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® Basic methods for top mass measurements

® Monte Carlo generators and the top quark mass
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A small history on top mass reconstruction

Year

Mass of the Top Quark CMS Preliminary
e B e e A e July 2014 (- prefiminary) L L LSS LA B B
' 200 - CDF-I dilepton 167.40 £11.41 (+10.30+ 4.90) . &
' CMS 2010, dilepton 175.5 = 4.6 = 4.6 GeV
D@-I dilepton 168.40 +12.82 (+12.30 3.60) JHEP 07 (2011) 049, 36 pb’' (value = stat + syst)
. . o T ————
} ! CDF-Il dilepton * —— 170.80+3.26 (+1.83+2569) CMS 2010, lepton+jets 1731+ 2.1+ 2.6 GeV
! [ ] PAS TOP-10-009, 36 pb" (value =+ stat = syst)
D@-II dilepton 174.0042.80 (+2.36+ 1.49) —e—
CMS 2011, dilepton 1725+ 0.4 = 1.4 GeV
>'_‘ 1 5 0 CDF-I lepton+jets 176.1047.36 (+5.10+530) EPJC 72 (2012) 2202, 5.0 fb™' (value = stat = syst)
() ] § T D@-I lepton+jets 180.1045.31 (£3.00+ 3.60) CMS 2011, lepton+jets o 1735+ 0.4 + 1.0 GeV
(D evat ron JHEP 12 (2012) 105, 5.0 fb" (value = stat = syst)
i CDF-Il lepton-+jets 172.8541.12 (:052+098) °
L = SM constraint CMS 2011, all-hadronic 1735+ 0.7 + 1.2 GeV
68% C L D@-Il lepton-+jets 174.98+0.76 (:0.41+0.63) arXiv:1307.4617, 3.5 b (value = stat = syst)
§ 1 CDF-| alljets 186.00 +11.51 (+10.00+ 5.70) CMS 2012, lepton+jets 172.0+ 0.2 + 0.8 GeV
1 OO PAS TOP-14-001, 19.7 fb" (value = stat + syst)
N CDF-Il alljets * 175.07+1.95 (+1.19+155) o
_ CMS combination 172.2+ 0.1+ 0.7 GeV
CDF-Il tfrack 166.90 £9.43 (£9.00+2.82) March 2014 (value = stat = syst)
____________________________________________________________________
CDF-Il MET+Jets 173.93+1.85 (+126+1.36) Tevatron combination o 173.2+ 0.6+ 0.8 GeV
Phys. Rev. D86 (2012) 092003 (value = stat + syst)
Tevatron combination * 174.3410.64 (+0.37+052)
Direct search lower limit (95% CL) (2 stat £ oy5) World combination 2014 o 1733+ 0.3+ 0.7 GeV
O ¥/dof = 10.8/11 (46%) ATLAS, CDF, CMS, DO (value = stat = syst)
19'90 o 19'95 T 20'00 s 20'05 i | | | ol e e by by
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m, [GeV]

¢ Many individual measurements with o en | Topauarkpole massdeeminaions
. ATLAS Prel|m|nary compared to direct measurement
uncertainty below 1 GeV. .
. . DO approx NNLO: MSTWO08, 1.96 TeV 2009~ —————F——— 169.1 fs'_‘
¢ Smallest errors from direct reconstruction/ DO approx NLO: MSTWOS, 1,96 ToV 2011 ———. 1675
. CMS NNLO+NNLL: NNPDF2.3, 7 TeV 2013 —— 176770
tem plate f|tS ATLAS NNLO+NNLL: PDF4LHC, 7 TeV 2014 1714+ 26
® . . . ATLAS NNLO+NNLL: PDF4LHC, 8 TeV 2014 1741+ 26
WO rI d CO m bl natl O n 20 1 4 " ATLAS NNLO+NNLL: PDF4LHC, 7-8 TeV 2014 172,9?2‘2
MC ATLAS NLO: f+1 jet, 7 TeV 2014* 173.7_‘2‘_?
mt — ]_ 73 . 34 :l: 0 . 76 GGV Direct reconstruction LHC+Tevatron 2014 - 1733 + 0.8
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Main Top Mass Measurements Methods

LHC+Tevatron
CMS-PAS-TOP-14-002
Direct Reconstruction: 700; WS Profiminary, 18207, 8=8TeV
: .Ifcornct DB-ckumund
. P 600 B
Kinematic Fit " Weotrer « Data

» Selected objects:

Determination of
the best-fit value of
the Monte-Carlo
top quark mass

© 4 untagged jets
© 2 b-tagged jets

» Constraints:
o 2xmy=my
o mtop = mjjb,l mubZ manmop = % 1 55 E
T T T T
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Monte-Carlo Event Generators

e hard scattering
e (QED) initial/final

state radiation

e partonic decays, e.g.
t — bW
— e parton shower
| evolution

=

P e colour singlets
Y e colourless clusters
N e cluster fission
\
AN

Full simulation of all processes (all experimental aspects accessible)
QCD-inspired: partly first principles QCD < partly model

Description power of data better than intrinsic accuracy. (But how precise?)
Top quark: treated like a real particle (mM¢ = mole +7?).

But pole mass ambiguous by O(1 GeV) due to confinement.
Better mass definition needed.

XXV International Conference on Deep Inelastic Scattering, DESY, April
11-14 20184



MC Top Quark Mass

AHH, Stewart 2008
mMC = MSR(R =1 GeV) + Aymc(R =1 GeV) AR, 2014
* small size of A; ¢

A¢mc(l GeV) ~ O(1 GeV)  Renormalon-free

* little parametric dependence on
other parameters

MSR Mass Definition
MS Scheme: (n > m(m))

m(m)—mP°e = —m(m) [0.42441 o, (M) + 0.8345 o2 (M) + 2.368 (M) +. . .|

MSR Scheme: (R <m(m)) @

musr(R) —mPo = —R[0.42441 a,(R) + 0.8345 a2(R) + 2.368 a3(R) +. . ]

mumsgr(mmvsr) = m(m)

(R) Short-distance mass that smoothly interpolates all R scales
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Calibration of the MC Top Mass

Method:

v 1) Strongly mass-sensitive observable (closely related to
reconstructed invariant mass distribution !)

v' 2) Accurate analytic hadron level QCD predictions at = NLL/NLO with
full control over the quark mass scheme dependence.

v/ 3) QCD masses as function of mM¢ from fits of observable.
4) Cross check observable independence

mMC = mMB(R =1 GeV) + Arnvc(R =1 GeV)

At,MC(l GeV) = A + 0Anvce + 5ApQCD —+ 5Aparam

— 1 T~

Monte Carlo errors: QCD errors: Parametric errors:
« different tunings * perturbative error * strong coupling ag
« parton showers * scale uncertainties * Non-perturbative
. parameters
« color reconnection  electroweak effects

* Intrinsic error, ...
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Thrust Distribution

Observable: 2-jettiness in ete- for Q ~ p; > m,

217
Q

—_ |

" Pi

7 = 1 — maxp

T:O M12 -+ M22
A Q2

Invariant mass distribution in the resonance region
of wide hemisphere jets !

soft particles

n-collinear

n-collinear

hemisphere-a hemisphere-b

(boosted tops)
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Event Shape Distributions (Pythia 8.2)

Q=700 (2-jettiness 1, vs. C—jettiness C)

50F
@ rstable
@ rtunstable
401 @ C stable
@ C unstable
1 _do 30r
0o dr,/C
20
101
Ot : A : X
0.0 0.2 0.4 0.6 0.8 1.0
T2/C
Q=1400 (2-jettiness 1, vs. C—jettiness C)
70} @ 1stable
6ot @ runstable
@ C stable
50¢ @ C unstable
l do 40}
g dr,/C 30}
20t
10t
0
0.00 0.10 0.15 0.20 0.25 0.30 0.35

T2/ C

Q=1000 (2-jettiness 7, vs. C—jettiness C)

70 ® rstable
60 @ rtunstable
@ C stable
50 @ C unstable
l do 40
Oy dr/C 30
20
0
0.0 0.1 0.2 0.3 04 0.5
Tz/C
Q=2000 (2-jettiness 1, vs. C-jettiness C)
60 ® rstable
@ rtunstable
50 @ C stable
® C unstable
40
l do
Oy d1/C 30
20
10
0 4
0.00 0.05 0.10 0.15 0.20

T2/ C
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Factorization for Event Shapes

do
i Q°ooHo(Q, M)/df Jo(Ql, 1) So (QT — £, 1) | Massless quarks:
Korshemski, Sterman 1995-2000
20 ¢
1 do : Bauer, Fleming, Lee, Sterman
odr | e (2008)
% i
10p" ¢ Becher, Schwartz (2008)

{ H- .
5¢F >><< | Abbate, AHH, Fickinger, Mateu,

R Stewart 2010

Extension to massive quarks:
® VFNS for final state jets (with massive quarks): log summation incl. mass

* Boostet fat top jets Fleming, AHH, Mantry, Stewart 2007
Gritschacher, AHH, Jemos, Mateu Pietrulewicz 2013-2014

Butenschon, Dehnadi, AHH, Mateu 2016 (to appear soon)

== NNLL + NLO + non-singular + hadronization + renormalon-subtraction
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2-Jettiness for Top Production (QCD)

- (mi\/ISR(R%O‘S(MZ)?QlaQQP'°7luh7luj7lus"um’R7Ft)
| \ J \ J

I

any scheme possible Non-perturbative

Q=1400 GeV

R e e o T e
MSR mass
m,(m,) =161 GeV |

m, (m,) = 160 GeV
m, (m) = 159 GeV ]

—

PR R S S S OF S b e s bap s ta e a s a sl alsssad
0.135 0,1401.0250 0.0275 0.0300 0.0325 0.0350 00375 0.0400 0.0425 0.0450

Q=1400 GeV

PRI Y
0.125

Q=700 GeV

— NNLL — NNLL

100
— NLL

MSR mass

— NLL

MSR mass I

80
60
40

20

0| 0
0.125 0.130 0.135 0.14 0.028

0.030 0.032 0.034 0.036 0.038 0.04

I

renorm. scales finite lifetime

® Higher mass sensitivity for
lower Q (pt)

® Finite lifetime effects
included

® Dependence on non-
perturbative parameters

Convergence: Q, ,

® Good convergence

® Reduction of scale
uncertainty (NLL to NNLL)

® Control over whole
distribution
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Fit Procedure Details

do
d— — f(m}&v[SR(R)aaS(MZ)leaQQw'°7:LLh7ILLj7/”L37/’Lm’R’Ft)
T2 \ l l J \ '

/ Y Y
any scheme possible Non-perturbative renorm. scales finite lifetime

QCD parameters measured from Pythia

|
[ 1

* Fit parameters: MM R(R), o (M), Q1, Qa, ...,

® Perturbative error: fits for 500 randomly picked sets of renor. scales

® Tunings: 1, 3, 7 (default)

® Top quark width: I'; = dynamical (default), 0.7, 1.4, 2.0 GeV

* External smearing (Detector effects): 21 gnear = 0, 0.5, ..., 3.0, 3.5, GeV
* Pythia masses: m;’ % = 170, ..., 175GeV

® Fit possible for any mass scheme
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Preliminary Peak Fits

20

do

Q=700 GeV

Q=700 GeV 1

O 1275 0.1300 0.1325 0.1350 0.1375 0.1400 O. 1425

do Q=1000 GeV

Q=1000 GeV ]

1 1 1 1 1 1 =
0.062 0.064 0.066 0.068 0.070 0.072

dg Q= 1400 GeV
dr

Q=1400 GeV |

| Pythia
1 QCD

Default renormalization scales; ['=1.4 GeV,
tune 7, Q, gnear=2.5 GeV, mPythia=171 GeV,
Q={700, 1000, 1400} GeV, peak fit (60/80)%

Good agreement of Pythia 8.2 with
NNLL+NLO QCD description

Pythia statistics: 106 events

Discrepancies in distribution tail and for
higher energies (Pythia is less reliable where
fixed-order results valid, well reliable in soft-
collinear limit)

Excellent sensitivity to the top quark mass.
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Peak Fits

Default renormalization scales; ['=1.4 GeV,
tune 7, Q, gnear=2.5 GeV, mPythia=171 GeV,

¥ Q={700, 1000, 1400} GeV, peak fit (60/80)%
175007 ,
12500F . L
10000f Very strong sensitivity to m,
7500F ® Low sensitivity to strong coupling
5000
2500F :
ok ® Take strong coupling as input
167 168 169 170 171 173 . ® X’min @nd dmst do not have any
N m; (5 GeV)  physical meaning
11, QT
110.5} ® We use rescaled y2/dof (PDG
110.0f prescreption) to defind “intrinsic
109_55 MC compatibility uncertainty”
109.0f
108.5} ’\(\(bN
5t \((\
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Peak Fits

First serious run: [=1.4 GeV, tunes 1, 3, 7,
Q4 smear=1-5, 2.0, 2.5, 3.0, 3.5 GeV, ,&ﬂ
Q={700, 1000, 1400} GeV, peak fit (60/80)% . \(Q\\(\
m"Ythie=173 GeV, Q(G\
NLL: 177 scan survivors, NNLL: 254 scan survivors
1 Y,Qf‘;m.GeV) [Gey] | 164_0W(_W) [GeV]
NLL
163.5} ]
173.0] NNLL | H ’
163.0} ’ ]
172.5} ’ - 162.5} H ” ] ]
162.0} ’
172.0} -
161.5} ]
17156314 0116 0118 0420 0122 1100372 0416 0418 0120 0122
as(mz) as(mz)
* Very low sensitivity of mMSR(5GeV) on o (M,). v
® Large sensitivity of MSbar mass on a (M,). v

MC top mass indeed closely related to mMSR(R~1 GeV) !
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Peak Fits

First serious run: [=1.4 GeV, tunes 1, 3, 7,
Q4 smear=1-5, 2.0, 2.5, 3.0, 3.5 GeV, N
Q={700, 1000, 1400} GeV, peak fit (60/80)% . \(6\0
thythia=173 GeV, Q(Q\
NLL: 177 scan survivors, NNLL: 254 scan survivors
SR SR
(7as M(1GeY) [GeV] | | 173.50,:,7 (1GeV) [GeV] :
NLL 173.25F .
173.0} NNLL ] 173.00F :
172.75F .
172.5} | 172.50F .
172.25F ]
172.0f - 172.00F .
171.75F ]
20 25 30 35 17150 1 3 7
Qsmear [GeV] tune
* “Detector effects” (~100 MeV) << perturbative uncertainty (< 500 MeV). v

®* MC tune dependence (< 100 MeV) << perturbative uncertainty (< 500 MeV). v

MC top mass indeed closely related to mMSR(R~1 GeV) !
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Peak Fits

First serious run: [=1.4 GeV, tunes 1, 3, 7,
Q4 smear=1-5, 2.0, 2.5, 3.0, 3.5 GeV, ,&ﬂ
Q={700, 1000, 1400} GeV, peak fit (60/80)% ‘(Q\\(\
mPythia=173 GeV, Q (6\\
NLL: 177 scan survivors, NNLL: 254 scan survivors
NLL NLL
NLL NNLL

* “MC compatibility error” ~ tuning error ~ detector effect error v/
* Effects are O(100) MeV. (Maybe represents for ultimate precision)
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Peak Fits

First serious run: [=1.4 GeV, tunes 1, 3, 7,

Q4 gmear=1-5, 2.0, 2.5, 3.0, 3.5 GeV, N
Q={700, 1000, 1400} GeV, peak fit (60/80)% ‘(6\0

NLL Pythia— 3\\

NNLL m,Pythia=173 GeV, Q(
NLL: 177 scan survivors, NNLL: 254 scan survivors

Q4 [GeV] Q4 [GeV]

0.6— - - . . 0.6

0.5} 1 0.5t

0.4} ] 0.4}

0.3} - 0.3}

0.2} ] 0.2t

0.1f 1 0.1F

0.0f ] 0.0t

0114 0116 0118 0120 0122 15 20 25 3.0 35
Q, [GeV] as(mz) Qgmear [GeV]

05 ®* Reliable determination of non-

0.4f ; perturbative matrix element Q,

0t (hadronization effects)

0t ° Expected: dm,~8Q, ¢

0.1 ® Compatible with afits to e*e- data tail

0.0—— H - fits (Abbate etal, AHH etal.), larger err.

tune
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Peak Fits

First serious run: [=1.4 GeV, tunes 1, 3, 7,
Q4 gmear=1-5, 2.0, 2.5, 3.0, 3.5 GeV, ,&ﬂ
Q={700, 1000, 1400} GeV, peak fit (60/80)% . \(Q\\(\
ol mPYiia=173 GeV, Q@\
NLL: 177 scan survivors, NNLL: 254 scan survivors
Q, [GeV?] Q, [GeV?]
1.0 1.0
0.5 0.5
0.0
0.0
-0.5
-0.5
0.114 0.116 0.118 0.120 0.122 15 50 55 30 35
] 002 [GeV?] %s(mz) Qsmear [GeV]
ZZ ® Reliable determination of non-
ot perturbative matrix element Q,
0ol _ (hadronization effects)
0.0f ; ®* Found to be have huge error as
~02f expected due to little sensitivity v/
1 ” 7

tune
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Peak Fits

First serious run: [=1.4 GeV, tunes 1, 3, 7,
Q1,smear=1.5, 2.0, 2.5, 3.0, 3.5 GeV, (&ﬂ
Q={700, 1000, 1400} GeV, peak fit (60/80)% \(\
NLL mPYthia=170,171, 172, 173, 174, 175 GeV \\
NNLL NLL: 177 scan survivors, NNLL: 254 scan survivors Q
o7 lGeM . . , _ Q, [GeV*]
0.6} . 1.0}
0.5}
0.4} 1 0.5}
0.3} | 1! I} ‘ !
0.2} . 0.0}
0.1}
0.0t ] -0.5}
BT T T ST F R VR T 170 171 172173 174 175
muc [GeV] myc [GeV]

® Non-pert. matrix elements Q, , independent of top mass. ¢
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Peak Fits

First serious run:

[=1.4 GeV, tunes 1, 3, 7,
Q4 smear=1.5, 2.0, 2.5, 3.0, 3.5 GeV,
Q={700, 1000, 1400} GeV, peak fit (60/80)%

mYthe=170,171, 172, 173, 174, 175 GeV

mSR(1GeV) [GeV]

NLL: 177 scan survivors, NNLL: 254 scan survivors

175} ]
® Many more cross checks to be
ey ' (b‘* ‘ ! doney
N\ | -
174l 6\\6\ ’ _ ° Calibration error: 0.5 GeV seems
Q\ l feasible at NNLL !
172} ’
171} J ‘
170} | ’
169} J NLL
NNLL
168 M M M M M M
168 169 170 171 172 173 174 175

muc [GeV]
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Conclusions & Outlook

® First serious precise MC top quark mass calibration based on
e*e” 2-jettiness (large pr): preliminary results.

® NNLL+NLO QCD calculations based on an extension of the SCET approach
concerning massive quark effects (all large logs incl. Ln(m)’s summed
systematically).

®* The Monte Carlo top mass calibration in terms of MSR mass with perturbative error
O(500 MeV) appears feasible at NNLL+NLO

® Intrinsic MC error seems O(100 MeV).

Outlook:

® Full verified error analysis @ NNLL+NLO on the way

® Calibration for other MC generators

®* Heavy jet mass, C-parameter (NNLL), pp-2 jettiness analysis (NLL) w.i.p.
® NNNLL+NNLO (2jettiness for e*e”) w.i.p

® Mass (+ Yukawa coupling) conversions w. QCD + electroweak
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Backup Slides
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Peak Fits

First serious run: [=1.4 GeV, tunes 1, 3, 7,
Q4 smear=1-5, 2.0, 2.5, 3.0, 3.5 GeV, ,&ﬂ
Q={700, 1000, 1400} GeV, peak fit (60/80)% . \(g\\(\
m"Ythie=173 GeV, Q(G\
NLL: 177 scan survivors, NNLL: 254 scan survivors
SR I
1717:2)-0(5.GeV) [Ge.\/] . 164.0 m(.m) [GeV] .
NLL
163.5} ]
172.5} NNLL ]
163.0} H H ]
172.0} 162.5} ‘ H ] -
162.0} ’
171.5}
161.5} ]
171.0 . . . . . 161.0 . . . . .
0.114 0.116 0.118 0.120 0.122 0.114 0.116 0.118 0.120 0.122
as(mz) as(my)
* Very low sensitivity of mMSR(5GeV) on o (M,). v
® Large sensitivity of MSbar mass on a (M,). v

MC top mass indeed closely related to mMSR(R~1 GeV) !
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Peak Fits

First serious run: [=1.4 GeV, tunes 1, 3, 7,
Q4 smear=1-5, 2.0, 2.5, 3.0, 3.5 GeV, N
Q={700, 1000, 1400} GeV, peak fit (60/80)% . \(Q\\(\
m"Ythie=173 GeV, Q(G\
NLL: 177 scan survivors, NNLL: 254 scan survivors
750 mSR.(5GeV) [geV] | | | a0 mSR(5GeV) [GeV]
NLL : ]
172.5} NNLL | 172.5F :
172.0} H ” | ’ : 172-05' '
171.5} | | 171-55' '
17105 2.0 25 3.0 3.5 e i 3 7
Qsmear [GeV] tune
® “Detector effects” << perturbative uncertainty. v
®* MC tune dependence << perturbative uncertainty. v

MC top mass indeed closely related to mMSR(R~1 GeV) !
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Peak Fits

First serious run:

175}

174

173}

172

171}

170¢

[=1.4 GeV, tunes 1, 3, 7,
Q4 smear=1.5, 2.0, 2.5, 3.0, 3.5 GeV,
Q={700, 1000, 1400} GeV, peak fit (60/80)%

mYthe=170,171, 172, 173, 174, 175 GeV

mSR(5GeV) [GeV]

NLL: 177 scan survivors, NNLL: 254 scan survivors

@G
. @Q
Q@\\

® Many more cross checks to be
”' done.

J _ ® (Calibration error: 0.5 GeV seems
feasible at NNLL !

NLL |
NNLL

172 173 174 175
mMuc [GeV]
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MSR Mass Definition

mMC = mMSR(3TE GeV) = mMSR(3 GeV) 08

AH, Stewart: arXive:0808.0222

180
Ly Tevatron m(m)
: Good choice for R:
. K Of order of the typical scale
m(R) of the observable used to
[ measure the top mass.
160 = 1S, PS,...
L masses R:m(R)
150 l — ‘ E— —
OI I 50 100 150I R
Peak of ,
o invariant mass Total cross section,
| /\ distribution, e.w.precsion obs.,
A endpoints Unification,
MSbar mass
Top-antitop

threshold at

the ILC // """ -]

XXV International Conference on Deep Inelastic Scattering, DESY, April
11-14 20184



Masses Loop-Theorists Like to use

Langenfeld, Moch, Uwer

Total cross section (LHC/Tev):  more inclusive

Tevatron

MSR( L . sensitive_ to top production . MSTW 2008 NNLO
my (R =my) =y (M) mechanism (pdf, hard scale) 2 E e

o [pb]

* indirect top mass sensitivity o W
* large scale radiative corrections 8 f--
o)
M, = M9 + M,(0)as + ... b _
o 70 175: % BD
Threshold cross section (ILC): Mass schemes O i b Sl
) ' related tO dlﬁ:erent 16 — Smirnov, Sumino, Yakovle\l
computational 14 £ veklkovski 3
MSR PS 12 E - E
(R~ 20 GeV), m t , my(R) methods J0E AN ;
08 | 3
O _ 06 7 E
M, = Mt( ) + <pBohr>as + ... Relations ME 2 Hoang~Teubner 7
CompUtabIe In 0:031;3‘ ‘ 3;4 l 34115 l 3)16 l 3‘;7 I 3<II8 I 34|f9 ‘ 3_J50 ‘ 3;
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Profile Functions

Profile functions should sum up large logarithms and achieve smooth transition between
the peak, tail and far-tail.
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Profile Functions

Profile functions should sum up large logarithms and achieve smooth transition between
the peak, tail and far-tail.
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