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() universit Introduction/obvious

the top is unstable, no top has ever be seen, only its decay products

it is usually said that m, is a fundamental parameter of the SM, but there are infinitely
many (different) m;

the parameter in the Lagrangian is the bare mass £ > myg

stating a numerical value for m. without giving a precise definition of what is meant by
it is meaningless

could have m; ~ 165 GeV (MS -scheme) or m; = 173 GeV (pole scheme) or anything
(in between)

at LO m2" scheme _ 1o, beyond LO need to fix a renormalization scheme
(usually also includes choice of one or more scales)

same for other fundamental parameters: by e.g. as = 0.118 we mean « in the MS
-scheme at the scale u = My is 0.118 (or whatever)

there is no 'best’ renormalization scheme, hence no 'best’ definition of my

in principle '?!, there is a perturbatively computable relation between m. in two
different schemes
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() e Introduction/motivation

¢ if you don't think a precise determination of the top mass is important, there is still time
to leave the room

@ 2014 'world average’ (Atlas, CDF, CMS, D0) [1403.4427]
m¢ = 173.34 4+ 0.27 (stat) & 0.71 (sys) GeV

@ all’ exp results going into the result above have been obtained 'in the same way’ (from
invariant mass of decay products)

@ other determinations (e.g. from m: dependence of cross section) lead to considerably
larger error

® there are 1001 issues that need to be discussed and understood for the above result
(colour reconnection, hadronization, parton showers...)

® | have nothing to say or add to 999 of them

¢ this leaves me with the infrared ambiguity of pole mass and scheme dependence of
top mass extractions
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Univarii Introduction/motivation

@ this value for m: is/will be taken as input for many other observables
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¢ we have to understand how this quantity m. is related to a well defined (renormalized)
mass parameter

® the issue is not (and never was!!) whether this is the pole mass or the MS mass

¢ many (all) issues discussed here are irrelevant if dm: ~ 2 GeV but are definitely
relevant if dm¢ ~ 0.5 GeV

¢ many (all) issues discussed here have been discussed before in the context of
determinations of m; (even m.) and m from a linear collider threshold scan
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) o Introduction/motivation

a clean way to determine m; (or any other fundamental parameter)

¢ choose a 'good’ observable (total cross section near threshold)
@ very sensitive to my
¢ easy to measure
@ can get reliable and precise theoretical prediction

¢ choose a 'good’ renormalization scheme RS;
® mass parameter is well defined (to the required accuracy)
¢ perturbative expansion is under control

¢ compare theory vs experiment — extract mgg, and dmgs, and do not stop there

¢ repeat this procedure for another (good) renormalization scheme RS>
— extract mgrgs, and dmpgsg,

@ check consistency: relate (perturbatively) mrg, to mgs,

MRS, = m%OS)Q + Z ot (Y (mpg,) + higher order
i=1

¢ add scheme dependence as 'systematic theory error’
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Univarii liInear collider

a 'theory’ plot a real’ plot ISR and beamstrahlung
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@ calculation done at NNLO and NNLL (and very soon NNNLO)
[Beneke et al; Pineda et al; Hoang et al; . . .]

@ peak (in theory plot) is remnant of 'want-to-be’ (1S) bound states
¢ different mass schemes in use: PS mass, RS mass, 1S mass but not the pole mass

® cannot compute directly in MS scheme, but can convert to MS mass after extraction
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) o mass definitions

h._o). 1
P — mo P —mo— X

¢ full self energy involves all scales, also & < Agcp

@ consider top quark propagator

Y = Ygiv + Zin :/ dPk . ..
0
¢ pole mass defined as (real part) of position of pole of propagator

(mo + Xaiv + Z6n) = Mpole
® many nice properties (e.g. no infrared singularity) and 'physical’ mass for leptons

® the pole mass has an intrinsic uncertainty of order Aqgcp (since gy, ( )

consider (fictitious) meson:

2
M = 2 Mpole + VCoul (q )
—— \—— N ——’
well def. pole mass pert. ambiguity  pert. ambiguity

¢ pole mass is a threshold mass but NOT a

® masses of bottom and charm mass are never given in the pole scheme ém < Aqcp
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® 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 mys — NOT a
¢ this is not a problem as such, but

® for physical process at threshold cannot use MS mass, but have to use threshold mass
(differs by at most aZm from mpo1e) (Mmygg ~ 165 GeV, mpole ~ 173 GeV)

@ then relate threshold mass to my;g;  4-loop exact [Marquard et al.]

e \
\@/«
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short-distance threshold mass

we can have the cake and eat it

® many options for short distance threshold mass definitions:
¢ potential subtracted mass (PS mass) [Beneke]

1 d&>q .
mps(Ups) = Mpole + 5 / 2m)3 Vooul(q) with  ups~ mas

|7l <pps
pole PS(UPS HPS 5 1 (2 )2 2

¢ renormalon subtracted mass (RS mass) [Pineda]

identify source and subtract

® 1S mass [Hoang] mis = My5/2

¢ its not clear whether we have to use short distance masses in the case of top (recall
odm¢ ~ 0.7 GeV) but we certainly are allowed to do so!

¢ whether we have to use a threshold mass or not depends on the observable:
e.g. tt cross section near threshold (linear collider) or invariant mass of (reconstructed)
top, but NOT e.g. total cross section ¢t at hadron collider
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Univarii hadron collider cross section

find observable with large m. sensitivity and compute beyond LO

example 1:

determination of m 1. and/or mg;= through total cross section [Dowling, Moch, 1305.6422]

- ! ! L ! ! - - ! R ! L ! ! 3
260 F 0, . ¢lobJatLHC8 4 260 [ G, . ¢ [Pb] at LHC8 3
240 mPoe =173Gev 4 240 F m(m) = 163 GeV
220 F 4 220 B, il 3
200 F _ 4 200 FE'T T =
180 [ & 4 180 E:° e S
160 [ 4 160 - =
140 F- 3 140 E: =
120 E: 4 120 E 3
100 F: | 4 100 F =
- | | | L1 1 | | — C L L L | | | 3]
1 1
p/mpele Wm(m)
pole scheme MS scheme (better !?)

claim: dm¢ ~ 2.5 GeV
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Uriveritt hadron collider cross section

example 2: [Biswas, Melnikov, Schulze, 1006.0910]

240 I > r r 111 T 17 " 1T "1 ]
I LO band
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= compare §;,.n (PDF, higher order)
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example 3: [Alioli et al. 1303.6415]
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() vt hadron collider kinematics

my from invariant mass of decay products

¢ many effects!! some non-perturbative

here only 2 out of 1001. . .: consider partonic calculation of invariant mass of
reconstructed top i.e. My = M (Jp,, W) = \/(pr + pw)?

@ better do this beyond LO !! (— need to consider off-shell top quarks [Bevilacqua et al;
Denner et al; Heinrich et al.]) and in more than one mass scheme !! [Falgari et al.]
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Universitt off-shell effects

via effective theory approach [Falgari et al. 1303.5299]
integrate out hard modes — effective Lagrangian

L= ¢ B¢+ cp ¢(Inh) + cad(Ilx;) + cp (Mipsx;) + P Dsp + ...

,Cb (Hl/)zX])

¢ matching coefficients c; contain effects of hard modes
¢ matching done on shell, p?X =5= m?X + O(9), with 5 the complex position of pole
¢ soft (and collinear . . .) d.o.f. still dynamical

¢ can be combined with further resummations (e.g. non-relativistic — ET has more
complicated structure)
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off-shell effects

comparison EFT approach vs complex mass schem

invariant mass

M(W*, Jp) [ GeV ]

0
1 LO 10
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calculation for single top = good agreement [Papanastasiou et al. 1305.7088]

relative transverse b-jet momentum
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tt at NLO with short-distance (threshold) mass [Falgari et al. 1303.5299]

¢ toy analysis with some jet definition (k| , R = 0.7) and some cuts on final state
particles/jets (decay of W in NWA)
® consider mass scheme different from pole mass mle
¢ check scheme dependence
¢ avoid infrared sensitivity of pole mass

¢ example used here: potential subtracted mass mpg [Beneke]

1 d3q . 1/2
mps(/jps) = mpole —|_ 5 / W‘/Coul(q) Wlth MPS~™~ 1T Olg ~~ 5 /
q<pPS

¢ note mps(ups = 0) = mpole @and ups < 20 GeV to have threshold mass

¢ express everything in terms of mpg

2

(@ Oés

® (inverse of) propagator (counting § ~ aew ~ a2):

2 o3

2 ) as
p° — mpg + tmpsl — — 01UpPS Mps — ﬁ O2pps mps + . ..

\

v - > A\ - >
N -
~0

~J N53/2
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vt scheme dependence

results in PS scheme upg € {0,10,20!7,30 77,50 777} GeV

example of non-sensitive observable (pseudo-rapidity of 'top’) (here Tevatron, gg only)

ST
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— 1 0.01

Qo

Q

oy

©

o

©

1 0.005
: —— : — : : — : 0
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1.05
%)
o
4 1 [
R
©

0.95 ratio LO-PS : LO-pole - ratio NLO-PS : NLO-pole { 0.95

-3 -1.5 0 1.5 3 -3 -1.5 0 1.5 3
N(Jp W) N(Jp,W")
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) et scheme dependence

results in PS scheme upg € {0,10,20!7,30 77,50 777} GeV

example of sensitive observable (invariant mass of 'top’) = ups < 20 GeV

do /dM,., [ pb/GeV ]

—— PS10 —— PS-30
............. PS_2O PS_50

1.05

ratio PS / OS

0.95 |

ratio LO-PS : LO-pole ratio NLO-PS : NLO-pole

165 170 175 180 165 170 175 180
Miny(JpsW*) [ GeV ] My (Jp,W*) [ GeV ]
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extract m; at LO

¢ assume distribution for m.1e = mpg(0) = 173.3 GeV is 'true’ distribution

-1r LO LHC8

tps=0 ups=10  pps=20

dor/M (I, W)
&

166 168 170 172 174 176 178 180
M(p,W)

¢ adjust mpg(10) and mpg(20) to fit this 'true’ distribution

¢ resultat LO: mpg(10) = 172.8 GeV and mpg(20) = 172.4 GeV
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extract m at NLO assume again 'true’ distribution is the one with mq1e = 173.3 GeV

@ extract mass at NLO:
LO NLO

LHCS8 J—r
mpg(10) = 172.6 GeV and S | ﬁ%
mps(20) = 172.1 GeV F

iy

. . § |
¢ perturbative behaviour very good 3 - I L "
= 1 | ‘ -
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4 ‘ L T ]
for ups = 20 GeV ol o= |
® pps 2 30 GeV — 'bad’ scheme =l .-
166 168 l%O 1‘72 1‘74 1‘76 1‘78 léO
‘ ‘ ‘ M, W) ‘ ‘
LO NLO LHCS8 LO NLO LHCS8 FE
—1t _1t d L
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s -3 A s -3 T e
§ IfAHuhff § e hlj“ T —LISI,
_al ! _f"j’i f*' Al N N Al e A:flr—\ o ] ‘\:L“:—LL
-5 N _5h — ‘ - - N
166 168 1‘70 1‘72 1‘74 1‘76 1‘78 150 166 168 l%O 1‘72 1‘74 1‘76 1‘78 léO
M(Jp,W) M3, W)
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) i scheme dependence

consider scheme dependence of mass extraction or what is the best value for my;=

KPS Mexp myis Mpole Mexp myis Mpole

0 173.3 1626 1733 173.3 1626 173.3
10 172.8 163.1 173.9 172.6 1629 173.7
20 1724 163.3 174.2 172.1 163.0 1739

® conversion at NNNLO
( + Pade approximation)

¢ scheme ambiguity
~ 500 — 900 MeV at LO

observable ® scheme ambiguity

~ 300 — 600 MeV at NLO

® MS scheme somewhat
more stable
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Ziirich™

¢ issue 1: infrared sensitivity of m e Scale O(Aqep)

¢ principal limitation on precision for dm e
® does not yet seem to be a show stopper for 6m1e ~ 0.7 GeV
¢ will get ever more important for decreasing dmpole

® issue 2: scheme dependence of m; scale O(T';)

needs theory input at least at NLO

can use ’'cross section’ like observables (NLO standard, soon NNLO)

for m; from invariant mass of decay products, need NLO in this quantity !!
e.g. PS scheme seems to be perfectly acceptable for ppg < 20 GeV

there is a sizeable scheme dependence ém: = (0.5...1) GeV of extracted top
mass in parton-level toy analysis!!

® not clear (at least to me) to what extent such effects are modelled / included /
washed out in parton showers

® but setting myic = mpole IS just plain wrong, myic ~ mpole IS fine but at some
point (aleady?) not sufficient any longer
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