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e present and future conceivable theoretical knowledge of Z peak in
view of TeraZ @ future ee™~ colliders

e Mini Workshop on Precision EW and QCD Calculations for the
FCC Studies: Methods and Techniques
12-13 January 2018 CERN

Standard Model Theory for the FCC-ee: The Tera-Z

Report on the 1°' Mini workshop: Precision EW and QCD calculations for the
FCC studies: methods and tools, 12-13 January 2018, CERN, Geneva

https://indico.cern.ch/event/669224/
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Observable Present FCC-ee | FCC-ce Source and
value error | St | Syst. dominant exp. error
my, (keV/c?) 91186700 2200 5 100 Z line shape scan
Beam energy
T (keV) 2495200 2300 3 100 Z line shape scan
Beam energy calibration
RZ (x10°) 20767 25 0.06 1 Ratio of hadrons to leptons
Acceptance for leptons
(1) (x107) 1196 30 0.1 1.6 RZ above
R, (x10°) 216290 660 03 <60 Ratio of bb to hadrons
Stat. extrapol. from SLD [7]
07 (X10°) (nb) 41541 37 0.1 1 Peak hadronic cross-section
Luminosity measurement
N, (x10%) 2991 7 0.005 1 Z peak cross sections
Luminosity
S0 (X 10°) 231480 160 3 2-5 Affh, at Z peak
Beam energy calibrati
T/agen(mz)(x10°) | 128952 14 [ small A off peak
AD (x10%) 992 16 0.02 <I | b-quark asymmetry at Z pole
Jet charge
ADRT (x107) 1498 49 0.15 <2 7 polar. and charge asymm.
+ decay physics
my (keV /) 803500 15000 | 600 300 WW threshold scan
Beam energy calibrati
Tw (keV) 208500 42000 | 1500 | 300 WW threshold scan
Beam energy i
a,(mw) (x107) NA NA 3 small Ry
N, (x10%) 2920 50 0.8 | small Ratio of invis. to leptonic
in radiative Z returns
o, (MeV/) 172740 500 20 small t threshold scan
QCD errors dominate
Tiop (I\h\\'/’(*z) 1410 190 40 small tt threshold scan
QCD errors dominate
N/ At m=12 03 0.08 | small t threshold scan
QCD errors dominate
ttZ couplings 30% | <2% | small Ecy = 365GeV run

similar requirements to theory@Z pole from CEPC and FCC-ee
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Radiative corrections required for two processes

x s-channel ff production

3

o differential cross sections
e 7 decay widths

* 1~ Chal’lne| Sma” angle Bhabha Scattenng Iarge angle included above)

* rad. corr. means

e Feynman diagrams calculations with bosonic v, W, Z and fermionic
insertions in all possible ways (virtual and real) to the tree-level

amplitudes
e development of simulation tools (MC event generators/MC

integrators including consistently higher order amplitudes)
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separation of QED and EW corrections

e among the complete SM higher order corrections, photonic (QED)
corrections display characteristic features (similarly for QCD
corrections, but they appear only for hadronic final states or in
higher orders)

e both virtual and real corrections are involved

o they develop large IR/collinear logarithms ~ log (%) log (’5—2)

e where AFE is some maximum real photon energy induced by the
event selection for final state fermions

e moreover, z% ~ 3% inhibites hard photon radiation from the initial
state

= large effects on observables, which depend also in a non-trivial way

on the applied event selection

e moreover QED corrections are a gauge-invariant subset of the
whole SM corrections
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Effect of QED ISR deconvolution
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o LEP recipe: separate known large QED effects (and resum them)
from O(%) (or below) EW one-loop corrections not yet (in the
ninetees) “measured”

e note that m; and my were not yet known, together with the
non-abelian trilinear gauge coupling

do = /da:lda:gD(xl, Qz)D(xQ, QQ)d&(s’)(S(s’ — T1228)

¢ by analytical integration over one x dimension, we get the
convolution with the radiatior/flux function H(z, Q?)
e at the prize of being not fully exclusive on both leptons, being able
to treat only simplified event selection (e.g. s’ > sq)
e ~ 20 years ago one analytical integration allowed to avoid CPU time
problems

T’ Q2 Q7

1
or(s) = / dzH(z; )67 (25) App(s) =
Jzq Ttot

1 1 N
/ZO dzm Hyp (2:8) 6pg (28)

e H functions known at O(a?) for cross sections and O(a?) for App
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ansatz for the kernel cross section

e model-independent parameterization of 6(e*e™ — ff)

Ay = A, + A, + non-factorizable

e aim: write the Z-line shape in a model independent way
Borrelli, Consoli, Maiani, Sisto, NPB333 (1990) 357

sT'2
U?f _  peak z
P (s = Mz)? + s2T% /M3
0
gpoak _  _TiF o0 _ 12w Deel'yy
£ RQED Mg TR

o partial widths (or, even better, ratios) can be fitted from data and
calculated within SM (and/or possible extension of it) to the
desired accuracy

e calculating decay widths is easier w.r.t. a complete cross section
¢ also easier data combination between different experiments
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(A)
Raw exper. DATA

Detector dependent

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

(D)
SM Electroweak
calculations
1-2 loops, no QED

(B) i
Experimental DATA testing

Cut-off dependent
with QED effects

&
10

<
QQ@?\O?
© q@:«?f“
EWPO'’s N

,13
New Physics Models
+ SM without QED

o for ~ 0.1% precision, it was thoroughly checked that any

Cross sections
Partial/total widths
Asymmetries
Without QED

uncertainty in the procedure was below 0.01% level in the regions

of interest
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can we extend the method to higher pert. orders?

e The separation between QED and EW corrections becomes more
complicated beyond one-loop
e e.g. a QED virtual and real correction on top of a one-loop virtual
EW contribution
e numerically it is more convenient to adopt a method where the IR
cancellations between real and virtual corrections is performed at
the integrand level, as realized in the code KKMC

e role played by the initial-final state interference

e it is naturally suppressed by the factor ' /M, its typical size being
~0.1%
e however it is important for
e total cross sections out of peak
e asymmetry around the peak
e resummation of IF| effects in presence of resonance available in the
literature

M. Greco, G. Pancheri, Y. Srivastava, 1975
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Asymmetries
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(B) ]
Experimental DATA
with cut-offs

QED is present

- | BSM Physics Models
+SM without QED

(D)

SM calculations

Fitting with MC | WT-diffs
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1-2-3 EW loops
QED subtracted
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e subtraction of only QED or QED and EW (SM now well known

effects)?
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can we extend the method to higher pert. orders?

e kernel cross section should respect analyticity, unitarity and
gauge-invariance
e the general expression of any 2 — 2 massless fermion matrix
element can be written in terms of 4 form-factors (4 independent
helicities), which are computed perturbatively

_ _ 4TI (S o

MOet = ) = Tl g0 00 ma,

MP(emet = f7fF) = sie2X2(®) [MEf va @7 = M vays @ 7
S

— ML va x ¥y + ML vays ® v*s).

e —e.g. Arp = %AeAfHerms that contain the ~ exchange and
box diagrams. The latter depend on two kinematic invariants and
break factorization
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additionally, close to resonance s ~ sg, the matrix element can be
represented as a Laurent series

R o.9]
M = + D (s = s0)"B™
n=0

S — S0
So = M% + iMZfZ
R and B are gauge invariant and the expansion should be done
consistently considering that s — sg ~ ¢°

The procedure can be safely adopted for the complete two-loop

calculation and then subtract consistently v exchange and boxes
however there are some challenges for complete two-loop
calculations
» ambiguities in the v° definition in dimensional regularization for
chiral fermions = no general solution beyond one-loop
e this stimulated recent investigations of different regularization
methods in four dimensions
e singularities have to be extracted from diagrams: two main methods
available, sector decomposition and Mellin-Barnes
e numerical integration uncertainty, because of large cancellations
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e most recent achievement is the complete bosonic two-loop
calculation to Z decay

Dubovik et al. 2018

Z — bb
Number of 1 loop 2 loops 3 loops
topologies 1 148785 211 W sa B 51
Number of diagrams | 15 | 2383 ““4” 1074 | 490387 ““4” 120472
Fermionic loops 0 150 17580
Bosonic loops 15 924 102892
Planar / Non-planar | 15/0 981/133 84059/36413
QCD/EW 1/14 98 /1016 10386/110086
Z —ete, ...
Number of 1 loop 2 loops 3 loops
topologies 1 1497 %5 211 W 8a W51
Number of diagrams | 14 | 201229880 | 397690 “*4 91472
Fermionic loops 0 114 13104
Bosonic loops 14 766 78368
Planar / Non-planar | 14/0 782/98 65487/25985
QCD/EW 0/14 0/880 144/91328
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e TeraZ data analysis will require SM EW predictions based on
complete two loop calculations plus resummed higher orders QED
effects and partial three/four loop contributions

¢ the data analysis strategy through the definition of
pseudo-observables has to be carefully investigated

e at least in principle the method exists for a proper separation of
QED effects from EW ones at higher orders

e the calculation of the radiative corrections to the hard scattering
has to be defined in the pole scheme, in order to respect general
properties like analyticity, unitarity and gauge invariance

« different seminumerical/analytical methods for dealing with
multiloop diagrams already exist but progress and independent
approaches are required

e construction of independent precision simulation tools is required,
in order allow for detailed cross-checking and deliver robust
th-predictions
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Next Workshop on precision calculations: CERN, 7-11 January 2019

Thank you!
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