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Plan of Talk

Based on arXiv:1508.05332 in collaboration with Giudice and Strumia

© The role of M; in particle physics and cosmology

® M; dependence of observables in the heavy-top limit
® Extracting M; from flavour data

@ Future determinations of M; from flavour

® Extracting M; from electroweak precision data

® Conclusions and future prospects
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The role of M; in particle physics and cosmology

¢ A more precise determination of M; = vy; will add important information to
our knowledge of particle physics and cosmology. Since y; is sizeable, it
plays a crucial role in the predictions of the SM at the quantum level.

» Stability of the EW vacuum: if no NP modifies the short-distance behaviour of the
SM, top-quark loops destabilise the Higgs potential even for §M; ~ 2 GeV.

» Inflation: small changes in M; have importnt effects in the evolution of the universe
at the inflationary epoch and determine the viability of scenarios of Higgs inflation.
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Current determination of Mt @ collider

o The most precise quoted value of the top-quark pole mass comes from
the combination of LHC and Tevatron measurements [Lic & Tevatron 14]

(Mt)pote = 173.34 £ 0.76 GeV

» M; is not a physical observable: Its extraction is done through final-state invariant
masses, kinematic distributions, total rates especially sensitive to M;.

» “Monte-Carlo mass™: In the context of hadron colliders, the extraction of M; suffers
from a variety of effects linked to hadronization like bound-state effects of the tt
pairs, parton showering, and other non-perturbative corrections. The extraction of M;
relies on modelling based on Monte-Carlo generators.

 More robust determination of M:;: through observables calculable in terms of
(Mi)run in perturbative QCD such as the total inclusive (t cross section. (M;)run
is then translated into (M)01e by a relation now known at four-loops in QCD.

(M), = 1729+ 2.6 GeV  ATLAS
Yo =1 176.7+29GeV  CMS

e e"e” collider operating at the (f threshold: scans of the tf pair production
would reach a statistical accuracy on the mass measurement of about 20—30
MeV [seidel et 2113, Recent N3LO calculations can relate such measurements to a
well-defined M, with a theoretical uncertainty below about 50 MeV [Bencke et al./15].
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Gauge-less theory

¢ Sensitivity of observables to M;: the large y: enable us to infer M; from SM
quantum effects. The observables that are more sensitive to M; are identified
working in the heavy-top limit M; > My, Mz [Barieri et al. 92).

o Gauge-less theory: theory with massive quarks, the Higgs boson h, and 3
Goldstone bosons ¥ related by the equivalence theorem to the longitudinal
components of the W and Z

AL _tgms( 0
oy (—tL)th'c" h=° <v+h>
L= — 2 (cos|xl/v)(v+h)it
V2
sin|y|/v h : ~ )
N (%) (1 W) [ﬁmw(x*tevtf¢L+h.c.)] :

o Top-less effective theory: the next step is to integrate out the top quark and
this will generate a set of effective operators whose coefficients describe the
leading top-mass dependence in the large M; limit.
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Observables sensitive on M;
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[Giudice, P.P. & Strumia, '15]
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M; dependence of observables in the heavy-top limit

e Ap is generated by the dim-4 operator (8,.x)? and therefore Ap o y?
3y7  3GyM?
3272~ 8\/2r2

e Z — bb, K — wviz and Bs — £7¢~ arise from the dim-5 operator
(diy*dy)(9,.x°) with coefficient of order |Vi|?y? /(1672 M:).

Ap =

Vi Vy i ?

ad,-[(gL+AgL)fPL+g,sPH]Zd,, gl = “5 5

_ p Gr Mz kb
r(z - bb) = 222 [(g +Agr°)? + (A )]
HEE s = gL (87" du)(PLyuvi) + hec.,
Hgfaur = _27V§ (Buy"s)(Eiyute) + hec.

e Amg, and ek arise from dim-6 operator involving four d; fields.

Yi (Vn Vt/)

eff
Hare = "opgz 2

(A" di)(duyudi) + h.c.
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M; dependence of observables in the heavy-top limit

o Triple gauge boson vertices and WW scattering: dim-5 or dim-6 operators
such as h(9,x)% x(8.x)% H?(9,.x)?, and x2(9d,.x)? sensitive on M?.
Experimental sensitivity too poor to allow for any significant determination of M;.

e hh — hh scattering: it receives a correction O(y;'/16x?). This explains the
importance of the top-mass measurement for vacuum stability considerations.

e B — Xsv: the coefficient of the dim-6 operator my5.6"" bgF,. is estimated to

be (eVi Viz/167%) x (y?/M?) with no power sensitivity on M;.
BR(B — Xs7) oc M

o h — ~v,~Z: is induced by the operators hF7,, hF.,Zu., h(0.x°)0, Fpuu, with
coefficients of order (€°/16x2) x (y:/ M) for the first two dim-5 operators and
(e/1672) x (y?/M?) for the third dim-6 operator.

M(h— 7)o MO, F(h— Z7) o M2
e h — WW*, ZZ*: comes from the dim-5 operator h(d,x)? with coefficient

O(y? /1672 M;). Even a futuristic measurement of the branching ratio at 1%
could not determine M; with an error better than 50 GeV.

AT(h— WW*,2Z") 5y
r(h— Ww-,zz=) ~— 32r2
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Extracting M; from flavour data
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o New Physics Unitary Triangle fit: when searching for NP, the four CKM
parameters are determined by tree-level observables which are expected to be
not affected by NP effects.

¢ Standard Model Unitary Triangle fit: if we assume the SM to be the true
theory, the best determination of the CKM comes from the loop-induced
processes AMy, AMy/AMs, ek and sin243

o Hybrid Unitary Triangle fit: assuming the SM to be exactly valid the extraction
of M; from flavour processes is done fixing the four CKM parameters from the
most precise measurements independent on M;, even if they arise at loop level.

|VUS‘7 |VCb|7 Y ﬂ
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CKM parameters in the Hybrid scheme

e For our analysis we will need the following combinations (where \; = Vi, V)
ViVl = |Vasl| Vool % [1+ 00
VisVil = |V {1 - % + O(/\“)}
Rede = —|Vis] {1 - )‘—2+0( )} ,
I\ = —Tmde = | Veol?| Vis| ::2(” i‘“ﬂ[; {1 2 on )]

» SM predictions for flavour observables are often expressed in terms of the
running MS top quark mass m;(m;), related to the pole top mass M; by

% =1+ 0.4244 a5 + 0.8345 0% + 2.375 a2 + (8.49 + 0.25) s = 1.060302(35)

t
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Present values and future uncertainties

Observable Now (2015) Error 2020 Error 2025
My (GeV) 80.385(15) 8 5
sin? Ow 0.23116(13) 13 1.3
as(Mz) 0.1184(7) ? ?
| Vo x 10° 40.9(11) 4 3
|Vip| x 10° 3.81(40) 10 8
sin23 0.679(20) 16 8
5 (73.21%3)° 3° 1°
Amg,(ps™") 0.510(3) - -
Amg,(ps™") 17.757(21) - -
B(Bs— pt =) x10° 2.8(7) 3 1.3
B(K* — nvi)x10" 17.37403 0.8 0.4
B(K. — ©°vi)x 10" - 2 0.3
lex| x 1072 2.228(11) - -
8 0.55(1) 0.5 0.2
fa,(MeV) 226(5) 2 1
Bs, 1.33(6) 2 0.7
fa, /T, 1.204(16) 10 5
Bs,/Bs, 1.03(8) 2 0.5

[Giudice, P.P. & Strumia, '15]
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e Amg,: SM prediction 2015

Ay - 16914 Be, fs, \ 2 M, 92 VeV \2 [ ns
s ps \261Mev ) \17334Gev 0.0400 ) \ 0.55

Error budget 2015

5(Amg,) = (j:1.0491/2f5 +0.91)y,, 10.317,8) ps'
Bs 'Bs

Error budget 2025

6(AmBS) = (:l: 0.1791/2f8 + 0‘25|Vcb\ + 0.067,8) pSil
Bs 'Bs

M; prediction: 2015
(M) am,, = (179 £10) GeV

M; prediction: 2020 & 2025

_ £36GeV  (2020)
S(M) g, = { +£2.1GeV  (2025)
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e Amg,: SM prediction 2015

0.54 +0.08 [ \/ Be,fa, \ 2 M, Y2 ViVl \2 (e
Amg, = 055)°

d ps 214 MeV 173.34 GeV 0.0088
o Error budget 2015

5(Ams,) = (i 0.056,; 2, +0.029,y,, +0.001; +0.047, + o.oogn8> pst
By 'Bd

Veb

e Error budget 2015
5(Amg,) = (i 0.00731/2f5 +0.008,, +0.001; £0.007,, &+ 0.002n5> ps
By 'Bd

e M, prediction: 2015
(M) g, = (167 £ 16) GeV
d

M; prediction: 2020 & 2025

[ +65GeV  (2020)
(M) pmg, ~ { +27 GV (2025)
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Bs — putu~

e Bs — ptu~: SM prediction 2015
B(Bs — pt ™) = (3.35+£0.06) x 102 Rya Rs

R B Ols(MZ) —0.18 Mt 3.06
te = \ 01184 173.34 GeV
A - foo  \'( Vel ' (IVisVi/ Vo \* 7,
s 226 MeV ) \ 0.0409 0.980 1.607 ps
L L M, 3.06

o Error budget
§B(Bs — ') = (£0.05,, + 0.144, £0.17)y,,) x 107° (2015)
0B(Bs — ') = (£0.014, £ 0.037,, +£0.05,,) x 107° (2025)

o M; predictions

(My)g, ., = (167 + 14) GeV (2015)
[ £59Gev (2020)
3(M1)gyy,,. ~ { +£25GeV (2025)
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Global flavor fit

Present fits and projections for 2020 (red) and 2025 (green)
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Amg, 166.6 + 15.9
e
Amg, 178.7 £ 9.8
b i
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———
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€K 176.3 + 23.0
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Global flavor fit ) 1751+ 8.0
L
direct 1733+ 0.8
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[Giudice, P.P. & Strumia, '15]
LC15 15/22
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Impact of key observables

M; from flavour data
12 T T T TTTTT T T T TTTTT TTTTT

Uncertainty on the top mass M; in GeV

0
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Rescaling with respect to the present uncertainty

[Giudice, P.P. & Strumia, '15]
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Impact of experimental improvements on the flavor fit

With present theory uncertainties With future (~2025) theory uncertainties
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[Giudice, P.P. & Strumia, '15]
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EW data and the ¢; parameters

o EW fit: EW observables depend on M; only through the €1, €2, €3 parameters
describing corrections to the tree-level propagators of W*, Z, and through the
e» parameter that describes corrections to the Zbb vertex [alareli & Barbieri, '92].

e SM prediction of ¢;:

£1 = 4522 x 1073 (M;/173.34 GeV)>'®  (My/125.15 GeV)~01®
g0 =—7.32 x 1073 (M;/173.34 GeV) %5 (Mp,/125.15 GeV) %0
e3 = +5.28 x 1072 (M,;/173.34 GeV) 0" (M),/125.15 GeV)° !
ep = —6.95 x 1073 (M;/173.34 GeV)?'8

o In the large M, limit the one-loop corrections to e1 = Ap and ep = —2Agf® grow
as M?, while &, and e3 only have a milder In M; dependence.

o Experimental measurement of ¢;:

g1 =+(5.6+£1.0)x 1073
e =—(7.840.9) x 1073
e3=+(5.6+£0.9) x 1073
eb=—(58+1.3)x 1073
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Determination of M; from EW data

(Mt)el

178.1 + 31

My, = 199. + 15.

*H

(Mp)., = 286. + 100.

(My),, = 1589 + 14.0
(Mpgw = 177.0 + 2.6
—e—
(Mppoie = 173.2 + 0.9
(2 2
150 160 170 180 190 200 210

Pole top mass M; in GeV

[Giudice, P.P. & Strumia, '15]
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Impact of experimental improvements on the EW fit

M; from electro—weak data
4 T T T 111717 T T T 111717 T T T TTTT
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[Giudice, P.P. & Strumia, '15]
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Discussion of the EW fit

e My plays the key role, since §M;/M; = 69 My /My . Measuring My with a
precision of 5 MeV can lead to §M; ~ 0.7 GeV.

e The measurements of the various asymmetries have to be improved by more
than a factor of 3 to improve the uncertainty on M;.

e The uncertainty on M; would be affected by a.em(Mz) only if its error were
underestimated by more than a factor of 2.

e We can extract M; using My as the only input quantity by means of Ary defined
as the ratio of two determinations of the weak angle

em(Mz)/V2Gr M2 _3
Ary =1 FQem( = (~25.4+0.95y, +0.10,...) x 10
MR, JME(T — M, /1) ~ "

Ary = —tan_z Ow e1 + (tan_z Ow — 1)62 +2¢3

B s Mt 2.50 Mh —0.14
= 24010 (173.34GeV) 125.15 GeV

e M; prediction from Ary

(M), = (177.7 +2.8) GeV
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Conclusions

e Indirect determinations of M; are very important especially in view of the
theoretical ambiguities in the extraction of M; from collider experiments.

e The Gauge-less limit of the SM allows to identify flavour and EW observables
with power sensitivity on M; at the quantum level.

o Flavour data determine M; = (175.1 & 8.0) GeV with Amp, and Bs — utpu~
being the best probe of M;. Since they require only V, as CKM input, a
complete joint fit with all CKM parameters is not necessary.

o Better measurements of Bs — utu~, better lattice computations of the hadronic
parameters relevant for Amg, and Bs — p .~ and improved calculations of
short-distance effects will bring §M; down to 3 GeV (1.7 GeV) by 2020 (2025).

e EW data determine M; = (177.0 4+ 2.6) GeV and My is the best toppometer.
The present uncertainty on My, should be reduced by a factor of 3 by LHC
experiments bringing M; to a precision of about 0.7 GeV.

A global fit of all indirect determinations of M;, from both EW and flavour data,
will provide very significant information.
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