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Motivation 1/21

Tools for EW precision calculation pre-2022:

•• ZFITTER/DIZET, TOPAZØ, ...: Bardin et al. ’99

Montagna et al. ’98•• rad. corr. packages developed for LEP era

•• SM prediction for EWPOs and (diff.) cross-sections (e+e− → ff̄ )

•• Full NLO corrections + partial higher orders

•• QED ISR/FSR corrections through analyt. formulae

•• Can be linked with MC codes (KoralZ, ...) Jadach et al. ’80s–99

•• Difficult to expand and maintain

(Fortran77, not fully gauge-invariant framework, ...)

•• Modern fitting tools (Gfitter,HEPfit,GAPP): Baak et al. ’14

de Blas et al. ’19; Erler ’00•• own implementations of rad. corr.

[only EWPOs (pseudo-obs.), not full observables]

•• extensions to higher orders, different schemes and models require

custom work



Motivation 2/21

Goal of the GRIFFIN* project:

•• New EW library that is modular / object-oriented (C++)

•• Based on manifestly gauge-invariant setup

•• Repository of existing calculations

•• Can be extended to include ...

•• ... higher orders

•• ... different input parameter schemes

•• ... BSM physics (also SMEFT/HEFT)

•• ... new processes or new EWPOs

•• Can be linked to MC generators and global fitting packages

(QED more effectively handled with MC generators)

* Gauge-invariant Resonance In Four-Fermion INteractions



EWPOs: Fermi constant / W mass 3/21
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EWPOs: Z cross section and branching fractions 4/21

e+e− → ff̄ for ECM ∼ MZ:

•• Mass MZ

•• Width ΓZ =
∑

f Γff

•• Braching ratio Rf = Γff/ΓZ
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EWPOs: Z-pole asymmetries 5/21

Forward-backward asymmetry:

AFB ≡ σF − σB
σF + σB
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Left-right asymmetry:

With polarized e− beam: ALR ≡ σL − σR
σL + σR

= Ae

Polarization asymmetry:

Average τ pol. in e+e− → τ+τ−: 〈Pτ〉 = −Aτ
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Theory calculations for EWPOs: Status 6/21

Available results for ∆r, sin2 θ
f
eff , Γff :

Many seminal works on 1-loop and leading 2-loop corrections

Veltman, Passarino, Sirlin, Marciano, Bardin, Hollik, Riemann, Degrassi, Kniehl, ...

Full 2-loop results

Freitas, Hollik, Walter, Weiglein ’00 Hollik, Meier, Uccirati ’05,07

Awramik, Czakon ’02 Awramik, Czakon, Freitas, Kniehl ’08

Onishchenko, Veretin ’02 Freitas ’14

Awramik, Czakon, Freitas, Weiglein ’04 Dubovyk, Freitas, Gluza, Riemann, Usovitsch ’16,18

Awramik, Czakon, Freitas ’06

Partial higher orders: O(αtα
2
s), O(α2

tαs), O(α3
t ), O(αtα

3
s), αt =

y2t
4π

O(N3
f α

3), O(N2
f α

2αs) Nf = closed

fermion loopChetyrkin, Kühn, Steinhauser ’95 Chetyrkin et al. ’06

Faisst, Kühn, Seidensticker, Veretin ’03 Boughezal, Czakon ’06

Boughezal, Tausk, v. d. Bij ’05 Chen, Freitas ’20

Schröder, Steinhauser ’05



Full amplitude e+e− → ff̄ 7/21

EWPOs like sin2 θ
f
eff , Γff only contain leading EW corrections on Z-pole

For complete prediction need:

•• Sub-leading corrections

•• Off-peak matrix element

•• QED/QCD ISR/FSR contributions



Pole expansion 8/21

Expand amplitude for e+e− → ff̄ about complex pole s0 ≡ M
2
Z + iMZΓZ:

→ All terms are individually gauge-invariant
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Pole expansion 9/21

Expand amplitude for e+e− → ff̄ about complex pole s0 ≡ M
2
Z + iMZΓZ:

Mij =
Rij

s− s0
+ Sij + (s− s0)S

′
ij + ... (i, j = V,A)

Current state of art: R @ NNLO + leading higher orders

S @ NLO

S′ @ (N)LO

For future ee colliders: (at least) one order more!
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Pole expansion 10/21

Express Rij in terms of sin2 θ
f
eff and F

f
A (accurate up to NNLO):
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Initial-/final-state radiation 11/21

Factorization of massive EW corrections and QED/QCD ISR/FSR:

Ztot
if = Ri

f × Zif , RV
f (s) ≡

MQED/QCD

V ∗→f f̄

MBorn
V ∗→f f̄

, RA
f (s) ≡

MQED/QCD

A∗→f f̄

MBorn
A∗→f f̄

,

Z
Z γ = γ + finite, with ⊗ =

Z
Z

Rf
V , Rf

A: QED/QCD radiation factors;

FSR known inclusively to O(α4
s), O(α2), O(ααs) Chetyrkin, Kühn, Kwiatkowski ’96

Kataev ’92; Baikov, Chetyrkin, Kühn, Rittinger ’12

ISR via structure functions with LL resummation Kureav, Fadin ’85

Montagna, Nicrosini, Piccinini ’97

Ablinger, Blümlein, De Freitas, Schönwald ’20

or compute exclusively using MC methods,

e.g. KKMC, Arbuzov, Jadach, Wa̧s, Ward, Yost ’20

SHERPA YFS, Krauss, Price, Schönherr ’22

POWHEG EW Barzè, Montagna, Nason, Nicrosini, Piccinini ’12,13
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Factorization of massive EW corrections and QED/QCD ISR/FSR:

Ztot
if = Ri
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MBorn
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, RA
f (s) ≡
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MBorn
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,

Z
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Z
Z

Additional non-factorizable contributions, e.g.

Z γ
Z

→ Incorporated in F
f
A, sin2 θ

f
eff form factors

→ Known at O(ααs) Czarnecki, Kühn ’96

Harlander, Seidensticker, Steinhauser ’98

→ Currently not known at O(α2) and beyond



ISR-FSR inteference (IFI) 12/21

QED soft IR singular pieces for IFI also factorize:

Bij(1) = Btot
ij(1)

−Mij(0) 2QeQf
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Off-peak contribution 13/21

Pole expansion works well in window of few GeV about Z pole, but not beyond

Mexp,s0
ij =

Rij

s− s0
+ Sij + (s− s0)S

′
ij + ...

Outside this window, use Mnoexp
ij without expansion in s and Dyson summation:

Mij = Mexp,s0
ij +Mnoexp

ij −Mexp,MZ
ij

To avoid double counting and cancel unphys. pole at s=M
2
Z in Mnoexp

ij :

M
exp,M2

Z
ij = Tα

{

Mexp,s0
ij

∣

∣

∣

∣

s0=M
2
Z−iMZαΓZ(1)

}

Tx = Taylor operator in x

• See also Dittmaier, Huber ’09

• Could also use complex-mass scheme to compute Mnoexp
ij

Denner, Dittmaier, Roth, Wieders ’05; Denner, Dittmaier ’06



Off-peak contribution 13/21

Implementation in GRIFFIN v1.0:

Mexp,s0
ij =

Rij

s− s0
↑

@NNLO

+ Sij

↑
@NLO

+ (s− s0)S
′
ij + ...

Mij = Mexp,s0
ij +Mnoexp

ij −Mexp,MZ
ij

տ ր
@NLO
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Off-peak contribution 13/21

Implementation in GRIFFIN v1.0:

Mexp,s0
ij =

Rij
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↑

@NNLO

+ Sij

↑
@NLO

+ (s− s0)S
′
ij + ...

Mij = Mexp,s0
ij +Mnoexp

ij −Mexp,MZ
ij

տ ր
@NLO

QED contributions have been subtracted

SM predictions for EWPOs (∆r, sin2 θ
f
eff , F

f
A) at NNLO+



Structure of the library 14/21



Sample program 15/21



Sample program (2) 16/21



Sample program (3) 17/21



Sample program (output) 18/21



Comparison GRIFFIN 1.0 vs. DIZET 6.45 19/21



Comparison GRIFFIN 1.0 vs. DIZET 6.45 20/21

Ratios of differential cross-sections for e+e− → µ+µ− for different θ:

. O(10−3) agreement near Z-pole (∼NNLO precision)

%-level agreement away from Z pole (NLO prec., different implementations)

[Note: enhanced corrections when tree-level matrix element is small]



Outlook 21/21

GRIFFIN v1.0: ff̄ → f ′f̄ ′ with NLO EW corrections and h.o. @ Z-pole

Future upgrades:

•• Bbhabha scattering (f = f ′)

•• Higher-order off-resonance corrections, e.g.

O(ααs), Heller, v.Manteuffel, Schabinger, Spiesberger ’20

Bonciani et al. ’21
O(Nfα

2)

•• SMEFT d=6 operator effects

•• W production and decay (a.k.a. charged-current DY)

Try out the code: github.com/lisongc/GRIFFIN/releases

Feedback welcome!



Backup slides



Implementation of higher-order corrections



Z lineshape

Deconvolution of initial-state QED radiation:

σ[e+e− → ff̄ ] = Rini(s, s
′)⊗ σhard(s

′)

Kureav, Fadin ’85

Berends, Burgers, v. Neerven ’88

Kniehl, Krawczyk, Kühn, Stuart ’88

Beenakker, Berends, v. Neerven ’89

Bardin et al. ’91; Skrzypek ’92

Montagna, Nicrosini, Piccinini ’97

Soft photons (resummed) + collinear photons

Rini =
∑

n

(

α

π

)n n
∑

m=0

hnm lnm
(

s

m2
e

)

Universal (m=n) logs known to n = 6,

also some sub-leading terms
Ablinger, Blümlein, De Freitas, Schönwald ’20

Exclusive description: MC tools

LEP EWWG ’05
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