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4-Fermion processes

Muon decay
Z-pole (FCCee, CEPC, ILC, ...)
Drell-Yan ((HL)-LHC)
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Rich physics!



A Z-pole Observables

O cross section 0(s = Mz) = O'?c

d  widths of Z boson.

A branching ratios.
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I Asymmetries and effective weak-mixing angle 'QE(’Uf — af75)’y“ Zuiﬂ
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SM Loop corrections

1-loop and leading 2-loop EW corrections
Veltman, Passarino, Sirlin, Marciano, Bardin, Hollik, Riemann, Degrassi, Kniehl, ...

Full 2-loop corrections EW and mixed QCD-EW to Ar and Z-pole observables

Djouai, Verzegnassi ‘87, Djouadi ‘88, Kniehl, Kiihn, Stuart ‘99, Kniehl, Sirlin ‘93,
Djouadi, Gambino ‘94, Halzen Kniehl ‘91, Chetyrkin, Kiihn ‘96, Fleischer et al. '92
Freitas, Hollik, Walter, Weiglein *00, Awramik, Czakon ‘02, Onishchenko, Vertin
‘02,

Awramik, Czakon, Freitas, Weiglein ‘04, Awramik, Czakon, Freitas ‘06, Hollik,
Meier, Uccirati ‘05 ‘07, Awramik, Czakon, Freitas, Kniehl ‘08, Freitas, Huang ‘12,
Freitas ‘13’14, Dubovyk, Freitas, Gluza, Riemann, Usovitsch ‘18

Approximate 3- and 4-loop corrections to universal parameters (p parameter)

Chetyrkin, Kiihn, Steinhauser ‘95, Schrdder, Steinhauser ‘05, Faisst, Kihn,
Seidensticker, Veretin ‘03, Chetyrkin et al. ‘06, Boughezal, Tausk, v.d. Bij'05,
Boughezal, Czakon 06
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Experimental uncertainties given by future electron-positron colliders

Exp | Current theo. error | CEPC | FCC-ee | ILC/GigaZ
My [MeV] 12 4(a?, o’as) 1 0.5~1 2.5
I'z[MeV] 2.3 | 04(c? a’ay,aa?) 0.5 0.1 1.0
sin? 0/ [107°] 16 4.5(c, o’ ay) <1 0.6 1

The calculation of the next relevant order for the EWPOs will be necessary.



How to connect precision observables with
measurements?



d EWPOs are “pseudo-observables”.

A Most of them connect to the Z boson lineshape and asymmetries. ---need theory input to
extract. (Fixed-order+resummations)
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A In LEP/SLD era

ZFITTER(D. Bardin et al) , TOPAZQ(G.Passarino et al), and BHM/\WWOHw.Hollik et al, not public) are
developed for computing relevant observables.

A In future electron-positron colliders’ era

Formally gauge invariant setup .
Extendability that accommodates BSM and EFT

- Motivates this project! (GRIFFIN: Gauge-Resonance-In-Four-Fermion-INteraction)



Gauge invariance can easily be violated>.\ z,«(i + M

2222 + 712 + 797
A(s)=— L
2 _y(1)
s — M2-%5(s)

+B(s)

Dyson-resumming truncated 1-PI
self-energy.

Leading delicate gauge-parameter
- cancellations order-by-order among
diagrams disappear.
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EWPOs are defined gauge-invariantly.

Need a gauge invariant theoretical description up to any given accuracy to compare
with the measured Z-resonance lineshape, where all EWPOs are extracted from (R.G.
Stuart 91).

Gives a model-independent profile of four-fermion interaction featuring a gauge
resonance.
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An S-matrix description by pole
scheme
Ao _Zis)Zf(s) _ Zi(s0)Zf(s0) + Zi(s)Z(s) — Zi(50) Zf(s0)

 s—M?2-X%(s) s — (sg+2(s0)) + X(s)

Zi(80)Z5(s0)
= + N (s
(5= s0)(1+D(sq)) T
R , :

A= +S+(s—s09)S" +... In Laurent expansion

S — 80

2 Sy R, S, S’ are separately gauge-invariant!

S0

—iMzT,
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An example of the numerical impact given by non-consistenly using pole scheme (M.
Awramik, M. Czakon, A. Freitas ‘06)

f
Z - .
““A@< = [[Z,/1] = 2, = (01 + arys)
f
f
kﬂ@< = Dl 7] = gt = iv(as + p19).
f

58W = sin 0 eff,ZFITTER — sin eeff,pole scheme

O
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— (Sp) + SBY) ~ 0(1079)
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Leading Pole Term

Ri;
A,”J_S—SO_F +(S SO)

+ hon-resonant \
Zie F(so) Zjs

For \ Freitas, Hollik, Walter,
Weiglein’00;Amramik, Czakon
N N LO R 1 bR ‘02;0nishchenko, Vertin ‘02;
1] |

Dubovyk, Freitas, Gluza, Riemann
Usovitsch ‘18; Freitas ‘“14;
13Awramik, Czakon, Freitas,
Weiglein ‘04;Hollik, Meier,
Uccirati’05; Awramik,Czakon,
Feritas ‘06...

already exists!



Regular Term Aij = ——+ 5,4+ (s—s0)

M non-resonant

'6 F(SO) Zg_f

Sz'j — ijF(SO) + Zz'e F(So) -+ ZierfF,(So) + Bz’j
/
For NNLO : the derivative of
o triangle-loop needs to

be carried out.
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Non-Resonant background.

A QED contributions can be fully taken care by MC tools (e.g.
KKMC S. Jadach, B.F.L.Ward,Z.Was).

Most sizable QED effect comes from ISR.

Forms a gauge-invariant subset together with photonic
boxes.

A photon-Z boxes needs special care since they also
contribute to resonant part.

Bg. + Bfg log (1 — <)

0

B,z = + Bl + ...

S — 8o

A Other finite EW boxes, as pure background, are computed.
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a

IR subtraction scheme: CEEX scheme (S.
Jadach, B.F.L.Ward,Z.Was).

fully taken care by MC tools.

\

Ztot ) X 7. QED/QCD factorizable
i f contributions excluded

for non-factorizable vertex, IR finite, can be
incorporated into Z,L. f order by order.
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Defining EWPOs and R, S, S’
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Defining EWPOs and R, S, S’, and cross-section

M = [Mvvqf“ ® Yu — Myav"* @ vuy® — Mavy*y® @ v, + Maay"y® ® %L"/E)]
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Gauge Resonance
In Four-Fermion
INteraction

Realization in C++.

EWPOs
predicted by
models

Pseudo-Observables

EWPOs fittings
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The Structure of the Library

class inval

class psobs

input parameters (in the SM)

output observables

) Mw zu pesudo-observables
Boson masses and widths Cysp ,Ar
I'wz defined at Z-peak
, ete
08
Meu,r : .
_ Bl amplitude coefficients under
Fermion masses mhilS - (My) R,S,and &'
Y pole scheme
mOs
a(0)
. (polarized) matrix element
Couplings Aa =1- a(0)/a(M7) Re M;; My,

afrg(M§), GF

square near Z-peak
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Class structure of the

input:

Class structure
of the output:

class

inval

class invalGmu )

SMvalGmu

Nt

([ class coeffR,

| coeffS, coeffSp

class SW,
FA, etc

'

class

psobs

+{R_SMNNLO,etc | | SWNLO, etc |
:
L{ S_SMNLO, etc | SW.NNLO, etc
:
| SW_.NNNLO, etc

( class SMval )

( class matelsq |
'

matelsq_NNLO

class psobsfix
L )
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Preliminary results and comparison with ZFITTER

d Benchmark inputs:

GRIFFIN input parameters

ZFITTER input parameters

ZFITTTER output

a,(M2) = 0.118, a = 1/137.035989500
Aa? =0.02800, M, =91.1876 GeV, G, = 1.16638 x 105

me = 173.1 GeV, mpy = 125.1 GeV

'z = 2.496631 GeV
JMW = 8(0.3531 GeV
'y = 2.089786 GeV
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[ Numerical Results:

ZFITTER

GRIFFIN

Ar 3.665994 x 1072

£ 2V2E)
oz = W
|p£| Sinzgfj/ PN

ZFITTER GRIFFIN | ZFITTER GRIFFIN | ZFITTER | GRIFFIN
vii 1.008036  1.00803 0.231287 NAN 0.1671214 | 0.167166
U 100515  1.00506 0.231668  0.231661 0.083982 | 0.0839516
wii  1.00584  1.00589 0.231548  0.231561 0.299952 | 0.299919
dd  1.006798  1.00672 0.231436  0.231434 0.382830 | 0.382838
bb 0.996962  0.992636 0.233196  0.233058 0.376800 | 0.376723

3.66597 x 102

Q  irreducible parametric
shift between input
schemes.

O different

parametrization of Aa.

d  treatment of
light-fermion masses.
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To be done:

Comparison at cross-section level.
Implementation of leading fermionic 3-loop corrections (L.Chen, A. Freitas 20, ‘21).

Interface with MC tools.

Outlook:

Direct use for the SM NNLO precision test at the CEPC, FCC-ee, ILC/GigaZ,...
And can extend to orders beyond NNLO consistently.

Becomes handy in study of EW constraint of BSM, SMEFT. i.e. contributions

given by BSM models etc. can also be implemented in our software framework.

Transplant to other 4-fermion interaction processes where gauge resonance
study is also important. (e.g. Drell-Yan at the HL-LHC (Adam, Alessandro’s talks)
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THANK YOU.
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Backup Slides
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Do we need?

I'z
O  power counting & ™ My,

v / Q@ For o at N"LO, we need n-loop at R, n-1-loop at S, n-2 at S’

4 Since a ko mi aly
5' = ,man S -4 O
= B 7087~ O
Z (S. Jadach et al. ‘00)

near the resonance. Can hence be safely neglected.



In ZFITTER:

2
Uzspr= FoCl|P£|(|gé| Ry, + R})
M2
sin Heff = (1 M—V;/)(l + Aky)
Z
P 2\/§F{

Conversion: \pz| =

i 5&0,

31



Implementation of the higher-order contributions.

Corrections entering through dp:

drho2aas O(yas)

drho2a?2 O(a?)
* drho3aas2  O(wa?)
* drho3a2as  O(alay)
* drho3a3 O(a?)
* drho3aas3  O(wa?)
Full corrections to Fj;, sin? Ogﬁ:
* res2ff O(a3)
*  res2fb O(afoy)
*  res2bb O(a})
*  res2aas O(aas)  (correction to internal gauge-boson self-energies)
* res2aasnf O(acas) (non-factorizable final-state corrections for f = ¢)
*  res3fff O(a})
* res3ffa2as O(ajoy)

* asterisk indicates
the contribution that
can be summed up
as a meaningful
result.
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A Orders taken into account for comparison (with ZFITTER

v6.42):
Ar sin® 0/ rA Tyff
O(a, a?)
O(a,a?) O(a) g
L+NLO(o},.) parametrized by

ZFITTER

O(aa,, aa?)
leading O(a*, o’a,)

in m? expansion

O(a}),0(aa,)
leading O(aa?, o, o’a,)

. 2 .
in m; expansion

in m? expansion
(except for Z — bb),

O(aq, acy)

s 2af
sin HCH and

Pz

GRIFFIN

O(a, a?)

O(aay, OéOé?)
leading

O(a?, a’a,, aa?)

in m? expansion

O(a, a3, a3,,)

O(aa,)

leading

O(aa?, a?, a’a,, aa?)

- 2 -
In m; expansion

O(a, o}, a3,,)
O(aa,)

leading

2

O(a?, aa?, a’a,, aa?)

. 2 .
In my expansion

parametrized by
Sin2 eff
and

IA
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[ Example of the Code
A setting the input.

M _ Mexp/\/l i (Fexp/Mexp)Q ,f — MEXP/\/I 1. (I‘GXD/MQXP)Q'

#include "SMval.h"

int main()

{
SMval myinput; //defining the input set as an object of class SMval
myinput.set(MZ, 91.1876);
myinput.set(GamZ, 2.4966);

cout << myinput.get(MZc) << endl; //output the Z-boson mass in complex-
pole mass scheme

}

Example 2.2.1 Setting input values, with conversion of the gauge-boson masses and
widths from PDG value to complex-pole masses and widths
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a

2

defining the virtual function that
evaluates the form factors or
observables,...

output file.

Example 2.6.1 An example of defining function result() in the scope of the derived
class SW_SMLO

Cplx SW_SMLO: :result(void) const
{
return(...); // the expression of effective weak-mixing angle defined at
the LO SM

#include "EWOPZ2.h"
#include "SMval.h"
int main()
2
SMval myinput; //defining the input set as an object of class SMval
myinput.set(MZ, 91.1876);
myinput.set(GamZ, 2.4966) ;
// more input parameters to be set up
//deflnlng objects from classes FA_SMLO and SW_SMLO
FA_SMNNLO FA21(LEP, myinput) ;
SW_SMNNLO SW21(LEP, myinput) ;
//radiative correction for FA and SW due to delta_rho at D(alpha_t*alpha_s
=2)
cout <<FA2l.drho3aas2()<<endl;
cout <<SW2l.drho3aas2()<<endl;

cout <<"the_leading-order_FA~lep"<< FAl.result() << endl; //output the F_A
~1 at NNLO

cout <<"the_leading-order_SW~lep"<< SWl.result() << endl; //output the SW~
1 at NNLO

Figure 3: The example of outputting numerical results of F‘f 4+ and sin? Ggﬂp at
NNLO in the SM.
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A Pole scheme for gamma-Z box diagram.

Buy ~ d'q i Z{(s',8)Z; (8, s¢)
| (27)* ¢*(d — 9‘2)(51 ko) s' — mzo +Xz(s')
W (s 5:.85)

=(g+p2+p)?, si=(g+p), s;5=(q+ky)?

Z(s,8,)Z(s,s5)
8’ —m2 + Xz(s)
N Zi(80,0)Zs(80,0) + Zi(s', 8:) Zs(8', 85) — Zi(380,0)Z¢(50,0)
8’ — 8o+ Xz(s") — Lz(s0)
= Zi(SOvO)Zf(‘SOaO) Z,-(S’,S,-)ZI(S’, sf) - Zi(SOaO)Zf(s(]&O)
(8" — s0)(1 + E%(s0)) 8’ — 89+ Xz(s") — Lz(s0)
_ P(so)

= + N(s',s;,8
s’ — 8y ( !)

W(s, si,87) =
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