadronic energy, number of (b-) jets, 20 ..., -
and p; of the leptons in the events % 50 100 150 200 250

ET™ (GeV)
Michele Gallinaro - "Top quark physics: production and mass" - La Thuile - March 1-7, 2015 15



Top quark mass: why do we care?

; o N l m, world comb. = 1o I{l/’l’:
- Top quark mass is a fundamental S oo F N iwiom, amam mesuremerts | | o 3
N fitw/o M,,, m and M, measurements | | —°= °75@°5° G"" d
pa rameter Of the SM H = 80.45 C M direct M:an:!m,measurements - B
80.4 E ‘ d " =&
U /( ............................... ’ /\:
80.35 |ty - 20385 - 0.015 Gev 3
dm,xlog m, - -
80.3 [ -
* Top is the only fermion with the mass of the Y T i -.
80.25 — - U RN o [e] fitt ]
order of EWSB scale F ol R terl
. . . . 140 190
 Discovered Higgs boson fits well with m, [GeV]
precise determinations of m, and my,,
— Highly fine-tuned situation N
—~1GeV is all it takes to tip the scales :
* Run2 will likely allow for discrimination _
between SM and MSSM scenario 5:
« The fate of the Universe might depend on
Amy,,~1 GeV
120 122 124 126 128 130 132
Michele Gallinaro - "Top quark physics: production and mass" - La ThU|Ie M’m?gﬁs%' %GL2015 16



Lepton+jets final state

CMS-TOP-14-001

 Best channel to measure m,
—well defined final state (1 lepton, 1v, 2b W

)

qq

« Select ttbar events, define observable
—hadronic decays (m,, my,)

— No optimization =get incorrect parton-jet
assignment

» Kinematic fit: constrain W mass, top- R -“ """""""""" =§vt"if; """""""""""""""" E
. f - tt wrong » [ smgle top N
antitop masses g P Dldumucred e o ;
—In-situ JES calibration é :ZZZ: ~ fitted top :

— Goodness of fit - F mass
— Event-by-event weight B E
—42% correct, 21% wrong, 37% unmatched T ~— N :

_ . . . O 1.5 ™
Also use info from incorrect assignments s t“ e it m+*++++ % ++ +TE
e osb—l..

100 200 300 400
Michele Gallinaro - "Top quark physics: production and mass" - La Thuile - March 1-7, 2015 m* [GeV] 17



Lepton+jets final nt.)

CMS-TOP-14-001

» Extract top mass and JSF | B T

° klnematlc flt + “Ideogram” methOd ........

combine event-per-event likelihood

— Calculate likelihood from templates and
observed m,, my,

350 of 00
m, [GeV]

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

350
m, [GeV]

— For each event (point in the m,/JSF plane) n
— Interpret each assignment as correct/wrong/ > 1.012
unmatched o1
— Maximize full likelihood to measure m, and JSF
» Not one single dominant systematic 1008
uncertainty 1.006
+0.4%
m; = 172.04 %+ 0.19 (stat.+JSE) % 0.75 (syst.) GeV. 1004
JSF = 1.007 & 0.002 (stat.) = 0.012 (syst.). 1.002

171.5 172 172.5

H H " H . H L] H rnt [GeV]
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Top mass in dileptons

EPJC 72(2012)2202, TOP-14-010

« Under-constrained system (2 neutrinos)

» Event selection similar to cross section measurement (require MET)
— Reconstruct event kinematics with full event kinematics (KINb method)
— Matrix element weighting (AMWT): use analytical solutions for m,,, hypotheses

* Measurement dominated by JES uncertainty/b-fragmentation

my = 172.47 + 0.17 (stat) = 1.40(syst) GeV| +0.8%

CMS Preliminary 19.7 fb-1 (8 TeV)
S 3
o 450CMS2011.5.0f"at 5=7 TeV — — ——— £600 .
3 - e Data 3 °[f zbaod @ oS 2011 (d:l?zt:r; 16(}" | . ]
- ) eetu) V4 e |l e ® | [733+28(+12%2 B
= 400 - — ti signal + E'é 4 g 500
& 350 - Total background o B CMS 2010 dilepton i "
*S' 300 E_ + 3 ) 1755265 (£46%46) = 400 =
i F ok DO: PRD86(2012)051103 o atencen w0l
E il ) JEC from Iepton+JetS 174.0£3.1(+1.8%25) -
- 1 btag ' X’ N
200 ‘eem% (en) e | CDF-Il dilepton 200 \ )
150f- T s e o 0357022080 :
: 100 i
100 > D2- dilepton - . /
- 1684+ 12.8(+12.3%3.¢ - N o
50} ’ oF e
: I l |- l 1 1 1 l 1 1 1 I 1 1 1 I 1 1 1 l y ——} l dended. l V- - I ) - * C6D7F-l dilepton g :‘ l L | 1L I 1L [ 1L | —— I — I 1L
+ + +
900 120 140 160 180 200 220 240 260 280 300 [ wremvonmgcopocnorsms | IR CEDIES 166 168 170 172 174 176 178
Reconstructed Mass [GeV] 155 160 165 170 175 180 185 Top quark mass [GeV]

Top quark mass [GeV/c?]
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Alternative methods: dileptons

* Leptonic decays (eu final state):

—Expect ~92% of ttbar events

2 _ 2
2 _ My — My

my, = 2

 Reconstruct m, and fit event
yields bin-by-bin for different m,
—choose permutation that minimizes my,
—~75-80% correct assignments

—determine m, by comparing yields in m,
distribution for data and predictions

—shape and/or rate of m,, distr.

 Dominant uncertainties from
normalization, background

=[m,=172.3 £ 1.3 GeV| +0.8%

(1 — cosOy)

>
Q
O]
~-
>
pd

1 /Nlot

CMS-TOP-14-014

max(my, ) ~ \/mf — m?,|=153GeV

19.7 fb™' (8 TeV)

0.016

- CMS ™ 1000f-
0.014| Preliminary 800}
u 600F
0.012 a00f
0.01F 200F
T E Ogs—70 175 [(gé?/]
- m, [Ge
0.008 - o data
0.006 Madgraph+Pythia + BG
- -. T mz=178.5 GeV
0.004 Madgraph+Pythia + BG
u | ~ mgz=172.5 GeV
0.002F ¢ . °\é Madgraph+Pythia + BG
-9 =166.5 GeV
o;t)'..l....l....l\.t.‘w-o—hﬁm' l....eAn —
0 50 100 150 200 250 300 350
mp" [GeV]

see J. Kieseler talk
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All-hadronic: mass

» Similar event selection as for xsection
* signal is extracted from data with a template

fit on the top mass distribution

—signal shape taken from the simulation
— QCD multijet production is the only relevant

CMS-TOP-14-002

6005— . tt correct D Background —E
. . tt other e Data

Events /5 GeV
3
o

background, data-driven estimate %
—kinematic fit on zero-btag sample (negligible signal S
contamination)
» Switch to 2D fit with JES scale factor G

* Fit signal and correct permutation fractions
» Constrain fit to ttbar hypothesis +0.5%

my = 172.08 &= 0.36 (stat.+JSF) = 0.83 (syst.) GeV
JSE_ = 1.007 = 0.003 (stat.) 3 0.011 (syst.).

« Main systematics: JES+PU, signal modeling 171 172 173
Michele Gallinaro - "Top quark physics: production and mass" - La Thuile - March 1-7, 2015 m [ eZV’F




Top mass from cross section

PLB 728(2014)496

* Direct m,, measurements rely on  _ \s=7TeViagmp=-o0t184
. . . . 0 N ' -
details of kinematics, reconstruction, & po0 R —— CMS,L=231b"
. . o= e -i=== Top++ 2.0, ABM11
calibration C “ims Top++ 2.0, CT10
« Extract mass from cross section 200, . ] Top++ 2.0, HERAPDF1.5
— determine top quark pole mass using the LD % Top++ 2.0, MSTW2008
. P9 P . 9 . 180 — e Top++ 2.0, NNPDF2.3
experimental ttbar production cross section - R

« Comparatively large systematics 160\ |

 Extract mass for fixed og

 Results consistent with standard
measurements and EWK fits 120 U S,

4 4 4 L l I 1 L l | 1 il 2 I |
. 165 170 175 180 185 190
— Constrain ag at the scale of the Z boson mass m{mle (GeV)
and derive m, Pole

— Constrain m,, P to the measured value and
derive ag

Illllllllllllllllllllll

140

2012

. Tevatron

Mg, =176.7735 GeV

as(mz) = 0.115175;003

=|t works but the uncertainty is large
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CMS mass combination

19.7 b (8 TeV) + 5.1 fb™ (7 TeV)

CMS Preliminary

I I I I I I |

CMS 2010, dilepton ® 175.5 + 4.6 + 4.6 GeV
JHEP 07 (2011) 049, 36 pb'1 (value = stat + syst)
CMS 2010, lepton+jets ® 173.1 + 2.1 + 2.6 GeV
PAS TOP-10-009, 36 pb™ (value = stat = syst)
CMS 2011, dilepton . 1725 + 04 = 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 fb™' (value = stat = syst)
CMS 2011, all-hadronic . 1735 + 0.7 = 1.2 GeV
EPJ C74 (2014) 2758, 3.5 fb™ (value = stat + syst)
CMS 2012, lepton+jets - 172.0 + 0.1 + 0.7 GeV
PAS TOP-14-001, 19.7 fb™ (value = stat = syst)
CMS 2012, all-hadronic . 1721 + 0.3 + 0.8 GeV
PAS TOP-14-002, 18.2 fb™ (value =+ stat = syst)
CMS 2012, dilepton I 1725 + 0.2 + 1.4 GeV
PAS TOP-14-010, 19.7 fb™ (value = stat + syst)
CMS combination ’ 172.38 + 0.10 = 0.65 GeV
September 2014 _[ooal......_.. (value xstat +syst)
Tevatron combination . 174.34 + 0.37 = 0.52 GeV
July 2014 arXiv:1407.2682 (value = stat + syst)
World combination March 2014~ —@— 173.34 = 0.27 = 0.71 GeV
ATLAS, CDF, CMS, DO (value = stat + syst)

1 I I | NN M R S S S B [
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m, [GeV]

CMS-TOP-14-015

dilepton CMS combination, Sep. 2014
® 172.38£0.10+0.65 GeV
(valuetstat.tsyst.)
180_ 2010 2011 2012
36 pb! 5 20 fo!
7 TeV 7 TeV 8 TeV
— lepton+jets CERN Courier, Nov. 2014
% Il jets
S lepton+jets L dilepton
-
|l I % b
/ s
dilepton lepton+jets
170 ’
alljets
I I I I
2011 2012 2013 2014
year

‘mt = 172.38 £ 0.10 (stat.) & 0.65 (syst.) GeV
+0.38%
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Mass: Run 2 and beyond

CMS-FTR-13-017

imi 2 : == Std. meth. == Endpoint
CMS preliminary projection td. meth. = Endpoints

* Might be able to measure my, ~: — Soof;*’"*' ;:om :
with a precision of 200 MeV O . Frsaent 13 Tev 14 Tev 1aTev -
- Differential study of m,, % 3'5:_ -
- Differential cross sections with '€ 3' E
full NLO tools £ 2.5F .
» No truly dominant systematic & 2_ E
uncertainty § - ]
 b-fragmentation studies %1.5;— =
—Measure in-situ in ttbar events g 1 _ -

. Interpretati(_)n V\(iII require theory g 05k f
understanding improvement ~ F ™ :
of :
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Summary
12

of progress >"a erstanding top quark

*Top quark physics pNy .
most of BSM models &1
*Looking forward to future studies/13TeV data

L
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Differential cross sections

CMS-TOP-12-041, arXiv:1404.3171

* Measurements performed in fiducial volume to minimize model dependency

* Improve ttbar modeling and reduce uncertainties 1 dog
» Sensitive to BSM effects | | o, dX
 Correct for detector effects (“unfolding” to particle level) and acceptances
« Good agreement in dilepton and lepton+jet channels, at different energies
 Large uncertainties at high jet multiplicities dominated by JES and MC modeling

omS, L=501 "at V=7 Tev CMS Preliminary 19.6fbat s= 8 TeV
0 1
3 1k @ [T T T —
3 %— H.Le.;_)_t?mdets Comblned 13 3 10 = Dilepton Comblned Ff >60 GeV
—b T e pT>35 Gev o s Data
5 10 MadGraph+Pyth|a 3
B o £ ---- MC@NLO+Herwig ]
10 E i ---- POWHEG+Pythia
" ® Data o
10 3 MadGraph+Pythia L Sh 3
e MadGraph p2 =u2 = 4* N
MadGraph ;.@ -u2 Q%4 g
103 ----- MadGraph matchlng up i —
- MadGraph matching down ]
L 1 1 1 L [l
o 15F : ; - - 7
= 3 o
3 P :
8 osk__ . o
3 4 5 6 7 =8
NJets Jets
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Alternative mass measurements

PLB 728(2014)496, CMS-TOP-14-014, EPJC 73(2013)2494,TOP-12-030

F 7TV (m;) = 01184

vvvvvvvvvvvvvvvvvvvv
—— CMS,L=23fb"
=== Top++ 2.0, ABM11
------- Top++ 2.0, CT10 ]
. Top++ 2.0, HERAPDF1.5 —]
op++ 2.0, MSTW2008 -

0 (pb)

* Mass from production cross section

—Well defined theoretical mass, relatively large
uncertainties

o see J. Kieseler talk v
* From m,, distribution __wrweny

9 o.014F Srg/::mary o
— Potential for future applications using ~ Z°% ;z;
improved predictions o _
 Using kinematic endpoints T "‘;:::;o?eesfo
— Completely independent of simulation o
- FJMS Simulation, (s=8 TeV

- e+jets-channel

* Mass from b-hadron flight distance e

—Minimum dependence on JES
—Depends on top p; modeling

0.6: | |
162 164 166 168 170 172 174 176 178 180 182
My, [GeV]
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Top mass in dileptons

« Under-constrained system (2 neutrinos)
» Event selection similar to cross section measurement (require MET)
* Build observable using analytical solutions for m,,

— Up to 4 solutions per event per lepton-jet assignment
— Assign weight using probability

* Measurement dominated by JES uncertainty/b-fragmentation

my = 172.47 4+ 0.17 (stat) 4

- 1.40(syst) GeV.

EPJC 72(2012)2202, TOP-14-010

+0.8%

CMS Preliminary 19.7 o™ (8 TeV) 1
AR RN AR RARRR A" " AR E CMS Preliminary 19.7fb (8 TeV)
N [ I L L B B S B AL RLALL | — -
9000} =s Qgg Top CMS 2011 dilepton KIND (prelim.) % -
w 3 i ons 1 1733428 (£1.2%26) £600[ N
8000 &5 Uncertainty - e /
F - -
7000} CMS 2010 dilepton : -
E ¢ 175.56.5 (£ 4.6+ 4.6) < 500}
6000f o)) "
ook DO: PRD86(2012)051103 | oy atepton 2 400k
JEC from |ept0n+JetS 174.0+3.1(£1.8%2.5) -
4000f -
3000 ———— CDF-Il dilepton 300 —
i 1703+3.7 (£2.0%3.1) -
2000f- N /
g 200+
ool . D2 dilepton - o
. 1684+ 128 (£123%3.6) - .
LU { TT T l T T 17T I TT 17T { T T 17T | T T 17T I ] 1 00 __ »
1. o CDF-I dilepton - . /
; \i\\c\m%‘\\\‘\\*\ %§W¥ ) l:l Tovatron EWK Working Group, arXiv-1107.525 1674+ 114 (£ 103+ 4.9) ok s L 4
||||||||||||||||||||||||||||||| |
0.8 : 155 160 165 170 175 180 185 -
[ L1l l ) | I | I L1 1 l Ll 1| I | I | IIIIII | | IIIIII |

100 150 200 250 300 350 400
AMWT mass [GeV]
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Mass: Systematic uncertainties

CMS-DP-2013/033

* Experimental

— m, observable based on jet momenta —_ 10CM9 Pr?llm"}?lryl, L=19 Ifbf __Is=8 TeVv
— Understanding of jet energy scale is crucial &, 95_ = Total Unceﬂamtv E
_ > Yt — Absolute scale
— pr and n-dependent corrections 1= ab ~+ Relative scale
— Jet energy resolution © L - Extrapolation .
T 7F = Pile-up, NPV=14
o : i i o o ’ ]
B-fragmentation/hadronization S = Jet flavor (QCD) -
— Compare hadronization models (Pythia vs S H\ ~Time stability ]
. . 5F —:
Herwig) separately for each jet flavor EuJ - Antik, R=0.5 PFchs ]
— Additional cross-check of b-hadronization 2 4p h /=0 E
— Retune Z2* to describe b-fragmentation 3E =
« Hadronization o =
— Observe softer top p; spectrum in data than 1L
simulation (Madgraph+Pythia6) 0 3 ‘ AR 350aers ;t"*r"mﬂ *f"‘;;;;;--'--"

— Quote difference as uncertainty 20 100 200 1002000

- Non-perturbative QCD p_ (GeV)
— Colored final states, connect to UE
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Lepton+jets final state

CMS Preliminary, 19 7 fb Vs = 8 TeV, l+jets

CMS-TOP-14-001

12000 [l correet [ o

* Best channel to measure m,
—well defined final state (1 lepton, 1v, 2b W)

« Select ttbar events, define observable

B - i [ Wadets
= wrong [ single top
10000 D tiunmatched e Data ]

8000

fitted top

Permutations / 5 GeV

6000

—hadronic decays (m,, my,) o0 mass___;
— No optimization =get incorrect parton-jet 2°°°; | :
assignment 18p
%ﬁﬂ

t» "--..-- W ++++

» Kinematic fit: constrain W mass, top- T — Wﬂ

Data/MC

antitop masses e ety 18715, 55Tt
— Goodness of fit 2 1.012
— Event-by-event weight /o1
—42% correct, 21% wrong, 37% unmatched 1.008
— Also use info from incorrect assignments 1,006
my = 172.04 £0.19 (stat.+]SF) & 0.75 (syst.) GeV 1.004
JSE = 1.007 & 0.002 (stat.) £ 0.012 (syst.). 1.002

171.5 172 172.5
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|+jet final state: mass syst.

me = 172.38 * 0.10stat * 0.655s: GeV

Major combined uncertainties Am. (GeV)

Uncorrelated JES component 0.14
Jet energy resolution 0.17
Pileup 0.20
Flavor dependent hadronization 0.36
b-fragmentation / B hadron decays 0.14
Renormal. / factorization scales 0.17
ME-PS matching threshold 0.16
ME generator 0.13
Top quark pr 0.12
Underlying Event 0.16
Color Reconnection 0.18
Total 0.65
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dileptons: mass syst.

me=172.47 £ 0.17stat  1.405y GeV

Major Systematics Am; (GeV)
Jet energy scale 0.61
Pileup 0.15
Flavor dependent hadronization 0.28
b-fragmentation 0.67
B hadron decays 0.18
PDFs 0.18
Renormal. / factorization scales 0.87
ME generator 0.37
Color reconnection 0.16
Total 1.40
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All-hadronic: mass syst.

Source Relative uncertainty (%)
Jet energy scale 10.1
Background contribution 9.0
Tagging of b jets 6.0
Renormalisation and factorisation scale 5.8
Tune for underlying event 5.5
Trigger 5.0
Jet energy resolution 4.0
Matching matrix elements /parton showers 4.0
Mass of the top quark 2.1
Pileup 0.8
Total systematic 18.6
Total statistical 7.0
Luminosity 2.2
Total uncertainty 20.0
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Top cross section: LHC combination

ATLAS CMS Correlation LHC combination

Cross section [pb] 2424 2390 241.5
Uncertainty [pb]

Statistical 1.7 2.6 0 14
Detector model

Trigger 0.4 3.6 0 1.0
Lepton scale and resolution 1.2 0.2 0 09
Lepton identification 1.7 4.0 0 1.6
Jet resolution 1.2 3.0 0 1.2
Jet identification 0.1 — — 0.1
b-tagging 10 17 0 0.8
Pileup — 2.0 — 05
Non-JES subtotal 2.6 6.7 0 26
Uncorr]ES 0.6 43 0 12
Insitu] ES 0.6 0.6 0 05
Intercalib] ES 0.3 0.1 0.5 0.2
Flavour]ES 0.9 29 1 14
bJES 0.1 — — 0.1
JES subtotal 1.3 5.2 0.4 19
Class subtotal 2.9 8.5 3.2
Signal model

Scale 0.7 5.6 0.5 19
Radiation - 3.8 — 1.0
Generator and parton shower 3.0 3.3 0.5 2.7
PDF 2.7 0.5 1 2.1
Class subtotal 4.1 7.5 0.3 4.0
Background from data

Z+jets <01 15 0 0.4
Lepton misidentification 0.8 1.9 0 0.8
Class subtotal 0.8 2.4 0 0.9
Background from simulation

Dibosons 0.3 0.5 1 0.4
Single top quark 2.0 2.3 1 2.1
Class subtotal 2.0 2.4 1 2.1
Luminosity

Beam modelling 2.9 5.0 1 35
Luminosity determination 6.9 3.6 0 5.1
Class subtotal 7.5 6.2 0.3 6.2
Total systematic 9.3 13.4 8.4
Total 9.4 13.6 8.5
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