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[Heinemeyer, Hollik, Weiglein, Zeune ,13]

experimental errors 68% CL.:
LEP2/Tevatron: today
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* Fundamental parameter of the SM
* Important consistency tests of the SM
* Important to constrain BSM physics
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How do we measure a quark mass ?

...at least in theory”
* \We don’t see free quarks, there is no pole in the S-matrix

—> top-quark mass is not an observable,
mass is just a parameter of the underlying theory

Precise value depends on the definition /
renormalisation scheme (i.e. pole mass, MS mass)

= Determine / fit parameter from comparison of theoretical
predictions and measurements

To fix the renormalisation scheme at least a NLO
calculation is required

*) In theory there is no big difference between theory and practice — in practice there is [Yogi Bera]
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Renormalization and scheme definition

bare quantities

T
m@‘{,ﬁmR VYo = E@I’R

renormalized quantities

Renormalization constants fixed through self energy correction:

Dyson summation: 1 1

F—mg ~>  Fomp—i(p)

full propagator

Pole mass scheme: MS mass / running mass
Fix ren. constants such Chose Z’'s such that only

that propagator has pole at divergences are absorbed in
MR = Mpgle (= Z(me) =0) renormalization constants
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Renormalization and scheme definition

= Other schemes are possible:

1S mass, Potential Subtracted (PS) mass,...

(useful for e+e- not so relevant for pp)

= Different schemes can be related within pert. theory:

e 28 [ren(55)] o)

Pole mass MS mass

[Marquard, Smirnov, Smirnov,

Relation known up to four IOOpS: Steinhauser, Wellmann '16]
M; = my(m:) (1+0.4244 o5 + 0.8345 a2 + 2.375 a3 + (8.615 £ 0.017) af)
163.508 + 7.529 + 1.606 + 0.496 4 (0.195 £ 0.0004) GeV =173.34GeV
™ () = 163.508, o' (77) = 0.1085
(much better convergence when relating short distance masses)
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Which mass definition should we use ?

Potential iIssues:

1. Schemes may behave differently within perturbation theory,
e.g. differences with respect to convergence possible

2. Schemes may have intrinsic limitation on reachable
precision

ExampIeS: [Hoang et al "'00]
1) 18 F ! I ! I j I 4 I ! I X I ! I !

16 E

2) Renormalon ambiguity in pole mass

i4E
i3 E
gk
08 F
06 F
04 F e
02 ___:':}-.'.-"-"'
-

344 345 346 347 348 349 350 351 35

q? (GeV)

R-ratio at threshold (LO/NLO/NNLO) in
e+e- annihilation using the pole mass

Significant changes in LO/NLO/NNLO

[Bigi, Shifman,
G@'ﬁ'ﬁ“ﬁ‘ ﬂ"{}‘gﬁ.\ Uraltsev, Vainshtein 94
GG 4"{}\ Beneke, Braun,94
O r§' ; %, Smith, Willenbrock 97]
5 = 5 > i
ﬁﬁ %ﬂ@\ lﬁmﬂ i A ﬂ.ﬂ’—'—l
oo t 3.30 T i
3 & , 3 w=ll
n=0 (a" cp "% e C/29mp)

Intrinsic uncertainty of pole mass
concept due to ill behaved pert. theory
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Which scheme should we use ?

Both problems are most likely not relevant for LHC

* Renormalon ambiguity in pole mass:

Recent estimates of uncertainties yield ~70 MeV instead

of O(A estimated previousl| [Beneke,Marquard,Nason,
( QCD) P y Steinhauser '16]

» Pole mass and running mass at equal footing concerning

convergence as long as m(m) is used:

o o () 4 > no large logs in
m; = m(m) (1 T T 3 T O(O‘?)) conversion

(kinematical effects may lead to slight improvement, this is however most likely an artifact)

Picture may change if m(u) Is used to describe events at

large momentum transfer
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From theory to practice

Crude categorization of measurements: [CMS?]

Pole mass :
Standard methods ethods Alternative methods
Features:

= Methods used since the = Closest to idealized = large variety of different
beginning (with many measurement outlined observables and decay
refinements) before channels |

= Few observables related to = well defined = Some rather precise
top-quark decay renormalization scheme measurements o

= All decay channels (all = Not as precise as standard " O_thers still limited b_y statistics
hadronic, semi-leptonic, di- methods = Highly correlated with other
leptonic) = Only few measurements (> often not yet

" Most precise results apart observables/measurement included in averages) _
from scheme issue so far = Will play more important role in

» Included in averages the future
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Pole mass measurements

Comparison of observable calculated (including higher order
corrections) within the pole mass scheme with measurements

Prominent examples:

Oy = NNLO/NNLL QCD predictions
= limited sensitivity: 22 ~ 542
* [imited by achievable exp./th. precision

dCii+1jet o NLO QCD
dps = gluon emission leads to higher sensitivity

» NNLO QCD

X = slightly higher sensitivity than incl. cross section
= still in its infancy

Note: all methods rely on using MC'’s
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o) —
ko> o)
o~ - 0.8 é PDF dependence combined
[ - , ©  Mmeasurement:
e 19.7 o' (8 TeV) ' 0.6 _ e [GeV ]
- NNPDF3.0  173.8717
0.4 MMHT2014 174.1718
CT14 1745753

0

170 171 172 173 174 175 176 177 178
m, [GeV]

Dashed and dotted lines show result of cross section measurement (~3.5% uncertainty),
depends on mt because of efficiencies and phase space extrapolation!

Theory predictions for 0t = 177.37 ¢0(scale) = 9.0 (PDF+as)pb, aty/s =7TeV and
m=172.5 GeV: o = 252.97¢¢ (scale) == 11.7 (PDF+a,) pb, at /s = 8 TeV.

NNLO/NNLL
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Pole mass from tt+1)et

Consider tt+1-jet events:

35T I a E -
- --- 160GeV,CTEQ6.6 == 170 GeV, MSTW
1 thf+1J t SE @@ 170 GeV, CTEQ6.6 — - 180 GeV, CTEQ6.6
e - -~ 3
K(mpme, Ps) — (mPole) ~n 295 // ------ E
Orr+1Jet dps i oF P " =
2 Q-EH 1 E— /0" \\\ _E
0, = ——10 m, scale of order nt, o OF Y4 -
N - . . -
VSitet for example m, =170GeV e / N E
0'5;_ \ \‘s _;
0_ ..|....|....|....|....|....|..>'{\~~’:
Compare theory to 3E -
Ke) 2;— _o' =]
0§53 97 05 0% 07 05
high energy pS threshold

'?‘;_#?\2 m; = 173.7+1.5(stat) + 1.4(sys. )le O(th)GeV [JHEP10 (2015) 121]

CMS  m, =169.94+ l.l(Stat)Jr% ?(Sys )+3 6(th)GeV [CMS PAS TOP-13-006]
8TeV
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Running mass from tt+1jet

[J.Fuster, A. Irles, D. Melini, PU, M. Vos ‘17]

80_ T | T T T | T T T | T T T | T T T ]
C jet ]
: — ~ o (m(m,)), for p= >50 GeV N
Express R in terms o g e 4 =
o B 7
. . = - CT10NLO i
Of the runni ng Mass. - 60— mn: ﬁ;ﬂé&;iﬂé variations -
E C NNPDF10 NLO ]
Ay 50__ _]
K(mPolea ps) — K(m(m), ps) \S: - i P ]
O e L o
2 40 T —
li— - N
© 30— —
B | | | | | | | | | | | | | | | | | | | | | B
207960 162 166 168 170

164
mym,) [GeV]

Using ATLAS 7TeV results:
m(m) = 165.9 + 1.4(stat) +1.3(sys.) T 2(th)GeV

= Consistent with pole mass determinations
= No improvement of perturbation theory as expected
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Pole mass from —

bbll

[FERMILAB-CONF-16-383-PPD]

> 1F (a) DO Preliminary, 9.7fb" = 3|~ (b) DO Preliminary, 9.7fb"
o - - ~. NNLO, m”®=155 GeV
~ g + D0 Data (PRD 90 092006) o L —~NNLO, m pn-'e_165 GeV
.g_ 10 ' e ST 1 —NNLO, m ""*‘*_1?33<3ev
_— o 2‘_ ! -= NNLO, Ez’:_wn GeV
E 10—2 E I E == NNLO, m, =190 GeV
5 107
S
T 104¢ f
10—5...|...|...|...|... 0...|...|...|...|...
400 600 800 1000 1200 400 600 800 1000 1200
m(tt) [GeV] m(tt) [GeV]
= Based on unfplded data
= Results for z,-> - 7 combined

Preliminary result:

m; = 167.3+2.1(exp) £ 1.5(scale) £0.2(PDF)GeV = 167.3 +2.6GeV NLO
m; = 169.1 +2.2(exp) £0.8(scale) £ 1.2(PDF)GeV = 169.1 £2.5GeV NNLC
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Pole mass measurements

Top-quark pole mass measurements July 2017

DO o(tf), 1.96 TeV 556
PLB 703 (2011) 422 # 167.50 -4.70 GeV

MSTWO08 approx. NNLO = Theory predictions as function of mt

DO o(tt), 1.96 TeV 160,50 *3:30 . Gev are compared to measured

DO Note 6453-CONF (2015) ——
MSTWO08 NNLO observables

DO o(tt), 1.96 TeV +3.40 » Measurements consistent amon
PRD 94, 092004 (2016) ——@—— 172.80 -3.20 GeV g

MSTW08 NNLO each other and with standard
ATLAS o(tt), 7+8 TeV o 172.90 *250 __Gev measurements

i -2.60 . .
SRl G R L = Exp. Determination of observables

ATLAS tt+j shape, 7 TeV . 17370228 . Gev still relies on theory and MC'’s
el ea ' (efficiencies,unfolding,...)

CMS o(tt), 7+8 TeV +1.70
JHEP 08 (2016) 029 gy S0 48

zﬁgsﬁ 3 Tey Weighted average ignoring any
e + . .
%[?(%\215’581.)()6228 (2017) —e— 1080056V | correlation yields:

CMS ti"‘j Shape, 8 TeV & 169.90 +4.52 GeV
TOP-13-006 (2016) ' -3.66

172.39 =0.98 GeV

World combination
ATLAS, CDF, CMS, DO
arXiv:1403.4427, standard measurements

@ 17334 %076 Gev

| | | |
50 160 170 180

m, [GeV]
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Standard measurements

CMS  Lepton+jets, 19.7 fb' (8 TeV)

Top mass in tt events [ Moot | EEshder 3
- Eawong QYRS 3
£ [CltTunmatched Ead%mumjel 3

. Datay [1Diboson

Before kinematic fit J

Study kinematical
distributions related to
the top-quark decay

products
350106 785506250 300
Extract mass through M (GeV]
. CMS epton+jets, 19.7 fb™ (8 Te
template fits Eier R
[ [Ettwrong =z:-'5t: .
Iz I?It[i) al.;gmalched %gibgsn;ghijet 3

After Pw selection ]

Higher statistics allows
multi-dimensional fits to

ConStral_n glom_lnant [Transparency from B.Stieger
uncertainties like JES LHCTopWG meeting, May 2017

2/24

100 200 300 400

- Requires reliable differential predictions depending on a variety of cuts and jet
dynamics required incorporating shower and hadronization effects, taking pert. as
well as non-pert. effects into account
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Standard measurements

» Reliable predictions are based on LO/NLO matrix elements and include
parton shower and hadronization

= Apart from matrix elements top-quark mass appears also as parameter
In other parts of the MC (e.g. shower)

= While the mass used in NLO matrix elements is in a well defined
scheme, not obvious for other parts

» The mass parameter determined from a comparison of data and MC is
often called MC-mass

» No compact scheme definition for MC mass like for pole mass / running
mass

= However, relation” is encoded in the MC (interplay part.<—>hadr.)

What is the precise relation
= universal?
nmy; <~ Myc ) = observable dependent?
" = MC dependent?
* tune dependent?
= just another calibration?
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Pole mass versus MC mass

[Butenschoen,Dehnadi,Hoang,Mateu,Preisser,Stewart, PRL 117 (2016) 232001]

ldea: Compare hadronic observable calculable from “first
princples” using well defined renormalisation scheme to
MC prediction

. R
Otlfz (mf) _ O|\/| C(m!\ﬂC) » :j;a;pgetween ,

R € {pole,MS,MSR, ...}

Challenge:

Only very few observables calculable from first principles,
requires consitent factorisation and non-perturbative input

—> So far only results for e+e- annihilation available
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Pole mass versus MC mass

[Butenschoen,Dehnadi,Hoang,Mateu,Preisser,Stewart, PRL 117 (2016) 232001]

mMC — 173QeV (r57<7)

1505_'13'01'9 .Séh:enllel a:t NINLL ) ) '_ ‘ mz{ssR order central perturb. incompatibility total‘
: ] myiGgev NLL  172.80  0.26 0.14 0.29
100F ] my' ey N°LL  172.82 0.19 0.11 0.22
50k ™ E mPee  NLL 172.10 0.34 0.16 0.38
0 . : mP®  N2LL 17243 0.18 0.22 0.28

1715 1720 1725 1730 1735 /
m:)ale

150?_ pole scheme at NLL

100F ]

“r milha, é
o] L .

1715 1720 1725 1730 1735
mpole
i

FIG. 1. Distribution of best-fit mass values from the scan

over parameters describing perturbative uncertainties. Re- 450k ,£74/
sults are shown for cross sections employing the MSR mass 40 D_bz' —— PYTHIA (incompatibility uncert.) 1
pole - -

mR(1GeV) (top two panels) and the pole mass m! —— Theory (NNLL perturbative uncert)
(bottom two panels), both at N2LL and NLL. The PYTHIA 350 T i sz dn, o

P T iy
datasets use mM“ = 173 GeV as an input (vertical red lines). 0.0625 0.063 0.0635

» Sizeable effects, ~400 MeV
= pp adds new features (ISR, color reconnection, add. Hadronization),
results applicable to pp?
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Standard measurements — recent results

ATLAS+CMS Preliminary LHCfop WG

World Comb. Mar 2014, [7]
[ ] stat

total uncertainty
My, = 173.34 £ 0.76 (0.36 £ 0.67) GeV
ATLAS, l+jets (%)
ATLAS, dilepton (*)
CMS, I+jets
CMS, dilepton
CMS, all jets
LHC comb. (Sep 2013)
World comb. (Mar 2014)

Mep SUMMary, ¥s = 7-8 TeV

total stat

Mg + fotal (stat + syst)

172.31+ 1.55 (0.75 £ 1.35)
173.09 £ 1.63 (0.64 + 1.50)
17349 + 1.06 (043 £ 0.97)
172.50 £ 1.52 (0.43 £ 1.46)
173.49 + 1.41 (0.69 £ 1.23)
173.29 £ 0.95 (0.35 = 0.88)
173.34 £ 0.76 (0.36 = 0.67)

May 2017

Vs Ref

7 TeV [1]
7TeV [2]
7TeV [3]

7 TeV [4]
7TeV [8]

7 TeV [6]
1.96-7 TeV [7]

So far in agreement
with pole mass
measurements,

ATLAS, +jets
ATLAS, dilepton
ATLAS, all jets
ATLAS, single top
ATLAS, dilepton
ATLAS, all jets
ATLAS comb. ((40520°
CMS, I+jets

CMS, dilepton

CMS, all jets

CMS, single top

CMS comb. (Sep 2015)

et

172.33 £ 1.27 (0.75 + 1.02)
173.79 £ 1.41 (0.54 + 1.30)
1751+ 18 (1.4 1.2)

1722 +£2.1 (0.7 £ 2.0)

172.99 + 0.85 (0.41+ 0.74)
173.72 £ 1.15 (0.55 + 1.01)
172.84 + 0.70 (0.34 + 0.61)
172.35 £ 0.51 (0.16 + 0.48)
172.82 + 123 (0.19 + 1.22)
172.32 + 0.64 (0.25 + 0.59)
172.95 + 122 (0.77 + 0.95)
172.44 £ 0.48 (0.13 £ 0.47)

7TeV [8]
7TeV [8]

T TeV [9]

8 TeV [10]

8 TeV [11]
8TeV [127]
7+8 TeVv [11]
8 TeV [13]

8 TeV [13]

8 TeV [13]

8 TeV [14]
T+8 TeV [13]

May become relevant
In the future

(*} Superseded by results
shown below the line

1] ATLAZ-CONF-201 348

2] ATLAZ-CONF-201307T
[31 JHEF 12 {2012) 105

[4] Eur Phys.J GT2 (2012) 2302
[5] EurFhys.J.C74 (2014) 2758

[ | R

[E] ATLAZ-CONF-2H3-102
[l arhe 14034427

IE] Exr.Frys.).CTS (2015 330
15] B Prys.J.CTS (2015] 158
1101 ATLAZ-CON-2014-055

[11] Fhys.Lett ETS1 (2016) 350
[12] anOv: 1 TOZ 07546

[13] Phy=.Rey. 083 204E) 072004
[14] ardv- 17032 02530

165 170
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Alternative measurements

= Many additional observables under investigation

Lepton+b-jet inv. mass, lepton+J/W¥ inv. mass, dilepton kinematics,
b-jet energy peak, lepton+secondary vertex, kinematic endpoints,
MT2,single top-quarks,...

= Not all measurements already competitive, large stat. required

= Additional measurements provide valuable cross checks
Example:

Effects of color reconnection in single-top are expected
to be different from top-quark pair production

* I[n many cases alternative measurements suffer also from the pole mass
<-> MC mass issue

May provide useful information about known and unknown unknowns
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Alternative measurements

CMS Preliminary May 2017
b hadron lifetime S 173.50 + 1.50 + 2.91 GeV
TOP-12-030 (2013) N
Kinematic endpoints % +1.70

p - 173.90 + 0.90 210 GeV

EPJC 73 (2013) 2494
b-jet energy peak , .._...._. 172.29 + 1.17 + 2.66 GeV
TOP-15-002 (2015) ; T
Lepton+J/'¥ 5P 173.50 + 3.00 £ 0.90 GeV
JHEP 12 (2018) 123

+ N
Lepton SecVix - . 173.68 + 0.20 +1.58 0.97 GeV

PRD 93 (2016) 0920086

Dilepton kinematics 171.70 + 1.10 *2.68 GeV
TOP-16-002 (2018) — o -3.09

Single top enriched > 172.60 + 0.77 +0.97 GeV
arXiv:1703.02530 (2017) Egpe AN -0.93
CMS tt+j shape, 8 TeV g | 169.90 + 1.10 *4-38 ; .0 GeV

TOP-13-006 (2016)

o(tt) 7+8 TeV

173.80 ¥1.70 GeV
JHEP 08 (2018) 029 =~ -1.80

CMS 748 TeV (2015) ® 172.44 +0.13 £ 0.47 GeV
PRD 93 072004 (2016) .

World combination

ATLAS, CDF, CMS, DO W 173.34 £ 0.27 + 0.71 GeV
arXiv:1403.4427 (2014)
I R R T I R R T
160 170 180 190
m, [GeV]
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Top-gquark mass using the matrix element method

Idea: [Kondo’88,'91]

Construct likelihood using the diff. cross section/matrix elements
for event sample {X;}

Lim)= T s [dy 2w (%,y)

o
events | (mt)

Maximizing likelihood wrt to m, yields estimator

Most efficient estimator since all information from event sample is used

DO top mass measurement at Tevatron
based on O(70) events!

[DO: Nature 429, 638], [CDF: PRD 50, 2966]

l] - s R $ 0 | Pt
165 170 175 180 185 190 195
Top quark mass (GeV/c?)
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Top-gquark mass using the matrix element method

Extension of the matrix-element method to NLO [Martini,PU "15]

Toy experiment; Generate unweigthed NLO jet events, use MEM to extract
mass parameter

Lchgnne[

: — 1 [Martini,PU in preparation]
t-channel single top pp — tjX, Vs= 13 TeV, i

Bomn, po/2 F-E-4

1400 1 _
ktz_2-Alg. (min. spectator infl.), i g st || .
1200 § p*> Vdeur =30 GeV, Il < 35. ] R s || SChem_e well defined
?‘ 1000 32278 inclusive NLO t-channel single top events, i NLI;JCI)_.SULE ':_::: 1 . NLO glveS better
= 2 Fit: fn)=~log Luin+( 27 ) NLO, 2 s+ || OESCription
- 800 |

m}lr“e:ﬁ'?,.ZGeV e | | ] MEM |n NLO

A0 £ ATNLO (17385308 s 162 3By GV, || ]

H
S 600 [ mbom s ampom - 168882626 5 14700 Gev || -l recovers true value
= e D g e

|

v S ‘4 = gcale dependence
reduced
At e e e ® T requires calibration

150 155 160 165 170 175 1s0 185 190 (2 add.uncertainty)

m; [GeV]

;
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s-channel

| s-channel single top pp — 1], Vs=13TeV,

800 f exclusive kt3_,»-Alg. (min. spectator infl.), |~ Born, yg —+— [

| pt > Jdoyt =30 GeV, [ <3.5, Born, 2up t- |

)

12755 exclusive NLO s-channel single top events,
600 | SR NLO,up +-%— [

_ 12
| Fit fm)=—log Luin +( 222}, | | e R |
; i T = ' S—

=NLO , A7NLO _ 376 +0.06 .
400 |I'™ tAm, " = (173.25 579 + 0.8 5 15) GeV, 1) St ST D SO

Ao £ Ao = (158 8731353 £ 09393000 GeV | |

NLO. 1

~log(L/ L)

min

*

Chd

o
ol

Tl - ] g |
'{H.p.' " ey "
p e BT " v

1 i ) - L i 1 [ 1 1
h ! ., = el =i == i o T i ! ! ! ; i i
; : n, H . B Tk i i = £ i i : b : : :
L | e e . lk- - g aim H H H H H H H !, P
] S T R e B e ol T e ST TEEER EEP T REs SESRCRPoL
1 ¥ i ol 1 . ) [ LA i i 1 ] ! 1 i LA
{ ! ! fe, 4 g+ b, d ¥ : v i ! ! ; § ;
: ! i iR ke, o i ¢ : [ i i 3 : : L% ;
v 4 X x & Ty, 5 5 s J & 4 n P = L4 oy
I - oy I ) i i I ' L

i i
T

i@

oL T e ] L1 T
; - - : Tom B D T, it L :
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» L O scale variation does not provide reliable estimate of uncertainty (no surprise
» Scale variation gets worse (first reliable estimate of uncertainty?)
» [n LO significant calibration required
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R-Ratio at threshold
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[F. Simon presented at Top@LC 2016, see
also this workshop]

Luminosity spectru\m

= Scale uncertainty ~40 MeV
= Parametric o uncertainty - 30 MeV
= Conversion of PS-mass to m(m)
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> ~60 MeV uncertainty
on m,
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Conclusion

= Renormalon ambiguity smaller than
previously estimated - pole mass seems
okay for most LHC applications

= Large variety of different measurements

(standard measurements/pole mass
measurements/alternative measurements)

* Pole mass ¢<-> MC mass, possible
difference of a few 100 MeV

= Given current measurements no direct
evidence

= Rather consistent picture so far, may
change with decreasing uncertainty

= Alternative measurements may also suffer
from pole mass — MC mass issue

= Key issue for the future: reliable calibration
= Time to prepare new world average
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[CMS-FTR-16-006-PAS]

CMS

Preliminary Projection
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Need to take uncertainty of
MC mass into account
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Thank you
for your attention
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Color reconnection
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