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Top quark mass (parameter) from

an LHC shape analysis[ Workshop on Top physi
s at the LC � LPNHE Paris ℄----------------------------------------------Jan Winter� MPP Muni
h, Germany �
Will brie�y dis
uss:

• Top quark mass determination and s
ale un
ertainties.

• Top quark asymmetries and higher orders.

• Summary & Outlook.
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Intro note: top quark mass determination
[FROM BISWAS, MELNIKOV, SCHULZE, ARXIV:1006.0910]
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and cluster decay 
to hadrons

5. Formation of 
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[FROM M. MANGANO]

• a

urate and reliable measurementof top quark mass is important

• pre
isely measured in experimentsbut we have trouble to relatethis mass parameter to a topquark mass we 
an 
ontrol

• several proposals to extra
t it fromkinemati
 distributions des
ribablewith pQCD (renormalization s
hemes
an be swit
hed)

• this still requires obje
t identi�
ation,i.e. non-perturbative 
orre
tionshave to be estimated

• preliminary studies by M. Mangano indeedpoint to O(1) GeV e�e
ts(there is also an earlier studyby P. Skands and D. Wi
ke)
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WWbb̄ production at NLO
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◮ Top quark pair production and decay
including nonresonant contributions

◮ Both W bosons decay into leptons

◮ The approximation mb = 0 is made

◮ First calculated at NLO by Denner, Dittmaier,

Kallweit, Pozzorini (2011) and Bevilacqua, Czakon, van

Hameren, Papadopoulos, Worek (2011)

◮ Previous top quark calculations were
done under the assumption that
production and decay factorise (neglects
contributions suppressed by powers of
Γt
mt
∼ 0.02) Biswas, Melnikov, Schulze (2010)

◮ NNLO corrections to production of
stable top quarks were calculated
recently Czakon, Fiedler, Mitov (2013)

[FROM J. SCHLENK]

[NEW WORK INCLUDING BOTTOM QUARK MASS, FREDERIX (2013), POZZORINI ET AL. (2013)]

Parton-level 
al
ulation done using GoSam+Sherpa NLO framework.
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GoSam+Sherpa combined MC package
[FROM G. LUISONI]Ingredients for the NLO 
al
ulation.
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Quick note on the inclusive cross section

Renormalization scale:

µ =
ĤT

2
=

1

2

∑

i

pT ,i

Scalar sum over transverse
momenta of all final state
particles

x1 10

 [fb]
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LO
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x =
µ

ĤT/2

Total cross section (LHC 7 ):

[FROM J. SCHLENK]Parton-level NLO 
al
ulation based on GoSam+Sherpa framework.
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The mlb distribution at NLO

LHC 7 TeV

ĤT/4 < µ < ĤT

MSTW2008(n)lo pdf
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◮ Important NLO corrections to the shape of mlb

◮ Values of mlb larger than
√

m2
t −m2

W
are kinematically forbidden in

narrow width approximation at LO

[FROM J. SCHLENK]

• follow ATLAS strategy: use 
harged-lepton b-jet pairing minimizing sum of both mlb and average.

Parton-level NLO 
al
ulation based on GoSam+Sherpa framework.
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Maximum Likelihood (ML) technique
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[FROM A.A. MAIER]

• for the dilepton 
hannel, use one-dimensional template method, with θ → mt and x �t params to mlb.
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Top quark mass determination using the mlb method

[ATLAS-CONF-2013-077]

LHC 7 TeV

µR = µF = ĤT/2

MSTW2008(n)lo pdf

NLO, mt = 172.5 GeV
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}lb

}l′b′Use pseudo-data to study di�erent types of theory �errors� individually.

Parametrize �your� theory (mlb predi
tions).

• Full QCD NLO predi
tion for W+W−bb̄ in dilepton
hannel: mlb distribution is sensitive to top quark mass.

• ATLAS uses one-dim. template method to determine mt.Theory un
ertainty has been estimated to 0.8 GeV.

→ Verify size of th. un
ertainties using more advan
ed 
al
's!
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Scale uncertainties and the mlb method
[HEINRICH, MAIER, NISIUS, SCHLENK, WINTER, ARXIV:1312.6659]

LHC 7 TeV

ĤT/4 < µ < ĤT
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 0.27 GeV±NLO pseudo-data with NLO templates, offset 0.10 
NLO scale variation with NLO templates

 0.27 GeV±NLO pseudo-data with LO templates, offset -1.85 
NLO scale variation with LO templates

results obtained with a binned likelihood fit to 1000 pseudo-experiments per sample
-1stat. uncertainties corresponding to 4.7 fb [GeV]lbm
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Impa
ts top quark mass determination more than expe
ted.

Single out e�e
t of NLO s
ale un
ertainties on top mass.

• Use mlb method in a parton-level analysis where weassume that data follows full QCD NLO predi
tion fordileptoni
 W+W−bb̄ [pseudo-data℄.

• Apply/test against the theories given by default s
ale
hoi
e NLO and LO predi
tions (templates) [hypotheses℄.
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Few notes on top quark forward–backward asymmetry.
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What is measured?

Asymmetry, %0 5 10 15 20

 Inclusive Asymmetrytt
Lepton+jets

 AsymmetryηLepton q
Lepton+jets

Lepton+jets
Dileptons

 AsymmetryηLepton d
Dileptons

-1D0 5.4 fb 6.5 % ±19.6

-1D0 9.7 fb
|<1.5)η 2.6 % (|±4.7

 3.9 % (extr.)±4.4

 5.6 % (extr.)±12.3

-1CDF 9.4 fb 4.7 % ±16.4

-1CDF 9.4 fb % (extr.)-2.9+3.29.4

Bernreuther & Si, Phys.Rev., D86 (2012) 034026
Asymmetry, %0 5 10 15

Bernreuther & Si, Phys.Rev., D86 (2012) 034026: 8 TeV, 7 TeV

 0.9 %±0.5 , 8 TeV-1CMS 19.7 fb
 1.5 %±0.4

 5.2 %±5.0

 1.6 %±1.0

, 7 TeV-1CMS 5.0 fb

, 7 TeV-1CMS 5.0 fb

 1.0 %±0.6
 2.8 %±5.7

 1.4 %±2.3

, 7 TeV-1ATLAS 4.7 fb

, 7 TeV-1ATLAS 4.7 fb

 Inclusive Asymmetrytt
Lepton+jets
Dileptons
Lepton+jetsDileptons

 Asymmetry ηLepton  d

Dileptons
Tevatron LHC

SM predicts no asymmetry at LO in QCD, and a small asymmetry at NLO.
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• AFB = 5.0% leading order predi
tionfrom NLO top pair produ
tion.

[KUHN, RODRIGO, PRL81(1998)]

• AFB = 7.3% in
luding NNLLresummation 
orre
tions.

[AHRENS ET AL. PHYS.REV. D84 (2011) 074004]

• AFB ≃ 9.0% in
luding ele
troweak
orre
tions.

[HOLLIK, PAGANI, ARXIV:1107.2606]
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Top quark asymmetries
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Colour 
oheren
e in top quark pair produ
tion.(a) forward (b) ba
kward 
on�gurations [PLOT BELOW FROM CDF – ARXIV:1211.1003]

[PLOT BELOW FROM ATLAS-CONF-2013-078]

Tevatron
LHC

• 
olour 
harges morestrongly a

elerated in�ba
kward� dipoles

• rapidity di�eren
e:

∆y = yt − yt̄where y ≡ 1

2
ln E+pz

E−pz

• How a

urate are our SM predi
tions?
⇒ Test the new standard in Monte Carlos.

AFB(O) =

dσ

dO
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−

dσ
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+
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⌋

∆y<0

,
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Colour coherence effect

Sherpa1.4.0 CSshower
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In LO qq̄ → tt̄, there are (IF) 
olour �ows from in
oming quark to top quark and vi
e versa.�Forward� dipoles � less spa
e spa
e for emission, less likely to radiate.�Ba
kward� dipoles � more violent a

eleration of 
olour, hen
e more QCD radiation.
• (a) Forward 
on�guration

• (b) Ba
kward 
on�guration
• Colour 
oheren
e (leads to angular ordering)asymmetri
 real emission
• Extra emission (
on�ned to 
one as large as θini)more re
oil for ba
kward top pairs
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Monte Carlo event generationEvent generators are used to model multi-hadron �nal states of high-energy parti
le 
ollisions.Fa
torization approa
h: divide jet simulation into di�erent phases � use Monte Carlo methods.Perturbative Phases: [parton jets]Hard pro
ess/intera
tion (hard jet produ
tion)exa
t matrix elements |M|2 [ME℄QCD bremsstrahlung (soft/
oll multiple emissions)initial- and �nal-state parton showering [PS℄Multiple/Se
ondary intera
tionsmodelling the underlying eventNon-perturbative Phases: [jet confinement – particle jets]Hadronizationphenomenologi
al models to 
onvert partons into primary hadronsHadron de
aysphase-spa
e or e�e
tive models to de
ay unstable intostable hadrons as observed in dete
tors �����
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⇐ 
urrent frontier is ME+PS mat
hingat NLO+(∼N)LL and merging di�erentjet bins with no double 
ounting
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Matrix-element + parton-shower merging (ME+PS)

ME

P
S LO

LO

LO

+1jet

+1jet

+2 jet +Njet

• identi
al parton multipli
ity along diagonal,di�erently 
omputed however

• separate phase spa
e into �hard� ME and�soft� PS domains, use a (suitable) jet 
riterion for�hard�/�soft� separation.

• �nd likely PS history (by �inverted� showering) forn-parton ME to further evolve beyond n partons.ME+PS ... nowadays ne
essary tool for �jetty� ba
kground simulations.
[MANGANO — CATANI, KRAUSS, KUHN, WEBBER — LÖNNBLAD — RICHARDSON]


ombine PS pros (resumming soft emissions) + ME pros (hard emissions, quantuminterferen
es, 
orrelations)

⇒ Fully populate emission's phase spa
e with either ME or PS � avoid dead regions.
⇒ ME and PS des
ribe the same �nal state � remove double 
ounting.
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Towards a new standard

ME+PS merging with multiple NLO processes

ME

P
S NLO

NLO

NLO

NLO

NLO

NLO NLO

P
S B+V+I R− S

B+V+I

B+V+I

R− S

[LAVESSON, LÖNNBLAD, PRESTEL — HÖCHE, KRAUSS, SCHÖNHERR, SIEGERT]
[FRIXIONE, FREDERIX — HAMILTON, NASON — PLÄTZER]

• Per jet bin, NLO+PS mat
hing with extra jet veto.
• Make NLO 
ontributions �nite: B+V+I and R-S integrals.

• V from one-loop generators → GoSam, NJet, OpenLoops, et
B, R, S, I from → Sherpa;
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FB differential asymmetry with ME+PS@NLO
[HÖCHE, HUANG, LUISONI, SCHÖNHERR, WINTER, ARXIV:1306.2703]

Meps@Nlo µcore = mtt̄

Meps@Lo µcore = mtt̄
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Sherpa+GoSam

pp̄ → tt̄+jets(0,1 � NLO & virtualMEs from GoSam)red: µcore = 2|pipj |blue: µcore = mtt̄perturbative s
ale(fa
tor) variations &variation of mergingparameter Qcut ∈

{5, 7, 10} GeV

is QCD NLO a

urate in all but the �rst bin (no EW 
orre
tions in
luded).

• S
ale un
ertainties provide us with an estimate of the size of missing higher-order 
ontributions.
• Di�erential 
ross se
tions are more sensitive to 
onventional s
ale variations (by fa
tors of 2) thanratios of them, su
h as AFB. ⇒ Di�erent fun
tional forms of the s
ale de�nition are needed for amore realisti
 estimate of the un
ertainty.

• We use a s
ale based on the leading 
olour �ow and 
ompare it to the plain top quark pair mass.
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FB differential asymmetry with ME+PS@NLO
[HÖCHE, HUANG, LUISONI, SCHÖNHERR, WINTER, ARXIV:1306.2703]

Meps@Nlo µcore = µQCD

Meps@Nlo µcore = mtt̄

Meps@Lo µcore = µQCD

Meps@Lo µcore = mtt̄
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AFB(pT,tt̄) is QCD NLO a

urate in all but the �rst bin (no EW 
orre
tions in
luded).
• S
ale un
ertainties provide us with an estimate of the size of missing higher-order 
ontributions.
• Di�erential 
ross se
tions are more sensitive to 
onventional s
ale variations (by fa
tors of 2) thanratios of them, su
h as AFB. ⇒ Di�erent fun
tional forms of the s
ale de�nition are needed for amore realisti
 estimate of the un
ertainty.

• We use a s
ale based on the leading 
olour �ow and 
ompare it to the plain top quark pair mass.
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Summary & Outlook.

Shape uncertainties from scale variations of the full NLO QCD corrections toWWbb̄ production

result in larger theory errors on the top quark mass determination than expected.

Validation ongoing (NLO in “decay” seems crucial). Parton showering and hadronization effects?

Hadron-level predictions wanted.

Higher order QCD corrections help narrow the gap between AFB Tevatron measurements and

predictions but do not resolve discrepancies completely.

Continuation of pheno studies necessary, in particular for top quark asymmetries at the LHC.

Reconstruction and unfolding effects fully understood? Complete NLO predictions for AFB?

LC studies?
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The end.
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