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A PROBLEM

Can we use results of CMS and ATLAS measurements to argue about the consistency of the SM and to
discuss conclusively the stability of the electroweak vacuum?

ATLAS+CMS Preliminary Mie SUMMary, Vs =7-13TeV September 2018
LHCtopWG
"""" World comb. (Mar 2014) [2] i —— i
I stat total stat
total uncertainty Myp * total (stat + syst) s Ref.
LHC comb. (Sep 2013) LHCtopwa 173.29 + 0.95 (0.35 + 0.88) 7 TeV [1]
World comb. (Mar 2014) 173.34 £ 0.76 (0.36 £ 0.67) 1.96-7 TeV [2]
ATLAS, l+jets 172.33 £ 1.27 (0.75 £ 1.02) 7 TeV [3]
ATLAS, dilepton 173.79 £ 1.41 (0.54 + 1.30) 7 TeV [3]
ATLAS, all jets 1751+ 1.8 (1.4 £ 1.2) 7 TeV [4]
ATLAS, single top 172.2 £ 2.1 (0.7 £ 2.0) 8 TeV [5]
ATLAS, dilepton 172.99 + 0.85 (0.41+ 0.74) 8 TeV [6]
ATLAS, all jets 173.72 £1.15(0.55 £ 1.01) 8 TeV [7]
ATLAS, l+jets 172.08 £ 0.91 (0.38 £ 0.82) 8 TeV [8]
ATLAS comb. (iei:t?;;) 172.51 + 0.50 (0.27 + 0.42) 748 TeV [8]
CMS, l+jets 173.49 £ 1.06 (0.43 £ 0.97) 7 TeV [9]
CMS, dilepton 172.50 £ 1.52 (0.43 £ 1.46) 7 TeV [10]
CMS, all jets 173.49 + 1.41 (0.69 + 1.23) 7 TeV [11]
CMS, I+jets 172.35 £ 0.51 (0.16 £ 0.48) 8 TeV [12]
CMS, dilepton 172.82 £ 1.23(0.19 £ 1.22) 8 TeV [12]
CMS, all jets 172.32 £ 0.64 (0.25 + 0.59) 8 TeV [12]
CMS, single top 172.95 +1.22 (0.77 £ 0.95) 8 TeV [13]
CMS comb. (Sep 2015) 172.44 +0.48 (0.13 +0.47) 7+8 TeV [12]
CMS, |+jets 172.25 + 0.63 (0.08 + 0.62) 13 TeV [14]
CMS, all jets 172.34 £ 0.79 (0.20 £ 0.76) 13 TeV [15]
[1] ATLAS-CONF-2013-102 [6] Phys. Lett B761 (2016) 350 [11] Eur Phys.J.C74 (2014) 2758
[2] arXiv:1403.4427 [7) arXiv:1702.07546 [12] Phys.Rev.D93 (2016) 072004
[3] Eur.Phys J.C75 (2015) 330 [8] ATLAS-CONF-2017-071 [13] EPJC 77 (2017) 354
[4] Eur Phys J.C75 (2015) 158 9] JHEP 12 (2012) 105 [14] arXiv:1805.01428
[5] ATLAS-CONF-2014-055 [10] Eur Phys.J.G72 (2012) 2202 [15] CMS PAS TOP-17-008
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MODELLING TOP PRODUCTION AND DECAY

Top quark mass is extracted from measurements of various observables in processes with top quarks. Important to
understand if the existing modelling of top production is up to the task. Can be studied by comparing available
generators that are becoming very sophisticated. Moderate differences may be observed (except for PYTHIA /

HERWIG for some observables).
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Ravasio, Jezo, Nason, Oleari
R=0.4 R=0.5 R=0.6
bb4l 67.792 £ 0.089 GeV | 71.200 + 0.081 GeV | 74.454 + 0.076 GeV
ttdec — bb4l | 4365+ 110 MeV +161 £ 102 MeV +75 + 97 MeV K. Agashe, R. Francenschini, S. Hong, D. Kim
hvg — bb4l | —563 £ 110 MeV —456 + 103 MeV —323 + 97 MeV




A PROBLEM

What exactly has been measured?

I(JF) =03 T)

QIN

Charge = 5 e Top = +1

Top mass

ass (direct measurements) m = 173.1 &+ 0.6 GeV 28] (S =T
Mass from cross-section measurements) m = 1601’2 GeV la]

ss (Pole from cross-section measurements) m = 173.5 + 1.1
m; — mz = —0.2 £ 05 GevV—(5—=1+1
Full width T = 1.41 7512 GeV (S = 1.4)
F(Wb)/F(Wq(q = b, s, d)) = 0.957 £ 0.034 (S =1.5)

t-quark EW Couplings

Fo = 0.685 + 0.020
F_ = 0.320 & 0.013
F, = 0.002 + 0.011
Fyia < 0.29, CL = 95%

Top quark is the only quark (and the only particle for that matter) that officially got
THREE(!) different masses according to PDG!



TALKING POINTS

1. A mass parameter extracted from a measurement depends mostly on an observable rather than a
simulation tool.

2. It is very important to understand non-perturbative effects and how they may affect the mass
measurements. Resurrection of renormalons.

3. Another important issue is to understand modelling limitations of parton shower event generators.
A recent study suggests that the peak of a thrust distribution of boosted top-initiated jet is shifted
relative to the top quark mass squared. The shift itself may be mass-dependent. What are the
consequences of this observation?

4. The top quark width should soften the IR sensitivity. Are there implications of top instability
for top quark dynamics (point 3) and for sensitivities of various observables to non-perturbative

physics?



DIFFERENT MASSES

Normally, we associate particle masses with poles in propagators. This does not work for quarks beyond
fixed-order perturbation theory. Obscure issue for the top quark since it is very heavy and very unstable.
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We think about the top quark mass as a parameter of the Lagrangian and define it according to a particular
renormalization ““scheme”. Depending on the choice of scale and the exact definition, we get different mass
parameters from MS-bar to low-scale short-distance masses (kinetic, potential-subtracted, 1S etc.).
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DIFFERENT MASSES 11

In theory, all mass definitions (schemes) are equivalent provided that one works to all orders in perturbation theory.
This implies that one can extract a mass parameter in any scheme from any observable.

Measured = F(mpg,,as, R1,Aqcp) = F(mpg,, as, B2, Aqep)

F(mR,CVS,R, AQCD) — FPT(mRaozaR) + FNPT(mRaoésaR? AQCD)

In reality, the practicality of the above statement depends on how fast perturbative expansion of an observable
converges when a particular mass scheme is used.

Moreover, different observables have different sensitivity to non-perturbative effects. Understanding this sensitivity
is central for extracting the correct value of the mass parameter in any scheme.

FRPT O( gCD)



MASSES AND SEMILEPTONIC DECAYS 12

Non-perturbative corrections to semileptonic decay rate of a B-meson are strongly suppressed; the rate is also quite
sensitive to the mass of a heavy quark. Ideal short-distance observable!

- AL CD
iy, =T 140 252)
b

The pole mass: gives us a (technically) useful formula but is not relevant otherwise.

S X g 29 2 s

The MS-mass: can be extracted from the measured decay rate but requires (too) accurate theory prediction.

_ 4 o < _ ag (25 2 20 _ Qg
= (145 ) L~y <“ - <6 5”“?)) ~mp (1+39°°)
The kinetic mass: can be extracted from the measured decay rate; requires tree-level theory prediction.
16c, (1) M) i . as (25 272 16 as(p) p . ( Ol ( [ ))
= 14 I' = 14+ — - O = 14+ —(—2.41 +2.92
my = mi(p) ( 97 m b—u = "k i ™ \ 6 3 9 as(m) myg e 1T 7 i 1GeV

The bottom line: we can extract both the MS-mass and the kinetic mass from semileptonic B-decays. In case of MS mass,
we need at least the two-loop theory prediction; in case of the kinetic mass, we only need the tree-level.

mi )" _ (48 5—16~1+39O‘8+O(03)
me -\ 4.2 I o .



MASSES AND SEMILEPTONIC DECAY RATE 13

If we perform a similar analyses for the top decay width, the result is different in that there is no clear winner! All
corrections are small (few percent) which means that, in order to determine the mass properly, one needs to control
theoretical description of the width at the percent level.

3 (14 @ (54 (142 )
The pole mass I't ~m; <1+ - (3 5 )) m; 142 — ~ (—2.72)
_ 4 g _ g 5) 47'('2
The MS-mass My = My (1—|—§7> Ftng <1—|—? <§— 9 - >> Nmt (14—?( 272+4))
L 16as(p) p as (5 4r2 16 as(p) a
The kinetic mass my; = m (1 | ) T, ~ms [14+ =2 = — -3 s\H) K ~ mS (1 _5 (_2072 0.1 H ))
t k(lu) 9 My t mk + T 3 0 0 Ofs(mk’) o mk T T * 1G€V

For other observables, such as e.g. the total cross section, the benefit of using one mass over the other is also not very
obvious. The series for the pole and the MS-scheme read (approximately) 1 + 0.4n1.0+0.05nn0 and 1+0.3n1.0-0.07nnt0,
respectively. The second series is slightly better than the first one but only slightly.

Table 6: Extraction of m(m;) at NNLO from oy using different PDF sets. Table 7: Extraction of mP*™® at NNLO from oy using different PDF sets.

PDF set (NNLO) . mt(mt) [GeV—I]_O : PDF set (NNLO) m{)ole [GeV ]

ABMP16 161.6 + 1.6 (fit + PDF + as) Ty (scale) ABMPI6 169.1 % 1.8 (fit + PDF + ag) ' 13 (scale)
NNPDF3.1 164.5 + 1.5 (fit +- PDF + as) 7' (Scale) NNPDE3.1 172.4 + 1.6 (fit + PDF + ag) 12 (scale)
CT14 165.0 & 1.7 (fit + PDF) & 0.6 (ag) 195 (scale) CT14 172.9 4- 1.8 (fit + PDF) + 0.7 (as) 75 (scale)
MMHT14 164.9 & 1.7 (fit + PDF) & 0.5 (ag) 197 (scale) MMHT14 172.8 4+ 1.7 (fit + PDF) + 0.6 (ag) 712 (scale)

CMS collaboration



NON-PERTURBATIVE EFFECTS

[f the top quark mass is extracted from an observable that receives non-perturbative corrections, the extracted value will be
shifted accordingly. However, only linear effects are important. No reliable theory of non-perturbative effects !

5
m A Ch
Ot = Oy <—O> (1 —+ Cnp QCD) —> My — My pAQCD.

My My 5

We can check the degree of infra-red sensitivity of various observables and identify this infrared sensitivity with the power of
power corrections; this is a subject of “"renormalon” calculus. An alternative is to run parton showers and study non-
perturbative effects there.

—1 —1 d*k d*k d*k
tYuv . "G 2 2 A2
kQU sy kQ _“)\2 (XS(M)/ (27‘_)4 — /(27‘_)4048(“6") — /(27‘_)4 T‘-AQCDé(‘k" AQCD)
A Landau pole

[t is natural to ask how much we know about the infra-red sensitivity of various observables used for the determination of the
top quark mass? To an extent that I can judge — not much.

14



NON-PERTURBATIVE EFFECTS 15

Recently, the infra-red sensitivity of observables used in the top quark measurements was discussed in a
toy model where the top quark is produced in a decay of a hypothetical vector boson.

Ravasio, Nason, Oleari
A number of different observables are studied:

1) total cross section: no infra-red sensitivity if the result is written in terms of short-distance masses; gets reflected in
the convergence of perturbative series;

2) jet selection introduces linear infra-red sensitivity (1/R) ; independent of the mass definition used; this is known
and anticipated effect; the jet energy / momentum is affected by the hadronization in that way;

3) W-b invariant mass has linear infra-red sensitivity due to a final state jet, irrespective of the mass definition used;

4) Average energy of the W-boson: exhibits linear infra-red sensitivity in the narrow width limit, regardless of the
mass used (boost to top rest frame); however, if the calculation is done keeping the width of the top quark, there is
no linear infra-red sensitivity in case the short-distance mass is used.

w w
f ;!Jﬁ dw N dw w
> b > >— b w CU2_|_F2
t t >
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d d \?
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W
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PARTON SHOWERS

[t is quite obvious that parton shower Monte-Carlo programs provide a) approximate description of the actual physics
and b) work with observables that almost certainly receive linear non-perturbative corrections. Ideally, when we deal with
the top quark measurement, we need to explain why, within quoted errors, both issues are not a problem.

Unfortunately, I am not aware of a clear discussion of these questions.

An analytic study of a parton-shower description of a mass-sensitive observable may help to develop answers to this and
similar questions and, perhaps, question established practices. A recent study of a boosted top jets by Hoang et al. is an
excellent example of that.

TOP |, JET
do do [
= [ A2 (= 2 ) Syl PARTON
d- |NP / d- ( Q) od( )
- +
€ >+ =
Since it is quite difficult to explain the details of what they do in ANTI-PARTON

the short period of time, I will discuss a simplified example.

Hoang, Platzer, Samitz

Anti-TOP JET 1891AS

16



PARTON SHOWERS

Consider production of highly-boosted top quarks that appear as top-jets. Obviously, an observable sensitive
to the top quark mass is an average invariant mass of a top-jet.

To compute the average invariant mass, we recall that, in the context of coherent branching formalism, boosted
massive jet can be described by a jet function. The jet function depends on two variables: the jet mass and the
“broadness” (maximal emission angle). It satisfies the evolution equation and and the unitarity constraint.

Catani, Trentadue, Turnock, Webber

Top-jet
/ds J(5,Q) =1

J(s,Q)

The simplified version (soft limit, gluon virtuality neglected, boosted ) of the evolution equation for the jet function reads

2

Q 1
~2
J(s,Q* m?) =6(s — m?) + / d% /dz P, |:Ck3((1 —2)q), %, 7;}—2]
2

m22) ~ Cray {1%—22 2m?
q

2T B

P S ? ~
©Q (a : 1—2z 2(1—2)¢°

0
< [J (s +m*(1—2) = (1 = 2),¢%,m”) = J(5,G°,m*)]

[ would like to compute the average jet mass of a top-jet and use it to determine the top quark mass

(s) = /ds s J(s, Q% m?)

17



PARTON SHOWERS

[t is convenient to use the Laplace transform to compute the average jet mass.

0 0

%J(%Q,mQ)\u:o =—5, nJ (. Qm)l—o

T.Qum) = [ ds e (s, Q.m?) (s) = — g

We solve for the jet function using Laplace transform and, upon differentiating with respect to 7, we obtain

2
2

1
d(j2 ~ m a2/ (1—
InJ(v,Q) = —ym2_|_/ q—Q/dZ Poo (ozs((l — 2)q), z, ~—2) [e i*/(1—z) _ 1}
m?2 0

q

2 22 2 2
b Y m” P m”o\ Cras |14 2 ~ 2m
= m? + /dq / 1 _ Z PQQ (as((l Z)Q),Z, ;2 > QA (O‘&Z? g ) 9 { 1 _ » 2(1 — 2)G2

Since the parton shower operates with a cut-off on the transverse momentum of daughters in the branching process, we

modify the above equation to account for the cut-off

Q? 1
2 ) d 2
Cli (1 - Z) — (1 - z)2m > Qo = ¢ —m’ > 1Q_OZ [(Qo) = /2dq20/ 1 _ZZ Foq (O‘s((l — 2)q), Z%) 0(Q5 — q7)
g ™)

(s) = m? + I(Qo) + 7@2 / T Poo (aul(t - 2.2 ) olat - @

m2
mass with a cut-off? Shower with the cut-off




PARTON SHOWERS

Because of the complexity of the constraint, the mass-shift integral receives two contributions that correspond

to different integration regions over q.

Q? 1
1(Qo) = 11(Qo) + 12(Qo) 1Qu = [ 4@ [ 555 Pa
m2 0
- Q5 1-q/Q ) - 2Cpas(Qo)
m™m X g
I(Qo) = 2—;: /d61204s(Q) / dz [(1 — e ?} == - ~Qo(Q — 2m)
0 1—q/m
cr e 2 2m?]  2Cras(Qo)
I5(Qo) = 271: /dq as(q) / dz [(1 2 ?] =— 7: ~mQo (2 B 5)
Qo 1—q/m

Recall that the average jet-mass is
g )
(s) =m* + 1(Qq) + / dqQ/ g _Zz) Poo (048((1 — 2)q, 2

Rewriting I(Qp) to isolate the dependence on the mass, we arrive at

2

Q%«r—@>zgi

J —

QCFOJS (QO)

)o@ - )

m*

r e , 2 N
() = (Ssoft) + m%B(QO) T /ngZo/ (1d_Zz) Fog (CVS((l - 2)6)727;}_2> H(Qi - (2))
(Ssoft) = QCFO;:(QO)QOQ mce(Qo) =m Cr s (Q0) Qo
_ Y

Note the appearance of the coherent-branching mass parameter that, in effect, accounts for the contribution of

the region removed by imposing the cut.

QoQ — Cras(Qo)mQyo

19



PARTON SHOWERS

We can go back now and write the evolution equation in the following way (I ignore the mass-independent
shift of the average jet mass which must be ““calibrated away” by comparing heavy and light jets)

(" 2 )

~ 2
(5, Q% i) = 5 (s = m(Qu)) + [ “L-Pag (as«l—z)a),z”";?)e<qi—cz3>

q

X [J(S + m%B(l —z) — 672(1 — 2)76727771%13) — J(SaQQ»m%B)]

C

mer(Qo) = m — —-as(Qo)Qo

The above equation suggests that a parton shower with a cut-off (the evolution) combined with the propagator
with the cut-off dependent mass reproduces the parton shower without a cut-off. This observation is further
supported by e.g computing higher moments of the jet function that are all proportional to cut-off dependent

mass. <Sn> N (mCB(QO))Qn

[s this a miracle? Perhaps not. If we infer the mass of an object by studying the amount of radiation that this
object produces and if we restrict the amount of radiation that is allowed (cut-off), we should expect linear
dependence of what we infer (reconstructed invariant mass and the mass proper) on the cut-off. This is a
“kinematic” effect.

20



PARTON SHOWERS

[ was hoping that the result of this construction can be phrased in the following way:

if a parton shower is written in terms of the coherent branching mass parameter, it does not exhibit linear infra-
red sensitivity.

Unfortunately, [ don’t see this happening (it may be that [ am doing something wrong).

Indeed, the infra-red renormalon appears in I1 but not in I, Easy to compute it replacing the running coupling
constant with a delta-function.

I(Qo) = 11 (Qo) + 12(Qo)

m2
I2(Qo)|xp — 0
o o 1-q/Q ) 02
™m
11 (Qo)|np = 2_71: /dq2 [as(q)]NP / dz [(1 — 2)2 o ;2 ] » CrAqop(Q — 2m) [Oés(CI)]Np — WAQQCD5(Q2 — A%QCD)
0 1—q/m
L. : . A
A similar non-perturbative contribution to the pole mass reads  m|xp = Cr QQCD

m? 4+ 1(Qo)] yp = 2 m mnp + I |np = mCrAqep + CrAqen(Q — 2m) = CrAqep@ — mCrAqen

The mass-dependent term in the above formula is a problem, in my opinion.

21



PARTON SHOWERS: COMMENTS

What is the numerical difference between the coherent-branching mass and the pole mass? Taking Qo equal to
the mass of a tau-lepton (1.7 GeV) and the value of the strong coupling constant measured in tau-decays (0.34)
we find

CQF as(Qo) Qo Mpole — mcp (1.7 GeV) =~ 0.4 GeV

mCB(Qo) — m

In practice, life is more complicated. Indeed, in an actual parton showers Qo is a fit parameter; it should account
(partially) for non-perturbative effects and for the radiation removed because of the cut. So, what parton
shower does is not obvious.

However, since linear infra-red effects, both perturbative and non-perturbative, are mass-independent, they
should, in effect, be indentical for top and bottom jets. This should give the following result where the
difference between the two b-masses accounts for both perturbative (Qo)and non-perturbative effects.

t b ot b
myc — Myvce = mpole o mpole

22



PARTON SHOWERS: COMMENTS

Other issue that one has to discuss is the potential impact of the top quark width since the top quark width
must soften the infra-red sensitivity making everything less sensitive to the infra-red cut.

Indeed, we know that the sensitivity to Qo that we just discussed arises from soft emissions; we also know that
the spectrum of soft emissions is affected by the width.

dw w \?
/—ww)\ = /w2+F2wNAﬁ

A

Something similar should occur in the computation of the average jet mass

2

d@2dz (1—2) Cpas(@(l—2) | 1 m? | &
2 S

= m ml' + 2R R X

() ToamL e_/éjQ(l—z)—l—iFm 2m 1—Z—ZQ2 (1 —2)g% —il'm l—=z

m?2

The infra-red sensitivity of the r.h.s. is strongly reduced compared to the case of a stable top quark

AS(Q—m)>

I‘Z

[ am not sure what to make out of this result except that it does show how the width of the top affects earlier

<3>:m2+clmf+0<

considerations.



SUMMARY 24

1) The mass parameter that one extracts from a measurement depends on an observable and not on a tool used.

2) Credible statements about precision with which the top quark mass can be extracted can only be made once
non-perturbative contributions to observables are understood (c.f. the b-physics case). Some of these non-
perturbative contributions disappear if a short-distance mass parameter is used, but there are definitely other non-
perturbative effects that are not affected by using the short-distance mass parameter.

3) If you infer mass (energy) of an object by measuring total amount of energy that it radiates and if you restrict
this energy by imposing a cut-off, you will get a linear shift in what you try to infer. I think this is kinematics.

4) Parton showers cut the soft radiation off at some scale Qo. This leads to linear shifts proportional to Qp in some
mass-related observables. Since, in principle, the results should be Qp-independent, one can introduce matching
shifts into physical parameters, e.g. the mass.

5) However, what this means in the context of actual parton showers isn’t clear since parton-shower cut is a fitting
parameter that should absorb perturbative and non-perturbative effects and add the missing radiation back

in a non-perturbative fashion. In principle, this should replace the question about dependences on Q0 with the
question of how relevant observables depend on non-perturbative effects; this takes us to point 2).

6) Numerically, we estimate the differences between the coherent-branching mass and the pole mass to be around
0.5 GeV although this estimate is quite imprecise.




