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Main Top Mass Measurements Methods

LHC+Tevatron: Direct Reconstruction kinematic mass
determination

CMS-PAS-TOP-14-002

Kinematic Fit 700SM8 Proliminary, 18210", f§=8Tev

» Selected objects: ';a‘m:, 600— .ﬁw DBackqmund — ) )
°© 4 untagged jets @ Rl 500_ .lioﬂ'nr ¢ Data _ Determ|nat|on Of
* 2b-tagged jets == : ] the best-fit value of

the Monte-Carlo
top quark mass
parameter

N mtop - mub 1~ mub 2- mantltcp
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. R ”"W Ty

100 300 300 400

m ike Schlieckau - Universitat Hamb fit
T — Eike U t g 30th 2014 4356 events mt [GeV]

cms prefiminary projection —: ~i£°  © High top mass sensitivity

i © Precision of MC ?

© Meaning of mM¢ ?
Am,~0.5GeV

» Constraints: =W boson & =W boson
e Q% % @

300 b 0 fb”
13 TeV 14 TeV 14 TeV 1

-
N
T

spoyjoW IS

o
©

mMC =174.34 4 0.64 (Tevatron final, 2014)
mt = 172.44+0.49 (CMS Run-1 final, 2015)
=172.8440.70 (ATLAS Run-1 final, 2016) & f

uncertainty [GeV]
o
) -

0.25 <— A m,~ 200 MeV (projection)
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Top Mass Measurements Methods

LHC+TevatI'OI‘I CMS preliminary projection :gﬂ% ey
;'1.2" 30 b 300! 3000 fb" =] [ agn n
. . [} i 13Tev T4 Tev [FET PR )
Direct Reconstruction: asosrorao 2 of 12 High top mass sensitivity
CMS Preliminary, 18.2fb", {s8=8TeV ..?' 3 12 [
\A o Mo O | £ 1= | © Precision of MC ?
b 500 5 b ] . MC
) _*_% o S e © Meaning of mM® ?
wt 300F ::& :
) fﬁ: E20_4: : A m; ~ 0.5 GeV
kinematic mass skt ‘ [ ] I
determination 1'+ : uTﬂ’.,g+“++j++',ﬁ++++m+++++~°++++++; 02f 1< A m, ~ 200 MeV (projection)
05 160 260 360 400 [
4356 events mfn [GeV] 0
Indirect Mass Fit: ~, [™% SEREL | g e == 1 @ pQCD calculations dominate
N = | © @ Control of mass scheme
global mass 2 i3 E e
ependence W © Lower top mass sensitivity
100 T T T T T %‘ 1— 4 3, “I’ . E .
o e an e gL b " ©High sensitivity to norm errors
Total cross section tt+jet invariant mass Am,~1-2 GeV
Future Linear Collider: B8] tmmesnoa-tsmass ooy ® High top mass sensitivity
Top Pair Threshold: g0_6f,f.ZE:!?SSEZE:SJS"’“‘"‘ ® pQCD calculations dominate
5 .1 ® Control of mass scheme
kinematic mass |
determination ool
perturbative ! Am;~ 100 MeV
toponium of
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Monte-Carlo Event Generators

o hard scattering
e (QED) initial/final

state radiation

e partonic decays, e.g.

o o

. 1) Matrix elements (LO/NLO)
oo 2) Parton shower (LL)
o cluster fssion 3) Hadronization model

® Full simulation of all processes (all experimental aspects accessible)

® QCD-inspired: partly first principles QCD < partly model

® Description power of data better than intrinsic theory accuracy.

® Top quark in parton shower: treated like a real particle (mMC¢ = mpole +?),
® Top quark in matrix elements: mMC = mpole

BUT: parton showers sum (real & virtual !) perturbative corrections only above
the shower cut and not pickup any corrections from below.

Uncertainty (a): But how precise is modelling? — Part of exp. Analyses
Unvertainty (b): What is the meaning of MC QCD parameters? —s Calibration & Theory
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Top Quark Mass

m =p —m’ — X(p,m", )
' S(m® m°, p) = m° [ %

e

MS scheme: ;0 = m(p) [1 et ]

— m(,u) is pure UV-object without IR-sensitivity
— Useful scheme for 1 > m

— Far away from a kinematic mass of the quark

Pole scheme: o _ , pole [1

—

—

—

i % 4. ] L Eﬁn(mpole7mpole’lu)

me

Absorbes all self energy corrections into the mass parameter

Close to the notion of the quark rest mass (kinematic mass)
Renormalon problem: infrared-sensitive contributions from < 1 GeV that
cancel between self-energy and all other diagrams cannot cancel.

Has perturbative instabilities due to sensitivity to momenta <1 GeV (Agcp)

+ ... } + 28 (mO mO )

Like running “strong
coupling”

Should not be used if
uncertainties are
below 1 GeV !
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Heavy Quark Mass

m =p —m’ — X(p,m’, p)
+ > E(mo’mohu) — mo |: % + ... :| + Eﬁn(mO,mO,,u)

e

MS scheme: ;0 = m(p) [1 et ]

. 8
Pole scheme: m() _ mpole [1 s 4. ] . Eﬁn(mpole’mpole’ M)

Jain, Lepenik, Mateu, Preisser,
Scimemi, Stewart, AHH

MSR scheme: -
mMSR(R) _ mpole . Zﬁn(R, R, N) ar?(w.1704.p1589
Jain, AH, Scimemi, Stewart (2008)

— Like pole mass, but self-energy correction from <R are not absorbed into mass
— Interpolates between MSbar and pole mass scheme
m}t\/ISR(R _ O) — mpole
MSR S — i
my > (R = m(m)) = m(m)
— More stable in perturbation theory.

— mNSR(R = 1 GeV) close to the notion of a kinematic mass, but without renormalon problem.
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MC Top Quark Mass (for reconstruction)

Stewart, AHH, 2008 AHH, 2014
m}ﬁwc — m}fWSR(R =1GeV) + Asymc(R=1GeV) -+ small size of Ay

° R I _f
A¢vc(l GeV) ~ O(1 GeV) enormalon-free

* little parametric dependence on
other parameters

MSR Mass Definition 2 Lepenk Mateu, Preisser,

Scimemi, Stewart, AHH
MS Scheme: (n > m(m)) arXiv:1704.01580

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

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

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

mumsr(mmvsr) = m(m)

—=> muysr(R) Short-distance mass that smoothly interpolates all R scales

= “pole mass subtraction for momentum scales larger than R”

Precision in relation to any other short-distance mass: < 20 MeV @ O(ag*)
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“Ultimate” Precision of the Pole Mass

. pole — Beneke, Marquard, Nason, Steinhauser
Answer: Am, 70 MeV arXiv:1605.03609

mPo'e — mPMSR (163 GeV) = 7.505 4+ 1.581 + 0.481 + 0.193

+ 0.111 4 0.079 + 0.066 + 0.064 4 0.071 + ...GeV
>

P
region of constant correction T

Size of minimal term: 64 MeV

BUT Lepenik, Preisser, AHH, to appear

mIMER(2 GeV) — mMMSR (163 GeV) = 9.838 + 0.623 + 0.072 — 0.026
+0.025 GeV

mP'® — mIMSR(2 GeV) = 0.246 + 0.139 + 0.113 + 0.122 X
+ 0.187 4 0.353 + 0.791 + 2.053'[+ 6.053 + ...GeV

. . ) . Size of minimal term: 122 MeV
® Approach-independent ambiguity estimate

® Bottom and charm mass effects: heavy quark symmetry (Am;o'e = Am_prole )
(increases IR sensitivity)
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Calibration of the MC Top Mass

Method:

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

v' 2) Accurate 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 / universality

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

At,MC(l GeV) — A + 0Anc + 5ApQCD + 5Apamm

Experimental / T \

SyStem Carlo dependence: QCD errors: Parametric errors:

* perturbative error « strong coupling aj Treated in our

- _ analysis
scale uncertainties * Non-perturbative
parameters

« different tunings
* parton showers

* color reconnection electroweak effects

* Intrinsic error, ...
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Boosted Top Quarks

First simplification: () = 2pr <€ my

® Enables us to be inclusive w.r. to the hard-collinear decay products

CMS Lepton+Jets 19.7 b (8 TeV) CMS Lepton+1ets 19 7 (8 TeV)
> 1 5_I i lol I i)latla llllllllllll <I II"-'tln;vrlnegl IPIy;I1I|; IZl2I > 2. 55— e Data o Powheg Pythia 22—_ >
o s o MG+MS, Pythia 22* > Powheg, Herwig 6 -| o C o MG+MS, Pythia 22* = Powheg, Herwig 6 o
g i o MG, Pythia P11 * MC@NLO, Herwig 6 | g 2F o MG, Pythia P11 * MC@NLO, Herwig 6— 9.
N r ~ MG, Pythia P11noCR Sherpa N F ~ MG, Pythia P11noCR Sherpa N
g Ir E S 1.5F -
Z. i Z. Z
e | E E £
Voo.sf 7 v v
o | | 05F } . |
ow® - — ow® F ol | o o«
28 Tl ! ot 28 bt - 3¥ 1 3 2t
& 0: ‘ it ¢I+ . = OgoF B — ‘| ] c
| _0_5:_ [ % A
-0.5 j it E
5 1.5F =
oL [ N Leivveny N A R BRI e
0 100 200 300 400 0 50 100 150
p."™ [GeV] P [GeV]

® Top mass from reconstruction of boosted tops consistent with low p; results.
®* More precise studies possible with more statistics from Run-2.
® Meaning of mMC¢ for boosted tops and slow top quarks consistent.
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Theory Issues for pp — tt X

jet observable

suitable top mass for jets
initial state radiation
final state radiation
underlying event

color reconnection
beam remnant

parton distributions

sum large logs Q > m; > T

Production
e Q=2 ~1TeV

— e my = 173GeV

| ——a Ft ~ 1.4 GeV

—* Aqcp
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Theory Issues for pp — tt X

jet observable * X

suitable top mass for jets X First
L _
initial state radiation e'e — 1tX

and the issues %
final state radiation X

underlying event

, (*) Only final-final state
color reconnection N color reconnection

beam remnant

parton distributions

sum large logs Q > m; > T x
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Thrust Distribution

Observable: 2-jettiness in e+e- for Q =2p; > m, (boosted tops)

@ o
7'2—>£eak M12 —|—M22 1do /\\
~~ Q2 ogdn,

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

T = 1 — maxp

o N O @
M

Hﬂ_‘_‘_‘_‘_‘_‘_‘
(ﬁ

3—: = OZUOHO(Q,,u)/dK Jo(Ql, 1) So (Qr — £, 1) |

Excellent mass sensitivity:

soft particles

2 n-collinear n-collinear
Ty =1y /1= X (ree level) == N\ =—

hemisphere-a hemisphere-b
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Factorization: EFT Treatment

e Boosted top jets

[Fleming, Hoang, Mantry, Stewart 2007]

A (I/bHQET)

doPHQET

, ()
. = QH((.‘V).m,uH_)UH

uy; =ny+1

(Q7 HH, I-l'm)H'r(nnf) (Q’ Ij'm) U'r(nnl) (Qa m, km, I—LB)

Q

: s
X /dsde Bénl)(s, m,pB)Ué,nl)(E, p.B,p.S)S(gnl)(Q(‘r — Tmin) — — — £, 18)

(1my | (V)

HH

HJ
Hm

LB

HS =
Aqcp =
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Factorization: EFT Treatment

» Non-perturbative power-corrections
are included via a shape function

e Developments:
[Korchemsky, Sterman 1999]
» VFENS for final state jets (with massive quarks) [Hoang, Stewart 2007]
[Gritschacher, Hoang, Jemos, Mateu, Pietrulewicz '13 '14] [Ligeti, Stewart, Tackmann 2008]

Butenschoén, Dehnadi, Hoang, Mateu '16 (to appear
[ g (to appear)] do dopart

= Froa(21,Q9, ...
dr dr ® a (@, 22 )

» Gap-scheme

» MSR mass & R-evolution

[Hoang, Jain, Scimemi, Stewart 2010]
Jain, Lepenik, Mateu, Preisser, Scimemi, Stewart, AHH :1704.01580

o (I/BHQET) | (), (V)

mp NNLL + NLO + non-singular
+ hadronization
+ renormalon-subtraction
+ top quark decay

Aooh — - - - 4T o - .
QCD § i N * Good convergence

® Reduction of scale
variation (NLL vs. NNLL)
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Why the Observed Pole is not at the Pole Mass

Jet function:  B,(2v;-k) = Disc / d'z ™ (0| T{ hy, (0)W,o(0)W, (z)hy, (2)}]0)

S8tN.m

® perturbative, any mass scheme T

®* dependson my,IY
® Breit-Wigner at tree level

® Gauge-invariant off-shell top
quark dynamics

m n.Aar .57, AGm
n An’ql n An‘qm

W= zx: Z (_.(l) -

m=0 perms m! 7 "1 n- ((]1 + (12) sl (Z-i=1 ql)

Tam ... a1

Singular functions encode
information about where the

. . a) b) c)
physical pole is located &5 o 5 & M2 - m%

Q=0 d) e T

dm m t
===

>

BE=0(3, 11, 6m) = () + “s(“)CF{ 2 [e(z) ln(z)] - ! {e(z)] o 5(s) [1 _ ”_2] } LU

s mp z m

) 1 1 aCp 2 JL 7 52 1 26m -
3 s, U, om) = ——— = ; . - : i : - I - A :
B(5,0, 1, 0om) mm §+120 {1 + 47 |:4 n (—S—zO) +4in (—§—'10 Tt 6 mm (54 i0)2

Fleming, AHH, Mantry, Stewart 2007
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Why the Observed Pole is not at the Pole Mass

Is the pole mass determining the top single particle pole?

NO! M2 —m?

pole mass peak renorm'o\\o“
Invisible for ;> 0.5 GeV

U‘ \\ 7.0
“._“;\\\\\\\\\
I \\\ N 5.0
R
MANRN
observable peak R 3.0

— pole mass and observable peak

. o sex107 RS
separated by non-converging series » SR
— pole mass peak (residue) decreases
with order R
— MSR mass close to observable peak = -04 complex $-plane

JetMET 100fb-1 Workshop, Helsinki, May 10-12, 2017



2-Jettiness for Top Production (QCD)

(R)7a8(MZ)7Qlag227 S nuha:ujmuSnumaRa Ft)
J | J \ J

I

any scheme possible Non-perturbative

Q=1400 GeV (pr =700 GeV)

T

Q=700 GeV (p;= 350 GeV)

1

T LU B L S S L B L L B

T T
MSR mass

RO
[ m,(m,)=161GeV |
sof m, (m,) = 160 GeV
[ m, (m) = 159 GeV ]
01 =

1 P [} e sl IR E AT S ST AN AT SN AN TN VAN O AN AT A AN A A A A -

' AU.Ilﬂ ] ‘0 130 ' AU.I 15 ’ ‘l)‘ 14010250 0.0275 0.0300 0.0325 0.0350 0.0375 0.0400 0.0425 0.0450
T T
Q=700 GeV Q=1400 GeV
— NNLL — NNLL
- 100 -
— NLL — NLL

80

MSR mass MSR mass I

60
40

20

0

0.130 0.135 0.14 0.028 0.030 0.032 0.034 0.036 0.038 0.04

Y
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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Signal ttbar vs full ee—~WWbb

MadGraph 5 study:

e Non-resonant contributions are
irrelevant for 7o distribution :

o

» PYTHIA (or similar MCs) will give a good description of
the production process at LO

» hemisphere invariant mass ~ top invariant mass
(no pollution from background)

Q=700 GeV Q= 1400 GeV
600
500 2000
400 1500
300
1000
200
— signal 500 — signal
100 — full — full
0 0
0.1265 0.1270 0.1275 0.1280 0.128% 0.0300 0.0301 0.0302 0.0303 0.0304 0.0305 0.030
Q=700 GeV Q= 1400 GeV
30 60

-30 -60
0.1265 0.1270 0.1275 0.1280 0.128% 0.0300 0.0301 0.0302 0.0303 0.0304 0.0305 0.030
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Pythia Study: Hemisphere Mass Cuts

e |n our theory description we treat the top decay as

inclusive w.r.t. hemisphere ) _ )
Cuts on hemisphere invariant

» violated by decay products which cross to the other mass above and below:
hemisphere cut _ ,_MC cut
- p - - - - Mi o mt i A
» no differential impact in resonance region
(irrelevant when normalized to signal region)

Q=700 (2-jettiness) Q= 1400 (2-jettiness)
= T T . T T
—0GeV — 0GeV
— 10 GeV 0 | — 10GeV
— 20 GeV 1 — 20GeV
— 30 GeV \\ — 30GeV
40 %
A
:.-_\. “\:_\\\_
= \\\ N
S — Y. N\
0127 0‘13 Q:I‘ 0;5 — a1s oms‘_- — 01‘&2 or;as OD.‘O —=
Q= 700 (2-jettiness) Q= 1400 (2-jettiness)

normalized to plot window normalized to plot window

01z7 0128 0129 0.130 0131

00B0S 00308 0030 00312 00314 Q0316 00318 OB
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Fit Procedure Details

. 3—: = f(mM5R as(mz), Q1,Qa, ..., pm, g, s, pinr, By 1)

any scheme non-perturbative renorm. scales finite lifetime

e Generating PYTHIA Samples: (PYTHIA 8.205)
at different energies: ¢ = 600, 700, 800, ..., 1400 GeV

> masses: mM© = 170,171,172,173,174, 175 GeV » Tune 7 (Monash)
» width: I'; = 1.4 GeV

» Statistics: 107 events for each set of parameters

e Feed MC data into Fitting Procedure: all ingredients are there

Fit parameters: mgvlsp‘, as(mz), 21,09, ... > Take ag(M,) as input from world average.

0 (Sensitivity to strong coupling very weak.)
» standard fit based on x“ minimization

» analysis with 500 sets of profiles (7o dependent renorm. scales) for the each MC sample
» different Q-sets: 7 sets with energies between 600 - 1400 GeV

different n-sets: 3 choices for fitranges - (xx/yy)% of maximum peak height } 21 fit setups
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Fit Result: Pythia 8.205 vs. Theory

1
E dr,
[=1.4 GeV, tune 7, :
mMC = 173 GeV :z
250? N
Q, =0.44 GeV, 2005 _
thSR(']GeV) =172.81 GeV 1505_ —+— PYTHIA (incompatibiltyuncert.)é
: —— Theory (NNLL perturbative uncert.) .
O T80s " oas  oa%s 'T' 01335
® Good agreement of PYTHIA with NNLL/NLO s00f T T T T
theory predictions 450f :

400f
350

® Perturbative uncertainties of theory predictions ool

based on scale uncertainties (profiles)

—+— PYTHIA (incompatibility uncert.)

* MC uncertainties: ol T O s
] Lo 0.0985 0.0990 0.0995 0.1000 0.1005 0.1010
® Vertical: rescaled statistical error (PDF oG %
rescaling method) — independent on statistics 650k :
® Horizontal: fit coverage from 21 fit setups 600¢
. T . 550F
(incompatiblity uncertainty) so0l.
450}

+ PYTHIA (incompatibility uncert.)

400F o )
E —_— cory (NNLL perturbative uncert.)
350, AN :
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Convergence & Stability: MSR vs. Pole Mass

500 profiles; as = .118; I't = 1.4 GeV; tune 7;
Q = 700, 1000, 1400 GeV; peak(60/80)%

Input: m?c =173 GeV

fit to find mMSR(1GeV) or mP°'®

Good convergence & stability for MSR mass

Mass mMSR(1GeV) mass definition closest to
the MC top mass mMC.

Pole mass shows worse convergence.

Pole mass not compatible with MC mass
within errors

1100/700 MeV difference at NLL/NNLL
mtpole Z Mththia 8.2

Similar analyses from the 20 other Q-set and
n-range setups.

< [NISR st at SLL] o
E 173 GeV 3
100F <> J
50F 3
O:I [N THEN TN TR NN TN SN T S | L2 a2 a3 11
1715 172.0 1725 178.0 1735
m}**(1GeV)
150F MSR scheme at NLL ;
100F 3
50f :
(1] P T PP &
1715 172.0 1725 178.0 1735
m}**(1GeV)
150 _ pole scheme at NNLL }
100F
50F
o] TP o o W
1715 1720 1725 178.0 1735
m;e
1505_ pole scheme at NLL _
100F
sof At,MC j
’_ﬂﬂ-ﬂm-h'\__. >
0'1 L L 3 a3 o a1
1715 172.0 1725 178.0 1735
mi>*
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MSR/MS Parametric Dependence on ag

500 profiles; I't = 1.4,-1 GeV;tune 7;
diff. Q-sets; peak(60/80)%

miTHIA — 173 GeV

® o dependence:

mscheme [Oés] . mscheme [ 1 18]

e small depenendence of MSR mass on oy
~ 50 MeV error (daes = .002)

e |arge sensitivity of MS mass on ag

® not an error:
calculated from MSR

-04} ‘ . .
0.114 0.116 0.118 0.120 0.122

0.114 0.116 0.118 0.120 0.122
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MSR Mass Tune Dependence

500 profiles; I'y = 1.4,-1 GeV;tune 1,3, 7;

diff. Q-sets; peak(60/80)%
mEYTHIA — 173 GeV

tune dependence:
mMSR[tune] — mMSR[7]

clear sensitivity to tune

M

mMC will depend on tune

tune dependence is not a calibration
uncertainty:

(different tune = different MC = mivlc)

0.4

MSR
02r
0.0
02|
-0.4
1 3 7
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Final Result for m\"*R(1 GeV)

MSR(1 GeV) [GeV]
e All investigated MC top mass values 175 SRR
. . e’ e
show consistent picture Callbl ation : (75 )
L PYTHIA 8.205. tune 7
P 174 -
e MC top quark mass is indeed - :
closely related to MSR mass Z ]
173_— N
within uncertainties: . ]
mMC ~ mMSR(1GeV) 172 -
171f ]
m%"‘c = 173 GeV (7'2‘ “ ) ]
mass order central perturb. incompatibility total 170- ]
mM38 . NLL  172.80 0.26 0.14 0.29 A — i} A
MSR 2 ~ SLELE QLI LR B
mMSR. v N°LL 17282 0.19 0.11 0.22 ; MSR C ]
mPe  NLL 17210 0.34 0.16 0.38 0-2¢ (mt (1 GeV) - )[GeV] -
mP?'®  N?LL 17243  0.18 0.22 0.28 /] R e It o
-0.2f
Spread of results l
from 21 fit setups  -04 : , . . ;
7

L TR Y
by - 170 171 172 173 174 175
Q7Y = 0.41 £ 0.07 £ 0.02GeV at NLL mi\dc [GeV]

QPY = 0.42 £ 0.07 £ 0.03 GeV at N2LL
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Pole Mass Determination

1) Pole mass implemented in code:

150F Pole scheme at NNLL ] 150EMSR scheme at NNLL mMC =
- 173GeV
MC B etem 100F A P= 600 V|eV - 100F -
=173 GeV (12 ) sof — 1 50F
Mass Order Central Perturb. Incompatibility Total e T/ T TR T N R T P T TR T
mMSR . NLL 17280  0.26 0.14 0.29 — ";t - . I el
S 150k pole scheme at E MSR scheme at NLL
mYPg.y NNLL 172.82 0.19 0.11 0.22 o Amp = 700 MeV } 150
mp°  NLL 17210 034 0.16 0.38 o I
mgole NNLL 172.43 0.18 0.22 0.28 ok, mmh-ﬁh-.__ ..... N ok . 2
1715 172.0 1725 178.0 1735 1715 1720 1725 178.0 1735
P m'S*(1GeV)

(mi)Ole)NLL/NNLL < miPR(1GeV) < MMC

2) Pole mass determined from MSR mass: as(Mz) = 0.118
O(as) O(a?) O(a?) O(a?)

=5
mPo — mMSR(1 GeV) =0.173 + 0.138 + 0.159 + 0.23 GeV < calculated
+0.53 + 1.43 + 4.54 + 16.6 GeV

pole

<— extrapolated
mP¢ > mMSR(1 GeV) + 68.6 + 317.7 + 1629 + 9158 GeV

® Calibration in terms of the pole mass involves large higher-order perturbative corrections
* Additional uncertainty on pole mass: (m/°€), , = 172.45 + 0.52 GeV,
(added quadratically) (MmPoe) i = 172.72 £ 0.41 GeV
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Result for the Top Msbar Mass

1) Approach: mMC ~ mMSR(1 GeV) No detailed analysis!

pMSR No electroweak corrections!
my (1GeV) = 172.82 £ 0.022, GeV

mPMER (1 GeV) — mPMR(163.018 GeV) =

= 8.913 4 0.906 + 0.052 — 0.070 £ 0.035 GeV

= 9.802 £0.035 GeV

my () = 163.020 + 0.230 GeV —>  Can be improved by

next order
2) Approach: mMC ~ m,Pole

mPe'® = 172.72 +0.410 GeV
mfole — mMMSR(163 GeV) = 7.505 + 1.581 + 0.481 + 0.193

+ 0.111 + 0.079 + 0.066 + 0.064 + 0.071 + ... GeV

M (T ) 2100p = 163.634 + 0.890 GeV
M (T ) 3100p = 163.153 + 0.475 GeV
e (T ) atoop = 162.960 + 0.430 GV 75, (71 )s100p = 162.640 £ 0.430 GeV
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Theory Issues for pp — tt X

jet observable * k&

suitable top mass for jets X

initial state radiation Can apply this to current
measurements if we

trust Pythia extrapolation
underlying event for remaining items

final state radiation *

color reconnection *
beam remnant

parton distributions

sum large logs Q > m; > T x
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Theory Issues for pp — tt X

e jet observable * X Jet Mass in Jet of radius R

® suitable top mass for jets

® initial state radiation k Better: factorization

e final state radiation %k for pp

e underlying event <= Note: no star here
® color reconnection X

® beam remnant X Jetveto
e parton distributions >  multiple channels

e sumlargelogs Q> m; >T; %k

JetMET 100fb-1 Workshop, Helsinki, May 10-12, 2017



Jet Mass of Boosted Top Quarks

NEWZ
Top mass from boosted jet mass

Cambridge-Aachen jet with distance parameter R = 1.2, and pt > 400 GeV.
m; = 170.8 + 9.0 GeV

19.7 fo (8 TeV) w | | 19.7 ft?“ (8 TeV) 19.7 o' (8 TeV)
9 IIIIIIIIIIIIIIlllllllllllll_.._' [T T T T T T T T T T T T T T T L s B S B B s S s S S B B
1 c F 1 |
§ s00 CMS < Data 4 o 250 CMS -~ Data ] | CMS —$— Data ]
kT R 1 o r I i :
B Weets ] [ B W-ets 1 00150 | m,=178.5 GeV §
400 Single t . 200 Single t N I ! 1
Multiet ] Z o ] N — m,=172.5GeV ]
Total unc. ] ultjet ] L 1 ! |
300 150 Total une. = [ S HE N E m =166.5 GeV
400 <p, <500 GeV 001k ! |
200 100 - {
100 50 |- S S R
r 0.005 i
o 15F H—
s " O 15
= — 4 + + = i
1 Fo— - =gy gt ~
g = . s TP + e E N R
05 '_1 oo b v b v b b by 0 g 8 05 :_ _.: 150 200 250 300 350
400 500 600 700 800 900 1000 c ‘ I

Leading-jet mjet [GeV]

©

1 1 1 1 1 I 1 1 1 1 1
300 400 500
Leading-jet mJet [GeV]

1 1 1 1 | 1 L 1 1 1 1 1
Leading-jet p__[GeV] 0 100 200
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Theory Issues for pp — tt X

Extension to pp straightforward: (e.g. N-jettiness & X-Cone jets)

d?o
dM 31 dM ?,2 d7T cut

= tr[HomS(T", R, .. )9F|®Jp © JpRII ® f f

\

Same jet functions as e*e"

Issue is that UE / MPI is significant:

1 GeV shift

0.12 I T T | T | ] T ] T
/ pp: pr = 750 GeV, R=1, 7%= 100 GeV
Pythia:

s DD (Partonic)

— DD (Hadronic)

s DD (Hadronic+MPI)

I | | 1 |

input mass in
Pythiamt=|73.|GeV 0. [ [ Lo ! [ [

170 175 180 185 180 195 200
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(1/0) do/dmy [GeV ']

Theory Issues for pp — tt X

Extension to pp straightforward: (e.g. N-jettiness & X-Cone jets)

Gy tr[Hom ST R, .. ) {F )0 Jp © Jp0II® ff
=tr|Ho,, R o RPN [¢ 9
dM?2, dM2,dT vt v b ,\B h
Issue is that UE / MPI is significant:
Same jet functions as e*e"
0.025 v “BUT control of Underlying Event
- 300<p} <400GeV PYTHIA8AU2 | is model dependent.
0020} bsl<2.R=1 qg8 - Zq (1 TeV) -
: L. i | Same model used for
0.015}- | Hadronization can describe UE
by (primarily) tuning
0010
one parameter Q).
0.005} : _
G T 5 Q:/dkkF(k)
00005 50 100 150 200

mj [GeV] Stewart, Tackmann, Waalewijn, 2015

wij ISV |
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Grooming with SoftDrop

e Grooms soft radiation from the jet Larkowski, Marzani, Soyez, Thaler, 2014
o N N B
min(pri, prj) > 3cut(ARZJ) z > ~cut 9

pTi + PTj Ry

two grooming parameters
Groomed Jet Groomed
Clustering Tree
..Ng
. L.
|_= {EI—Zg Ieg

More Grooming

B— - B<0 B;O B>0

® Allows for factorization calculations

Frye, Larkowski, Schwartz, Yan, 2016 ADD QEASAT I
. " . (-) D ( L'j Adds:
Mode separation: additional soft-collinear modes J g ./ Soft=Collinear
function
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Theory Set Up with SoftDrop

AH, Mantry, Pathak, Stewart; to appear

pr > my > Ty > Aqep

e Boosted Tops pr > my retain top decay products
My t
e FatJets R> —" 9
pr i
e Sensitivity S ~ 'y for measurement of jet-mass 7727
s My —mp
5= my eonp peak region
) oowof § ~ 1—‘ ,'-/ ~\ '
e Grooming  Zcut, [ o] tail
' region

o/ \ 4> T

o JetVeto T or pPt o=

/
//
./

172 174 176 178 180

(Perturbative and Nonperturbative effects give I' > I'; )
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Theory Set Up with SoftDrop

top quarks:
Modes: :
In(l) Collinear Soft Mode
massless quarks: z
1
log —1
z Tsoft
log -7 |
= . « aof ATOP slope f3
- B2 f droP Hyperconfining

log Zeut |96 (Zcut) collinear
H (Q2) “‘.J (ega)) R : Collinear
_’ 1 1 1Ogl
a %8 @ b
a ", 1 In(;—R) 2 0
Frye, Larkowski, Schwartz, Yan, 2016 Mantry, Pathak, Stewart, AHH; to appear
R

wldro—collincar (uc)
top Mcqa produdia
£ Lord - csllivmos™

voduodioun

Collinear-soft (e2)
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Theory Set Up with SoftDrop

AH, Mantry, Pathak, Stewart; to appear
Can only apply a“light soft drop” for tops:

Ft Q B QmFt . S , B=2

E(%) />> Fout > —13
Ensure soft drop 5 0010] “light grooming here”
does not touch .Jg X 0001\

Ensure soft drop removes global
soft radiation from measurement s P P oo

Factorization with Soft Drop on one jet:

d?o

— = tr[HomS(T™. Qzews. B... . )OF|QJBRIT &
dM%dTCUt 1‘[ QmS( , Qzcut, 3, - . .) ]?_0 BRIT® ff

X {/dékoB(ét — %,I‘t,dm)SC[ Ck,m,Q, Zeut, B ]Fc(k)}
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Preliminary Studies of SoftDrop Effects

Z.ut dependence

predict transition for “light Soft Drop” \/ most contamination

is removed
012 T T 1 | [T 1 | T T 1 | [T 1 l [ 1 | [T 1
i Pythia8 m)€=1731Gev ]
\ /4 \ : =750 GeV,R=1 N
PPtPT = — Pythia, zcut=0.2 .
VEIo — —
o_og_— pr°=200GeV, =2 s Pythia, zcut=0.05 |
o) — — Pythia, zcut=0.02 -
% B m——— Pythia, zcut=0.01 7
S .08 / s Pythia zcut=0.005 |
S | s - Pythia, zcut=0.001
T|5 B / - — — ) |
-5 B | 7 ~ - == === = Pythia (No Soft Drop)_
Ny // ~< i
—
0.03— — —
// / ——~— — ]
4
/ —
— —
| | | | | | | | | I | | | | | | | | | | | | | | | | | | |
170 175 180 185 190 195 200
M; [GeV]
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Preliminary Studies of SoftDrop Effects

0.12

Pythia8 m =1731Gev

predict:
independent of

0.09

/ S 0.6 Pythia, R = 0.9
-8|§ Pythia, R = 1.0
_I"; Pythia, R = 1.2

QAL atiane

Pp: pr = 750 GeV

PIEP= 200, 20 = 001 GeV, f = 2

1 1 1 l 11 1 1 l | N S l 1 1 1 l | I I I | I

170 175 180 185 190 195 200
M; [GeV]

012 L L I T 17T ] T 17T I 1T 1T I L I L
i Pythia8 m}* =173.1Gev ]
- Pp: pr = 750 GeV ——— Pythia, R = 0.7 i
009'— p‘T""=200,NoSoftDrop — Pytria,R=0.8 -
el e Pythia, R=09 |
N o - e Pythia, R = 1.0 i
Without z I —— PmaRa12
§ 0.06— e Pythia, R=15  _|
Soft Drop sl T .
o35 N i
(huge): Tt —]

L

0.03— —
| I I L1 1 1 l | I I | l L1 1 1 I L1 1 1 I L1 1 l_

170

175

180 185

M; [GeV]

190

195 200
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Preliminary Studies of SoftDrop Effects

Predi

ct independent of cutoff \/

on radiation outside the jet (“jet veto”):

0.12

0.09

[ [ | T | L | L L
Pythia8 mMC°=173.1Gev
pp: pr = 750 GeV,R=1

zcut=001,8=2

Pythia, p¥°®° =20 GeV
Pythia, p¥°®° =40 GeV
Pythia, p°° =100 GeV
Pythia, p¥®° =200 GeV

== = Pythia, No p¥® cut

IIIIIlIIIIlIIII

170 175 180 185 190 195 200
M; [GeV]
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Preliminary Studies of SoftDrop Effects

Soft Drop prediction: Same Result for eTe™ and pp
collisions

Without
Soft Drop
(differ):

0-2_ T T T ] T T T T [ T T T 1 I B T T T
| Pythia8 m}M°=173.1Gev -
| No Soft Drop,R =1 _

016 o oy T pp No SoftDrop(Had+MPI) |
: PP: Pr = 750 Gev’ Pr = 200 GeV = = = = = pp No SoftDrop(Had) :
. - ee: E;=1200 GeV == = == = ee No SoftDrop(Had) -
5 012 —
o — —
9‘ | ‘ﬁ 0\ |
~ — , ® RS —
'8|2 B * . ‘:~ 7]
S 0.08— K N _
I b : l '. . "\l:-QI. ........... " :
i = o cStee. T 3
0.04— R Nl —
* . g e e, 1
. . P - ;-.. » e
’- .® L.t . - =
) Coo e b e e e e e e e g
170 174 178 182 186 190
MJ [GeV]
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Preliminary Studies of SoftDrop Effects

Soft Drop prediction: Same Result for eTe™ and pp

collisions
With
Soft Drop:

0-2_ I I I I I I I I I I I I I I I I I I I I I I I |
| Pythia8 m€=173.1GeV -
B =001GeV,p=2,R=1 _
Great! 016 Zut eV, B ) e pp SoftDrop(Had+MPI) |

. . veto
\: pp: pr = 750 GeV, pr = 200 GeV === == ppNo SoftDrop(Had+MPI)]
_ ee: E;= 1200 GeV s pp SoftDrop(Had) -
T> 0.12N = = = = = pp No SoftDrop(Had) _
é : = == e SoftDrop(Had) :
% | g : == = mm = ee No SoftDrop(Had) :
0.08— ]
- b L _

0.04

much smaller
contamination

|
178

M [GeV]

“® (niversitat]
wien
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Preliminary Studies of SoftDrop Effects

Pythia Simulation vs. Theory (with Soft Drop)
n?de = 171.8 GeV

without
contamination:
mMC = 173.1 GeV
B [ [ [ | l [ | [ [ } [ [ [ [ | [ [ [ [ |
B pp: pr = 750 GeV, pi®=200 GeV |
0.2~ | 2y =001GeV,p=2.R=1
—'> 0 15_— Theory Hadronic: mf~ £_171.8 GeV —
3 - i (Q1.x) =(5.GeV,02) ]
o) f - Pythia Hadronic: m™© = 173.1 GeV ]
“ls 01— e —
—| b = § _
0.05— | —
| | | | | | | | | 1 | | | | I | | | | |

170 175 180 185 190
M J [GeV]
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Preliminary Studies of SoftDrop Effects

Pythia Simulation vs. Theory (with Soft Drop)
7’72?016' = 171.8 GeV

with Same!
contamination: C
mMC = 173.1 GeV
B I [ I [ I [ I [ I l I [ I [ I [ I [ I ]
B pp: pr = 750 GeV, pie©= 200 GeV |
0.2 Zt=001GeV,f=2R=1 |
; 0_15_— Theory Hadronic: m?°19=171.8 GeV _]
§ B (1, x) = (7.4 GeV,0.3) i
5 s L Pythia Had+MPL: mMC = 173.1 GeV _
S 0.1 —
—| 5 - : -
0.05— -
| | | | | | | | | i | | | | | | | | | ]

170 175 180 185 190
M J [GeV]

Dominant change is expected: (2; (hadronization)
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Summary

® First systematic MC top quark mass calibration based on e*e- 2-jettiness
(large pt): related to observables dominating the reconstruction method

> mPYhiEe2 = 173 GeV > MMSR(1GeV) = 172.82 % 0.22 GeV
> (MPoe) o = 172.71+0.41 GeV

® 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) describing boosted top quarks.

Future: consolidation & extension to pp collisions & MC studies

® Extension to pp collisions looks very promising with SoftDrop grooming to
suppress MPI effects (boosted top quarks essential as well).

® Provides new ways to test and improve MC event generators.
® Plans: *® Public code for calibration (CALIPER)

® Other e*e-eventshapes (C-parameter, HJM)

® NNNLL for e*e

® pp with SoftDrop (at NNLL)

® Electroweak corrections

®* Theory of the MC top quark mass: parton shower, hadronization model,
NLO matching

JetMET 100fb-1 Workshop, Helsinki, May 10-12, 2017



Backup Slides
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Peak Fits Parameter Sensitivity

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

175000 T T T Ty Q={700, 1000, 1400} GeV, peak fit (60/80)%
15000¢
12500 —> X%~ O(100)
10000}
7500 * Very strong sensitivity to m,
5000 . ey .
2500k Low sensitivity to strong coupling
Oil-l PR S S W ST W T T NS T S W N T U T T N NN SN T 1 l-;
167 168 169 170 171 172 ¢ Take PDF strong coupling as
input: ag(M,) = 0.1181(13)
T1.0py (error irrelevant for mMSR, m,pole)
110.5}
110.0f
109.5¢ * x2..and dmgstt do not have any
109.0F physical meaning
108.5} ® PDF rescaling method:
0113 0114 0.115 0.116 0.117 (X2 min)resede = 1
o as(Mz) can be used to define an

incompatibility uncertainty
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Top Mass Reconstruction Error Budget

Lepton+jets channel 2D 1D hybrid
omi° (GeV) dJSF smiP (GeV) | om™” (GeV) mMC = 172.44 4 0.49
Experimental uncertainties _
Method calibration 0.04 0.001 0.04 0.04 (CMS Run-1 final, 2015)
Jet energy corrections arXiv:1509.04044
—JEC: Intercalibration <0.01 <0.001 +0.02 +0.01
—]JEC: In situ calibration —0.01 +0.003 +0.24 +0.12
—JEC: Uncorrelated non-pileup +0.09 —0.004 —0.26 —0.10
—JEC: Uncorrelated pileup +0.06 —0.002 —0.11 —0.04
Lepton energy scale +0.01 <0.001 +0.01 +0.01
Emiss scale +0.04 <0.001 +0.03 +0.04
Jet energy resolution —0.11 +0.002 +0.05 —0.03
b tagging +0.06 < 0.001 +0.04 +0.06
Pileup —0.12 +0.002 +0.05 —0.04
Backgrounds +0.05 < 0.001 +0.01 +0.03
Modeling of hadronization
JEC: Flavor-dependent
—light quarks (u d s) +0.11 —0.002 —0.02 +0.05
— charm +0.03 <0.001 —0.01 +0.01
— bottom —0.32 <0.001 —0.31 —0.32
—gluon —0.22 +0.003 +0.05 —0.08
b jet modeling
—b fragmentation +0.06 —0.001 —0.06 <0.01
— Semileptonic b hadron decays —0.16 <0.001 —0.15 —0.16
Modeling of perturbative QCD
PDF 0.09 0.001 0.06 0.04
Ren. and fact. scales +0.17 £0.08 —0.004 £0.001 —0.24+0.06 —0.09+0.07
ME-PS matching threshold +0.11+0.09 —0.002+0.001 —0.07+0.06 -+0.03+0.07
| ME generator —0.07+011 —0.001+0001 —016+007 —012+008 | < NLO ME corrections
Top quark pr +0.16 —0.003 —-0.11 +0.02
Modeling of soft QCD
Underlying event +0.15+0.15 —0.002+0.001 +0.07+0.09 +0.08+0.11
Color reconnection modeling +0.11+0.13 —0.002+0.001 —0.09+0.08 +0.01+0.09
Total systematic 0.59 0.007 0.62 0.48
Statistical 0.20 0.002 0.12 0.16
Total 0.62 0.007 0.63 0.51
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MSR Mass Definition

AH, Stewart: arXive:0808.0222

mMC = mMR (318 GeV) = mMB(3 GeV) TS
180
Ly Tevatron m(m)
" Good choice for R:
. K Of order of the typical scale
5 m(R) of the observable used to
[ measure the top mass.
160 — 1S, PS,...
masses R:m(R)
150 C |l ) ) | L ) L | ) ) ) L
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
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Masses Loop-Theorists Like to use

Total cross section (LHC/Tev):

my S (R = my) =y (M)

more inclusive

* sensitive to top production
mechanism (pdf, hard scale)

* indirect top mass sensitivity

* large scale radiative corrections

Mt = Mt(o) + Mt(O)OZS + ...

Threshold cross section (ILC):

mp SR (R ~ 20 GeV), m;®, mp®

M; = Mt(O) + <pBohr>as + ...

<pBohr> = 20 GeV

Inv. mass reconstruction (ILC/LHC):

Mass schemes
related to different
computational

(R) methods

Relations
computable in
perturbation
theory

my"S (R ~Ty), i (R)
Mt = Mt(o) + Ftas + ...

Ft = 1.3GeV

* more exclusive

 sensitive to top final state
interactions (low scale)

« direct top mass sensitivity

« small scale radiative corrections

Langenfeld, Moch, Uwer

Tevatron

MSTW 2008 NNLO
mm NLO
EER NNLO___

o [pb]

PR P I Wt
140 145 150 155 160 185 170 175 180

m(m)

Beneke, AH, Melnikov, Nagano,

18 ——————PReninPivavarovTedbrer-Signer,

Sm|rnov Sumino, Yakovlev
Yeklkovski E

Hoang—Teubner 13

7Y 3 S R N S N B R B
343 344 345 346 347 348 349 350 35

a2 Gev)

Fleming, AH, Mantry, Stewart
mB jet-mass scheme

171 172 173 174 175
M; (GeV)
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