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Outline

a4 motivations: precision tests of the Standard Model and searches for New Physics signals
a discussion about the MW and the dint determinations at a future e+e- collider

a evolution of the precision measurement problem, from LEP to LHC to future e+e- colliders

how can we exploit the great expected experimental precision
and determine with corresponding precision some of the fundamental parameters of Nature?

& measurement: comparison of OaO model against the data
which model? which Pseudo-Observables?
which simulation code? EW input scheme?

" methodological challenges

we should Prst debne
our weight scales and rulers!

a development of new bxed-order calculations
of matching procedures of Pxed- and all-order result
of new techniques for fast event generation and phase-space integration
of new mathematical representation of the quantum corrections with fast and acci
evaluation properties
technical challenges



Disclaimer

a an important activity has taken place in the last 3 years,
focussing on the theoretical issues relevant for the precision physics program
at future e+e- colliders, CEPC and FCC-ee

and is documented in several reports, where complete lists of references can be found
arXiv:1703.01626 Physics beyond precision
arXiv:1809.01830 Standard Model Theory for the FCC Tera-Z stage
arXiv:1811.10545 CEPC Conceptual Design Report
arXiv:1905.05078 Theory report of the 11th FCC-ee workshop
arXiv:1906.05739 Theoretical uncertainties to electroweak and Higgs-boson precision measurement at FCC-ee
arXiv:1909.12245 Polarization and Centre-of-mass energy calibration at FCC-ee

al am indebted with all the colleagues of the LHC EW-WG and my colleagues from Pavia
for continuous discussions on the MW and s$in! determination at hadron colliders



Motivations

from the Fermi theory to the current best predictions of MW and sin #!
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From the Fermi theory of weak interactions to the discovery of W an
Fermi theory of$ decay

- | ’ 1 I I I
muondecay M ! 1, € W& T Gy
"M
QED corrections to) & necessary for precise determination ot G

computable in the Fermi theoryinosita, Siriin, 1959)

The independence of the QED corrections of the underlying model (Fermi theory vs SM) allows
- to debne G and to measure its value with high precision

Ge=1.1663787(6) 10 GeV!

- to establish a relation between«&and the SM parameters

2
Pu - g2 (L+! 1)
2 8my,

The properties of physics at the EW scale
with sensitivity to the full SM and possibly to BSM via virtual correctio®s )(
are related to a very well measured low-energy constant
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From the Fermi theory of weak interactions to the discovery of W an

The SM predicts the existence of a new neutral current, different than the electromagnetic one
(Glashow 1961,Weinberg 1967, Salam 1968)

The observation of weak neutral current immediately allowed the estimate of the

value of the weak mixing angle in the correct range
GARGAMELLE, Phys.Lett. 46B (1973) 138-140

From the basic relation among the EW parameters it was immediately possible to estimate

the order of magnitude of the mass of the weak bosons, in the 80 GeV range
(Antonelli, Maiani, 1981)

The discovery at the CERN SPPS of the W and Z bosons and the pbrst determination of their me
allowed the planning of a new phase of precision studies accomplished with the construction of
two e*e' colliders (SLC and LEP) running at the Z resonance

The precise determination of MZ and of the couplings of the Z boson to fermions
and in particular the value of the effective weak mixing angle
allowed to establish a framework for a test of the SM at the level of its quantum corrections

There Is evidence of EW corrections beyond QED with 2&ignibcance!
Full 1-loop and leading 2-loop radiative corrections are needed to describe the data
(indirect evidence of bosonic quantum effects)
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The renormalisation of the SM and a framework for precision tests

¥ The Standard Model isranormalizablegauge theory based on SU(3) x SWLW(1)v
¥ The gauge sector of the SM lagrangian is assigned specifying)(mdérms of 4 measurable input

¥ More observables can be computed and expressed in terms of the input parameters, incluc
avallable radiative corrections, at any order in perturbation theory

¥ The validity of the SM can be tested comparing these predictions with the correspe

experimental results

¥ The input choice (g,g0)s— , Ge, MZ, MH) minimises the parametric uncertainof the predictions

1 (0) = 1/137.035999139(31)

G, = 1.1663787(6) 10 ° GeV' °
mz; = 91.1876(21) GeVc?

my = 125.09(24) GeVic?

¥ with these inputsMW and the weak mixing angle aoe=dictionsof the SM,
to be tested against the experimental data
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The W boson mass: theoretical prediction

Lsm = Lsm (I, Gy, mz;my;ms; CKM )

— We can compute myy

4o

G \ﬁmzz

(1+ Ar)
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The W boson mass: theoretical prediction

Sirlin, 1980, 1984: Marciano, Sirlin, 1980, 1981

van der Bij,Veltman, 1984; Barbieri, Ciafaloni, Strumia 1993;

Djouadi,Verzegnassi 1987; Consoli, Hollik, Jegerlehner, 1989;

Chetyrkin, KYhn, Steinhauser, 1995;

Barbieri, Beccaria, Ciafaloni, Curci,VicerZ,1992,1993; Fleischer, Tarasov, Jegerlehner, 1993;
Degrassi, Gambino, AV, 1996; Degrassi, Gambino, Sirlin, 1997;

Freitas, Hollik, Walter, Weiglein, 2000, 2003;

Awramik, Czakon, 2002; Awramik, Czakon, Onishchenko, Veretin, 2003; Onishchenko, Veretin, 2003

The best available prediction includes
the full 2-loop EW result, higher-order QCD corrections, resummation of reducible terms

my, = wo + widH + wod H?* + wsdh + wydt + wsdHdt + wedag + wrda'®

dt = [(M/ 17334 GeV)? — 1]

124.42 < my < 125.87 GeV | 50 < my <450 GeV
I Wo 30.35712 80.35714
da'® = [" | ﬁa)d(m%)/ 0.02750! 1] ™ 20.06017 20.06094
TH = T oomy P W 0.0 20.00971
- N T5e15Gev w3 0.0 0.00028
Wa 0.52749 0.52655
dh =[(m, /12515 GeV)y —1] s 20.00613 20.00646
1 (m,) We 20.08178 20.08199
da, = m $1 wr -0.50530 -0.50259

G.Degrassi, P.Gambino, P.Giardino, arXiv:1411.7040
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The weak mixing angle(s): theoretical prediction(s)

¥ the prediction of the weak mixing angle can be computed in different renormalisation scl

differing for the systematic inclusion of large higher-order corrections
2

S 12 0 _ My . |
¥ on-shelldePnition: SI-Yos = 1= 75 dePnition valid to all order
Sirlin, 1980 4
G 2
.. U 80 N A /104 n LA
¥ MSbardepPnition: =32 » §%2¢% = §% = sin’ 0
Marciano, Sirlin, 1980; Degrassi, Sirlin, 199 \/5 mW’O \/EG/,tm% (1 _ AI”)

weak dependence on top-quar
corrections

¥ the effective leptonic weak mixirangle enters in the depbnition of the effective Z-f-fbar ver!
at the Z resonance

f
_ 2 2 :
MGL = wra [G(my) = GL(m%)vs] viek 1Qy|sin® 67, = 1~ ‘;—‘;
A
and can be computed in the SM (or in other models) in different renormalisation sct
sin? GZP ;= k(m%)sin?os = K(m2)sin? 60

Awramik, Czakon, Freitas, hep-ph/0608099
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http://arxiv.org/abs/hep-ph/0608099

The effective leptonic weak mixing angle: theoretical prediction
parameterization of the full two-loop EW calculation + different sets of 3- and 4-loop corrections

|.Dubovyk, A.Freitas, J.Gluza, T.Riemann, J.Usovitsch, arXiv:1906.08815

sin? Hefﬁ = so+diLyg+ dgL%{ + dgLZIl{ + dy A\, + ds A + d@A% + d7- ALy
+ dgAq, + dgAn At + d1pAz

MH my 2
_ _ 1
Ln = log ;o= a v A (173.2 GeV> )
Ozs(Mz) Ao MZ
= — AOJ — - 1, A — _ 1
Ras = 1sa 0.059 2™ 91.1876 GeV
Observable So dq d» ds d,4 ds

Sinzl(!_:.! | 10* | 2314.64 4.616 0.539 " 0.0737 206 " 25.71
sin®1% 1 10* | 2327.04 4.638 0.558 " 0.0700 207 " 9.554

Observable ds d; ds do dio max. dev.
sin“!!, 1 10* | 400 0.288 3.88 "6.49 " 6560| < 0.056
sin“!5 1 10* | 3.83 0.179 241 "8.24 "6630| < 0.025
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Remaining theoretical on uncertainties the MW and !sinlpredictions

G.Degrassi, P.Gambino, P.Giardino, arXiv:1411.7040 |.Dubovyk, A.Freitas, J.Gluza, T.Riemann, J.Usovitsch, arXiv:190€
- . 2 3 2 3
best SM prediction in an on-shell framework Observable | !5 " !'“s !'° | Total
MW — 80.357 + 0.009 + 0.003 GeV ey [MeV] 0.008 0.001 0.010 0.0180.018
.« [MeV] 0.008 0.001 0.008 0.0110.016

with parametric and theoretical uncertainties
| uc [MeV] 0.025 0.004 0.08 0.07 0.11

- - - | as [MeV 016 0. . 05 0.
the same evaluation carried out in a MSbhar framework¢s MVl 00160003 -0.060.050.08

. | b [MeV] 0.11 0.02 0.13 0.06| 0.18
differs by 6 MeV °
from the aboveyresult 1 ; [MeV] 0.23 0.035 021 0.20 0.4
Ry [10 3] 2.5 0.4 3.6 3.9 6
. . : R¢ [10 ° 1.6 03 34 3.0
the difference is due to higher-order terms ol , |
. . . . Rp [10 °] 5.5 0.9 6.4 3.7 | 10
which are systematically included in the MSbar case—
0 [pb] 02 003 42 37| 6

~

sinf#, [10°]| N 03 30 31 | 43
sif# [10°| 07 04 43 32| 53

¥ the current values are (almost) sufbcient to cope with the LHC optimistic reach,
but need to be improved Iin view of a new class of measurements at future e+e- colliders
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Relevance of new high-precision measurement of EW parameters

‘0

Sin

. 2330Baak et al., arXiv:1310.6708, Snowmass 2013, EWWG
. T T T T | T T T T | T T T T | T T T T

experimental errors 68% CL / collider experiment:
LEP/SLD/Tevatran

0.2325 |- LHC I/ \‘ —
- ILC/Gigaz | ]
- % } A (LEP) ]
0.2320 — \ / —
L \ A/ i
: m, = 170 .. 175 Ge\, :
0.2315 __SM: M, = 125.6 + 0.7 4 ' .
_ C /- i
0.2310 — ]
[ Vo7 AR (SLD) B i
0.2305 — —
- MSSM N
B SM, MSSM Heinemeyer, Hollik, Weiglein, Zeune et al. ©13]
02300 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
80.2 80.3 80.4 80.5 80.6

M,, [GeV]

In the case a BSM particle had been discovered
a very precise MW value would offer

a strongly discriminating tool about the mass spec
In BSM models

different dependence on the neutralino mass N
of the MW prediction in theMSSNandNMSSM
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The precision measurement of MW and sig
with an error of 0.7 MeV and 0.000004

(5 MeV and 0.000100 at a hadron collider)
(formidable challenges!)

would offer a very stringentest of the SM likelihood

O. StEl, G.Weiglein, L. Zeune, arXiv:1506.0’

My, ! 80.385 GeV
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Relevance of new high-precision measurement of EW parameters

de Blas et al, arXiv:1608.01509

~ 14
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Li=),Ct0O; (0;] = |g
E! ects
| :Cut-o! ofthe EFT suppressedby ¢ = v, B <A
sz””W3
UU gauge boson masses

O pwp = ¢Taa¢B’”’Wﬁy EWSB<
vhB””ij ' zZ,1 |

Mz =Mzc* |1 -

A precise measurement of MW and of diad constrains
several dim-6 operators contributing to Higgs and gauge interaction vertice
Today still one of the strongest constraints
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Steps to improve the current precision of the predictions

¥ available 3-loop and 4-loop corrections needed for the MW and! smlpredictions
the 0 parameter is known including@(ay), O(G,a;m;) andOG(aa;), O(G,a;m}) terms

p=Zyu(0)/Mi — %,,(0)/MZ only 2-point functions at zero momentum transfer

¥ full 3-loop EW corrections needed for the MW and dirk predictions require the evaluation of
the O parameter
the full%r expression ( corrections to the muon-decay amplitude )
the full%lexpression ( corrections to the Z boson decay widths )

basic steps needed to complete such a calculation
1) calculation of the amplitude via Feynman diagrams generation, O(10") diagrams
2) algebraic manipulations (form factor extraction, squared matrix elements), in-house codes
3) reduction of the integrals to a small set of Master Integrals (Reduze 2, Kira, LiteRed)

so that the squared matrix elements take the form WA 2 c(x) L(x; €)

l

4) evaluation of the Master Integrdls main obstacle in the development of these calculations

L : : : 15
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Analytical representation of the results

the basic Master Integrals become the unknown functions
of a (system of) brst-order linear differential equatioEgmiddi, Laporta, Gehrmann; 1999, 2001)

b1
——

Fr(z;¢e) = : = Z e"F{™ (2) + O(e?)

n=-—3

- M@V 1—,2) ”,
1 & !
+ Ara(z;€) - @p + A71(z;€) - @
—3y . d (-3 (—3)
AdO("): —F V() = F (2)
Ad O(e?): %F( D(z) = 2F7( P(z) + %Fé_s)(z) - SM‘%VZL(,? —2)
Ad O(s_l) . ddZF( 1)( ) = 2F( 1)( )+ §F7(_2)(z) B (9H 2(3\,42;/:11_61;1)(1,2))

the solution of these systems exhibits regular patterns when expand2d in
" that the bnal expression is given in termsoafy elements of a family of functions
(harmonic polylogarithms and their generalisations)

ri analytical properties are known in terms of series expansions

algebraic properties (Hopf or shufl3e algebra) follow from the nested iterated form of the sc

L : : : 16
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Analytical representation of the results

" start of the NNLO revolution in terms of automation
and of the possibility to achieve an analytical representation of higher-order corrections

Harmonic PolyLogarithmgemiddi,vermaseren, 1999, 2000)

D)= oy fO)= 2, fC L) =

H(" 1,z)=In(1+ 2), H(O,2) =In( 2), H(1,z)= "In(1" 2)

H®,; 2) = %In” (2), H(#; z) = ) dt f(ar, ) H(#n 1;t), a; =(" 1,0,1)

$
HPL algebra: H(#; 2)H(®; z) = H(# 2)

k=k" b
The HPLs debnition allows their series expansion everywhere in the complex plane

The number of weights (0,+£1) allows the representation of a certain number of physical
(thresholds, pseudo-thresholds)

The increasing number of mass scales (internal masses, external kinematical invariants)
rl leads to an increasing complexity of the differential equations satisbed by the loop integrals
r requires an enlargement of the family of functions (e.g. Generalised HPLSs, elliptic polylogarit
and of the number of weights
r yields the appearance of new kinds of functions (e.qg. elliptic integrals)

17
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Analytic progress: Master Integrals for DY processes at G

R. Bonciani, S. Di Vita, P. Mastrolia, U. Schubert, arXiv:1604.08581

thin lines massless /
thick lines massive
topologiesb andc were not known

(1) (a2)
2 masses topologies evaluated with the same mas _ _7__ /
SM results, where both W and Z appeatr,
can be evaluated with an expansio®d=MZ-MW T o

(br) (b2) (bs)
49 Ml identiPed (8 massless, 24 1-mass, 17 2-masses) e
solution of differential equations expressed in terms of
iterated integrals (mixed Chen-Goncharov representation) )
(c1) (C2)

M.Heller, A.von Manteuffel, R.Schabinger arXiv:1907.00491

same class of diagrams expressed in terms of multiple polylogarithms

The Master Integrals are solved with the Differential Equation technique
Main issues related to number of energy scales (s, t, MW, MZ, Mmu)

at mathematical levél appearance of elliptic kernels and evaluation of boundary conditi

Recent important analytical developments for H+jet in full SM (massive quarks)
Important development in the fully numerical evaluations

18
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ProOs and conOs of a fully analytical approach

ProOs

automation of several conceptual steps of a calculation

compact representation of the results

the numerical evaluation in terms of series expansions is avatalieolinga,weinzierl, hep-ph/0410259)
allowing a control with arbitrary precision over the results

ConOs

Limited to simple kinematics and to very few energy scales/internal masses

The numerical evaluation requires a deep engineering to become efpcient w.r.t. evaluation time

L : : : 19
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High-precision measurements

MW and sin #! determination at colliders

L : : : 20
Alessandro Vicini - University of Milano Hong Kong, January 16th 202



Projections based on the expected statistics and systematics

Observable LEP precision CEPC precision  CEPC runs CEPC [ Ldt

my 2.1 MeV 0.5 MeV Z pole 8 ab~!
I, 2.3 MeV 0.5 MeV Z pole 8 ab~!
A 0.0016 0.0001 Z pole 8 ab™ !
A 0.0013 0.00005 7 pole 8 ab™!
Ay 0.0025 0.00008 Z pole 8 ab™!
sin? O¢ft 0.00016 0.00001 Z pole 8 ab™!
RY 0.00066 0.00004 Z pole 8 ab™!
R 0.025 0.002 Z pole 8 ab™
mw 33 MeV 1 MeV W W threshold 2.6ab !
myy 33 MeV 2-3 MeV Z H run 5.6 ab~!
N, 1.7% 0.05% Z H run 5.6 ab!

How can we keep the theoretical systematics under control?
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sin!l «« determination at future colliders: which strategies?
Which is our primary goal?
aConsistency check of the SM or alndirect search for New Physics signals

Consistency check of the SM
aFit of the data in the SM and comparison with the SM theoretical prediction
An EW scheme with sihk+ as input parameter
allows to avoid the introduction of pseudo observables
In favour of a direct bt of the observables in the SM

Indirect search for New Physics signals
aThe pseudo observable decomposition of the Z resonance
It allows to establish a direct link to New Physics entering via the oblique correcti

aFit of the data in the SMEFT, with distand all the Wilson coefbcients as input parameters
ProOs and con's

Z resonance pseudo observable decompositibn highly developed since LEP, most mature appro
Fit in full (SM or SMEFT) with sintas input " direct relation of observables and parameters
clear estimate of the systematic uncertaintes

more development needed beyond NLO-E&

22
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Vocabulary

Observableguantities accessible wdaunting experiments
Cross sections and asymmetries

Pseudo-Observablaeguantities that ardunctions of the cross section and asymmetries
require a modeto be properly debned
athe Z boson mass at LEP as the pole of the Breit-Wigner resonance factor

aany cross section subtracted of QED/QCD universal corrections
athe Z boson decay widths

Template péseveral histograms describing a differential distributiomputed in a given modeWwith

the highest available theoretical accuracy and degree of realism in the detector sim
letting the Pt parameter (e.g. MW) vary in a range

athe histogram that best describes the data selects the preferred, i.e. measured, MW
athe result of the bt depends

1) on the chosen model

2) on thehypotheses used to compute the templa(gs theoretical systematic errols

aaccurate calculations, properly implemented in Monte Carlo event generators
are needed to reduce this systematic error

Model dependencanew physics might affect the kinematical distributions via virtual corrections

(whose impact depends on the specibc formulation of the event generator)
how different is the result fogSMW with MSSM templates vs SM templates ?



Fit of observables, parameter determination and EW input schemes

Parameter determination:
The templates are theoretical predictions, functiangy of the lagrangian input parameter

e.d.in the SM I =T(g, g, v;/l;mf; CKM)

We choose a set of experimental quantities (EMYutg to express the lagrangian couplings.
All the other pseudoobservablesd parametersire predictions
which can be testedut not used as bt parameters

examples: at LEP1 the choice, (5, MZ, MH) as inputs allowed to determindZ,
at LEP2 for theM\W determination introduction of the (g MW, MZ, MH) scheme
(no-one would have used&, MZ, MH) as input scheme to bt MW

In these two schemes sind+is a prediction and can not be used as a bt parameter!

3 criteria for the choice of an input scheme
) we have to bt one of the input paramOs
i) the input paramOs guarantee the minimal parametric uncertainty
iii) the input paramOs reabsorb, already in lowest order, some classes of large radiative correc

24
Alessandro Vicini - University of Milano Hong Kong, January 16th 202



The LEP/SLD legacy: sigldetermination; two distinct approaches (1)

a4 SM prediction of cross sections and asymmetries and comparison with data (SM test)

(A)
Raw exper. DATA
Detector dependent

Removing detector inefficiencies.
Simplifying experimental cut-offs.
KKMC, BHWIDE, PYTHIA

(B) ; SM electroweak
Experimental DATA | - calculations
Cut-off dependent 1-2 loops, no QED
with QED sffects ZFITTER and TOPAZO p
A <O
SN O, o
2D 0, 0t EWPOs <
? %, /(/(;. Cross-sections
7‘0/0'9/;) % Partial/total widths
X eOS Q?%rr;:\tegig; New physics models
+ SM without QED

aSM prediction of xsecs and asymmetries computed as a function Gmou, MZ; mt, MH)

amt and MH bt to the datdo maximise the agreement

asinll + has then beemomputedin the SM using Zbtter/TOPAZ@ith best mt and MH values
and compared with the pseudo observable determination (next slide)

L : . . 25
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The LEP/SLD legacy: sigldetermination; two distinct approaches (2)

aExtraction of sinll .« from pseudo-observables introduced to describe the Z resonance

(A)
Raw exper. DATA
Detector dependent

Removing detector inefficiencies.
Simplifying experimental cut-offs.
KMC, BHWIDE, PYTHIA

(D)
(B) ; SM electroweak
Experimental DATA | ¢ = = - Eeftl_ng --------- calculations
Cut-off dependent " 1-2 loops, no QED

with QED effects

Cross-sections
Partial/total widths
Asymmetries
Without QED

& New physics models
-\ + SM without QED

aparameterisation of xsecs and asymmetri
my, Ty 0p RO, RY, RO, AYC ADH A0
abt of the Z-resonance model to the datd experimental values of the pseudoobservables

atree-level relationbetween the experimental Z decay widths (subtracted of QED/QCD effects)
and the ratio gv/ga
algebraic solution for sihks" effective angle

L : : . 26
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The LEP/SLD legacy: sigldetermination; two distinct approaches (2bl

The sin! « determination from pseudo-observables at LEP depended on:
ahigh precision in the measurement of the xsec e*ehadrons
aseparation of individual Ravours
adeconvolution of large universal QED/QCD corrections (Zbtter/TOPAZO)
asubtraction of SM non-factorisable contributions (Zbtter/TOPAZO)
checked to be small, weakly dependent on!sin!
and precise compared to the LEP/SLD precision target
factorised expression (initial)x(Pnal) form factors

Aexp(mZ) o nonfact

3
—f A
A f
aThe LEP precision justibed the above assumptions
a The model used to describe the Z resonance in terms of factorised pseudo obser@sbi)(
contains the effective weak mixing angle as free parameter
a The analysis was to a large extent model independent,

for all those New Physics effects appearing in the oblique corrections

At future e+e- colliders we (still) have to demonstrate that all the above hypotheses ho
we possibly need 3-loop calculation to control the subtraction tef
and to debPne the pseudoobservables

27
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An electroweak scheme with (Gmu, MZ, diad) as inputs

M.Chiesa, F.Piccinini, AV, arXiv:1906.11569

Alternative EW scheme, using (Gmu, MZ, st as inputs of the gauge sector

It has been brst developed in the framework of the LHC analyses
(need to consider extended lepton-pair invariant mass intervals
where non-factorisable corrections can be much more important than at q!=MZ!
It can be immediately applied to any e+e- collider study

it allows to express any observable as

— -2 nle
O = 0(G,, my, sin Hef]{’)

so that templates as a function of diaf can be easily generated

L : : : 28
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An electroweak scheme with (Gmu, MZ, diad) as inputs

M.Chiesa, F.Piccinini, AV, arXiv:1906.11569

The weak mixing angle is related to the left- and right-handed (vector and axial-ve
couplings of the Z boson to fermions

]l gl [l _gl
-2 pl _ 3 V _ 3 R
Sin“Oepp = 55 <_z>_ (l_z)
Q1 g Q1 \ 971 — 9r
The radiative corrections (expressed with bare constants) yield left- and right-handed form factor
we focus on the scale gq!=MZ! # $ Y
Sin2" — iRe ! G\;(MZZ) (ﬁ
° &

Qr G (M2)! Gy(M2)

We introduce the counterterms and collect their effects together with the one of the diagramsgiin
: "

I ) I A | |
= 2 Re | .|gR.#:gR |
Q o' Gt AR

2 ul

Sin® "L +#sin® " L

The request that the tree-level relation holds to all orders Pxes the counterterm fot sin
L 919k g, (5g§ 59%)

§sin® 0, = — =
1 2 (g% — g&)?

gt g4

The renormalised angle is identibed with the LEP leptonic effective weak mixing
The Z mass is debned in the complex mass scheme.

% Is evaluated with sihk«as input and differs frgm the usual,MW,MZ) expression
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AFB mtop parametric uncertainties and perturbative convergence

M.Chiesa, F.Piccinini, AV, arXiv:1906.11569

0.0003

0.005 |- (Gu,sin®1. ,Mz) scheme 2 " 4 (G, sin?!L ,Mz) scheme
_ (Gy,Mw,Mz) scheme -rll::l ;7 -(Gy,Mw ,Mz) scheme —
R , 00002 UL e
Opore e — m e s - - T - - - - - - - -t T rog!

0.0001 S .
1 I

=11

-
1 1

I 0.005

i i 0

< oot <
I 0.0001

I 0.015
solid = NLO - LO 1 0.0002 solid = 1 = +1 GeV
1 0.02 | dashed = (NLO+h.0.) - NLO - dashed =1= 11 GeV
10.0003 11 Apg = Apg (M +1) 1| Apg (My) i
60 70 80 90 100 110 1: 60 70 80 920 100 110 1
M+ (GeV) M+ (GeV)

prediction for AFB at the LHC in the (Gmu, MZ, sirk) input scheme (red),
comparison with (Gmu,MW,M2Z) (blue)

faster perturbative convergence " good control over the systematic uncertainties
very weak parametric mtop dependence of the templates used to bt the data
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An electroweak scheme with (Gmu, MZ, diad) as inputs

M.Chiesa, F.Piccinini, AV, arXiv:1906.11569

ProOs
Every observable (e.g. Z lineshape,A FB) expressed in terms of the quantity to be me'asured

" templates are easily generated.

The determination of sitler can be discussed directly at the level of the complete observables,
systematically including all the terms which potentially break the validity of the factorised An:
(e.g. QED IFI terms)

Theoretical systematic errors can be directly estimawathin the same template bt approach

The choice of input parameters debned at the Z resonance minimises the size of additional radi
corrections, accelerating the perturbative convergence

See aISOD.C.Kennedy, B.W.Lynn,Nucl.Phys.B322, 1; FM.Renard, C.Verzegnassi, Phys.Rev.D52,1369; A.Ferroglia, G.Ossola, A.Sirlin,Phys.Lett.B507,147;

To be done
Higher-order (2-loop and higher) universal corrections have to be worked out again to achieve

a consistent formulation with competitive precision (in progress the 2-loop study)

Addendum

The dePnition of MZ in the complex mass scheme

has to be systematically adopted in the simulation codes,

to avoid biases in the very high precision mass determination
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Template evaluation and
estimate of the associated theoretical systematic error in the bt

The theoretical systematic error depends on the perturbative and logarithmic accuracy of the ten

In the pseudo observable approach
the main goal is the systematic removal (deconvolution) of QED and QCD effects from the data
in order to obtain new purely weak manipulated OdataO, detector independent, ready for the bt

In the template bt case

the main goal is the systematic inclusion of QED (and QCD) higher corrections to all-orders
matched with the rest of the EW contributions

In order to stabilise the template shapes

the issues with the precision of the QED formulation are the same in both cases
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QED factorisation in the radiative corrections to e+é- f fbar
f

A

et toar
The largest QED corrections are associated to soft and/or collinear emissions:

L=log(s/mal)~24, |=(4E/E)

Factorisation properties of the soft and/or collinear amplitudes
allow to separate the bulk of the from the hard scattering process

Different approaches to
the evaluation to all orders of QED correctiorand for thematching with Pxed-ordecalculations:

1) RRux functions (ZFITTER)
2) QED Parton Shower solution of DGLAP equations matched at NLO-EW (BabaYaga/HOR!/
3) CEEX
4) QCD-inspired
Differences between these approaches formally of higher order; numerical impact?
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Matching schemes in the EW sector (1)

ZFITTER Rux functions, radiator functions

The complete scattering is described (LEP approach in ZFITTER) as
the convolution of a hard scattering cross section with

S/
o(s) = ds’ N P(?) o(s’) P = Pisr t Prsr T PiFi
The Rux functions encode the angular dependence of the Pnal state recoiling against radiation.

have been computed at exact OY with soft photon exponentiation,
for ISR/FSR/IFI, inclusive or with cuts

The formulation naturally arises in the construction and dressing of a Born-improved approxima
Are the best available Bux functions sufPciently precise and 3exible?
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Matching schemes in the EW sector (2)
HORACE / BabaYaga matching scheme

C.Carloni Calame et al.: hep-ph/0312014, arXiv:0710.1722

! — Fsy = 1 +
d! matched d! A
@ Y- don oy T (55 Pe) 1) s deosts i, e _ P
SV 0 n! 7 7 1 L'H,q FHz — 1 4 H.. PSH7Z
1=0 ’ da_%:i

Monte Carlo event generators for ffbdr fOfObar production with EW corrections
multiple photon radiation implemented via QED Parton Shower algorithm
resummation to all orders of leading logarithms of collinear and soft origin
matching with exact G() matrix elements;
matrix element corrections applied to all emitted photons (improvement towards Paccuracy

IS It possible to formulate a matching at NNLO level ?
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Matching schemes in the EW sector (3)

CEEX (Coherent Exclusive EXponentiation)

;
#0 = d8,(pi+ P Po,Pay Ku,. . kn) €2 #Ba(Paa

n!
n=0 spin

j1<j2 31)5(kj2)

n n_ )
9317({”)(]0,/61,/62,@,...,1@”) :Hﬁ(ks) {3(()7“)(]3)_'_2315( ]‘f 4 Z 52( p7k]17k]2) _|_}

asoft photon contributions exponentiated on top of any amplitude

acollinear contributions and hard process dependent corrections are systematically includec
order by order in perturbation theory

aresummation of ISR mass logarithms not possible in this formalism

KKMC Monte Carlo code for the simulation of fermion-pair production in e+e- annihilation
it includes the full O{) EW, from DIZET (2 2 process)
exact matrix elements for one- and two-photon emissions in QED,
properly matched with soft-photon exponentiation " laYFS

aRecent developments for the electron mass dependence of second order correeatt@mnso.os7s

aDiscussion about the matching in a full EW calculation (determinatiﬁﬁ)ozfoefbcients)

L : : : 36
Alessandro Vicini - University of Milano Hong Kong, January 16th 2020



Matching schemes in the EW sector (4)

Formulation of the e+e- general cross section in full analogy to the proton-proton case

olete” = f) = Z | dxdxy fixy, up) (6, up) 6(5 = f; pir)

i,j€(e ,e™y) .

the electron parton densitief(x, 1) have been recently determined at NLO-QED
V.Bertone, M.Cacciari, S.Frixione, G.Stagnitto, arXiv:1911.12040

The automation of the calculation can be easily achieved in the available NLO frameworks

Relevant for the simulation of high-multiplicities bnal states

Possibly not competitive for the processes/observables where highest precision is needed
( at e+e- colliders the transverse variables have a different status than at hadron colliders )
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Higher-order corrections to e+e~ f fbar

e+

basic building blocks
1-loop full NLO-EW results (2 2 process), in analytic form, including lepton mass dependence
2-loop  exact expression for Of s) 2-loop corrections at arbitrary g! (massive quarks
general massive case (arbitrary g!) in terms of elliptic functions or via numerical me
complete calculation ofertex correctionsat g!= MZ! via numerical methods,
general analytic ! dependence in progress
box correctionswith massless internal lines in analytic form; (see later for the massive ¢
complete renormalisation progran® (%, %1, 4e)

3-loop  results for self-energies from QCD studies (massless); numerical approaches (massive

Analytical results allow a full explicit control over the expressions needed in the matching with Q

Alternative approaches, based on numerical techniques, for the fully massive (IR Pnite) integrals
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Open guestions: mass renormalisation scheme at 2-loop EW

resonances require the treatment of the particle decay-width

pole expansions (Laurent expansion of the amplitude) are valid only in the vicinity of the resonan

the complex-mass renormalisation scheR®nner, s.pittmaier, arxiv:hep-ph/0605312
provides a generalauge invariant, depnition of nass
a complex quantity identiPed as the pole of the propagator in the complex q! plane

Wy =My —iMyTy  pd=ME—iM,T,
Sus =y (ud)  8Fy = — X, (ud)
Hy vviHy % vviHy
it is formally proven in general (Ward identities satisped by the GreenOs functions)

but it requires a careful handling

of all the imaginary parts of the amplitudes and of the renormalised parameters
(e.g. evaluation of the self-energies at complex Q!

avoid double counting of self-energy and vertex terms already present in the complex me

not yet systematically explored beyond NLO-EW

need to evaluate the remaining theoretical ambiguities in the mass depPnition
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Open guestions: matching NNLO-EW with QED resummation

in the CEEX matching approach, we need to
identify the matching coefbcielﬂg) between the full calculation and the soft-exponentiated xsec
iIdentiPcation of the relevant gauge invariant subsets of the amplitude

The coupling of photons and Ws must be handled with care
(respect gauge invariance and avoid double counting of imaginary parts
when the virtual corrections are included)

recipes devised at NLO-EW level must be extended at NNLO-EW level, in the complex mass sc
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MW determination from the WW threshold scan

10

Il

m,,=80.385 GeV I,,=2.085 GeV

m,,=79.385-81.835 GeV, I,=2.085 GeV

a(WW) (pb)
(o)

m,,=80.385 GeV, I',=1.085-3.085 GeV

o)
IIII]Il]]]lllllllllllllllllll IIIIIIIIIIII

=1

l 1 1 1 l 1 1 1 l 1 1 1 l 1 L 1 l

156 158 160 162 164
Eq,, (GeV)

As the cross section at the WW production threshold is very sensitive to the MW value
It Is natural to compute the theoretical cross sections in the (Gmu, MW, MZ) input scheme

&2 1
At threshold in lowest order $o(S) % s 45 4%+ O(%)
W

As long ag? < 1, with low-precision requests,
MW can be determined in model independent way, based on kinematics alone

For a determination at the sub-MeV level, many details have to be considered,
with the preparation of precise SM templates
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The MW determination from the WW threshold scan

see arXiv:1903.09895, 1906.05379

With a single point measurement it possible to translate the precision on the xsec & value
Ac=01% — AMy=1.5 MeV
An experimental precision at thAc = 0.02 % is foreseen

Theoretical goal: precision of the theoretical predictioAc = 0.01 %

The current tools available for these analyses allow the simulatioa™@&f™ - WW~ — 4f
at full NLO-EW + higher order Coulomb effects computed in EFT
yielding an uncertainty estimated to b&M;, ~ 3 MeV

A reduction of Ac by one order of magnitude will require

the full NNLO-EW calculation (2 4 process!) matched with 3-loop Coulomb enhanced terms
computable in the EFT contribution

3-loop contributions without enhancement factors are estimated to be negligible

Full 2-loop QCD corrections to hadronic Pnal states will be needed

The mass debnition in the CMS and a gauge invariant handling of the imaginary parts at NNLO-
will be theoretical / technical points to be discussed

Matching with soft QED exponentiation at NNLO level should also be discussed
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Potential bottlenecks: event generation and phase-space integration

cfr. A.Buckley, arXiv:1908.00167

The evolution of the codes - allows more precise simulation, including (N)NLO corrections
- Is becoming potentially a bottleneck of the precision physics program

The higher precision of the theoretical results is not accompanied by a sufPcient development
In the efPciency of the corresponding codes

Different items contribute to build up the bottleneck:
- the efbciency of the phase-space integration and the problem of event generation
- the evaluation of the special functions needed to represent the guantum corrections

T I - N G T T T | T T T | I. T .I I T T T I T |
= : B herwig7 = - ATLAS Preliminary
: : I pythia8b % 100__ CPU resource needs ]
Tl R S e | herwigpp 1 = - = 2017 Computing model
: : S L i
— amcgtnlo 3  80|-2018 estimates: S
B pythia8 € - v MC fast calo sim + standard reco 3 .
, E sherpa g e MC fast calo sim + fast reco . Foov ]
U 10 : : [ powheg |] o 60—+ Generators speed up x2 v |
[} : : ;
g | : I oth - - . .
2 ‘ other 5 - — Flat budget model ;e e ..
© ‘ : @@ madgraph = - (+20%lyear)  keea
L £
L[ - . _ 201 -
10! b S R U O O U I I _: o U i
____ __ O_l 1 1 1 1 1 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 I _I
|| 2018 2020 2022 2024 2026 2028 2030 2032
0 5000 10000 15000 20000

Year

CPU time/event [seconds]

Figure 1. Left: 2015 ATLAS CPU time/event distribution and generator breakdown, plot from
Josh McFayden. Right: ATLAS CPU demand vs. availability projection to HL-LHC operation.
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Impact of MC uncertainties on the determination of EW parameters

E.A.Bagnaschi,A.Vicini, arXiv:1910.04726

MW determination from the lepton transverse momentum distribution at LHC
0.025

- 0.025 1, i
— 11 Bozzi et al. = - : ozzi et al.
Line =300 fb Y ATLAS 7 TeV
N 0.020 ' I 0.020
L > >
— O < O,
2 0.015~ > 0.015=
O W 3 I
3 = : _;1
o 0.010 EE =% 0.010 2
i H
0.005 0.005
30 32 34 36 38 40 000 30 32 34 36 38 40 0%
pm" [GeV] pM" [GeV]
n 2 _! T n Dexp "C" 1:b T n DeXp
min = (Tok )r < (Tok )s

(r,s )# bins
C=4#ppr + #stat + #mc T Hexpsyst

The MC error of a 10B events simulation is added (right plot) to the template-bt analysis

with a AMy, ~ 5MeV increase of the estimate of the total error
Templates based on 200B events would be needed to make the MC component negligible
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Perspectives: new techniques for numerical integration

Phase-space integration is one of the basic operation that we perform to compute transition rate:
one of the limiting factors (?) for the program of high-precision measurem

Challenge: Multi-dimensional phase spaces, with highly singular structures (soft/collinear radiatic
are extremely CPU-demanding

The convergence of an integration routine depends on the features of the integrand fufiction
Goal: bnd a pdp(x’) ~ f(x') close to the integrand to generate the phase-space

dxfe) — | dxp() 2
- - p(x)

Adaptive integration algorithms (e.g.VEGAS) handle efpciently proldepwablan several 1-d cases
but fail in the description of non-factorisable integrands.

A recursive approach to subdivide the integration domain = o
is implemented in FOAMadach 2004) : Tt J
addressing Oon-the-RyO the evaluation of the most relevant subintdlivals,

I

and creating a OfoamO, rather than a regular grid.
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Perspectives: new techniques for numerical integration
Recent proposaligendavid, arxiv:1707.009280 extend the FOAM idea (single tree),

1) in a BDT algorithm and 2) with a Generative Deep Neural Network

Algorithm # of Func. Evals | !/ <w > L/l

(2e6 add. evts)
VEGAS 300,000 2.820 +2.0! 10 3
Foam 3,855,289 0.319 +231 10 4
Generative BDT 300,000 0.082 +58! 10 ° B g
Generative BDT (staged) 300,000 0.077 +541 10 ° — f(X) (Camel)
Generative DNN 294,912 0.083 +59! 10 ° e"® (Primary BDT)
Generative DNN (staged) 294,912 0.030| +21! 10° 4 (Secondary BDT)

O S S B R

0 0.2 0.4 0.6 0.8 1
d, distance along multidimensional diagonal (a.u.)

The efPciency in the exploration of the integration domain already present in the FOAM approac
IS enhanced by the gradient boosting of the BDT approach,
with a convenient loss function to guide the spanning of the trees.

With a Generative Deep Neural Network ,
we try to OlearnO an approximatipy(x) of the optimal probability densify,(x)

Contrary to the image recognition problem, at the beginning the target distribution is not availabl
but it can be sampled (up to its normalisation).
Po(%)

The learning process is driven by a Kullback-Leibler loss funBygn= | dx g(x) log

. X
to be minimised . (%)
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Perspectives: new technigues for event generation

cfr. A.Buckley, arXiv:1908.00167
Event generation beyond LO faces all the problems related to

presence of IR singularities
presence of negative weight events
" a deep reformulation of the NLO generation algorithms is needed
to cure the severe inefpciencies of current generators

need to avoid double counting via proper matching or merging procedures
" Investigate the possible approximations useful to speed-up the merging of event sarr

Machine Learning techniques
S.Otten, S.Caroiy.de Swart, M.van Beekveld, L.Hendriks, C.van Leeuwen, D.Podareanu, R.Ruiz de Austri, R.Verheyen, arXiv:1901.00875

Generative Adversarial Networks (GAN) and Variational Autoencoders (VAE)
are candidates to learn the pdf underlying the distribution of scattering events
and, in turn, to speed up the generation of high-weight events.

Main criticality are the dimensionality of the Pnal state phase space and
the non trivial training phase " standard GAN and VAE falil

Accurate distributions and a signibcant speed-up of the eventual event generation are achieved
by complementing the VAE with a Density Information Buffer, which drives the learning
In a two-stages approach
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Conclusions and outlook

the experimental precision available at future e+e- colliders poses
fascinatingxtreme challenges$o theory for the correct interpretation of data
templates, the btting tools, must not introduce systematic errors spoiling the exp precision

basic QFT debnitions, like e.g. the mass of unstable particles,
need to be clariPed and implemented in simulation code at NNLO-EW level

keeping sirles among the input parameters offers a direct way to estimate this coupling
(it would be great to reanalyse LEP data in this framework)
the same approach, formulated in the SMEFT, would offer a clean strategy to NP searches

The descriptions at NNLO-EW level of the Z lineshape and of the WW threshold
require the completion of Master Integrals calculations, with arbitrary kinematics,
at the frontier of our current ability

The efbciency in the evaluation of the virtual corrections, in the sampling of the phase spaces
and in turn in the event generation

require a common joined discussion and effort to prepare the next generation of simulation cod
Collaboration with information technology engineers is probably needed (problems of career re\

The calculations described in the talk will require several years to be accomplished.
The manpower issue should be discussed considering the possibility of having, also in the theol
large collaborations able to face and solve all the aspects of a single calculation with a time sce
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Conclusions and outlook

At the LHC EW precision physics studies are currently ongoing
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCEW
big challenges (hadronic environmeht)development of new tools and strategies

A collaboration and cross-taléf both hadron and e+e- collider communiti@és both directions,
will be necessary to achieve thesebitiousgoals
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Back-up slides
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GAN: Generative Adversarial Networks

G(z) is the generator of new events, which ideally should be distributed like the regh gata),

but in practice are distributed according po(z)
D(x) Is the discriminator, whose goal is to distinguish true data from simulated ones

If D(X) Is fooled by G(z), i.e. if the events generated by G(z) are indistinguishable from real data
then the training is successful

the competitive training requires the solution of the problem

mén max E..,. logDx)+E,_,log(1—-D(G())
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