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- Possible to measure the quark mass
- Important ingredient for SM precision tests: B->X y and KL->1TOVV

- Help verify the Higgs sector due to the relationship with W and H

- Measure the mass from the reconstructed decay products has low
precision due to the presence of jets and neutrino. Use other methods.

Template method

- Choose an observable, x, sensitive to m_

- X can be: lepton Pt, reconstructed top mass, decay length
- Predict the x distribution as a function of m_using Monte Carlo

- For each event evaluate the likelihood for each m_ value

- Maximize the likelihood for the entire sample

Matrix Element

- Use all information from the event integration over the least known
variables



Method: build top mass and JES template for signal and background
Use the templates as pdf in the Likelihood. Extract top mass and JES

Hadronic decay channel

Reconstruct the event kinematic by minimizing:
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¥ T + T F = o

mjj = invariant mass of mjjb = invariant mass of P, =top transv.
two light jets three jets momentum

rec

For each permutation we obtain m,* this forms the template for

signal (MC) and background (data)



Top Quark Mass Measurement: Template Method

Signal template: Monte Carlo data Background template: data
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Top Quark Mass Measurement: Template Method

Tevatron all hadronic decay channel

AJES
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Top Quark Mass Measurement: Template Method

LHC- CMS
u/e+jets
decay channel

Comparison of
M and M ™

before and
after the
constrain
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Top Quark Mass Measurement: Template Method

LHC- CMS p/e+jets decay channel - Results
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Top Quark Mass Combination

[ ATLAS

Dileptons ATLAS-CONF-2013-077

173.09 £ 0,64, % 1.50,_ GeV

Lepton+jets ATLAS-CONF-2013-046

17231 £023 # 153 GeV

CMS

Dileptons EPJC 72 (2012) 2202

17250 £ 043, *1.46__ GeV

Lepton+jets JHEP 12 (2012) 105

17349 £027_ £ 1.03_ GeV

All jets arXiv:1307.4617, sub. to EPJC

173.49 2069 * 130, GeV

Only quoting results used in
grand combinations

CDF ]

Dileptons
Runl PRL 82,271 (1999) Runlil = PRD 83, 111101 (2011)

1674103, 49 17028+ 1.95_ 309,

t

Leptontjets
Runl PRD 63,032003 (2001) Runll  PRL 109 152003
I76.1 £5.1__+53 17285 £0.52_ +£0.98
stat syst stat syst
All jets

Runl PRL79,1992-1997 (1997) Runll PLE 714,24 (2012)
1860£100, £57  17247%143_ %149

Lxy MEt

Runll ppp 81,032002 (2010) Runll PRD 88,011101(R) (2013)
6690 £9.0, £290 17395+ 1.26_ %135

t

DO
Dileptons
Runl  PRD 60052001 Runll PRD 86,051103 (2012)
(684%123 +36 17400236, % 144
Lepton+jets

Runl  Nature 429,638 (2004) Runll PRD 84,032004 (2011)
[80.1£36  £39 174941083 %124
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Best Linear Unbiased Method (BLUE)

- Linear combination of all measurements

- Set of coefficients (weights) minimizes final uncertainty (optimal

- Individual uncertainties and correlations are into account for the
final uncertainty

Correlations are very important:

- For correlated measurements may yield negative weights for less
precise measurements

- Major correlations sources: JES (light quark and b quark jets) and
theoretical model

12



Top Quark Mass Combination Results Tevatron

® Measured with 0.5% precision

M, =173.20 +0.51 (stat) 4 0.71 (8yst) GEV]
X* /ndf=8.5/1 | corresponds to 67% probability

Individual pulls within 1.5c

\eﬁ’ﬁ March 2013
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Mass of the Top Quark
March 2013 (* preliminary)
CDF-I dilepton - 167.40+11.41(=10.30 = 4.90)
D@-1 dilepton . 166.40 +12.82 (=12.90 = 5.60)
CDF-Il dilepton B | 170.563.79 (2192309
D@-Il dilepton T 174004276 (-236-144
CDF-| leplon+jets ¢ 176.10+7.36 (=5.10=5.30)
D@l lepton+iets T ' T180.102531 (-:290-360
CDF-Il lepton+jets | | 172.85+1.11 (=052=0.98
D@-Il lepton-+jets - 174.94+149 (=083=1.24)
CDF-I alljets 186.00=11.51 (- 10.00+ 5.70)
CDF-Ii alljets ¥ 17247207 (<14321.49)
CDF-ll track ¢ 166.90+9.46 (=9.00 = 2.90)
CDF-Il MET+Jets * | N 173.95:1.85 (=135=1.26)
g

Tevatron combination *

173.202087 (=031x0.71)
(= siaf = syst)

+#idof = 8.5M11 (67%)
| |
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M, (GeV/c®)
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Top Quark Mass Combination Results LHC

LHC m,,, combination - September 2013, L_=3.5fb"- 4.9 fb”
ATLAS + CMS Preliminary, Ys = 7 TeV
FEEETEE T e e 172,312 0232 0.72 1.35
ATLAS 2011, di-lepton
e — — 173.09 = 0.64 + 1.20
o e —so4— 17349+ 0,27+ 0.33+ 0,98
CMS 2011, di-'EFItﬂr'l | - | 1?2 En + D 43 + 1 4-6
L, =43 H" -~ = U x 1.
CMS 2011, all jets ——e—— 17349+ 0.69 +1.23
L., =35 ] ) )
LHG September 2013 — i — 173.29+ 0.23+0.26 + 0.88
Tevatron March 2013 i 173.20 £ 0.51+£ 0.36 = 0.61
[stat.) WES) (syst)
| | | | | | | |

166 168 170 172 174 176 178 180 182
m,, [GeV]



» Direct Mtop measurements make heavy usage of Monte Carlo

-
I

7

‘ Parton shower (kinematic expansion) ‘ L
Y . .
‘ J | Hadronization Models

‘ Perturbative corrections

e
)
T 4
|

top mass definition scheme—;jependent
contained here | separation
(shower cut: 1 GeV)

affect all top mass
dependent observables

» S0 we measure The monte cario Top mass! wnat is in the Monte Carlo?
» Masses in Quantum Field theory:
Pole mass: based on the concept of free particle, usable only in
perturbation theory ( ; _prm ), does not apply to quark
MS (Mass Scheme): , »#+ TlrFéttions due to the interaction

top
Conclusion m"“(R )=m""~R c % | R._~1GeV Shower cut-off
T
Detailed discussion: http://arxiv.org/abs/0808.0222v2
Top Mas Measurements from jets and the Tevatron Top-Quark Mass A. H. Hoang, I. W.
Stewart and https://indico.desy.de/getFile.py/access?
contribId=304&sessionId=94&resId=0&materialId=slides&confId=7095 15




> The top quark mass can be extracted from the cross section
measurement using final states that have weak dependence on the
top mass. The measured cross section is compared to the NNLO
theory prediction where the top mass is a parameter and can be
defined in a not ambiguous way

» This measurement is a important QCD test where the o(m
verified.

»Method used:
- The theoretical cross section as function of ;;7“is calculated using

different NNLO approximation.

- Cross section parametrization is extracted from data:

pole
top

) is

o (mMC) = %[am{m{*’f—mn} Parameters a, b determined from data
(m™)
m,=170 GeV

7 3
+c(mM —mg)” +d(mMC —mg)’]
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Top Quark Mass Measurement from Cross Section

Mtop is determined from the joint likelihood

Lim;) = f fexp (0 Ime)| fcate(0'Ime) ® feor(or me) | do

[ - -1 — e —_ -1
= DO, L=5.3fb "é 14 DG, L=5.3 fb =
: - % o
= 12F é:
. 10 y
N al
- _ o
| ——— Measured s{pF— T+X) [ —e— Measured o{pF— 11+X)
[ —— Measured dependence of o F — Measured dependence of
- —— Approximate NNLO . a- Approximate NNLO
r | MLU-NNILL | | | B MLO+MNMLL

150 160 170 180 190 T I T N T BT [ BT

Top quark pole mass (GeV) Top quark MS mass (GeV)

- D0: mP0ke = 167.5 %49 - precision: ~ 3%

inputs: experimental: ~ 12%, theory: ~ 3%
> ATLAS: me'e = 166.4 +7-8; 5 - precision: ~ 4.5%
inputs: experimental: ~ 13% , theory: ~ 5 %

- CMS: miPde = 176.7 +3-8.3 4 - precision: ~ 2%
inputs: experimental: ~ 4 %, theory: ~ 4 %

Experimental function Theorétical function

s 888 EEEBEE

ATLAS Pmiminary,_[ L=35pb”

== aipp — X — lejatseX)

—— Measured dependence of o

AN =— MHLO approc. Kidenakis

W% —— NHLO approx. Langenteld et al.
v NLO+HNLL Ahrens et al.

b S
““““““

140 160 180 200
Top quark mass [GeV]

17



With the top quark is possible to test the CPT invariance in the quark

system. The data used to measure the mass is also fitted for the
mass difference Am.

CMS measure the m,, and M tictop by applying analysis separately to

I'+jets events and to |I'+jets events, and take the difference of the
two extracted values.

CMS Preliminary, 19 f" at 75 = 5 TeV/ [l 5 CMS Preliminary, 19 o' at (== 8 TeV [l g
> 25000F == Wijets | > 25000 e et
] . I+jets Wzdets | @ g [+]ets Bl Z+jets
o 20000} Il Single-Top| 5 20000 M Single-Top
&~ ; Qch &l - Qco
@ 15000} — Diata @ 1s000f — Diata .
- L [ - -
4 i o C ]
() 10000} i1 10000F ]
s000f 5000F .
o 14 Ty Q 14t i
o I-'I |'. . " a T 1‘-"1- "1_”**1-”.‘”' f1'_]|' ‘r,"_ﬁ r | rliat=f+7'+‘l+=+urf1+{ I|r
EE:EIIII 11T IT T AT IT IRV TP TR PR T ITTd 11 1T TP 1 TR TN TN A IR TN EH:E IIII1IIII 1 1TV T VT VT P AT UV PP T TP AT TRV IT TRV TP TR TT IIE:
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 7DD 800 GO0 1000
Fitted Top Mass (GeV) Fitted Top Mass (GeV)

Amy = 272119 (stat.) MeV.
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http://arxiv.org/abs/0808.0222v2

With the top quark is possible to test the CPT invariance in the quark
system. The data used to measure the mass is also fitted for the
mass difference Am.

Tevatron measure Am.
The t and t-bar flavor determination is done using the electric charge
of the lepton (Q_ ), defining Am =-Q xdm e

epton reco lepton reco
oo A, ] -1
}LE — Y. {jets [FJ':I-'IH B j-’ir"rm-ml}l,-":ﬁf CDF Il Preliminary 8.7 fb
n E}‘._J. r“L".-"-." B L-".”.“’a"':]gfgi: o501 e Data
—zu\VT, — Y1 )7/ o 19 [}t (0 Gevic?)
2 . LR = P -
+ (M5 = Mw)*/T5 + (Ma — Mw)?/T% >200/- %’ "7 Background
— 1 e S p N\ Tagged
+ {Il‘-ln'rjj — H"'-[[{J]J + d”-'r-w'fl.-'fg]}j:'fF_r_ ©150
z ’ '
+ {h[f}fy - l:lﬂ[._.[} - lﬁr]‘”r'(_-.:'-|_;|.l-"::3]}gl."ll]._‘:!j. %100_ + P \
; .
50 // -
AM,o, = —1.95 £ 1.11 (stat) £ 0.59 (syst) GeV /¢ T 0 50 00 350
= —1.05+ 1.26 GeV /2. AM*®° (GeV/c?)
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CKM th measurement: Introduction

* In the SM SU(2)xU(1) quarks and leptons are assigned to be
left-handed doublets and right-handed singlet

* Quark mass eigenstates are not the same as the weak
eigenstates, the matrix relating these bases defined for 6
quarks and parametrized by Kobayashi and Maskawa by
generalization of 4 quark case described by the Cabibbo angle

* By convention, the matrix is often expressed in terms of a 3x3
unitary matrix, V, operating on the charge -1/3 quark
eigenstates (d,s,b):

<

d Vud
S |= Vg V
b

CcS b
th Vts b

us Vub d
V

7))
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CKM V_ measurement
V., can be measured using top events in two different way:

1. indirect, by using tt events
2. direct with single-top events

BR(t — Wb Vip |2
1. the ratio R= { , ” = — - - —— is obtained from
BR({t = Wgq) Vg =+ Ve =+ Vi °

events with O, 1 and 2 tags (two different taggers are used)

No=no+(1-e)(1l-e)m+(1-a)(l-&)n2+Fo  ng=Nyplag+ (1 - R)ay + (1 - R)%ay)]

Not =&l —e)m +e(2 - &)(1 - &)"n2 + Fou ni = Nygp[Ra; + 2R(1 - R)ay]

Ny =gy +25,(1 —g,)ng + F \
g el < Nomberat

Ny =éng + Fy 1t events

background events
€,, 4; Tagging efficiency and acceptance

R=0.940%

Three generation unitarity - denominator=1
- +0.16
va—O'97 -0.12 22

4




CKM V ., measurement

2. Single top production is dominated by s and t channel

u b “"----.I.*'t%_%_ ___Jﬁ!r-f-"
" :‘; . 5
s o The cross section p |V, |* from
7 . P~ which it can be extracted:

‘:I‘J

me 1.*-‘-I.JILI.'1 1
th

V fE’ measured —

With the assumption that t - Wb, [V_[*>|V_[*+[V_|°
With the measured cross section

Vip| = 0.91 £ 0.11(stat.+syst.)=0.07(theory)
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At LO the total top width T=|V,[ G, m /812
If [V | =1 /=13 GeV assuming m,rop=172.5 GeV which correspond to

a lifetime of 5x10°° s. Deviation from the expected value could indicate

hew physics.
In events lepton+jets two observable are used : m " and m, and

reconstructed for each event as function of I and AE

ool

Probability

B
(=]

(=]
(=]
(=)
i

.T=15GeV
— T=10.0 GeV

__T=200 GeV

=

i
150

IllI-:II = 250 - 300
mE(GeVic")

1
3E0

DHF

Probability

,.|
(=)
[

,.,
(=1
b

(=]
[=]
T

' L —A=00s,

A =200

I b 200,

(b)

A likelihood, built using these
template is minimized from
which is extracted

F<7.6 GeV @95 CL
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Top Quark Width and Lifetime
Top quark candidate are reconstructed in events wi1éh lepton + jets

q
./
q

.
e t 2
pO0DS T
W
/ t oV
6=BYyctsin(0)

The impact parameter distribution is proportional to the lifetime.
The measured impact parameter distribution has several components:

q

- deTeCTor' reSOIUTlon Muon BG Temp]ate \_rslmpactparamelerof]eplon |
*é P __t:DFRunZPneIiminaryr -Tau i E_CDF Run 2 Preliminary
- bGCkgr'OUnd 310 : BEQCD < 14p 18P0 —+— data: AMS=33.4+19um
5 Prompi = 121_ 1| best fit (AMS=41.3um)
= L [ o E
- top quark =3 ]
8
10° | i
g 4-
cT < 52.5um : )
-14 L L ]
- 17.5x10™s 400 200 0 200 400 00 "A0 o 100 200
Track d, (um)
L (U d, (Lum)
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In the SM top quark is supposed to have charge +2/3, t - Wb but for

long time its charge was not measured.

In hep-ph/9810531 it is proposed an exotic 4™ generation model: what

has been observed it is not the SM top but a particle of this family

decaying t = Wb with charge -4/3. In this scenario the top quark

has mass ~230 GeV.

Top quark charge measurement: t+ - W'b lepton+jets

1. infer the charge of the W by using the charge of the lepton

2. determine the charge of the b jet: OB Sy T

a. jet charge method: for each b-tagged jet B _

e R
AT e 2 (P.a) |, = vack momentum

R B ]
-1 05 0 05 1
Jet charge of b jets

Jet charge method is calibrated on MC and data, it has high
efficiency but low purity: efficiency~98% purity~60% 26



b. soft lepton method: b - ¢
identify a lepton with low momentum inside the b-jet

wewin” 7] USe p_ To distinguish lepton from b and charm

— u from B: same signasb |
— u from B: opposite sign as b |

wu from D: same sign as b _|
— u from D: opposite sign as b

300
200}

100

3. pair W and b to form "right"” top: fit three jets invariant mass, one
b-tagged, the best combination = the candidate top.
The other b-jet is paired to the W.

CMS Preliminary ~/s=7 TeV L=4.6 fb"
L L - L B

s 0 Exotic top-quark model is excluded
% 0.1 01- 99°/OCL
o e 27




At LO the number of top quark produced at a given angle is expected
to be almost equal to the number of an’rl -top quark produced at the
same angle. e A7 - N(cosd > 0) - N(cosf < 0)
| N(cosd > 0)+ N(cosd < 0)

In analogy to the muon e+
production asymmetry
for the t1 system it is
possible to defined the
asymmetry using the rapidity, in lepton+jets events

Ay =Y, =Y: =4 Viepionic = Yaaronie) rapidity difference invariant to z-boost

_ N(Ay >0) - N(Ay <0)  Asymmetry as function of Ay is the same
N(Ay >0)+ N(Ay <0) in the lab and tt frame
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Top anti-Top Quark Charge Asymmetry

Usual requirements for the lepton+jets
reconstruction.

The charge of the lepton determine which
reconstructed quark is top.

Lepton angles are very well measured.

The SM predictions are calculated by
using different Monte Carlo

MC@NLO POWHEG MCFM

Inclusive 0.067 0.066 0073
Ayl <1 0017 0043 0.010
Ay > 1 0.130 0139 0.150
M,; < 450 GeV/c® 0054  0.047 0.050
My > 450 GeV/c®  0.080 0100 0.110
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Asymmetry Asymmetry vs. Ay

CDF Run Il Preliminary L = 8.7 fb™ CDF Run Il Preliminary L = 8.7 fiv”'
g - —e— I+Jets Data - Bkg B 05F
S 800 5 A, =0.085 0.025 < - —e— I+Jets Data - Bkg
%) i NLO (QCD + EW) tt C )
— i A, =0.033 04 NLO (QCD + EW) tt
g 600 -
L B R
- ——1 03[
400 :
[ —+— 02
[ — '
200 —f— 0 1:_
o + B -
U [ e 2 2 2 += {] = 3 I ) 1 ) I L 1 L
-3 -2 -1 0 1 2 A 3 0 02 04 06 08 1 12 14 16 18 2
Ay Ay
0 ' Asymmetry vs. M_ *
MTT for‘ even.rs Ay>< CDF Run Il Preliminary L = 8.7 fb™'
CDF Run Il Preliminary L = 8.7 fb™ E
a [ & 0.6 —— I+Jets Data - Bkg
4] - L
% SGG:_ I+Jets Data - Bkg, Ay = 0 = . NLO [QCD + EW} tt
o  E g i
S 400 I+Jets Data - Bkg, Ay < 0 0.4 B
E 300 i
%.’ 200 . 5 —1—
w 1 B |
100 ; -
:::|:1:|_’_| 0
+ & Aada o L oo 2 o o L o o 2 o b o o o Lo o o o b o o o o b o o o bl oo bl 2 a0
o= 500 T =50 =5 e — = 350 400 450 500 550 600 650 700 750 800

M_ (GeVic?) M, Gevic?



Top anti-Top Quark Charge Asymmetry

In order to compare the measured asymmetry directly to theory
Prediction we have to go back to the parton level asymmetry.
This is done with the "unfolding” procedure.

e

E F ..[-f Dﬁ.5.4fh'1 :—:—;‘:DF-data,Q_l.-’-tfb'L  GeV/e?” .
et S
200 I Multijet | ay =(3411.2) <10% (GeVic?)” ]
C e Data
151:;— '=1:E 0.4
00F !
: 02|
5[]:— : 1 F.l—ﬁ"_— T
i N = | | | | | |
] 350 400 450 500 G550 600 650 700 750
Ay Parton-level M, (GeV/c?)
DO is performing the measurement i Jer—re
on full statistics using I+jets and osfp Ty @SRRRAATA 5 86 dliff
) : E_ttpredmtmn f,,,f"
di-leptons decay channels paf  Tw=(O7E15)107 e
< n.ai—
02f ‘il;‘____,l
01|
—— 31
O 0.5 1 15 2

Parton-level |Avl



Differences respect to Tevatron:

1. large fraction of 1t is produce by gluon fusion and the asymmetry
is present only in qq initial states

2. at LHC quarks are mainly valence quarks while anti-quarks are
sea quarks and the larger average momentum of the valence quarks
produce an excess of top quark produced in the forward region

t t

o]
)
)
u)

The expected asymmetry A(theory) = 0.0115 + 0.0006
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Top anti-Top Quark Charge Asymmetry @ LHC

The asymmetry is based on the fully reconstructed four-momenta

of t and t in each event

The reconstructed four-vectors are used to obtain the inclusive and
differential distributions of Ay and the charge asymmetry is
calculated by counting the entries with Ay>0 and the entries with Ay<0

T T T I T T T I T I T T
£ - CMS Preliminary . Data
o ~ 19.7fbat ¥s = 8 TeV ]
@ 400001 A - 0.003 + 0.002 3 ~
- l+jels Plsingle top
Z Clwsjets

30000/

.ItJE."tE-

Data/MC
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Top anti-Top Quark Charge Asymmetry @ LHC

After the unfolding
D.TE T T T T T T T T T 3 0'15 ! Ve ! | ! ! T I
& - CMS Preliminary A § < - CMS Preliminary " Data
- 19.71b7at {5=8TeV EAG10TV ] [ 19.7fb"at s=8BTeV EAG 1.0 TeV
- l+jets —— EAG 1.5 TeV i - l+jets — EAG 1.5 ToV
0.1~ —— NLO prediction 1 ] 0.1 —— NLO prediction 1 —
i — NLO prediction2 | _ —— NLO prediction 2 _
0.05 ] 0.05 - -
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No disagreement with SM.

Many other measurements of CMS and Atlas show no deviation from
SM
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® Coulomb repulsion /
®QED: e+p+ ® Coulomb attraction

® QCD: quark-top ® QED: e-p+
e+ ® QCD:eantiquark-top

q

New kind of interactions to explain the 1+ asymmetry

- gluon interferes with an axial object arising from an extended strong
gauge group or extra-dimensions

- objects with flavor violating couplings create an asymmetry via a

u/d = 1 flavor change into the forward Rutherford peak.
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