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e The SM

L= [-"Dirac + £Yang—1\f[ills + [-"Higgs + LYukawa
[-"Dirac — Eiif}/ﬁp,u[/z' =+ éRii"Y”DpeRi =+ Qiir}/'upp@i =+ ﬁRi?:f}/M’D;LuRi =+ CZRi?:f}/M’D;LdRz'

1 1 1
Lvyang—Mills = —3 Tr (G,,G") — 3 Tr (W, W) — ZBWBW

Litiggs = Dpd DF + 12076 — A(¢16)?
ﬁYukawa — _A%I/iﬁbeRj — A%‘Qz‘(bde — A;’; @iqguRj -+ c.cC.

= Electroweak sector (including Higgs):

= 4 (independent) free parameters, for example:

. (XEM’ GF’ mH’ mw
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M“*N Parameters of the EW Sector

= The electroweak sector has more parameters

= Weak mixing angle 0
o MZ
o MW

= o, and GF

= They are not independent, but related. For example (tree-level):

1/2
TT X 1

m,,=m,cos 0, mW=(\/§G )
F

sin 0,
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M“*N Parameters of the EW Sector

= Also m: related to m , via loops

HU

f
'\/\/\/\,::>fv\/\/\,+«/\©r\m+'vv'\/\/\/\\)vx,
1% ¢ W
b

= Physical W mass:

= Quadratically dependent on m,

= Logarithmically on m,,

= Set with smallest errors (besides free parameters: Higgs mass;
mixings and fermion masses):

= Zmass, o, and G_
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R 53 EW fits
82

» Electroweak fits:

= Measure as many observables as possible
— use the relations to probe consistency of the SM

= Or predict new parameters. E.g. top mass: predicted from EW fits way
before its discovery
History of the Top Quark Mass Measurements

250
200 —
‘g L ﬂ* L + +H LA W oae s
=41 -
2 150 —
E = & &  from the EW fits
2 [ 4 w'w colliders limit
-E 1m‘_ A hadron colliders limit
5 B W COF Run 1
a = \ ® DO Run
= - A
50 — ® Aun 1 world average
®  CDF Bun 2 besl measuremenl
® DO Bun 2 best measuremen t
u 1 I 1 1 1 L I 1 L L 1 I 1 1 1 I I 1 I 1 1 I 1 1
1990 1985 2000 2005 2010

Year
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I (35 M and m_

s Constraints on m: from EW fits

= Now: EW sector of the SM over-constrained
— from predictions to consistency checks of the SM

= More in Roman's talk

6 March 2012 My = 152 GeV
5 - 5 Aa;:‘lse?d =
'1_ — 0.02750+0.00033
i L ---0.02749+0.00010
i .
C‘\I}< |
g 91
2 —
1 —
JLEP LHC
0 excluded gy excluded
40 100 200

m, [GeV]
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e Content

= In this talk: concentrate on measurements and prospects of
= The weak mixing angle vC
gpto -
= The W boson mass m\L
= The top mass

= Some more top (just because it's top!)

= Conclusion

20.10.2016 Yvonne Peters



The Z boson
and
The weak mixing angle



M“N Weak Mixing Angle
= Electroweak unification: U(1) xSU(2),
= Y: hypercharge; with Y=2(Q-1.)
= Fields: B for U(1),; W° W', W? for SU(2),
= Linear combination of W! and W? yield W*

= To obtain photon and Z boson: ;y)_
2|7

cos0, sin0,

—sin0, cos0,

B
i
= 0 weak mixing angle

— coupling of the weak and electromagnetic interaction are

related ,

g
tan 0, =
g

= With g, g: coupling constant for U(1), and SU(2), respectively
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W‘N Weak Mixing Angle and Couplings
m 7 boson: couples to left and right handed fermions
= Couplings: CL=[3—QSZ.722 0,
c,=—0sin’0,
= Look for example at e'e"— Z — u"u (e.qg. at LEP):

= Possible spin states:

u u
- 2 - 2

- [ + - A o4 +
Mggr| © & € € > ¢ et | Mg

X
A

u u
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Weak Mixing Angle and
Asymmetry

= Differential cross section as function
of polar angle 6: depends on the :
contributions of the different [MRe|* + | Mg’
matrix elements :

MANCHESTER
1824

A

U

= Extract asymmetry of cross section :
forward and backward in 6: [ [Mel* + Mo |

| _UFr 0p R S

gL =
FB o4O, -1 cosO +1

— related to coupling strengths: e.g. fore™e™ > Z — u™wr
_ 3| () = () || (D)= (ch)’

TP || () (k)

— enables extraction of sin29W
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W Effective Weak Mixing Angle

= A few “complications”: Theoretically

= The effective weak mixing angle

2
w

M,

sin’ 07, = (1+Ak) f: fermion

= Contributions from radiative corrections (Ax)
— absorbed in an effective coupling

= sin’0,, can be extracted from sin“0__using electroweak

radiative-correction form factors
— more in Roman's talk

s Extraction of sin?o

Sin ijfft Rk, (M3)|sin’0,,

20.10.2016 Yvonne Peters
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Weak Mixing Angle at Hadron
Colliders

= A few “complications”: Experimentally (@hadron colliders)

MANCHESTER
1824

= Angle 0: usage of Collins-Soper frame

= Reduces impact of the unknown four-momentum of the incoming
(anti)quark

= Boost along beam z axis to zero momentum vector of lepton pair,
followed by boost along transverse component of lepton-pair momentum

= In pp: direction of quark?

A
» Use boost direction of the system: / ‘&)\ y A
assumed to be the quark direction 0. cs
* Dilution effects >7
P p

13
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MANCHESTER
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= LEP: measurements at the Z pole

= Direction of incoming electron and positron: known

= Very precise measurements possible

= Also of other quantities! M_, I',, #neutrinos

S T T T T 0! E](} rrrrrrrrrr
= e — Q... =
— 40 A - g
£ I ALEPH "! “ g 4
© DELPHI T % 10
| L3 P e
30 | OPAL [ N i “
10? — qq
20 f<f 1 I & L X
/ § 10 2 GG
| @ measurements, error bars 3 H L
I increased by factor 10 / : FiA |
10 - — o from fit / i : .I‘\||li\(u“ TRISTAN SIJC
[ e QED unfolded : s o - - il
| . s o ., LEPL — LEPH -
I \E/Mz ] 0 20 60 80 100 120 140 160 180 200 220
1 | 1 1 | 1 L 1 1 1 | |
= Centre-of-ma:s GeV
86 88 90 92 94 Precision tests T oiLass 'ng“ sA
Ecm [GeV] of the Z sector Tests of the W sector
20.10.2016

Weak Mixing Angle: LEP and SLD
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IS 33 Weak Mixing Angle: LEP and SLD

= LEP: measurements at the Z pole

re
. . . . S DELPHI 93 — 95
= Direction of incoming electron and s
positron: known IRl e u D)
o
= Very precise measurements possible :4 Peak
T 08
= | EP: forward backward asymmetry
0.6
_ +
+t
P+2 4+
++
oo —+-§-_+_+u+_‘+_¢+++
03 05 0 0.5 1
cos(0,.)

Phys.Rept.427:257-454,2006
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IS 33 Weak Mixing Angle: LEP and SLD

= S| D: measure left-right asymmetry

2000 £ SLD e*e’—e'e 97-98 #
_ ' |
= Usage of polarized beams! 12901 et potarised & beam /

1000 + right polarised e beam #/

events

suuéim f/
: IO O O S O A | |

600 0 SLD Z’—u*u 97-98

£ 400 L
% ; ut___:i__;;'*__* +
200 |
0;I.||||||||||||||||||||||||||||||||
- SLD Z2°>1't 97-98 A
400 [ 4 e
E 3
2 g
g
® 200
D | ] ] lova bl ] ] ]
-0.8 -0.4 0 0.4 0.8
Phys.Rept.427:257-454,2006 coso
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IS 33 Weak Mixing Angle: LEP and SLD

= LEP and SLD: very precise measurements!

= Not yet reached by LHC and Tevatron precisions

= Issue: AFB measurements using LEP-1and SLD: Z-pole @ ... 10.000016

b-jets and SLD left-right asymmetry: |EP-1andSLD: A°
discrepancy by 3.2 S.D.s

|—.—|
0.232210.00029
0.23098x0.00026

SLD: A, .

0.226 0.228 0.23 0.232 0.234

.2 _lept
sin® 6;

XX
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W Measurements at the Tevatron

= Measurements by CDF and DO

= qq — Z/y* — e'e and utu
= DO: only efe” so far
= Using full Tevatron data sample!

= Assume (anti)quark direction:
(anti)proton direction

= Measure asymmetry
using Collins-Soper frame

= As function of invariant m mass

20 140 16
= At Z pole: M (GeV/c?)
asymmetry related to sin‘0,

40 60 80 100 1 0 180 200

= Away from Z pole: asymmetry dominated by y*-Z interference
— sensitive to PDFs

20.10.2016 Yvonne Peters 18



W Measurements at the Tevatron

= DO: measurement using central and forward electrons

= Extraction of sin“0__ using templates

ff

s CDF: correction of AFB for detector effects

. . . . 0.6 Firstlast Bin: underflow/overflow Ed
= Measurements statistics-limited -+ Data :
| — POWHEG-BOX NLO
e 0.4
<« [ Do’ = -
oal  y¥d.of=1.1 0.2
| !
0.2 - 0 I
i —
—a—
i ——
or e 0.2
- —— - Data CC-EC e
02k — | —~ PYTHIA cc-IEc o
= ' ' ! ! —_ —1 ) HII\III‘I\II|\\|||\\||||\\|||\||||\|\|||\|||\
80 90 100 110 60 70 80 90 100 110 120 130 140 150
M. (GeV) M (GeV/c?)
Phys. Rev. Lett. 115, 041801 (2015) Phys.Rev. D93 (2016)

20.10.2016 Yvonne Peters 19



e Tevatron Combination

= New combination: DO and CDF result!

= Using BLUE method
= Main systematic uncertainty: PDFs

LTS

.. . lept
Uncertainties on sin? ¢ e?c?

Source CDF Inputs DO Inputs CDF and DO Combination
Statistics +0.00043 +0.00043 +0.00030
Uncorrelated +0.00007 +0.00008 40.00005
Correction +0.00005 +0.00003
NNPDF PDF +0.00016 +0.00017 +0.00017

20.10.2016 Yvonne Peters
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— Tevatron Combination

= New combination: DO and CDF result!
= Using BLUE method

m Results consistent with LEP-1and SLD: Z-pole w00 0o
LEP and SLD measurements LEP-1 and SLD: A%y 5%4140.00029
SLD: A ' 0.23098+0.00026

1 —
CDF uu 9fb 0.2315+0.0010
.1 —i—
CDF ee 9 b 0.23248+0.00053
-1 ——
CDF ee+uu 9 fb 0.23221:0.00046

D0 ee 10 b —
August 2016: preliminary 0.23137x0.00047

TeV combined: CDF+DO0 ——
August 2016: preliminary 0.23179+£0.00035

0.226 0.228 0.23 0.232 0.234

. 2 _lept
sin® 6

XX
20.10.2016 Yvonne Peters 21



MANCHESTER
1824

quark direction unknown!

= Use of

boost direction of the system

= Dilution!

— the higher the boost, the more
clear the quark direction

ATLAS and CMS:

measurement of asymmetry for

electrons and muons

(electrons: only ATLAS so far)

= Using 7 TeV data sample

20.10.2016

Yvonne Peters

LHC: ATLAS and CMS

= Further challenge compared to Tevatron:

~ ATLAS

- CF electron
_p > 25 GeV
|n | < 2.47

_2 <|T]|<49

- (s =7TeV, 4.8fb™"

4 ;

—¢— Data, MBM unfolding
& | PYTHIA, Z/y—ee

- o
W $T
—0.4%_ §
- POWHEG, Z/¥— ee
—0.6
S 2F
1
-1
_2? | | | | |
70 80 90107 2x10?
ee [GEV]
JHEP09(2015)049

22


http://link.springer.com/article/10.1007/JHEP09%282015%29049

g LHC: ATLAS

= ATLAS: Largest uncertainties: PDF

sin 6_g bt
CC electron | 0.2302 4 0.0009(stat.) & 0.0008(syst.)  0.0010(PDF) = 0.2302 4+ 0.0016
CF electron | 0.2312 4 0.0007(stat.) 4+ 0.0008(syst.) = 0.0010(PDF) = 0.2312 £ 0.0014
Muon 0.2307 4 0.0009(stat.) + 0.0008(syst.) + 0.0009(PDF) = 0.2307 + 0.0015
El. combined | 0.2308 = 0.0006(stat.) & 0.0007(syst.) = 0.0010(PDF) = 0.2308 4 0.0013
Combined | 0.2308 4 0.0005(stat.) & 0.0006(syst.) +[0.0009(PDF)|= 0.2308 + 0.0012

20.10.2016 Yvonne Peters
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http://link.springer.com/article/10.1007/JHEP09%282015%29049

et LHC: ATLAS and CMS

s Results for sinze?eff

LEP-1 and SLD: Z;r.;ole * 0.23149+0.00016
LEP-1 and SLD: A, )
0.232210.00029

SLD: A, .-

CMS uu 1 fo’ 0.23098+0.00026

0.2287+0.0032
ATLAS ee+uu 5t o —

_ 0.2308+0.0012
1
CDF pp 9 b T *0.2315+0.0010
-1
CDF ee 9 fb 0.23248+0.00053
-1
EEF ETS‘:‘:_ 19 fo 0.23221:0.00046
ee ——
August 2016: preliminary 0.23137+£0.00047
TeV combined: CDF+DO ——
|August 2[]1|6: preliminalrg.r [1.231?91“[}'.0{]035
| | | | |

0.226 0.228 0.23 0.232 0.234

. lept
Sin® O
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MANCHESFR LHC: LHCDb

= New result: use LHCD!

= Forward direction: sensitivity of A__ to sinzeeﬁ greater for larger
rapidities of Z boson!

= In LHCb acceptance region: assignment of forward and backward
decays: correct 90% of the time!

= Use di-muon events; 7 and 8 TeV data sample

EOG 1 rr 1L r.r~...J1 ... rr1 EOG 1 rrr.J1 rr1
< 0.5F LHCb < 0.5F LHCb
04 pT>2O GeV 04 pT>2D GeV
2.0<n<4.5
0.3 0.3

0.2 0.2

0.1 1.* —}— data Vs =7 TeV 0.1 f,‘l' —— data Vs =8 Tev
F" POWHEG + PYTHIA £ = POWHEG + PYTHIA
0 0 3
¥ (sin®65" = 0.2315) e (sin’6)' = 0.2315)
-0.1 -0.1
-0 . 2 '0 . 2 -
-0 | IR S [T SR T NS S T N R ' 0 PN TR TP TP TP
'%O 80 100 120 140 160 '%O 80 100 120 140 160
J. High Energy Phys.11 (2015) Myy [GeV] Myy [GeV]
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http://dx.doi.org/10.1007/JHEP11%282015%29190

e LHCDb

= Most precise result from pp collider to date

= | argest uncertainty: statistics

= Largest systematics: from PDFs

I o pred
Uncertainty average A|Apg

PDF 0.0062
scale 0.0040

Ol 0.0030
FSR 0.0016

= Result: (uncertainties: stat; syst; theory)

sin“f5 = 0.23142 4 0.00073 4= 0.00052 =+ 0.00056,

J. High Energy Phys.11 (2015)
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http://dx.doi.org/10.1007/JHEP11%282015%29190

I (52 The Weak mixing angle

= All collider results today:

= Hard to reach LEP/SLD precision

= Main work to do: PDFs
— profiling;

usage of PDF dependent input

LEP+SLD average

20.10.2016

LEP-1 LD: Z-pol
ands GF:,O ©  ®0.23149:0.00016
LEP-1 and SLD: A .
0.23221:0.00029
SLD: A, .
: 23098+0.0002
CMS uu 1 fb 0.23098+0.00026

2
-

0.2287+0.0032

ATLAS 5 —e——
CeHHLU 0.2308+0.0012

LHCb gy 3 b
CDF uu 9fb"

0.23142+0.00107

0.2315%0.0010

-1 ——

CDF ee 9 fb 0.23248+0.00053
-1 ——

CDF ee+uu 9 fb 0.23221:0.00046

DO ee 10 fb

==/==1
August 2016: preliminary 0.23137+0.00047

TeV combined: CDF+DO ——
August 2016: preliminary 0.23179£0.00035

Yvonne Peters

0.226 0.228 0.23 0.232 0.234

. 2 _lept
sin® 0

= All hadron-collider results consistent with each other and




- Weak Mixing Angle

= All existing results (including low energy results) versus scale:
0.245

0.240 Qw(P)’IQw(e)

p— -
=

= Q,,(APV)

o 0.235 W
£
7
- Tevatron LEP 1
0.230 SLC
>€
0.225
0,0001 0,001 0,01 0,1 1 10 100 1000 10000
Taken from J. Erler (talk at

PrecisionVietnam)

u [GeV]

Yvonne Peters

20.10.2016
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The W boson mass



MANCHESTER
1824

The W Boson Mass

= Free parameter of the SM

= Connected to the vacuum expectation value of electroweak
symmetry breaking!

= Physical W mass: includes loop contributions from top, Higgs, etc.
— connected with top and Higgs boson mass!

. % E 68% and 95% CL contours :: nywor_k:l;: ri'dbéi\:s IIE

— W boson maSS measu rement- % 80.5 — I fit wio M, and m, measurements " --g]t=_0.76-GeV < g

. . = - fitw/o M,,, m and M, measurements :: _G=°-76®°-5f’:gm’ e g

crucial to test consistency s [ rect it onom, mecsuremenis | E

of the SM : .

igh precision required! 08 [ oo e e -

= Global EW fit: predicts Am =8 MeV wa|- - =

. . . E N f\"‘da\\ iy E

— with current uncertainties on R e
m and m : 150 150 '1:50' — 17|o | '1z;ol - '1s|ao'

H t m, [GeV]

require precision of m of ~6 MeV to significantly probe the SM!

20.10.2016

Yvonne Peters
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B (55 W Boson Mass at LEP

= Measurement in e'fe” — W"W" production

= Fach W boson can decay:
= Leptonically: W — charged lepton+neutrino
= Hadronically: W — qq'
= 3 different channels — reconstruction of W mass

et
o

W+W —>€+v€ W+W —>qq€v W+W — qqqq

20.10.2016 Yvonne Peters



I (53 W Boson Mass at LEP

= Measurement from the position of the peak

= Width measurement from the

same distribution ALEPH —— 80.440+0.051
DELPHI = 80.336+0.067
L3 —— 80.270:0.055
OPAL —— 80.415:+0.052
DELPHI preliminary
. LEP2 — 80.376:0,033
2 90 [ = : x/dof = 49 /41
% - WW > qqger 221 pb™" 4 :
O so0o .
ﬁ E + data E
= 70 I_ er simulaticn B
§ so | ?iw=ao.3é)t E
L ; Bl 59 simulation ;
50 E_ [ Z(yI+2ZI simulation _E
a0 F E
o & DELPHI £
20 | 1 L ] ]
o E evq+q 80.2 80.6
N MW[GeV]

50 55 60 65 70 75 80 85 20 o5 100

W mass (Gevfcz)
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MANCHESTER
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The W Boson Mass at Hadron

Colliders
= Hadron colliders: use pp — WX (or pp — WX)

= X: hadronic system
= Use signature with a charged lepton and neutrino

= Problem: initial momenta of colliding

partons unknown
— we can only get the transverse

component of the neutrino

from the missing transverse energy o

(MET) e i,
= Trick: use the “transverse mass”

for the measurement

m>=2 p. MET (1 —cos )

20.10.2016 Yvonne Peters
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M*‘N W Mass at Tevatron

40000

o “(a) DO, 4.3 fb! —Data
= CDF and DO: measurement of W S | A
_ | 230000/ J2ldof = 37.4/49
boson mass using p_, MET and m_ 2
, £ 20000
Systematics DO: u : R
Source Uncertainty (MeV 19600 -
Electron energyv calibration 16 r
Electron resolution quel 2 Phvs Rev. D 88 052018 (2013 2 ZW H |
Blectron shover modeling 4 Phys. Rev.D 88, 052018 2013) ™ ity gyl 1
ectron energy loss mode -2F b foree- b
Recoil energy scale and resolution 5 _ 50 60 70 80 90 ]l 100
Electron efficiencies 2 SYStematICS CDF: my (GeV)
Backgrounds 2
Experimental subtotal 18  Source Uncertainty (MeV)
‘_Par_ton distribution functions 11 Lepton energy scale and resolution 7
QED radiation 7  Recoil energy scale and resolution 6
pr (W) model 2 Lepton removal from recoil 2
Production subtotal 13 Backgrounds 3
Total systematic uncertainty 22  Experimental subtotal 10
W-boson event yield 13 | _Parton distribution functions 10
Total uncertainty 26  QED radiation 4
pr (W) model 5
Production subtotal 12
. P D FS dain d Ie pto N ene rg y Total systematic uncertainty 15
I- b . . I o f W-boson event yield 12
calibration: limiting factors Total mncortamty 19
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I (53 W Mass at Tevatron

= CDF and DO: Combination via BLUE

= CDF: electron and muon channel; 2.2 fb™!

= DO: electron channel; 4.3fb™!

= Still more data from Tevatron
to analyse

= Ongoing

= |imiting factor: understanding
of PDFs and lepton energy scale

ALEPH - 80.440+0.051
L3 —— 80.270+0.055
OPAL — 80.415+0.052
LEP2 —a— 80.376+0.033

/dof = 49 /41

_____________________________________________________________________________________

DO B 80.383+0.023
* DO: electron energy scale Tevatron + 80.387:0.016
using Z events T — widot= 4276
— analysing full Tevatron data Overal| average ...I . 80.385:0.015
sample will improve this! 80.2 80.6
M, [GeV]
20.10.2016 Yvonne Peters 35



MANCHESTER
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® Main issues at LHC:

= Energy calibration with pile-up!

W Mass at LHC

= PDFs: large contribution of sea quark PDFs in pp collisions
= W™, W : different physics modeling; physics modeling (e.q. pTW)

= ATLAS and CMS: measurements ongoing

CMS Preliminary

= CMS: Z mass measurement in
“W like” Z — upu
— proof of principle
= Expect larger uncertainties for

W mass measurement:
background, PDFs in W production

20.10.2016

W-like positive

W-like negative

CMS PAS SMP-14-007
Yvonne Peters

(s=7 Tev (4.7 b ™)

A e

I D MZW-Iike_MZPDG

== Total unc.

== Stat. unc.

Exp. unc.

PDG
MZ

unc.

IR TR NI
—150 —100

-50



MANCHESTER
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W Mass at LHC

= Various measurements will help improve precision

= PDF-related measurements

= W and Z cross section, W/Z ratio, W*/W", Z-rapidity, W+charm

= Improvement of physics modeling

= Measurements of Z polarisation coefficients, Zp_

= Snowmass report 2013: projected
uncertainties for W mass measurement
at LHC (ATLAS and CMS):

arxiv:1310.6708

AMw [MeV] LHC

Vs [TeV] 8 14 14
L[ 20 300 3000
PDF 10 5 >
QED rad. 3 2
pr (W) model 2 1 1
other systematics | 10 5 5
W statistics | A &7 0
Total 15 8 @

20.10.2016 Yvonne Peters
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IR (53 W Mass at LHC

= Various measurements will help improve precision

= PDF-related measurements
= W and Z cross section, W/Z ratio, W*/W~, Z-rapidity, W+charm

= Improvement of physics modeling

= Measurements of Z polarisation coefficients, Zp_

" Proposal of W mass measurement at LHCDb

= Large rapidity region — PDF uncertainties anti-correlated with those
in ATLAS and CMS measurement

= Expect improvement of 30% when including LHCb Eur.Phys.J. C75 (2015)

= A lot of work on theory, calibrations and PDFs required to reach
goal of very precise W mass measurement!

20.10.2016 Yvonne Peters 38



The Top mass



i The Top Quark

= Heaviest known elementary particle:

= Standard Model:

mt=~173GeV

Single or pair production
Electric charge +2/3 e
Short lifetime 0.5x10%s

= Bare quark - no hadronization
~100% decay into Wb

Large coupling to SM Higgs boson

— A lot can be learned in the top sector!

20.10.2016 Yvonne Peters 40



MANCHS R The To P Mass

= Top mass: free parameter of the SM y
= important ingredient to EW fits! WWQWW
— consistency of the SM :

m Fate of the universe!

182

150
178
176
174

GeV]|

172

pole
t

1710
165
166

164
120 122 124 126 125 130 132

— aim at high precision top mass measurements!
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The Top Mass

= Measurements: at Tevatron and LHC

= Measurement done with several methods:
Template method, ideogram, matrix element, etc.

= Allowing reach of precision not imagined before: well below 1 GeV!

= Measurements done in (almost) all final states of tt

proton

antiproton

L

W-I-

Top Pair Branching Fractions

“alljets™ 46%

ttjets 15%

1%
m::\-\ 20/5'/0
1¥e ,\ol%lo
\**\};e e?”\"lo

L e+jets 15%
"dileptons™ "lepton+jets”

L+jets 15%

e =]

20.10.2016
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W Top Quark Mass:
Template Method

= Construct mass dependent template

= Compare MC for different top masses to data — “done”

= Main systematic uncertainty: Jet Energy Scale

tt m*® templates, 1 tag events (AJES = 0.0)

)
S n
@ r W-l- Vv
fﬂ, 007 B W, =160.0 proton
o C
= C M_ =1725 t
C D q g

‘% 0.06 - * b
S F M., = 185.0 / .
E 005 —— Py(m* | M_AJES) q n
o - o
.E ooaf- antiproton by q
I u

0.03[ q

u.uzf—

0.01

u: | ] L1 ey |
100 150 200 250 300
m* [GeVi/c?]
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W Top Quark Mass:
Template Method

= Construct mass dependent template
= Compare MC for different top masses to data — “done”
= Main systematic uncertainty: Jet Energy Scale

= In-situ calibration

tt m*® templates, 1 tag events (AJES = 0.0)

w+
- Mtop =160.0 prctcn

007
M, =1725 q g t
0.06
M,,, = 185.0
0.05 —— Py(m™ | M, AJES) q t

antiproton

Fraction of Events/(2.5 GeV/c?)
=
B
|

0.03—
0.02f- Constrain invariant
0.01— mass of jets from W
. St - to known W mass
100 150 200 250 300

m* [GeVi/c?]
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= Compare MC for different top masse 3014
= Main systematic uncertainty: Jet En

= In-situ calibration

tt m*® templates, 1 tag events (AJES = 0.0)

- M., = 160.0
- M., = 1725

20.10.2016
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a (=] (=] [=]
0 o =] ]

Fraction of Events/(2.5 GeV/c?)
=
B

Top Quark Mass:
Template Method

= Construct mass dependent template

G
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o
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o
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CMS simulation, \ s=7 TeV
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W Top Quark Mass:
Matrix Element Method

= Use full event kinematics — most precise method

= For each event calculate probability to belong to certain top mass

Proton

Antiproton

\Y%
|
v
b
1
el my)=——[ > dg,dg,dy [ (q,) [ (q,)0(y;m,) W (x,y)
 obs Transfer function:
PDFs mapping of true
momenta y to
measured momenta x

P

Matrix element
& phase space
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W Element Method: Extraction

= In the same way as signal probabilities, calculate background
probabilities Pbkg(x)

= Per-event probability:
Pevt('x’mtop)=fsigPSig<x’mtOp)+(1_fsig)Pbkg(x)

o fsig: fraction of signal events in data sample

= Perform event-by-event likelihood: "
y _lnL(mtop)=_ln Hi Pevt('x’mtop)

-4 T
Yy " 'y
- “'E— Fd
100 ; -
& & = &
- Il z | 3 i 3
i...u_ E af 3 ¥ E
L R 1 £ -ee
= ad = E_ ‘!)I B a
- - al ‘- . L
mny :: el
b
. 180 Ilﬂ‘ 1"" A& AGd
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s “_‘J“L_L.“:.m__,]“ —iia
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Event 1
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= Many new results: — incredible precision! (CMS: 0.48 GeV)

= |imiting factors:

= modeling
= JES

Top Mass: Status

ATLAS comb. (June2016) iy

I+jets, dil. :
CMS, l+jets HeH 2
CMS, dilepton —_—i ]
CMS, all jets e
CMS, single top ——i

CMS comb. (Sep 2015) -

(*) Superseded by results

[1] ATLAS-CONF-2013-046

[2] ATLAS-CONF-2013-077

[3] JHEP 12 (2012) 105

[4] Eur.Phys.J.C72 (2012) 2202

172.84 + 0.70 (0.34 + 0.61)

ATLAS+CMS Preliminary LHCIOpWG my,, summary, s = 7-8 TeV Aug 2016
"""" World Comb. Mar 2014, [7]

stat

total uncertainty total stat

My, = 173.34 £ 0.76 (0.36 + 0.67) GeV My, + otal (stat & syst) 5 Ref
ATLAS, l+jets (*) ———t 172.31+ 1.55 (0.75 + 1.35) 7 TeV [1]
ATLAS, dilepton (*) ——— 173.09 + 1.63 (0.64 + 1.50)  77ev [2]
CMS, I+jets e+ 173.49 +1.06 (0.43 £0.97)  77Tev [3]
CMS, dilepton I—|—o—|——| 172.50 + 1.52 (0.43 £ 1.46) 7 TeV [4]
CMS, all jets I—*——l‘-—l—l 173.49 + 1.41 (0.69 + 1.23) 7 TeV [5]
LHC comb. (Sep 2013) = 173.29 + 0.95 (0.35 + 0.88) 7 Tev [6]
World comb. (Mar 2014) i 173.34 + 0.76 (0.36 + 0.67)  1.56-7 Tev [7]
ATLAS, l+jets H——t 172.33 £1.27 (0.75 + 1.02) 7 TeV [8]
ATLAS, dilepton f—fe—— 173.79 + 1.41 (0.54 + 1.30) 7 TeV [8]
ATLAS, all jets H—-—H 1751£1.8(1.4£1.2) 7 TeV [9]
ATLAS, single top I—|—-—!—-——| 172.2+2.1 (0.7 £2.0) 8 TeV [10]
ATLAS, dilepton H-"-H 172.99 + 0.81 (0.34 £ 0.74) 8 TeV [11]
ATLAS, all jets " 173.80 + 1.15 (0.55 + 1.01)  &Tev [12]

748 TeV [11]

172.35 £ 0.51 (0.16 + 0.48) 8 TeV [13]
172.82 £ 1.23 (0.19 + 1.22) 8 TeV [13]
172.32 £ 0.64 (0.25 + 0.59) 8 TeV [13]
172.60 + 1.22 (0.77 + 0.95) 8 TeV [14]

172.44 +0.48 (0.13 + 0.47)

[6] ATLAS-CONF-2013-102
[7] arXiv:1403.4427

[8] Eur.Phys.J.C75 (2015) 330
[9] Eur.Phys.J.C75 (2015) 158

7+8 TeV [13]

[11] arXiv:1606.02179

[12] ATLAS-CONF-2016-064

[13] Phys.Rev.D93 (2016) 072004
[14] CMS-PAS-TOP-15-001

shown below the line

[5] Eur.Phys.J.C74 (2014) 2758

[10] ATLAS-CONF-2014-055

T |
165 170 1

75I l ]

| | | | ] | l
180 185

Miop [GeV]
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= Many new results: — incredible precision! (CMS: 0.48 GeV)

= |imiting factors:

= modeling
= JES

CMS preliminary projection

Top Mass: Status

Std. meth. == Endpoints

20.10.2016
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(*) 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

[6] ATLAS-CONF-2013-102
[7] arXiv:1403.4427

[8] Eur.Phys.J.C75 (2015) 330
[9] Eur.Phys.J.C75 (2015) 158
[10] ATLAS-CONF-2014-055

ATLAS+CMS Preliminary LHCIOpWG my,, summary, s = 7-8 TeV Aug 2016
"""" World Comb. Mar 2014, [7]

stat

total uncertainty total stat

My, = 173.34 £ 0.76 (0.36 + 0.67) GeV g,  fotal (stat £ sys) 5 Ret
ATLAS, I+jets (*) ———t 172.31+ 1.55 (0.75 + 1.35) 7TeV [1]
ATLAS, dilepton (*) ——— 173.09 + 1.63 (0.64 + 1.50)  77ev [2]
CMS, I+jets e+ 173.49 +1.06 (0.43 £0.97)  77Tev [3]
CMS, dilepton I—|—-—|—| 172.50 + 1.52 (0.43 £ 1.46) 7 TeV [4]
CMS, all jets I—*——D——l—| 173.49 + 1.41 (0.69 + 1.23) 7 TeV [5]
LHC comb. (Sep 2013) =+ 173.29 + 0.95 (0.35 + 0.88) 7 TeV [5]
World comb. (Mar 2014) i 173.34 + 0.76 (0.36 + 0.67)  1.56-7 Tev [7]
ATLAS, l+jets H——t 172.33 £1.27 (0.75 + 1.02) 7 TeV [8]
ATLAS, dilepton I—-l—-—0—| 173.79 + 1.41 (0.54 = 1.30) 7 TeV [8]
ATLAS, all jets H—-—H 1751£1.8(1.4£1.2) 7 TeV [9]
ATLAS, single top I—|—-—!—-——| 172.2+2.1 (0.7 £2.0) 8 TeV [10]
ATLAS, dilepton I—H—H 172.99 + 0.81 (0.34 = 0.74) 8 TeV [11]
ATLAS, all jets " 173.80 + 1.15 (0.55 + 1.01)  &Tev [12]
ATLAS comb. (|J+‘;:fsfg:|§ H—H 172.84 £ 0.70 (0.34 £ 0.61)  7:87TeV [11]
CMS, l+jets HeH 2 172.35 + 0.51 (0.16 £ 0.48) 8 TeV [13]
CMS, dilepton I—H——| 172.82 £ 1.23 (0.19 + 1.22) 8 TeV [13]
CMS, all jets e 172.32 + 0.64 (0.25 + 0.59) & Tev [13]
CMS, single top H——H 172.60 + 1.22 (0.77 + 0.95) 8 TeV [14]
CMS comb. (Sep 2015) e 172.44 +0.48 (0.13 + 0.47) 7.8 Tev [13]

[11] arXiv:1606.02179

[12] ATLAS-CONF-2016-064

[13] Phys.Rev.D93 (2016) 072004
[14] CMS-PAS-TOP-15-001
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165 170 175
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MAN Top Quark Mass and Issues

= Constantly discussed: what is it, that we measure?

= All direct mass measurements rely on MC for calibration
= No clean definition of the top mass

= e. g. contributions like this missing in MC:

= Task mainly for theorists
— first ideas emerging (for example “calibration”)

= Experimentally: explore alternative methods

20.10.2016 Yvonne Peters
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W Top Quark Mass: Be aware

s Alternative method: Extract m, from cross section measurement

= Assuming pole or MS mass

I | LI | L | LI l LI LI | LI | LI I LI | LI

= Unambiguous extraction

'-g 350‘ ——— MSTW 2008 NNLO ]
— N ATLAS —— — MSTW 2008 NNLO uncertainty _|
of top quark mass! 5 NS oo oy ]
_ _ "g 300 —_\\\ NNPDF2.3 NNLO B
= Contra: uncertainty quite ¢ —— N - \”s’“"‘;‘;ii’jf;‘,‘,’,""i“jj;’y -
large compared to § ool i @ \s=aTel203m :
direct methods NG : .
™~ i
200 <
F— J
150 —
: | | | | | | | | \‘T...::

164 166 168 170 172 174 176 178 180 182
pole [G V]

Eur.Phys.J. C74 (2014) 3109
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MANCHESTER
1824

Mass from tt+jets

= Extract mass from distribution in tt+jets events

= Gluon radiation depends on mass of quark

= Compare unfolded distribution to calculation — allows to uniquely
define mass scheme

1

Ao 1 5et

ﬁ(i"ﬂ Fﬂle ﬁ _D,g) _

Tt1+1jet

dps

2myg

Ps =

VSrfj‘

/-\(D 5 [ T T T I T T T T I T T T | T T T
Q F . pole .
- E tt+1-jet at NLO+PS form = 7
§E“ 4S5 ATLAS 0 170 GeV g
el - ——— 175 GeV -
( pule ) > 45 \s=7 TeV, 4.6 tb 180 GeV | g
11 \ pS \ 350 173.7 GeV (best fit) 3
L ¢ Data 3
3 —
250 e = =
oF i rvmdeem =
15 =
1;_ E0 2 _f
0.5F 3
E RESAETL Ry SLERTt
oETTTTe T L
_ 131
% E oo T
2 IR IR LSy SR
oo M '.*.‘ S e S T $o
\ -
w075 0.2 0.4 0.6 0.8 1

m”=173.7+1.5(stat)£1.4(syst)’ 2 (theo)GeV
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Yvonne Peters

P, (barton level)

JHEP 10 (2015) 121
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http://link.springer.com/article/10.1007/JHEP10%282015%29121

MAN Top Mass: other methods and

input
= Since systematics main limiting factor:

= Do alternative methods

* Reduce systematics with %5 A ATAS Preiminay P phaseshacs | 3
supporting measurements S ki s B

= Alternative methods: for example - w:f et el A
track-based observables 102 e S MM ARE
— minimises jet-related uncertainties <L e

= Supporting measurements: g 2 ]
important are differential 5 — i
cross section measurements .

g S

= Get a handle of 5 F sssssssssssssemssssssnnd
modeling systematics 08 ;

0 200 400 600 800 1000 1200 1400
m, [GeV]

TOPQ-2016-04
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e Top Mass

= Important topic also for future
= Emphasize on supporting measurements and alternative methods

= Hot Topic: differential measurements: parton versus particle level

't \1 H r P

i =-f ',"
. \Q\\ 11'\ 4-"" %, -
e =

/, o
NS o
J-‘: J
MC generator dependencies Stable partfcles“
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More Top Fun



yroe— Top Studies

= Top sector: source to test QCD and EW couplings!

= Single top: large data samples allow more detailed studies

= Top mass in single top

= Differential distributions in single to
20.10.2016 Yvonne Peters
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— Top Studies: Overview

Top mass

Top mass difference

TOE chargel r Branching ratios
Lifetime |th|

Top width Anomalous coupling

New/Rare decays

Spin correlation
Charge asymmetry
Color Flow

Production cross section
Production kinematics
Production via resonance
New particles

W helicity s-, t- and Wt-channel
production, properties and
searches in single top

events
20.10.2016 Yvonne Peters 57




Inclusive tf cross section [pb]

ttZ cross section [fb]

I T T T | T T T | T T T T T T | T T T | T T T
Ay opelier (1L962?;’b‘§ <8810 ATLAS+CMS Preliminary Aug 2016
| m ATLASep7TeV(L= 46fb) N I
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3|  m ATLASeu8TeV(L-2031b" -
107 o CMSen8TevV(L=19.710)
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e Summary

= Electroweak precision measurements: crucial to scrutinize the SM

= Where is the new physics? — precision required!

20.10.2016 Yvonne Peters 59



1 Summary

= Electroweak precision measurements: crucial to scrutinize the SM

= Where is the new physics? — precision required!

Some new
particle

= Electroweak fits:
relate different parameter
in EW sector |
— consistency checks might
reveal hints for BSM!
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SeEe The Tevatron

m Tevatron at Fermilab

= Near Chicago

= Proton Antiproton Collisions

= Run I: 1992-1996

= Collision energy: 1.8 TeV

= Run II: March 2001 to
30.09.2011 (2pm)

= Collision energy: 1.96 TeV & Noininjectr
P - & Recycler

= Two experiments: CDF & DO

20.10.2016 Yvonne Peters 62



m The CDF & DO Detectors

- ey Calorimeter:
: Pecon Chambers Identification and energy
I A a2 measurement of jets and
o1 e electrons;

tau identification ... emcaorimerer

Central
Hadronic
Calorimeter

Central Inner Tracker
(Silicon)

W Calorimeter
‘

Lok
N Y I O O N AU NN RO B BN

g.
—G - ST
| O A T R S| | S| Y e - | T | -S| I [ LU, ([ | (<O
/—10 -5 ] 5 10

Tracker: Detection and
momentum measurement for
charged particles

Muon chamber:
Identlﬂcathn and momentum CemraIOuterTracke}f
measurement of muons (Drift Chambers)
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yroem The LHC

= | HC: 8 TeV Proton-Proton collisions (2011: 7 TeV)

= Start: 2009

= Restart: 2015 with 13 TeV
= Later: 14 TeV

= Some LHC key data:
= 27km ring

= ~100m underneath surface

= 1232 dipole magnets to keep
protons in their orbit

= Further magnets for focussing

= Magnets get cooled to 1.9 Kelvin (-271.25 Celsius)
— the LHC: coolest ring in the universe!
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Tile calorimeters
- LAr hadronic end-cap and
) forward calorimeters
‘ Pixel detector
Toroid magnets LAr electromagnetic calorimeters
Muon chambers Solenoid magnet | Transition radiation tracker
Semiconductor tracker

20.10.2016 Yvonne Peters 65



I *}) Combination Tool: BLUE Method

= For all combinations: use of BLUE method
= BlLUE Method (Best Linear Unbiased Estimator):

= Use weighted mean of all measurements y:
9=Zi WY
= The weights are set to minimize uncertainty:
—1
— Zj Vi
W, = —
Zk Zl Vkl

with V: covariance matrix (of all
uncertainties: statistical and all systematics)

= Error squared on the weighted mean: Var(0)=#"V

= For high correlations: some weights can get negative

20.10.2016 Yvonne Peters 66
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