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KIRCHHOFF-
INSTITUT
FUR PHYSIK

worvaon

. The top quark mass (m,) is a fundamental parameter of the SM

« The top quark is special:
- heaviest quark of the SM!

- heaviest fundamental particle known
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KIRC}:lHOF'F—
MOTIVATION W s

« Special role in EW symmetry breaking?
- My, related to m; & My

t
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'V'VL (S VUL W W
b F'VVN VU VUV
AM,, = Mfop AM,,, = InM,,
S T
- Overconstrain My, My, Myiges € 05 F " tiwom, mam messuromens | | amene® -~ 3
Consistency check I Sl B
of the SM! > P -
80.4 E : ]
80.35 [ . - 00,386 - 0,015 Gev Z =
80.3 f— —f
80.25 f_w’%%e . ,\.f,\u" s\g“;’??'oi w;%“:f oj‘ _f
14_0/I — I150I — I16l;:;I — L’1/7|0I:EI | I1810I — I19I0I -
Gfitter Coll., EPJC, 74 3046 (2014) m, [GeV]
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KIRCHHOFF-
DEFINITION OF DECAY CHANNELS %\/f il I

. Typically: measure m;in tt events [1]:

I (.]’ - |+jets channel: good compromise
q between kinematic reconstruction, high
\/ rate, and backgrounds
W\ - Dilepton channel: low backgrounds, but
-— \ underconstrained kinematics for m,

&

b i measurement and low rate
Y

1 + electroweak single top
production

VAN | & (not shown in diagram)

b N

- All-hadronic channel: highest rate, -
very high backgrounds from QCD q

mUItUet production [1] “bar” notation implicit throughout this talk
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JET ENERGY SCALE (JES) CALIBRATION (1) %\/f I

FUR PHYSIK

« Generic procedure to calibrate jet energies:
- 1) Calibrate EM energy scale with SM candles, i.e. Z2>e*e"

« Central (well instrumented) region for absolute calibration
- 2) Correct EM energy scale for e to that of y
- 3) y+jet events to calibrate major JES components

« Basic idea: momentum balance in transverse plane

R-S

xxxxxxxxxxx

ey ons
—_— . "\\-\.:\\.\-\.\\.-\.:\\. > Eptcl — E - EO

xxxxxx

y+jet event in transverse plane

 Alternatively use Z+jet events to calibrate JES
- Use y+jet, Z+jet, and dijets to extend calibration in p1,n
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FUR PHYSIK

JES CALIBRATION (Il) ﬁ\/{ KI-IE??‘?‘FE I

. Typically, JES uncertainty is dominant or next-to-dominant [1]
Pronounced dependence on n:
« Better instrumentation for central n, A o =1.5%
» Upstream material & pile up for forward n, A z5 = 3%
- Pronounced dependence on p-:

. Noise and pile up relevant for small p;, A g5 = 5%
. Extrapolatlon to pT >0.5TeV (1.5 TeV) for Tevatron (LHC), AJES =3%

> 01— = 'YET T T ]
€ 0.09F 2k R= 0.4, LOW+JES + in situ corection  ATLAS Prehmmary ) gk .70‘3' uncertamty _:
g ““YE Data 2012,\s = 8 TeV > TF — Absolute scale E
© 0.08Fn=00 . £ 8aF -+ Relative scale CM S
c - [] Total uncertainty n
= 0 072_ = Absolute insitu JES g - +Extrapolation
(Lﬁ TE =« Relative in situ JES @ TE -.-Pile-up, NPV=14
e C «««» Flav. composition, inclusive jets (] C
© 0'065 ““““ Flav. response, inclusive jets AT LAS S B :— g-::.et Sawor .((.:CD)
_5 0.05F - =+ Pileup, average 2012 conditions EXPERIMENT S . E +Time stability
8 0.045 = w F Anti-k, R=0.5 PF 19
0.03| E 7 oap p,=100 GeV 13
: C ] ™
0.01  — 2_ E\lI~
0 Bt el L L T TP né.-'.&..:..aw..m_.:.'.‘.'.'l'."&'wuuué e 3 1 :_ Q
20 30 40 102 2x10? 10°  2x10 : &
p=! [GeV] oEa %

[1]1 Amyis almost directly proportional to A ¢
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Avwvssverioss B

Template method:
. Exploit dependence of m, on
kinematic observables
- Form templates using MC

- Maximise consistency of templates
with data given m;

;‘ bk ot m{*° templates, = 2 tags events (AJES = 0.0)
D o168
o g Bl M. = 160
0 o1af M_ = 170
T 0.12] o o
- : M, = 190
_g 0.1} P(M™ | M,_,AJES)
— =
Z 0.08f
U -
0.08|
0.04
0.02|- \\\
(4] IR e : |
250 300
m, (GeV)

. Advantages:
- Robust and straight-forward

« Drawback:
- Sub-optimal sensitivity

KIRCHHOFF-
INSTITUT

FUR PHYSIK I

Matrix element (ME) method:

. Directly calculate the event

probability as:
Pevt(mtop) X fPsig(mtop) + (1 — f)Pbgr

Psig(mtop) X /---datf(mtop)
doy; |Mtt'|2(mtop)
. Advantages:

- Use full 4-vectors
- maximal use of information

- Theory assumptions

« Drawback:
- Computationally intensive

- Theory assumptions

Ideogram method
. in-between the two
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MC  FUrRPHYSIK

DILEPTON CHANNEL
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DILEPTON CHANNEL (ATLAS) [1] %\/{ st I

FUR PHYSIK

« ATLAS dilepton channel, 20.2 fb-' @ 8 TeV [1]
« Selection (typical for such analyses):
- 2 opposite-sign e or u, high p;, M

e uu AWAY fromZ,y

- 22 jets, 21 b-tag
- Lots of energy 2 ,, o5 Pt [1] PLB 761 (2016) 350

. . ; > 107 LI BN R B I B R B T | IR T
- Neutrinos: E,Miss 3 e Data g m_ _1725 GeV
108 [C] Uncertainty ] Smgle top
- dave rage p T,tb > 120 Gev 9— 1| NP/fake leptons Z+jets
~ 10° WW/Wz/zz
. Better JES preC|S|on| 2 ATLAS
> o 4 - -1
£ o 1§ anti-| k‘H 04 LCW+JES correclion ATLAS Prel|m|nary > 10 \[5—8 Tev' 20'2 fb
8 0.09 s o012,y5 - 8 Tev E a8
§ 008:_ n=00 [_] Total uncertainty = 103
u"’j 007;_ :QET;:SS:SSIZJJJEESS E
3 008 e e E :
g 0.052_ e ililet-Jp.a’\)/:rag:ezolmoorlldilions — 10
£ 3 10
1 L A 1 A
° 20 30 40"" 10 2><102 10°  2x10°
pE [GeV]

Data/MC

. =2 Reduce systematics . R S . 1t
0 50 100 150 200 250 300 350 400

Pr,p [BV]

OLEG BRANDT ’ UNIVERSITAT HEIDELBERG | ZUKUNFT SEIT 1386 11



KIRCHHOFF-
INSTITUT
DILEPTON CHANNEL (ATLAS) [1] %\/{ st I
. Extraction of m,: 2 [ amas 000 me -
traction o t _ 2 - Simulation —167.5GevV. 7
- Template method using my,: = —12sGev ]
£ 0.1 ot —
. Average invariant mass of charged § [ ]
lepton £=e,u and b jet system g :
© i I ]
« Reduced sensitivity to systematic E, [ ]
uncertainties B e —
- Signal template (tt and single-top) g //\
. Gaussian+Landau e @ s 10 120 W0 160
- Background template - e (GOV]
8 600 [i] Bmmimy % g,orrr};g:gt.:hcev
° Landau o () Wrong / no match I Single top
.\m__ 500 -wmtons Z+jets
S ATLAS
g 4o {s=8 TeV, 20.2 fb"
300 i
200
100
o ot —
Q 12F -
= S, T L H, I
g 0.;_“.” m}%*ﬂ" “;‘m‘ H"’ cpqv QW*HJY Tﬂ% H
e 40 60 80 100 120 140 160
[1] PLB 761 (2016) 350 m{e° [GeV]
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KIRCHHOFF-

DILEPTON CHANNEL (ATLAS) [1] %\/g nstruT

« Result: Amt/mt — 0.49%! Results 172.99

Statistics 0.41

my = 172.99 4+ 0.41 (stat) Mothod 0.05 = 0.07

+0.74 (SySt) GeV Signal Monte Carlo generator 0.09 £0.15

> e Hadronisation «SR/FSR” 0.22 +0.09

& -« Data ATLAS N Initial- and final-state QCD radiation| 0.23 + 0.07

500 4

N f e 1% background (s=8 TeV, 2020 Underlying event 0.10 £ 0.14

‘g 400F- o 5?11:Ittainty . Colour rfaco.nne.ction . 0.03 £0.14

o - . Parton distribution function 0.05 £ 0.00

300f Background normalisation 0.03 £ 0.00

i W/Z+jets shape 0

200 Fake leptons shape 0.08 + 0.00

- Jet energy scale 0.54 £ 0.04

100E Relative b-to-light-jet energy scale | 0.30 + 0.01

i Jet energy resolution 0.09 £ 0.05

0™%0 60 80 100 120 140 160 Jet reconstruction efficiency 0.01 £ 0.00

m{e° [GeV] Jet vertex fraction 0.02 £ 0.00

. . b-tagging 0.03 £ 0.02

. Dominant uncertainties: Leptons 0.14 + 0.01

- JES (0.54 GeV) ET' 0.01 +0.01

Pile-up 0.05 +0.01

- b-quark JES (0.30 GeV) Total systematic uncertainty 0.74 +0.29

- ISR/FSR (0.23) Total 0.84 +0.29
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LEPTON+JETS CHANNEL
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LETPON+JETS CHANNEL (DQ) [1] %\/f FLRPHHK I

. D@ I+jets channel, 9.7 fb' @ 1.96 TeV [1] 3 DBO7T" piets  (d)
. Selection: o 200" ! m
. % i } Other bgs
-1 hlgh-pTe oru _g Ixnvz::r;f .
. i I Multijet (g
- ==4 jets, at least one b-tag (@ 100 CIsyst. uncert :%
« Matches the LO picture : . 8
« Reduced ISR/FSR systematics! o 1:;— —
. g
- Topological cuts on ', scalar sum py, ... = 0.5 L1 | i b
0 100 200 300
i M, [GeV]
. Extract.lon of m,: E DBOT edets (o)
- Matrix Element method: g 200" o
] - Other bgs
Pevt (mtOp) XX fPsig(mtOp) + (1 — f)Pbgr g i -WI:? .
. (details next slide) & 100- Dlsyst ancert, ¢
: 3
i Q
o N
g 15 =
o 05_ ................................................................... 7k --"-H‘L_E,ﬁ....,_
200 400 600 800 1000
[1] PRL 113, 032002 (2014), PRD 91, 112003 (2015) m,; [GeV]
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LETPON+JETS CHANNEL (DQ) [1] %\/{ Klﬁgﬁgg? I

FUR PHYSIK

« Matrix element method in a nutshell:

Sum over 24 possible jet-parton assignments ]

b tag -based welght identify relevant jet-parton assignments ]

Integration over phase space (10 dim) ]

\
P, =— fa’pdm szdmszzdpedqla’qlc1c12c1c12
obs i=1

A
|M”|2 f (le)f (Cjz) (1)6W(X, v: kJEs)

fldVOI‘S v ﬁ J( na,Bql 5 )2 — 171(2] m(ZDﬁ 2\

LO matrix element
PRD 53, 4886 (1996) [ Phase space factor ]

PLB 411, 173 (1997) —
[ Transfer functions to map J
P

arton level quantities y to reco level quantities x

[1]1 PRL 113, 032002 (2014), PRD 91, 112003 (2015)
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LETPON+JETS CHANNEL (DQ) [1] ﬂ\/{ mm I

. Map parton-level variables x to detector-level y £ (a) D@ Run lb2 MC
- Transfer funcI;tion for lepton and jet energies Eooe; 0<hl<04 E [ch\)l]
- Directions well-measured > = L [\ 60
n_0.04 _ ?20
. Address computational challenge (10-dim *‘:o 02 /‘\'\_
integral): W [ X \
_ importance sampling [1] W o oLl
- low-discrepancy sequences [1] = E, [GeV]
- efte. o T [(c) D@ Runlib2 MC
« —> Computation time reduced by 90x O 0.8<hi<16 E [GeV]
(5 0.06- — 30
« > can employ at LHC! = | L. 60
« —> Eliminate systematics from MC statistics: n_0.04 _ ?20
. =0.25 GeV = 0.01-0.05 GeV O
"\>.0.02 7,
w 7 \,
w™ k >
[1] PRL 113, 032002 (2014), PRD 91, 112003 (2015) = % 100 150
[2] OB, G. Gutierrez, MHLS Wang, Z. Ye, = E, [GeV]

NIM A 775 27 (2015)
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LETPON+JETS CHANNEL (DOQ) [1] ﬂ\/ﬁ I

. In-situ calibration of JES: »n1.05¢

: DO 9.7 fb™
- l+jets

. (.a)

- 1D
:_ 2SD
~ 3sD ]
1.01 1, - 174.98 - 0.58 GeV -
kJES = 1.025 = 0.005

172 173 174 175 176 177

m, [GeV]
« Result:
m; = 174.984+0.58 (stat +JES) £-0.49 (syst) GeV
. Dominant uncertainties: Amy /my = 0.43%)!
- Hadronisation and underlying event (0.26 GeV) Most precise
- Residual JES (0.21 GeV) Tevatron result

- b-quark JES (0.16 GeV)
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LEPTON+JETS CHANNEL (CMS) [1] }\/[ Fg;i;‘f‘:;ﬁ I

. CMS I+jets channel, 19.7 fb"' @ 8 TeV [1] > CMSLeponiE ST Y G
L tt +jels _
. Selection: 810 EmSinger  loCDmuer
. L 2 8oo0F [ Wsiets "+ Data ]
- Similar to DY, main difference: o | L]
S 6000} pre-fit
. 2 b-tags o ool |
: : . 00f ,
- High signal purity: 97% :
2000f
o
. Extraction of m;: % E’n’mmmwﬂ%/w/’%/ﬁ%
1)
& 0 50 100 150 200

- Ideogram method

' V EMISS [GeV]

L (event|my, JSF) = EPgof (i) Psig (mt, mig?|me, JSF) 3 pcoool Ma | mZgd

Q) - Pl single t [ ]QCD multijet

ideogramm” © 50000, I Waets -

e Py, from MC (like template method) : ” 5

. . . . . 1 ” L re-ii —

- Maximise likelihood in m, and JES (“JSF”) : P ;

L (sample|m,JSF) = [ | L (event|my,JSF) e
events [

. Higher weight to well-measured events £ 15 ease

J J % 1t MWW%W%

‘D“ 0.5
0 100 200 300 400
P2 [GeV]
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LEPTON+JETS CHANNEL (CMS) [1] ﬁ\//

CMS

Select only
events with
high goodness-

of-fit probablllty

Pgof = e X

> (0.2
(probability for
correct
reconstruction
+ matching
+ in-situ JES
calibration)

[1]1 PRD 93, 072004 (2016)
[2] P, calculated from
(x

= (x—x")"E"!

CMS Lepton+1ets 19.7 o' (8 TeV)
> 45000F "  correct - a;'nflet
(D 40000 E tt wrong = 7 +ets E

tt tched ]
12 350008 oa":ﬂ"“' % EiDiboson " E
g 30000 ' Before kinematic fit ~
._g 25000 :
© 3
> ]
£ 15000 :
)
o
) |
S 7T T T
© 0.5.2.|..‘.|‘..|‘..1‘..\ s
a 0 50 100 150 200 250 300
reco [GeV
ZoUVU———— - - .
% . i correct = \S;JI:_‘ eltest )
(O] - [ ttwrong . Z+jets
1o 20000 [t unmatched :]Q D multijet
~ -« Data 1 Diboson .
g 1 5000: After Pw selection _
I E :
5 10000t 1
E | :
2 5000f .
S 155 Sianas
E W Dot %% ]
(v 0.5 A o . -
a 0 50 100 150 200 250 300
— x™) M [GeV]
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Data/MC Permutati

Data/MC Permutations /5 Ge

KIRCHHOFF-
INSTITUT

FUR PHYSIK I

Lepton+Jets 19.7 0" (8 TeV)

- Single t

I W+jets 1
B Z+jets E
1 QCD multijet
__1Diboson

. tt correct

[ tt wrong
1t unmatched
* Data

Before kinematic fit

PR |
300

100 200 400
m*° [GeV]
§ TCTTRRE TSR
59 tt wrong — w: rey
- L _ttunmatched [ Q(!D multijet
* Data C_1Diboson

After P__ selection

-
J

y gof ]

-

J

1 v /
100 200 300 400
' [GeV)
20



LEPTON+JETS CHANNEL (CMS) [1] ﬁ\/{ e I

FUR PHYSIK
hyb Experimental uncertainties
 Result: mt y —_ 1 72 .35 j: 0 . 1 6 (Stat+]SF) Method calibration 0.04
Jet energy corrections
:i: 0.48 (Sy'St) GeV —JEC: Intercalibration +0.01
. 1 . —JEC: In situ calibration +0.12
CMS , Lepton+1gts, 19-7 fo” (8 TeV) Most precise - JEC: Uncorrelated non-pileup —0.10
(L}') . ' ' 42D LHC result: —JEC: Uncorrelated pileup —0.04
= 1.008} ’ Lepton energy scale +0.01
s * Hybrid 3 Amt /mt — 030%' EIMSS scale +0.04
1.007 ®1D E Jet energy resolution —0.03
. 1 . b tagging +0.06
1.006 g B I “Hybl’ld": Pileup —0.04
1.005 = _of Backgrounds +0.03
F in-situ JES and
1.0045 E Modeling of hadronization
' g \ \ 1 standard JES JEC: Flavor-dependent
1.003| : constraints ~lght quarks (u d 5 Iy
s ] —charm .
1.002} . - bottom —0.32
- gluon —0.08
1.001- E b jet modeling
1k PY ; -b fra.gmente'xtion <0.01
2 P T E - Semileptonic b hadron decays —0.16
172 172.5 Modeling of perturbative QCD
PDF 0.04
rnt [GeV] Ren. and fact. scales —0.09 +0.07
ME-PS matching threshold +0.03 £ 0.07
. . . . ME generator —0.12+0.08
« Dominant uncertainties: Top quark pr 1+0.02
Modeling of soft QCD
- b_quark J ES (032 GeV) Underlying event +0.08 £0.11
Color reconnection modeling ~ +0.01 + 0.09
- J ES (O . 1 6 GeV) Total systematic 0.48
Statistical 0.16
- tt event generator (0.12) Total 051

OLEG BRANDT @)  UNIVERSITAT HEIDELBERG ZUKUNFT SEIT 1386 [1]1 PRD 93, 072004 (2016) 21



LEPTON+JETS CHANNEL (CMS) [1] %\/f

— 172.35 = 0.16 (stat+]SF)

« Result: mt

KIRCHHOFF-
INSTITUT
FUR PHYSIK

Experimental uncertainties

Method calibration 0.04
Jet energy corrections
:i: 0.48 (SYSt) GeV —JEC: Intercalibration +0.01
. —JEC: In situ calibration +0.12
_ QM§ 1 LIeIp:[anﬂeItS] ]1 9]7] f]b] ](81 T?Y) Most precise ~JEC: Uncorrelated non-pileup —0.10
> T . Data Powheg, Pythia 22* 1 LHC result: —JEC: Uncorrelated pileup —0.04
©  4F o MGMS,Pythiazz* - Powheg, Herwig 6 | Lepton energy scale +0.01
O, o MG, Pythia P11 +  MC@NLO, Herwig 6 Amt /mt = 0.30%! ET scale +0.04
A 3F MG, Pythia P11noCR Sherpa _ Jet energy resolution —0.03
< - ] b tagging +0.06
£ [ . Pileup —0.04
g-. 2 ‘ 7 Cross-check: Backgrounds +0.03
I - i . . Modeling of hadronization
ST {4 extract min different —jEc Favor-dependent
= ] i - light quarks (u d s) +0.05
=3 HI p phase Szaf?e regions _ charm 40,01
1+ using different tt ~bottom —0.32
E 9 - gluon —0.08
1 MC generators b jet modeling
] : -b fragmentation <0.01
IIIIIIIII . —~ all consistent — Semileptonic b hadron decays —0.16
500 1 000 1500 (S/[des 63-64) Modeling of perturbative QCD
PDF 0.04
mﬁ [GeV] Ren. and fact. scales —0.09 +0.07
ME-PS matching threshold +0.03 £ 0.07
. . . ME generator —0.12£0.08
. Dominant uncertainties: Top quark pr £002
Modeling of soft QCD
b-quark JES (0.32 GeV) Underlying ovent +0.08 % 0.11
Color reconnection modeling ~ +0.01 = 0.09
J ES (O . 1 6 GeV) Total systematic 0.48
Statistical 0.16
tt event generator (0.12) Total 051
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ALL-HADRONIC CHANNEL
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ALL-HADRONIC CHANNEL (CDF) [1] ﬂ\/{ I

FUR PHYSIK
. CDF all-hadronic, 9.3 fb-' @ 1.96 TeV [1] . Cprun -l Hadton My« Prolmnary (63 )
. . © 7000 ata
« Pre-selection (purity =1/700): S | [ skg+ M, =1725 GeVic’, AJES=0.0)
£ 6000~
- No e or u candidate s ¢ 1 tag event
W 5000~ 0.50 < NN,, < 1.50
- No neutrinos: S
l E 0.-0,....“’
ET/‘\/ ZET <3 GeVz 3000/~ Tt >
- 06N ..<8 20001 .\‘Q_\
Jet - 1 b-tag ;
10002— !
- Selection (purity =1/3 for 2 b-tags):
NNout
- Neural network based on: S aof 7 om
o Jet ShapeS (W|dth, depth) % 7005_ I Bkg +1f (M_=172.5 GeV/c?, AJES= 0.0)
. . c . Bkg
« Kinematics (max m;, max my, ...) & sooi 2iageevents
« Topology (centrality, aplanarity, ...) S00F
- 21 b-tags e
300:
200;—
100;
0:
0.5
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ALL-HADRONIC CHANNEL (CDF) [1] ﬁ\/{ Klﬁgﬁgg‘? I

FUR PHYSIK

. Extraction of m;: o1f (a) {f mie templates
. . . . | > 2 tags events (A £s = 0.0)
- Reconstruction through kinematic fit:

0.08 - M,,, [GeV/c?]
i B 1675
- [ 1725

0.06 - 177.5

<«— Input to the fit
(1) — mec 2 C4 — P

. 0.04
Jib U1 i

—

Fraction of events/2.5 GeV/c?

6 p pmeas 2 0'02—
+ Tl T,i ’ .: -
i=1 0 120 140 160 180 200 220 | 240
mie [GeV/c?]
- Template method using m,©¢ 0055_ ” :Z:Z::::nfcmmp'mes
- Background template from data > :

0.04 - Background

« Signal-depleted multijet events
- Promote jets to be “b-tagged”

0.03f — Py(m®)

« Account for correlations

0.02f

Fraction of events/2.5 GeV/c?

0.01f

o C 1 I 1 1 1 | 11 1 I 1 1 1 I 1 1 1 I 1 11 I 1 1 1
120 140 160 180 200 220 240

m{® [GeV/c?]

OLEG BRANDT @)  UNIVERSITAT HEIDELBERG ZUKUNFT SEIT 1386 [1] PRD 90, 091101(R) (2014) 25



KIRCHHOFF-
INSTITUT
FUR PHYSIK

ALL-HADRONIC CHANNEL (CDF) [1]
Amt/mt — 11%

W s

ou,, (GeV /c?)

« Result:
Mtop = 175.07 £ 1.19(stat)
t125 (syst) GeV

Source

Generator (hadronization) 0.29

cool (@ > 1.tag events Parton distribution functions o

! 4 Data (9.3 fb™) Initial/Final state radiation 0.13

a00[- B Fitted bkg + ti Eolorfreconnectlon 8.32

L Fitted bkg jEs 1t 97
& 300 My fit
S : Other free parameters of the fit 0.41
2 - Templates sample size 0.34
S 200r ft cross section 0.15
; Integrated luminosity 0.15

100 - Trigger 0.61
Background shape 0.15

) 2ol U B B B B B .. | b tagging 0.04

100 120 140 160m1{20[623(\)/3c2?20 240 260 280 II;HZ;SP energy scale 8;3

. Doml.nant uncertainties: Residual JES 0.57
- Trigger (0.61 GeV) Residual bias/Calibration A

- Residual JES (0.57 GeV) Total +1.35

- Colour reconnection (0.32)

[1] PRD 90, 091101(R) (2014)
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KIRCHHOFF-
OVERVIEW OF LHC RESULTS
M ForRPHYSK
Represe ntative results ATLAS+CMS Preliminary LHCIOpWG m,, summary, {s=7-8TeV  Aug2016
------- World Comb. Mar 2014, [7]
shown today are only a stat : :
. total uncertainty total stat
small fraction from a Mg, = 173.34 = 0.76 (0.36 = 0.67) GeV . = total (stat = sys!) 5 PRet
ATLAS, l+jets (%) 172.31+ 1.55 (0.75 = 1.35) 7 TeV [1]
Wealth Of mt ATLAS, dilepton (*) 173.09 = 1.63 (0.64 = 1.50) 7 TeV [2]
measurements! CMS, l+jets 173.49 = 1.06 (0.43 = 0.97)  77Tev (3]
CMS, dilepton 172,50 = 1.52 (0.43 = 1.46)  77Tev [4]
CMS, all jets 173.49 = 1.41 (0.69 = 1.23)  77Tev [5]

173.29 = 0.95 (0.35 = 0.88) 7 TeV [6]
173.34 = 0.76 (0.36 = 0.67) 1.96-7 TeV (7]

LHC comb. (Sep 2013)
World comb. (Mar 2014)

ATLAS, Hjets 17233+ 1.27 (0.75 + 1.02) 7 7ev [8]
ATLAS, dilepton 173.79 = 1.41 (0.54 = 1.30) 7 TeV [8)]
ATLAS, all jets 175.1+1.8(1.4 = 1.2) 7 TeV [9]
ATLAS, single top 1722 £ 2.1 (0.7 = 2.0) 8 TeV [10]
ATLAS, dilepton 172.99 = 0.81 (0.34 = 0.74) 8 TeV [11]
ATLAS, all jets 173.80 = 1.15 (0.55 = 1.01) 8 TeV [12]
ATLAS comb. (o5 231 172.84 = 0.70 (0.34 = 0.61)  7+87Tev [11]
CMS, l+jets 172.35 = 0.51 (0.16 = 0.48) 8 TeV [13]
CMS, dilepton 17282+ 1.23 (0.19 = 1.22)  87Tev [13]
CMS, all jets 172.32 = 0.64 (0.25 = 0.59) 8 TeV [13]
CMS, single top 172.60 = 1.22 (0.77 + 0.95) 8 TeV [14]

CMS comb. (Sep 2015) 172.44 = 0.48 (0.13 = 0.47)  7:8TeV [13]

[1] ATLAS-CONF-2013-046 (5] ATLAS-CONF-2013-102 [11) arXiv:1606.02179
[2] ATLAS-CONF-2013077 (7] 8rXiv:1403.4427 [12) ATLAS-CONF-2016-064

References to individual (*) Superseded by results

shown below the line

[3] JHEP 12 (2012) 105 [8] Eur.Phys.J.C75 (2015) 330 [13] Phys.Rev.D93 (2016) 072004
[4] Eur.Phys.J.C72 (2012) 2202 [9] Eur Phys.J.C75 (2015) 158 [14] CMS-PAS-TOP-15-001

analyses given at the bottom BIEwPAICTe GO (10 ATAS CONF 2014055
of the plot and T T Y Y : L IR B
https://atlas.web.cern.ch/Atlas/GROUPS/ 170 1 75G 180 185
PHYSICS/CombinedSummaryPlots/TOP/ My, [GeV]
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OVERVIEW OF TEVATRON RESULTS W\/f

Representative results
shown today are only a
small fraction from a
wealth of m,
measurements!

References to individual analyses
from the Tevatron m, combination note
arXiv:1608.01881, or CDF Note 11204,
or D@ Note 6486

KIRCHHOFF-
INSTITUT
FUR PHYSIK

July 2016 (* preliminary)
CDF-I dilepton ¢ 167.4 £11.4  (:103= 4.9)
DO-I dilepton ¢ 168.4 +12.8 (+123= 3.6)
CDF-Il dilepton - 1715+82 (19 25)
DO-II dilepton * B | 173.50+1.56 (1.31= 0.84)
CDF-I lepton+jets ® 1761+ 7.3 (+5.1= 5.3)
DO-I lepton+jets __.T8.6.1 +53 (£36= 3.9)
CDF-II lepton+jets ~l 172.85+1.12 (:0.52= 0.99)
DO-II lepton+jets F 174.98 +0.75 (0.41= 0.63)
CDF-I all-jets 186.6 +11.5 (210.0= 57)
CDF-Il all-jets T 175.07 +1.95 (=1.19= 1.55)
CDF-II Lxy * 166.90 £9.43 (9.00+ 2.80)
CDF-Il MET+Jets "N 17393185 (1262135
Tevatron combination * [ | 174.30 +0.65 (=0.35+ 0.54)
(+ stat = syst)
| | | | x2/dof|= 10.8/11 (46%)

150 160

170 180 190
m, (GeV/c?)

200

OLEG BRANDT ‘ UNIVERSITAT HEIDELBERG | ZUKUNFT SEIT 1386
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KIRCHHOFF-
OVERVIEW OF ALTERNATIVE MEASUREMENTS %\/{ ISt I

Alternative measurements (CMS)

b-jet energy peak b 172.29+ 1.17 = 2.66 GeV
TOP-15-002 (2015)

Lepton+SecVix ?;' 173.68 =+ 0.20 +1-58 GeV
PRD 93 (2016) 092006 -0.97

Toggg?golzd(gg:g?tics ,__.%_. 17170 = 1.10 +288 - GeV Same I dea as
oSl e menon 9T oo | €—— AT] AS_CONF-2014-055
o \ I my = 172.2 4+ 0.7 (stat) & 2.0 (syst) GeV

TOP-15-008 (2016)

Lepton+J/¥

@ 173.50 = 3.00 = 0.90 GeV
TOP-15-014 (2016)

Kinematic endpoints

\@=— 173.90 = 0.90 +1.70 GeV
EPJC 73 (2013) 2494 -2.10

7%

b hadron lifetime
TOP-12-030 (2013)

173.50 = 1.50 = 2.91 GeV

i

Dilepton M

172.30 + 0.32 +1:24 GeV
TOP-14-014 35014) -1.29

52

BEST backgrounds

172,61+ 0.57 = 0.90 GeV
TOP-15-011 (2015) r* =R

I

W, 296, S0, 4. ¥

CMS alternative comb.
TOP-15-012 (2016)

172.58 = 0.21+ 0.72 GeV

CMS Run | . 0434 . . . .
PRD 99 (2016) 072004 172442 019+ 047 GeV Tevatron alternative results not listed explicitly
%"Pis“_g:‘z'(;o’:é‘)- techniques 172.43 = 0.13 = 0.46 GeV (nO recent UpdateS)
| | I | | | | | | | | I | | | |
160 170 180 190
m, [GeV]
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KIRCHHOFF-
TOP QUARK MASS IN THE POLE MASS SCHEME %\/f I I

- m;,is not an observable but a SM parameter
. =2 inferred from its effect on kinematic observables

« —> not well-defined concept at LO
- Pole mass concept:

i (P + my) _ 2 < “Pole” in the top

p? _ th - v — my quark propagator

- Not exact (but hadronisation effects small, o(Aqcp))

- Direct measurements (shown so far):
« MV (neither MS, nor pole mass)

« ‘Close” to pole mass (=0.5 GeV)

« True also for “NLO generators”,
e.g. Powheg

- Top decay not simulated at NLO

« Next slides:
- Measurements of m; in the pole mass scheme
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POLE MASS FROM &, (CMS) [1] NG o I

° EXPe riment (CMS) ‘:—éoooo_— %ﬂ?;;erﬁrsninary 2.3pb™ (13 TeV). .
L L . @ Data tW T4V
- Measurement of g, as a function of m, [1], ok pre-fit Huaweon @ Dov
Ao-ttexper: z4 0/0 ! I 1 _/et, 1 b'tag
Theorv: So000r” constrain
) Y- backgrounds

20000}

- NNLO+NNLL calculation [2], Ag,"eo: =3%)!

10000

. Selection:

® N
T 1T

o
- Similar to m; result in [+jets @ 8 TeV e ’156"M§23(.e;;;§,;5§;;3>°
- Main difference: £ sl oS oty 2350 (197e0 _
. Include low jet multiplicity & b-tag bins S0 pre-fit i B B
- > constrain W+jets, single top, etc. :ZZ_ 4jot, 2 btags
from sidebands in data ol signal-
2000 enriched
. Observable for o, extraction: 2ot
- my, or min(m,,) o
o2
2oL

[1] CMS-PAS-TOP-16-006 0 & 100 18 200 — 250" 30
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FUR PHYSIK

POLE MASS FROM o (CMS) [1] %\/g I

. Ansatz for m, extraction: Similar ATLAS analysis EPJC 74, 3109 (2014)
o (my) A y [1] CMS-PAS-TOP-16-006

mi) = - with 4 = 0 /0w

"l( t) / T A(mt) H =

from theory experlmenta/ acceptance A depends on m:
o RESUlt dA/dmt(mt) ~ 0.08% GeV_l
= 172.3757GeV
Amt/mt ~ 1 5% first LHC m, result @ 13 TeV!

—~ 7
~—E'~ - _ CMS preliminary
a4 6 2317 (13 TeV)
9V B ;
' T T expected . .
51~ Systematic uncertainties:
— observed

Detector+signal modelling (21, , GeV)
Full phase space result (*'1,, GeV)
Beam energy (*°8,. GeV)

Theory (11,4 GeV)

95% CL

68% CL

11 L1 |"«|L111."/| | |
168 170 172 174 176 178

Top quark pole mass [GeV]
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POLE MASS FROM 0, 4;et (ATLAS) [1] ﬂ\/{ I

FUR PHYSIK

« Ansatz: Hard gluon radiation off the top quark .., depends on m;:

ﬂ (mpo]e 0 ) . 1 do—tt‘+1-jet 2m0

- Unfold R(mf‘)le,ps)+ extract mPo'e using NLO calculation [2,3]

pole —
_ d (m[ ’ pS) pS
O t+1-jet LPs

. Reconstruct tt system using

. 2Enhanced sensitivity

. )
100 |

kinematic y2-fit A
- Define extra jet: g VE rTov aom L mereecey
) = 7 : : E

. not matched to tf system & soof 4 Uncenainty 3

. - 7 -

. high p;> 50 GeV 400E" 7 % 3

300 —

o

. Selection:
- similar to CMS |+jets

[1] JHEP 10 (2015) 121 L
[2] PRL 98 262002 (2007) 00 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
[3] EPJC 59 (2009) 625
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FUR PHYSIK

POLE MASS FROM 0, 4;et (ATLAS) [1] }\/{ e I

. Resulit:
mP®® = 173.7 + 1.5 (stat.) + 1.4 (syst.)*} (theory) GeV,

Amt / my = 1 .3%! - World’s most precise mp°e result

- Precision approaching the ball park

- 45— Of direct measurements!
- t+1j6t@NLO+PS for m™’= -
Lo ATLAS theTJR@NLOLES form, E
S as| Vs=7TeV,46f" 1.7 105 el A
- 173.7 GeV (best fit) . . ]
3 e Data : < Dominant systematics:
- sy ]
25 (1 . JES + b-quark JES (0.9 GeV)
i3 I 7 « Initial/final state radiation (0.7 GeV)
o i 1 « PDF in experiment (0.5 GeV)
1= -
- 3 1.0
st El & Theory (*'° 5 GeV)
0 E I - I ] I '.':'L':'L':;L'!I'L':'L':'L':_'.
- 1.3 .
VI it T s L S
& oot . . meee- cmnnno--]
0 0.2 04 06 08 1 [1] JHEP 10 (2015) 121

p (ban‘on level) o )
- Similar CMS analysis: TOP-13-006
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FUR PHYSIK

POLE MASS FROM DIFFERENTIAL ay, (D@) [1] ﬂ\/{ I

. Ansatz: %’ 1E (a) DO Preliminary, 9.7fb™
- Invariant mass of tt system depends on m;: g 10" { Do Data (PRD 90 092006)
. do/dmz(my) > S
o
- Top transverse momentum depends on m: E’
_ G
» do/dpr+/z(my) X I
- Unfold + extract mp°'® using pNNLO and S I
NLO Ca|CU|atI0nS [2] 10—5. NN BTSRRI EEPUTEN B SR
400 600 800 1000 1200
m(it) [GeV]
. Reconstruct.tt system. | 9%- " (a) DO Preliminary, 9.7fb"
- Infer neutrino p, using M, constraint S o4l } Do Data (PRD 90 092006)
. . . . o "Q vole,
- ldentify jet-parton assignment using x%fit & NNLO, m; =155 GeV
NNLO, m”°°=165 GeV
E ¢ — NNLO, m™°=173.3 GeV
D - NNLO, mz:::_wo GeV
. Selection: Q:~0_05_ —NNLO m; =190 GeV
o . L 3 [
- Similar to DG direct m, analysis in I+jets B =i,
° -
0- ........ e e e e e PP
[1] D@ note 6473 (2016) 0 100 200 300 400 500
[2] JHEP 1605, 034 (2016) p_(t/1) [GeV]
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FUR PHYSIK

POLE MASS FROM DIFFERENTIAL g (DD) [1] ﬂ\/f I

« Result:

mpoeNNEO = 169.1 £ 2.5 GeV

Am m; = 1.5%!  Tevatron’s most precise® A
t t W B !
— 180 mtp0|e resu/t, 10 : Fit x.zmn. 0.39 "
> -

. (a) DO Preliminary, 9.7fb™

Q
2, 175 \\‘_),/'
g 0'

" (b) DO Preliminary, 9.7fb™
155 ® Data vs. NNLO (MSTW2008)

(m(tt))

Scale uncertainty

"°HHHH P N

165| m, [GeV]

: -~
i 3 " (b) DO Preliminary, 9.7fb™
160 CNL(,)V = N:LON' QQ. Ll ® Data vs. NNLO (MSTW2008)
MSrszro NpD"'/594 Srw 710 NpDHEHA Pog S ~ :
& - Scale uncertainties
. Systematic uncertainties: f — Fit 2, :2.14
- Experiment: 50 ’

« Detector+signal modelling (2.2 GeV)

- Theory: : '\_.//

0_ L L N R ]
» PDF (1.2 QeV) 160 170 180 190
. Scale choice + a (0.8 GeV) [1] D@ note 6473 (2016) m, [GeV]
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KIRCHHOFF-
OVERVIEW OF POLE MASS SCHEME MEASUREMENTS %\/f I

extractions (b) DO Preliminary, 97fb-1 N o ~

NLO vs. do/dX 5 S =

[This article] [1] T 1 REIEESES g,s

NNLO vs. do/dX 4 o B

[This article] [1] T © 1 1631125 s é e

DO (NNLO+NNLL o, ———i o+ o N

[arXiv:1605.06168] [‘2% & = e > ftl % Q.

ATLAS (tt+1j) + 2 @

[JHEP 10 (2015)] == el s S 2 5

CMS (NNLO+NNLL o > @)

PLBTos oray ~ T e 1767£29 | s 2
S

Direct techniques

Tevatron average

[arxiv:1608.018§1] Il iHeDIEE 009

ATLAS average le{ 172.84 + 0.70

[arxiv:1606.02179]

CMS combination il

[PRD 93 (2016)] o 172.44 +0.49

165 170 175

[1] D@ note 6473 (2016)
Top quark mass [GeV] [2] PRD 94 092004 (2016)
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KIRC@HOEF—
SUMMARY & OUTLOOK %\/{ FORPHYSIK

o Summary:
- A wealth of m, results in the last 5 years:

« Improved overall precision below sub-GeV level
« LHC achieves similar precision as the Tevatron
- Novel techniques put in place:
. Complementary approaches:
- E.g. m, from single top, J/¥, etc.
« In situ calibration of b quark JES
» Extraction of m o from a4
. Extraction of mpF°e from differential o
- First m, results from the LHC @ Vs=13 TeV
« Outlook:
- New studies with large datasets @ Vs=13 TeV

« Better constrain systematic uncertainties from data
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Thank yout!
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KIRCl:lHOF'F—
MOTIVATION W e

. The fate of our Universe depends on m/
/ 2

Ly=|(8,—igWir® - i%BP 6| + 2ot — Mote)?

Mexican hat only if A > 0! (Bavarian hat otherwise)
f EW vacuum
i i potential

/ has a minimum
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KIRCHHOF:
MOTIVATION ﬂ\/ﬁ FOR PHYSIK I

« A receives radiative corrections from all SM particles
- the top quark dominates due to large m/!
- Evolve corrections to Planck scale:

« A should remain positive!

« Our universe is metastable [1] 180
. - 1 s 1
using world average m, [2]  Instability " ///%f;/;?;;ﬁ 0 g
- New Physics?! 178 | — 8
- y - L ,,/”///4/,/' ,,” ’,—' 1910_ ":t
> :,/',/ /'/‘// ‘,"’ ’,”—’ ’,”’—loli q)
- - - S O
8 176 - : : PR 1 i
R Co e Z
E T ::::,,’—1’0;15 <
2 174 , Sy N -Ne!
R R R T
% - M@ta—’stabll}ty« gl i o S P
§ 1721 I — il g §
g [2] é o
170 i —jf_ '~f2::ff‘ ;;,;?:;/*1613 ] f\g _g
[1] Degrassi et al., 04 2o Stability | & ©
arXiv:1205.6497v4 [hep-ph] [7: A T U SRR Sy | B =3
[2] ATLAS. CDF CMS. D& 120 122 124 126 128 130 132 O M
’ 5 5 ; . . My
arXiv:1403.4427 [hep-ex] Higgs pole mass My In G =~
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POLE MASS FROM o, (ATLAS) [1]

KIRCHHOFF-
INSTITUT
MU FOrRPHYSIK

. Experiment (ATLAS): [11 EPJC 74, 3109 (2014), [2] PRL 110, 252004 (2013)

- World’'s most precise measurement of m, from a7 [1], Ao, =4%!

« Theory:

- Recent NNLO+NNLL calculation [2], Ao 7 =3%!

. Selection:
- Similar to I+jets m,

et ,LL:F, no topological cuts

Events

« Fit b-tagging efficiency x
acceptance x reco eff. g,
together with oy

N, = '/dt.g X O Eep X 2ep(1 — Crep) + N{)gr

Ny = /dt.z X 047 Eop X Coel + NOF° o
©

Cy = ew/ep §

o Minimal use of MC simulations

30000

25000

20000

15000

10000

5000

ATLAS ® Data 2012

{s=8TeV,20.3f" [ tt Powheg+PY
|l Wt
[ Z+jets
[1 ] 1 Diboson
° Bl Mis-ID lepton

—— Powheg+PY _:
N, :

" MC@NLO+HW
"""" Alpgen+HW
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POLE MASS FROM a; (ATLAS) [1] ﬁ\/f o I

FUR PHYSIK
S wil amas | EEERg.] |+ Verysmaldependence of
g S \ ——— CT10NNLO _ on mt
e e CT10 NNLO uncertainty . . _
§ 3001 S T Meorsa e opommaiy - Higher precision on m;;
3 - N O JfemrrendstYuem - due to minimal MC use
O 2501 -
~ 1 ' Dominant uncertainties:
200} .
- « Experimental:
1500 , - Luminosity (0.9 GeV)
:.l...|...|...|...|...|...|...|...|."T‘."’ - Beamenergy(0-6GeV)
164 166 168 170 172 174 176 178 180 182
pole . Theory:
[1] EPJC 74, 3109 (2014) m  [GeV]

- PDF + a, (1.7 GeV)
mP = 171.4+26 GeV (y/s =17 TeV) - Scale choice (1.2 GeV)

mP® = 174.14+2.6 GeV (Vs =8 TeV).

« World’s most precise mp°'® from o,
- Precision in the same ballpark as direct methods: =1.5%!
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24 Feb. 1995

Motivation




KIRC}?HOF'F—
MOTIVATION ﬁ\/{ FORPEYSEK I

Standard particles SUSY particles

2l .Y

&
C t
~Y ~

] L "
C G |- 3 Higgsino

Ve Yo '

L Valle

Vi Yo
W

Quarks ’ Leptons . Force particles Squarks Q Sleptons o SUSY force
particles

« Special role in many new physics
scenarios
- E.g. supersymmetry -

A M )

 Radiative corrections to M;,.s:

_ _ f €t dominates :
spin-%2 fermions ; - =~ Spin-0 bosons

A

H - I |

---- - \ /
H _s_z____

Al 2 _ S

Amiy = Myt A = e Aty +

. UV divergencies cancel if [\|?2 = Ag or m, = My
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KIRC?:IHOF_F—
MOTIVATION %\/f FOR PHYSIK I

« Areceives radiative corrections from all SM particles
- mostly from the top quark!
Evolve corrections to Planck scale:

« A should remain positive!

0.10 ——
- [1] “
0.08 B \ 30 bands in i a
 \ M, = 1733 + 0.8 GeV (gray) S
\ @3(My) = 0.1184 + 0.0007(red) ] %
~ 006~ \\ M, =125.1 £ 0.2 GeV (blue) 1
M \ : @)
g =
o
2 004; S
8 20
= O
002 - ~
s =
5 S 2
=000 s
L : ‘E
O -
> e
~0.02 as(MZ) 0.1163 8O
~ 3 _':
M, = TT56GeV. o3
—-0.04 - Y Y Y Y N S I Y (R M S 8 S
= @
[2] Degrass, et al’ 102 104 106 108 1010 1012 1014 1016 1018 1020 g (D
arXiv:1205.6497v4 [hep-ph] RGE scale  in GeV =~
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KIRCHHOFF-
KEY INGREDIENTS TO TOP MEASUREMENTS %\/f INSTITUT I

FUR PHYSIK

Calibration of

the jet energy
scale (JES) ® [Methods to extract m,: A
- Template method
- Matrix element method

\ ldeogram method

Calibration of b
quark JES

- W
0
[ |dentification ]

of b quark jets
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KIRCHHOFF-
JES UNCERTAINTIES %\/(

FUR PHYSIK

> 0.1¢ —————— . ————— — _ 10CMS prellmlnary,L 19fb1 \E 8TeV
£ 0.09E- aDm.-k1 A= 04, LC.\II-V:IJES +in situ correction ~ ATLAS Preliminary /= § - .Tot al unce rtamty E
s - Data2012,/s=8Te E > 9 8 Tev ~ Absolute scale
© 0.08n=00 [ Total uncertainty — c 8b ~ Relative scale
> 0.07E — Absolute insitu JES = © h < Extrapolation
@ U -1 Relative in sity JES B 5 7 = Pile-up, NPV=14
= 0.06E «+ Flav. composition, inclusive jets - O = Jet flavor (QCD) 3
© £ Flav. response, inclusive jets - g 6 < Time stability B
5 0.05 -+ Pileup, average 2012 conditions — o 5 E
§ 0.045 —f % 4 ant::l;r R=0.5 PF E
(' - = m
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JES UNCERTAINTIES

KIRCHHOFF-
INSTITUT
FUR PHYSIK

W

R 4F =26V po oyt |-

2 ab — E

€ 38F | Reone = 0.5 i

1] AN .

% 2 /]

on 005 [} C o\ / 3
wJ Quadratic sum of all contributions o 1 - M ________ ~ E -
8 0045 Calorimeter simulation hadrons > E _—— """""""""" 5
§ 0 0 4 [ ssssass Calorimeter simulation EM particles : + + - + :
o ’ i senssenns  Fragmentation 4 :';' pmeils = 100 Gev '—":
% 0.035 | Calorimeter stability E T (b) E
§ 003 4 43 E
8 0.025 " 3 2 e
< - ]
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KIRCHHOFF-
FLAVOUR-DEPENDENCE OF JES CALIBRATION %\/g A I

« JES calibration is determined in samples dominated by:
- gluon jets (LHC)
- quark jets at low p+, gluon jets at high p; (Tevatron)
« JES differences between the flavours expected due to:
- Sizein (n,9): g>b>qjets
- Mass: b>q>gjets
- Particle composition of the jet
- Specifically for b quark jets:
« Decay tables of b quark jets
« b quark fragmentation

. Difference between quark-gluon jets not so important at Tevatron since
initial state 85% dominated by qq

. Difference between b and q jets important both at LHC and Tevatron
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KIRCHHOFF-
FLAVOUR-DEPENDENCE OF JES CALIBRATION %\/{ A I

. Typically, estimate the uncertainty on the difference between b quark JES
and standard JES by comparing fragmentation and parton shower models

2,0,05 — ——— 59M|S|5§n|1|u|@tion Prelimingryl ..,‘lg:t?Te“’ ‘T: T Dg'r h'| |<0 4 - I(C)' T
= [""""1 Additional fractional b-JES uncertainty ] 0\0 E ~ Gluon . o 800

£ [ iethegenain 1= F =QCD Mixture | L NIM A 763 290 (2014) 1
00.04- | | llc. S (E) e < Z+jet mixture 0.0

S ] Additional dead material 7 (\U E ¢ Y'_Het mixture ]

£ | ATLAS Simulation 18 | soantauarks 0.02

© | - - 1 “.

Zo0g 1Q af Bottom -

2 , 1> Anti-k, R=0.5PF - .

2 arXiv:1406.0076 [hep-ex] | € | '"-e.';’T g 0.0  corection
$0.02_— B % - : E 0.0 I Statistical Unc.
4T 12 b CMS-DP-2013-033 1 105 R s vairribonat
T0.01 ] 8 1 104k 20 40 60 80 100 120
o - = e g

2 F L e T 1.03f Pr [GeV]
9 G_ ] 0 , 010 7‘7‘ T - Qe ?“%‘L = ?Rr‘ -igia E E

w (30 100 200 10002000 102 E
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1:++ M
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Cross-check 097§ CMS-PAS-JME-13-001
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0.95%
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KIRCHHOFF-
B—TAGGING IN TOP ANALYSES %\/ﬁ ST I
« 2 b quark jets in each tT event at Born level
- = Separate signal from background

« ldentify b quark jets:

- Existence of a displaced
secondary vertex

- Impact parameters d, of

tracks associated with Secondary
the secondary vertex Vertex
- Mass of the secondary / ’
Lxy ~ ol
vertex e
- Etc. '

Primary
Vertex
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KIRCHHOFF-
B—TAGGING IN TOP ANALYSES %\/f FOR PHYSIK I

« Typical operation points chosen in top analyses:

ATLAS CDF CMS DO
£, quark 70% 60% =~ 70% 65%

. Uncertainties dependent on p; and n
- Pronounced impact on shape-sensitive analyses
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FUR PHYSIK

DILEPTON CHANNEL (ATLAS) [1] %\/f st I

« ATLAS dilepton channel, 20.2 fb-' @ 8 TeV [1]
« Selection (typical for such analyses):
2 opposite-sign e or u with p; > 25 GeV, M

eeun AWAY from Z, y

2 jets with p; > 25 GeV
. At least one b-tag [1] PLB 761 (2016) 350

- ee,up: EXS > 60 GeV § O owa [ dm,_-1725Gev
- €. Ze,u,jets pr > 130 GeV = 10° E:;;:::ig:mns -ir;:tl:mp
- average pr > 120 GeV. g @ WWwzzZ ATLAS

. Better JES precision: g (=8 TeV, 202 b

10°

0.1——————— , S :
[ anti-k A=0.4, LOW+JES +in situ corection ~ ATLAS Preliminary
0'095_0313 2012,Ys =8TeV 3

g 0.08F-n=00 [ Total uncertainty _i 102
@ 0.07E T Polatve I SRIES E
3 000 LT 10§
é 0_05;— e Pileq:lp, averagé201200ndilions —;
£ E 1 i
_J O
“ia o E
AN R i eimia g R
20 30 40 102 2x10° 10°  2x10° =
o [GeV] S . N . +* """""" .1‘+ .
. 0 50 100 150 200 250 300 350 400
« 2 Reduce systematics 0. [GeV]
T,lb
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LETPON+JETS CHANNEL (DQ) [1] ﬂ\/ﬁ

« D@ l+jets channel, 9.7 fb' @ 1.96 TeV [1]
. Selection:

- 1 e or p with p; > 20 GeV
- 4 jets with p; > 20 GeV, at least one b-tag
« Matches the LO picture
« Reduced ISR/FSR systematic uncert.
- Topological cuts on ET, scalar sum pq, ...
- (generally lower p; requirements due to
lower pile-up contamination at Tevatron)
. Extraction of m;:
- Matrix Element method:

Pevt(mtop) X fPsig(mtop) + (1 - f)Pbgr

o (details next slide)

- Maximise likelihood in m; and in in-situ JES
calibration factor k5 (details in 3 slides)

[1]1 PRL 113, 032002 (2014), PRD 91, 112003 (2015)
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KIRCHHOFF-
INSTITUT

DQ 9.7 fb™
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u+jets

FUR PHYSIK
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LEPTON+JETS CHANNEL (CMS) [1] %\// Ftﬁfgg I

i -1 CMS Lepton+jets 197fb (8TeV)
. CMS I?I-jets channel, 19.7 fb' @ 8 TeV [1] > 10000, Ma gl :
« Selection: S et C1aCD mutjet
. — 8000 Wijets * Data .
- 1 e or p with p; > 33 GeV % oo pre-fit
- 4+ jets with p; > 30 GeV & 40005 ,
. 2 b-tags |
_ 2000}
- No further topological cuts *

O 4
1.5 - e —
« High signal purity: 97% (tt+single top) % 1%/.,»,: " ~W/M%W.%
« Extraction of my: o ™o 5 100 150 200

Emlss Ge
- Ideogram method I 15eV]
. s -Z+|ets ]

>
reco 0] I Single t [ ]1QCD multijet
L (event|mt' JSF) E Pgof (Z) P51g S mt ir My i |mtl JSF ? o 20000F [ W-ijets ?BL'IZ”“ .
’ 5 . & r

>

e

N

a

o

o

(=
I

Ideogramm L
_ pre-fit -
e Py, from MC (like template method)
- Maximise likelihood in m, and JES (=JSF)

L (sample|m,JSF) = [ | L (event|my,JSF) e

. . events s //%//'W///
. Higher weight to correctly reconstructed . - b

+ parton/detector level-matched events
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ALL-HADRONIC CHANNEL (CDF) [1] ﬁ\/{ I

FUR PHYSIK
. CDF all-hadronic, 9.3 fb"' @ 1.96 TeV [1] . Cprun -l Hadton My« Prolmnary (63 )
70001~ —
« Pre-selection: 5 Bkg +tf (M, =172.5 GeV/c?, AJES=0.0)
£ 6000~
- No e or u candidate s ¢ 1 tag event
W 5000~ 0.50 < NN,, < 1.50
- No neutrinos: S
1 ‘“'."’“'m
E T/ \V Z ET < 3 GeV2 30002— ""‘"‘“"“"‘".Tr. >
- 206 jets with p- > 15 GeV 2000~ 1
o Wi br = - ibtag |}
« Maximum 6 jets to reduce 10008
combinatorics 505 o7 o5 o8 T ii iz
. NN
- tt purity = 1/700 ~ o
S 8oor —— Data
e Selection: % 700F. I Bkg + (M, <1725 GeVic?, AJES=0.0)
c C Bk
- Neural network based on: 8 eof c2gens
. 500?—” - o
. Jet shapes (width, depth) 400§H****#*+,;“+ +§“+++H++ﬂ+ﬂ++ﬁ# iy
 Kinematics (max m;, max m, ...) : o —>
i i s00l t
« Topology (centrality, aplanarity, ... :
pology ( Yy, ap Yo ) 2 50 ptaas | ¢
>1 p-t - =< bag
- ags 100 A
- tt purity: 1/3 (2 b-tags) T T T

NN

out
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ME METHOD (V) % =8
. Calibrate the method with pseudo-experiments (PE)
- P, obtained ab initio with LO ME + transfer function

—> calibration imperative:

Calibrate m, & o(m,) Calibrate o(m,)
r— b 1-6
> 12 (c) D@ Run lIb2 MC - € ! (c) D@ Run lIb2 MC
G ¢ ks E g, o
o 4 S *
N = = 1.2
1': 0: S - t ¢ ¢
£ 2 5 4
£E 4 o
'6; slope = 0.93 + 0.01 -
-8 offset = 0.80 * 0.06 0.8; offset = 1.18 + 0.01
-108-6-4-20246810 -108 6-420246810
mJ*"-172.5 [GeV] m*"-172.5 [GeV]
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ME METHOD (lII)

4

KIRCHHOFF-
INSTITUT
FUR PHYSIK

N
: : a) D@ Run IIb2 MC
« The Transfer Functions W(x,y; kJES).e > - )0<,n|<0_4 E, [GeV]
parton-level quantities y to detector-level ones | (G 0.06- — 30
. = [\ 60
- Two Gaussians: ﬁo o1 .90
« One for the core of the distribution & -_ //\_'_\120
. | \
. One for the tails j‘;,o_oz— | W/e” \,/ .
- Direction of jets and leptons in (n,¢) well- nstridmerited
measured < % s 100 is0
= E, [GeV]
S |(c) D9 Runlib2 MC
) 0.8<hli<1.6 E, [GeV]
¢ 0.06- — 30
= 60
- ——- 90
11,0.04 — .- 120
= ‘
= N
1 ;>0.02 / Lirited,” ™
- . /5 / .
X inS{rumentation '\
< % "m0 100 is0
= E, [GeV]
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KIRCHHOFF-
LETPON+JETS CHANNEL (D9) [1] ﬁ\/{ R S I

Source of uncertainty Effect on m; (GeV) Source Uncertainty (GeV)
Signal and background modeling: Modeling of production.: —
Higher order corrections™ 0.15 Modeling of signal: =
Initial/final state radiation™ 0.09 - Higher-order effects +0.25 O
Hadronization & UE* 0.26 % ISR/FSR +026 3
Color reconnection™ 0.10 & Hadronization and UE +0.58 g
Multiple pp interactions 0.06 o Color reconnection +0.28 O
Heavy flavor scale factor 0.06 8 Multiple pp interactions +0.07 co>')
b-jet modeling 009 3 Modeling of background +0.16 O
PDF uncertainty 0.11 - W +jets heavy-flavor scale factor +0.07 N
Detector modeling: 8% Modeling of b jets 4009 2
Residual jet energy scale 0.21 ~ Choice of PDF +0.24 DQ:
Data-MC jet response difference 0.16 Modeling of detector: Q.
b-tagging 0.10 Residual jet energy scale +021 43
Trigger 0.01 Data-MC jet response difference +0.28 8
Lepton momentum scale 0.01 b-tagging efficiency +0.08 Q@
Jet energy resolution 0.07] 1.02 GeV Trigger efficiency +0.01 g
Jet ID efficiency 0.01 depton momentum scale +0.17 Q
Method: Jet endxgy resolution +0.32 (7]
lg/'lodeling of: multijet events 0.04 0.49 GeV | Jet ID efficeacy +0.26 S
ignal fraction 0.08 ethod: >
MC calibration 0.0 Multijet contaminatio +014 2
Total systematic uncertainty 0.4 Signal fraction +010 X
Total statistical uncertainty 0.58 MC calibration +0.20
Total uncertainty 0.76 Total R 4102
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LEPTON+JETS CHANNEL (CMS) [1] %\ /f RN

FUR PHYSIK

15~ ° Data Powheg Pythia 22* ] r . Data Powheg Pythia 22
o MG+MS, Pythia Z2* = Powheg, Herwig 6 4+ o  MG+MS, Pythia Z2* = Powheg, Herwig 6 —
o MG, Pythia P11 »  MC@NLO, Herwig 6 | : o MG, Pythia P11 «+ MC@NLO, Herwig s
MG, Pythia P11noCR Sherpa 3 o MG, Pythia P11noCR Sherpa .
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KIRCHHOFF-

LEPTON+JETS CHANNEL (CMS) [1]
FUR PHYSIK
CMS Lepton+1ets 19.7 b (8 TeV) CMS Lepton+jets 19.7 6" (8 TeV
> - o D;ta l o P(;wheg [Pythlla 22 > 12_ h Yo 'Dyata YYYYYYYYY ;-"Yowrlieyg'l:"yt‘hlla'zlzY
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KIRCHHOFF-
OVERVIEW OF ALTERNATIVE MEASUREMENTS %\/f I I

. Single top events:
- ATLAS, ATLAS-CONF-2014-0565

e my = 172.2 4+ 0.7 (stat) + 2.0 (syst) GeV
- CMS, CMS-PAS-TOP-15-001
e my = 172.60 £ 0.77 (stat) T 5% (syst) GeV
« Charged particles (CMS, PRD 93 (2016) 092006):
e my = 173.68 + 0.20 (stat) 555 (syst) GeV
« Invariant mass of £,J/¥Y (CMS, subm. to JHEP, arXiv:1608.03560):

e« my = 173.5 £ 3.0 (stat) £ 0.9 (syst) GeV
« Leptonic observables (CMS, CMS-PAS-TOP-16-002):

e my = 171.1 £ 1.1 (stat) 737 (syst) GeV

« Outlook promising!

« Tevatron alternative measurements not listed explicitly
- (no recent updates)
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