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Outline of the talks

Adrian Signer: What is m;?

Andre Hoang The Top Mass: Interpretation and Theoretical Uncertainties
Sven-Olaf Moch: Measuring the top-quark running mass

Spyridon Argyropoulos: Effects of colour reconnection on the top mass

Roberto Franceschini: Top quark mass at the LHC: kinematics and beyond

Sandra Leone: Measurements of the top quark mass at the Tevatron

Marina Cobal: Top mass reconstruction techniques in ATLAS

Roberto Chierici: Top mass at CMS and World Averages

Vincenzo Branchina: Stability condition of the EW vacuum and top mass measurements:

Michael Scherer: The Higgs Mass, the Top Mass and the Scale of New Physics
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A.Signer: Review of mass definitions

h.o. 1
H—
P —mo P —mo—2

® full self energy involves all scales, also k < Aqcp

¢ consider top quark propagator

z:z:div+zﬁn:/ dPk...
0

pole mass defined as (real part) of position of pole of propagator

(mO + Xaiv + 2ﬁn) = Mpole

many nice properties (e.g. no infrared singularity) and 'physical’ mass for leptons

the pole mass has an intrinsic uncertainty of order Aqcp (since gy ( )

® MS mass does not have the problem of infrared sensitivity (only pure UV is absorbed
into mass definition)

(mo + Xaiv) = myg  — short distance mass
® but the pole of the propagator is far away from my;s — NOT a

¢ potential subtracted mass (PS mass) [Beneke]

1 Pq |
mes(ups) = mpoe + 5 [ 5 Voow(a) with pups~ ma

|7 <ups
Q 2

s «
) =02+ ...
27rl+(27r)22+ }

Mpole — mPS(NPS) + ups |:
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Investigation of off-shell effects in NLO top production and decay

Effective field theory approach to capture dominant finite-width effects
L = ¢'Bo+ cp o(IIhi) + cad(Ilx;) + e (i) + PDstp + ...
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EFT and complex mass scheme (m o = p¢ + dpe in aMC@NLO) for single top
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NLO analysis assuming true distribution

at mps(0) = Mpole = 173.3 GeV

¢ extract mass at NLO: ,
LO NLO LHC8
mpg(10) = 172.6 GeV and | ﬁq
mpg(20) = 172.1 GeV B} .
J
. . s e \
® perturbative behaviour very good 5, - v 4
B ]
for ups = 10 GeV and resonable ~~ * | T
for pps = 20 GeV ’ fﬁf ol " 1 - ;7
® ups 230 GeV — 'bad’ scheme T j
1(;6 168 17‘0 172 174 17‘6 178 léO
S A ‘ ‘
LO NLO LHCS LO NLO LHCS ﬁ{LL
-1 . -1 : =
pps=0  pps=10 pps=0 pps=20 ﬂ \1
) 1 r{ -2 Er
i g _ W
Lo BT - ol 3 b =T JJV id " ‘ LL% 15“1,,
_anl - | | r—‘J ; o) o i |
5 . L st . T
166 1(‘)8 1‘70 1‘72 1‘74 1‘76 1‘78 léO ](‘)6 ](‘)8 ]7‘0 ]7‘2 ]"14 ]"16 ]"18 ]éO
M, W) M(J5,W)
LO NLO
KPS Mexp myrs Mpole Mexp myrs Mpole
0 1733 1626 1733 || 1733 162.6 1733
10 || 172.8 163.1 1739 || 1726 1629 1737
20 || 172.4 1633 1742 || 1721 163.0 173.9

Using PS mass is doable; scheme ambiguity 300-600 MeV at NLO
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A.Hoang: MSR masses and relation with pole and MC masses

m}f\/ISR(R) — Mpole for R — 0 : mMSR(R) — mt(mt) for R — mt(mt)

deSR R,
pote = SRR )+ 0B ) 3 T UEE) — — Rifag(u)

|dentifying the Tevatron (MC) mass with the MSR mass at >~ 1 GeV
180
;_ mTevatron m(m)

170
. m(R)

160 -
F R=m(R)
150 —+i—r—-At——>r —
oI I 50 100 150I R
Peak of .
: invariant mass Total cross section,
I distribution, e.w.precsion obs.,
= endpoints Unification,
= MSbar mass
Top-antitop s J
threshold at |-@
the ILC L/ |

mMC = mMBR(R=1GeV) + Aymc(R=1GeV) , Apyc =~ O(1 GeV)
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Analogy with b-flavoured mesons, employing PDG numbers for mesons and m%s

mp = mlg/[SR(R =1 GGV) + Ab,B(R =1 GGV) , Ab,B ~ 0(1 GGV)

Table 1. Some B mesons masses, MSR masses mgdSR(l GeV) and m%ﬁSR(Z GeV) from m.ll,s =
4780 + 66 MeV [18], and corresponding values for Ay g. All in units of MeV, as(mz) = 0.1184.

mMSR(1GeV) m)SR(2GeV) m(B?) m(B*) m(BY) m(B3)
4795 £ 69 4571 £ 69 5279.58 £0.17 5325.24+04 5724+2 574345
Ap (1 GeV) 485 + 69 530 £ 69 920+ 69 948 +69
Ap.B(2GeV) 709 £ 69 754 +69 1153 +69 1172469

To extract the MC top mass: SCET with massive quarks and VFNS for final state jets
Hadronization after comparing with MC predictions at hadron level

soft particles

n-collinear

hemisphere-a

m us

2
Resummation of In (Q> In (m) In (L) In (M) In {Q(T_TminH%)
oy p ps ps
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Thrust in eTe™ : NLO+NNLL/NLL with power corrections and renormalon subtraction
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0= 700

0138 0.040

1wk

hig

i

Kz

mr i SRR SN SN SR R W

m, M) = 161 GV
m, (m,) = 160 GeV
m, () = 159 GeV

Li bl
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Comparison with Monte Carlo event generators

Theory vs Pythia
Q=15 GeV Q=45 GeV
e MMM AAAMS ASAA " : - : | ; |
< Y mh(mh} o ‘ ‘ G'v :
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ok iher
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I Y kb
T s 0 s i hogs 1l B50

. o s Shoulder region

Final goal: table with mM>®(R), m; pole and m?
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A. H. Hoang, V. Mateu, BD,
M. Butenschoen & lain W. Stewart

- Sl ol 1 ~ Agreement of theory - Pythia :

v Good for bottom

v Some effect are likely missing
(shoulder region) — off shell top
+ electroweak effects

ag(my) = 01184
0 =0.5GeV

MC

In terms of R



S. Moch: Extracting top running mass from NNLO ¢ cross section (Czakon, Fiedler and Mitov)
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Using the MS mass seems to yield a milder scale dependence
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Differential t£ cross section using pole and MS masses
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Left: pole mass. Right: MS mass

Also discussion on o(tt+ jet) (overlap with ATLAS talk)
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R. Franceschini: Measuring m; by using kinematics and beyond

Kinematic methods: peak of do/E}, endpoints of mye, msp in J/1 + £ events and myo;
fits of W + b-jet invariant mass

Based on 4-momentum conservation, sensitive to new physics, easy to estimate
uncertainties, no limited by statistics, but typically rely on LO kinematics

Dynamic measurements - beyond pure kinematic constraints: B lifetime, Mellin moments
of purely leptonic observables, shapes of my, and msy, do/ds(ttj)

Sensitive to loop calculations, they allow to estimate the impact of theory ingredients
like scale uncertainties, parton showers, etc.

Matrix-element methods: assumption that the full Lagrangian is known, along with the
full transfer function from the Lagrangian to the experiments

NNLO-+NNLL cross section, higher-order (loop) calculations, assuming no new physics
in electroweak and strong interactions
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R. Franceschini: energy and transverse momentum peaks to extract m;

0.04+
pp 1.98 TeV pp 1.98 TeV
! pp7TeV 0.03- E pp7TeV

0.03} . pp 14 TeV : pp 14 TeV
5 pp 33 TeV n::- pp 33 TeV
% pp 100 TeV % 0.02} pp 100 TeV
'g 0.02} 'g
= -

0.01 0.01

0.00¢, L1 ‘ ‘ ‘ u
n en 4nn 4cn !200 250

% ¢ b
a5 ! _t® ’c—{w

LO + NLO ( gnoshuction)

0.00

™ = E*(1-8,)+ALE,

Ari=BR(t—bWg)/BR(t—bW)=0.05

At LO L} peaks are invariant but not prp; at NLO production and decay contributions
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NLO: production & decay e=

(MCFM)
p&d-NLO (fit range: 30-140 GeV) R=0.5
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preliminary

172
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decay NLO sensitive to the scale choice: =1 GeV on miop

Mmyop(Fit) is m; from top decays at LO: E* = [my, (Fit)?
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S. Argyropoulos: Effects of colour reconnection on top mass

Ambiguity in the definition of the top mass: mfop 75 (pb + Pi1 + pj2>2
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Experiment | myp [GeV] | Error due to CR Reference

World comb. | 173.34+0.76 | 310 MeV (40%) arXiv:1403.4427
CMS 172.2240.73 | 150 MeV (20%) | CMS-PAS-TOP-14-001
DO 174.9840.76 | 100 MeV (13%) arXiv:1405.1756

reconnection \\

p

o L0 1/

q q

W
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CR models old New (toy models) New (more sophisticated)
e default e forced random * swap
e default ERD e forced nearest * move
o forced farthest e swap + flip
o forced smallest AN » move + flip

e smallest A\

all events
only top events

Color swap % g

Gluon move

Color flip q \ 4
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Impact on m; before tuning
Reconstructed top mass, iy € [75,85] GeV, pr(jets) > 40 GeV
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Tuning CR models

e(r)

MC /Data

After tuning: Am}

12

max

10

Differential jet shape for light-jets with 50GeV < pr < 70GeV

—— Data

—— default, /1 = 0.95

—— random & = 1, x2/n = 13,54

—— random & = 025, */n = 4.66
random & = 0.1, 2/ = 2.20

—— random & = 005, /1 = 1.75

L
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04

Charged (p) vs. Ny, at 7TeV, track p, > 500MeV, for Ny, > 1
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[ —— Data
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14—
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> o8|
06?\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘
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N

= 800 MeV; more realistically Am; ~ 500 MeV

Model Amygprescaled [GeV)
default +0.239
forced random (min) -0.524
move +0.239
swap (max) +0.273

Future perspectives: more observables and tunings (charged particle multiplicity or pr)
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S. Leone: Top mass at Tevatron (mostly template method)
Recent CDF analysis in dilepton channel: MW" = w M + (1 — w) My,

w is chosen to minimize statistical+JES errors: typically w = 0.6

GeV/c?)
P (8, (=]
=] (=] =]

Events/(10

M

CDF Run Il Preliminary (9.1 fb'1)

P (el (]
= o =)
TT[ T T T T [ TTTT|TT

o
TT

top

tt— I'T+2Jets+,, 0 tags

—+— Data

__ Bestfittodata
tt (MC shape) + Bkg

. Bkg

60 80 100 120 140 160 180 200
M™® (GeVic?)

=171.5+1.9 (stat) + 2.5(syst) GeV/c?

Precision: 1.9%

arXiv:1505.00500v1
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CDF Run Il Preliminary (8.8 fb'1)

70E

tt— I'T+2Jets+E., tagged events

—+— Data

__ Bestfitto data
tt (MC shape) + Bkg

. Bkg

60 80 100 120 140 160 180 200
M™® (GeVic?)

14% reduced uncertainty
compared to the previous
CDF result in this channel
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All hadronic channel: template fit (CDF, PRD '14)

Events/(5.0 GeV/c9)

CDF Run Il - All Hadronic M, - Preliminary (9.3 fio™) CDF Run Il - All Hadronic M, - Preliminary (9.3 fio™")
&q - ¢ - 120
5‘:’_ 400 1-tag events g C = 2-tag events
5 3505_ —4— Data (9.3 fb™) & 100l * —4— Data (9.3 fb™)
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o ; T = 180f ; T
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r 20—
AP TP EEPE B P I PR B e ! ob
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my = 175.07 £ 1.19 (stat) 123 (syst) GeV with a precision of 1.1%
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M. Cobal: Recent ATLAS analyses using template-like methods (1503.05427)
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3 [Aas S e 3 S0 mlas T e e
{ e i
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Combination: m; = [173.0 + 0.5(stat) + 0.8(syst)| GeV
my in single top: multivariate method using NN (mye, Hy, MET, mp (W), ...)
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Top mass in tt + 1 jet using NLO calculation with pole mass (S.Moch et al)

B pole
;; p— 1 do_ttj(mt ) R e B S
Ottj dp S - - - 160 GeV, CTEQ6.6 <= 170 GeV,MSTW 3
3 &= 170 GeV, CTEQG6 — 180GV, CTEQES 1
PSS = 2110 o //x‘"" '
—. o 2 iR 3 ]
Sttj 2. | P Xe. E
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€ P N,
= A \ A =
- W\,
05? \ s‘ —
G: [ \\\\\’ \J
3: 4
o of R
@ 1i W““ =
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02 03 04 05 06 07 08 )
Sven-Olaf Moch Measuri?wg

Based on unfolding the parton shower to recover the first POWHEG emission

I doiiget, pole

‘R(mfme.ps) = (mg, ps)

—~, 45¢ C Oielet dps . .
=1 - =
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= 35 {s= . ! 3
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3 =
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2F b i e =

1:_ o _:

0.5 3
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oy T [P VY 1L e
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p, [parton level]
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MC mass dependence
ATLAS Preliminary (simulation)

Closure & mass
independence:

|IIII|IIII|IIII|IIII

llllllllllllllllllll—

* t { { [ 1) Unfold MC (tt, PowHeg+Pythia)
for several mass inputs:
167.5, 170, 172.5, 175, 177.5, 180
GeV

Mean =-0.08 + 0.08 GeV

+2/NDF = 0.4

III|Illl|llllllll

I1(;6I l ‘1(1381 l l1;0l l l1;2l l l1714| l I1716| l I1'|/8I I I12|30I I I1BI2I_ 2) Flt USIng tt @ NLO+pS
m,[Gev] parametrization:

ATLIAS Preliminlary Top qluark pole r.nassldeterminations|
compared to direct measurement

DO approx NNLO: MSTWO8, 1.96 TeV 2009 ————F——— 169.1 f?

DO approx NNLO: MSTWO8, 1.96 TeV 2011 ———F———— 167.5_+j'j

CMS NNLO+NNLL: NNPDF2.3, 7 TeV 2013 1767

ATLAS NNLO+NNLL: PDFALHC, 7 TeV 2014 1714 £ 26

ATLAS NNLO+NNLL: PDFALHC, 8 TeV 2014 1741 1 26

ATLAS NNLO+NNLL: PDFALHC, 7-8 TeV 2014 1729"

ATLAS NLO: fi+1 jet, 7 TeV 2014* 1737

Direct reconstruction LHC+Tevatron 2014 | 173.3 i' 0.8

N R B R R R BAPRR

140 150 160 170 180 190

m f°'e [GeV]
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R. Chierici: Top pairs to constrain systematic uncertainty (MC generators)
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Alternative methods: B-hadron decay length (left) and ¢ + b-jet invariant mass (right)
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V. Branchina: Top mass and stability of electroweak vacuum

NOT IN SCALE

Verr(4)

Instability

.

Y

*

New Minimum

Depending on My and }; , the second minimum can be : (1) lower
than the EW minimum (as in the figure) ; (2) at the same level of the EW
minimum ; (3) higher than the EW minimum.
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Stability region : V,ps(v) < Veff(czﬁgn
Instability region : 7 < Ty. Stability line : V,ys(v) = Ves(o

My and M, such that 7 = Tj.
Stability diagram depends on New Physics, even if it shows up at Planck scale

). Meta-stability region : 7> Ty.
2)

min

). Instability line :
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Toy model for New Physics at Planck scale:

Phase diagram with A\ = —0.4 and A\g = 0.7
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Lesson from toy model: the stability diagram is valid if one assumes that there is no
New Physics up to Mp and that possible New Physics at Mp does not modify the

tunnelling probability (regardless of precision on m;)
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M. Scherer: Stabilizing Vv by adding a term ~ H®

Vv = Veg(A) =

2 (A)

2
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Ne(A) 6
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Choosing Ag(A) > A3(A)A?/[3u?(A)] removes second minimum at H # 0 at A

10

\\g3 [ hah) = —0.058
?D [ |
£ 06 \
Q-‘ [ P~
=) I
8 |
PR i
£ |
202 :
L \ :
OOT_A() ﬁ """"""""""" =
O e
RGE scale k in GeV

» Potential completely stable during entire RG flow

» Extend UV cutoff by

— Typeset by Foil TEX —

orders of magnitude (~ 2)

running couplings

1.0,

\\83 M(A) = —0.05 ]
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RGE scale k in GeV

» Potential develops 2nd Minimum during RG flow
» Min @ H=0 only metastable
» Small As sufficient to stabilize UV potential

» Further studies required...

30



Stability diagram in terms of A4 and A

0.0 0.5 1.0 1.5 2.0
As(N)

» Moderately small As(A) extend UV cutoff by 2 orders of magnitude at full stability (green)

» Pseudo-stable region (blue) - allows for more orders of magnitude
= extend FRG study

= possibility of meta-stable effective potential at k=0
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Conclusions
Very lively workshop in Frascati on top mass determination and definition

On the theory side, calculations and Monte Carlo implementation to address several
open Issues

Relation between Monte Carlo and theoretical mass definitions (SCET): ongoing work
for eTe™ collisions and prospects to extend it to hadron colliders

EFT approach to include off-shell effects at NLO and get consistent mass definitions
Novel observables proposed to extract m;: cross section for tt and tt-+jets, energy peaks

New models for colour reconnection (major uncertainty on m;) need further tuning to
data

Crucial role played by the top mass on any statement on the stability of the electroweak
vacuum (though depending on assumptions on New Physics at Planck scale)

From the experimental side, a number of increasingly precise measurements, with special
effort to address consistent theoretical mass definitions (total cross sections, endpoint
methods, ...)
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