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+ Claims:

1. focus on theoretical framework/calculations related to EW precision measurement
2. rather self-learning materials; more on triggering discussions

3. loops and legs are not entertaining or even tedious, but crucial building blocks



4+ Outline

1. Precision EW measurements at Z resonance from LEP and SLC

2. Theory challenges for future EW precision measurements at Z-pole
3. Precision measurements around threshold of W boson pair

4. Precision measurements at Higgs factory

5. Precision measurements around threshold of top-quark pair



LEP and SL.C data at Z resonance

+ About 17 million Z boson events recorded at LEP with 4 detectors; 0.6
million Z boson events recorded by SLD at SLC with an average electron

polarization of ~70%
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Precision test of SM

+ Determine the Z boson parameters with high precision: its mass, its partial
and total widths, and its couplings to fermion pairs. These results are
compared to the predictions of the SM and found to be in good agreement
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Electroweak pseudo-/ precision observables

+ LEP data were analyzed/reported in terms of EWPOs, including for
the following interpretations of SM or its extensions
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Fig. C.1: Construction of EWPOs in data analysis of the LEP



Electroweak pseudo-/ precision observables

+ LEP data were analyzed/reported in terms of EWPOs, including for
the following interpretations of SM or its extensions

The quantities listed in Table A.1.2 are called electroweak precision observables (EWPO)
and encapsulate experimental data after extraction of well-known and controllable QED and
QCD effects{in a model-independent manner.| They provide a convenient bridge between real
data and the predictions of the SM, or of the SM plus new physics. Contrary to raw experimental
data (like differential cross-sections),[EWPOs are also well-suited for archiving and long-term|
use. Archived EWPOs can be exploited over long periods of time for comparisons with steadily

improving theoretical calculations of the SM predictions, and for validations of the new physics
models beyond the SM. They are also usefu] for the comparison and combination of resultsjfrom

different experiments. However, removing trivial but sizeable QED or QCD effects from EWPOs
|might induce additional sources of uncertainty|




Z lineshape and leptonic F-B asymmetries

+ 9 EWPOs including forward backward asymmetry for each of 3
charged leptons provide a complete (hadron-inclusive) description of
the Z resonance

e the mass of the Z, my; closely related to direct

experiment observables
e the 7 total width, I'y;

e the “hadronic pole cross-section”,
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QED deconvolution

+ So-called “deconvolution” of QED effects is the procedure of
removing universal (process independent) QED effects from
experimental data for the total and angular differential cross sections
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QED deconvolution

+ So-called “deconvolution” of QED effects is the procedure of
removing universal (process independent) QED effects from
experimental data for the total and angular differential cross sections
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LEP combination on EWPPOs

+ The value of chi2/d.o.f of 36.5/31 for the combination of the four LEP
sets of nine pseudo-observables with five parameters (assuming

lepton universality)
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Theory for EWPOs

+ Deconvoluted cross sections’/EWPQOs around the Z resonance are
matched onto a born-type structure using the complex-valued
effective coupling constants
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Electroweak radiative corrections

+ Further electroweak corrections are needed to relate SM theory/input
parameters to EWPQOs/effective couplings at high accuracy

W
e’ b
YaZ/W 'Y,Z/W W
W/h,Z t
f VIZ
e b
Y’Z/W ~ 'Y,Z/W
f/f
f " sin@'; = kesin? Oy
Gvi = YRi(T; —20Ksin”bw)  pr = R(Re) = 14 Apse + Apy : .
g _ R Tf K — «S:R(IC) . 1 —I_A/{, —i—A/{'/ agvet = \/@(Tg —QQfSln Heﬁ)
Af = \xfls. f = f se f Gap = \/ET:{,

3Grm3y [ m?  sin® Oy mE 5
Apse — 5 5 1Il—2—— + -
one-loop self-energy 8v2r? |myy  cos?bw \ my 06

correction A SGEmiy [micos’bw 10 () my 5\
" 8v2r2 |m¥ sin®by 9

2 2 2
A = ggf ggf _ 2gigA2f _ 9 gve/ gas : AL <%> | sin? 6,
9if T 9re  9ve T Gas 1+ (gve/gar) GAf

Gar

F-B asymmetry and effective mixing angle

13



Precision test of SM

+ The combination of EWPOs and SM predictions at loop-level provides
firmly test of the SM and further constraints on the unknown parameter, e.g.,

the Higgs boson mass

= 6
I 2v i
'E_'c ' Ao‘gd =
239 ALEPH N — 0.02758+0.00035 7
© . DELPHI g -+ 0.02749+0.00012
1.3 4 ++ incl. low Q° data —
- OPAL o
20 3 - _
- <
| ¢ average measurements, -
error bars increased
_ by factor 10 2 _
10
_ - |
— | | | | 0 | Excluded ,
086 88 90 92 9 30 100 500
E.  [GeV]
¢ m,, [GeV]
invisible decay width/neutrino Higgs boson mass from a EW
species, 29840 + 0.0082 global fit

14



Future e+e- machines

+ Future e+e- machines will have dedicated run as Z factory with high
statistics, a few orders higher than at LEP1, e.g., FCC-ee-Z, CEPC

Table A.1.1: Run plan for FCC-ee in its baseline configuration with two experiments. The WW
event numbers are given for the entirety of the FCC-ee running at and above the WW threshold.

Phase Run duration Centre-of-mass Integrated Event
(years) energies luminosity statistics
(GeV) (ab™1)
FCC-ee-Z 4 88-95 150 3 x 10'? visible Z decays
FCC-ee-W 2 158-162 12 10® WW events
FCC-ee-H 3 240 5 10% ZH events
FCC-ee-tt 5 345-365 1.7 10° tt events
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Future e+e- machines

+ Unprecedented experimental precision (dominated by systematics)
expected on measurements of EWPOs or its alternative forms

Observable Current FCC-ee  FCC-ee Comment,
value + Error stat. syst.  dominant experimental error

m, (keV) 91186700 4+ 2200 4 100 From Z line shape scan,
beam energy calibration

[y (keV) 2495200 =+ 2300 7 100 From Z line shape scan,
beam energy calibration

R% (x10%) 20767 £ 25  0.06 0.2-1  Ratio of hadrons to leptons,
acceptance for leptons

as(myz) (x10%) 1196 +30 0.1 0.4-1.6 From RZ

Ry, (x109) 216290 £ 660 0.3 <60  Ratio of bb to hadrons,
stat. extrapolated from SLD

od.q (x10%) (nb) 41541  +£37 0.1 4 Peak hadronic cross-section,
luminosity measurement

N, (x103%) 2991 + 7 0.005 1 7 peak cross-sections,
luminosity measurement

sin?02 (x 10°) 231480 + 160 3 2-5 From AYg from AYg at Z peak,
beam energy calibration

1/aqep(mz)(x10%) 128952 4+ 14 4 Small From AYy off peak

here no theoretical uncertainties included for Fcc-ee
sys. projection
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Future e+e- machines

+ Unprecedented experimental precision (dominated by systematics)
expected on measurements of EWPOs or its alternative forms
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Fig. C.2: Possible scheme of construction of EWPPs in data analysis of the FCC-ee
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Challenge on theory side

+ The huge advance in projected experimental precision naturally leads
to concerns on whether the theory uncertainties can match up or
even stay well below the precision goal as at LEP

Theory Requirements and Possibilities for the
FCC-ee and other Future High Energy and Precision
Frontier Lepton Colliders*

Alain Blondel (Université de Genéve), Ayres Freitas (University of Pittsburgh),
Janusz Gluza' and Tord Riemann (U. Silesia),
Sven Heinemeyer (IFT/IFCA CSIC Madrid/Santander, ECI/UAM/CSIC Madrid),
Stanistaw Jadach (IFJ PAN Krakéw), Patrick Janot (CERN)

18 December 2018

Abstract

The future lepton colliders proposed for the High Energy and Precision Frontier set strin-
gent demands on theory. The most ambitious, broad-reaching and demanding project is the
FCC-ee. We consider here the present status and requirements on precision calculations, pos-
sible ways forward and novel methods, to match the experimental accuracies expected at the
FCC-ee. We conclude that the challenge can be tackled by a distributed collaborative effort
in academic institutions around the world, provided sufficient support, which is estimated to
about 500 man-years over the next 20 years.
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Challenge on theory side

+ The huge advance in projected experimental precision naturally leads
to concerns on whether the theory uncertainties can match up or
even stay well below the precision goal as at LEP

1. To adjust the precision of theory predictions to the experimental demands from the
FCC-ee, an update of existing software and the development of new, independent software
will be needed. This should include, in the first instance, solutions to the following issues:

(a) factorisation to infinite order of multiphoton soft-virtual QED contributions;

(b) resummations in Monte Carlo generators;

(c) disentangling of QED and EW corrections beyond one loop, with soft-photon fac-
torisation or resummation;

(d) proper implementation of higher-loop effects, such as Laurent series around the Z
peak;

(e) further progress in methods and tools for multiloop calculations and Monte Carlo
generators.

2. To meet the experimental precision of the FCC-ee Tera-Z for electroweak precision observ-
ables (EWPOs), even three-loop EW calculations of the Zff vertex will be needed, com-
prising the loop orders O(aa?), O(Nialay), O(NFa?), and also the corresponding QCD
four-loop terms. This was mainly a subject of the 2018 report [1].
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Challenge on theory side

+ The huge advance in projected experimental precision naturally leads
to concerns on whether the theory uncertainties can match up or
even stay well below the precision goal as at LEP

3. To decrease the aqggp uncertainty by a factor of five to ten, to the level (3-5) x 1072,
will require improvements in low-energy experiments. Alongside this, the perturbative
QCD (pQCD) prediction of the Adler function must be improved by a factor of two,
accomplished with better uncertainty estimates for m. and my. The next mandatory
improvements required are:

a) four-loop massive pQCD calculation of the Adler function;

(
(b) improved oy in the low Q% region above the T mass;

)
(c¢) a better control and understanding of Aozgd(Mg), in terms of R data;
)

(d) different methods for directly accessing a(M?2), e.g., the muon forward-backward
asymmetry, or for calculating aqrp, either based on a radiative return experiment,
e.g., at the FCC-ee Tera-Z, or using lattice QCD methods.

4. FCC-ee precision measurements require many improvements on the theoretical QCD side.
These include: (i) higher-order pQCD fixed-order calculations; (ii) higher-order logarith-
mic resummations; (iii) per-mille-precision extractions of the ay coupling; and (iv) an
accurate control of non-perturbative QCD effects (such as, e.g., colour reconnection,
hadronization), both analytically and as implemented in the Monte Carlo generators.
These issues are discussed in Chapter B.
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QED deconvolution revisit

+ QED corrections at fixed-order and with soft/collinear resummations
are implemented in various Monte Carlo/semi-analytical generators;
fully differential MC generator with high QED precision is non-trivial

e.g. for inclusive
Cross section

other enhancement
may occur, need

resummation
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QED deconvolution revisit

+ Current state-of-art generators are not much different wrt. those used
in LEP analysis 20 years ago; large gaps wrt. FCC-ee precision

Observable Source | Err.{QED} | Stat[Syst] LEP main development
LEP LEP FCC-ee | FCC-ee | to be done
Mz [MeV] Z linesh. 2.1{0.3} | 0.005[0.1] 3x3* | light fermion pairs
I'y [MeV] Z linesh. 2.1{0.2} | 0.008[0.1] 2x3* | fermion pairs
R x 10? o(My) 25{12} 0.06[1.0] | 12x3** | better FSR
op.q4 [Pb] 0P 37{25} 0.1[4.0] 6x3* | better lumi MC
N, x 107 o(My) 86} | 0.005[1.0] | 6x3* | CEEX in lumi MC
N, x 103 7 150{60} | 0.8[<1] | 60x3™ | O(a?) for Zr
sin? 0517 % 10° Alert 53{28} 0.3[0.5] | 55%x3* | h.o. and EWPOs
sin? 057 x 107 | (P,),AP%T 41{12} 0.6[< 0.6] | 20x3* | better 7 decay MC
My [MeV] mass rec. 33{6} 0.5[0.3] 12x3** | QED at threshold
AEoeN100 | S 2000{100} | 1.0[0.3] | 100x3** | improved IFI

Table 2: Comparing experimental and theoretical errors at LEP and FCC-ee as in Table 1.
3rd column shows LEP experimental error together with uncertainty induced by QED and
4th column shows anticipated FCC-ee experimental statistical [systematic| errors. Additional
factor x3 in the 5-th column (4th in Table 1) reflects what is needed for QED effects to
be subdominant. Rating from * to ™ marks whether the needed improvement is relatively
straightforward, difficult or very difficult to achieve.
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Theoretical uncertainties on EWPOs

+ Theoretical uncertainties on EWPOS can be divided as intrinsic errors
due to missing EW radiative corrections and parametric uncertainties
due to SM inputs

intrinsic error

Quantity FCC-ee Current intrinsic error Projected intrinsic error
My [MeV] 0.5-1% 4 (a?, a’ay) 1

sin® 0% [107°] 0.6 4.5 (o, a’ay) 1.5

I'y [MeV] 0.1 0.4 (o a’as, aa?) 0.15

Ry [1077] 6 11 (o?, a*ay) 5

Ry [1077] 1 6 (o’ a’ay) 1.5

*The pure experimental precision on My is ~ 0.5 MeV [1,2], see Sec. 4.2.2 for more details.

parametric error

Quantity FCC-ee future parametric unc. Main source
My, [MeV] 0.5—1 1 (0.6) d(Aar)
sin® 0% [107°] | 0.6 2 (1) S(Aa)
'z [MeV] 0.1 0.1 (0.06) Yo

Ry [10_5] 6 <1 dovg

Ry [1079] 1 1.3 (0.7) Yo

the most important SM parameters at the FCC-ee:

om; =50 MeV, émy = 13 MeV, Mz = 0.1 MeV, da, = 0.0002 (0.0001),
§(Aa) =5x 107" (3 x 107°).
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Theoretical uncertainties on EWPOs

+ Projection of intrinsic errors for FCC-ee EWPOs with different
assumptions on theoretical inputs, i.e. available loop calculations

Table B.7: Comparison of experimental FCC-ee precision goals for selected EWPOs (EXP2, from
Table B.1) with various scenarios for theoretical error estimations. TH1-new, current theoretical error
based on extrapolations through geometric series; TH2, estimated theoretical error (using prefactor
scalings), assuming that electroweak three-loop corrections are known; TH3, a scenario where the
dominant four-loop corrections are also available. Since reliable quantitative estimates of TH3 are
not possible at this point, only conservative upper bounds of the theoretical error are given.

FCC-ee-Z EWPO error estimates
6Tz (MeV) 0R, (107%) Ry, (1075) dsin® 6% (107°)

EXP2 [46] 0.1 10 206 6
THl-new 0.4 60 10 45
TH?2 0.15 15 5 15
TH3 <0.07 <7 <3 <7
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State of art calculations

+ The last pieces (bosonic contributions) of full two-loop electroweak
corrections on Z pole observables are completed in 2018

Table B.4: Loop contributions to the partial and total Z widths with fixed My as input parameter.
Here Ny and N? refer to corrections with one and two closed fermion loops, respectively, whereas
ai .. denotes contributions without closed fermion loops. Furthermore, oy = y2/(47), where y; is the
top Yukawa coupling. Table taken from Ref. [21] (Creative Commons Attribution Licence, CC BY).

I'; (MeV) r. I, Iy TI. I, Iy
O(a) 2273 6.174 9.717 5.799 3.857 60.22
O(aoy) 0.288 0.458 1276 1.156 2.006 9.11
O(oa?, awad, alag, o) 0.038 0.059 0.191 0.170 0.190  1.20
O(N2a?) 0244 0.416 0.698 0.528 0.694 5.13
O(N;a?) 0.120 0.185 0.493 0.494 0.144 3.04
O(a?,) 0.017 0.019 0.059 0.058 0.167 0.51

1. Determination of relevant prefactors of a class of higher-order corrections, such as couplings, group
factors, particle multiplicities, mass ratios, etc., and assuming the remainder of the loop amplitude to be

order O(1).

2. Extrapolation under the assumption that higher-order radiative corrections can be approximated by a
geometric series.

3. Testing the scale-dependence of a given fixed-order result obtained using the MS renormalization scheme,
in order to estimate the size of the missing higher orders; this is used more often in QCD.

4. Comparing results obtained using the on-shell and MS schemes, where the differences are of the next

order in the perturbative expansion. . . . .
P P how to estimate intrinsic errors?
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State of art calculations

+ The last pieces (bosonic contributions) of full two-loop electroweak
corrections on Z pole observables are completed in 2018

Table B.5: Intrinsic theoretical error estimates (TH1) for 'y [45,75], updates taking into account the

newly completed O(ai ) corrections (TH1-new) [21] and a projection into the future, assuming ds 3
and the fermionic parts of 9; to be known (TH2).

(51 52 53 54 (55 5FZ (MeV)
O()  O*a) Ofaal) Ofaa?) Olof,) =\/3L,6
TH1 (estimated error limits from geometric series of perturbation)
0.26 0.3 0.23 0.035 0.1 0.5
TH1-new (estimated error limits from geometric series of perturbation)
0.2 0.21 0.23 0.035 <10™* 04
01 0 0% 04 o'y (MeV)
O(Nr'a®) O(a’a;) O(a*af) Ofacs) = /07 + 05 + 05 + 63
TH2 (extrapolation through prefactor scaling)
0.04 0.1 0.1 0.035 104 0.15
O(az,. ) — O(a?
Oa?) - 0(a) ~ e = E ot
. . 2 2
method of geometric series Ole?a,) — O(a2a,) ~ O(O‘ferré)(_)o(o‘t)@(&%%
(87
O(aay) — O(a o
O(aa?) — Oapa?) ( )(’)(oz) (o )O(ozas),
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Three-loop calculations

+ Ingredients for 3-loop calculations of Z decay; challenges due to both

large number of diagram/integrals, multi-mass scales, as well as
numerical precision required

Table B.6: Number of topologies and diagrams for Z — ff decays in the Feynman gauge. Statistics for
planarity, QCD, and EW-type diagrams are also given. Label ‘A’ denotes statistics after elimination of
tadpoles and wavefunction corrections, and label ‘B’ denotes statistics after elimination of topological
symmetries of diagrams.

7 — bb 1 loop 2 loops 3 loops

Number of topologies 1 14W7 5 2 W Wy
Number of diagrams 15 2383 ‘2% 1074 490387 ) 120472
Fermionic loops 0 150 17580

Bosonic loops 15 924 102 892

Planar / non-planar 15/0 981/133 84059/36 413
QCD/EW 1/14 98/1016 10386/110 086

7 —ete ...

Number of topologies 1 14 (;>A) 7 (EQ 5 211 (A—>) 84 (EQ 51
Number of diagrams 14 2012 “2¥ 880 397690 A3 91472
Fermionic loops 0 114 13104

Bosonic loops 14 766 78 368

Planar / non-planar 14/0 782/98 65 487/25985

QCD /EW 0/14 0/880 144/91 328

O(10%) — O(10*) distinct three-loop Feynman integrals before a reduction

assume that the values TH1-new in Table B.5 are representative of the actual size of the currently unknown
three-loop corrections. Second, the achievement of at least two digits intrinsic net numerical precision for
the three-loop electroweak corrections will probably require the evaluation of single Feynman integrals with
much greater precision than in the two-loop case, since the larger number of diagrams leads to more numerical
cancellations, and each new diagram topology poses new challenges for the numerical convergence.
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