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In Memory of Prof. Stanislaw Jadach

Sadly, Prof. Stanislaw Jadach passed away suddenly on Feb. 26, 2023 CERN 
COURIER: May - June Issue, 2023:
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Introduction

The Future of Precision Theory: Dictated by Future Accelerators –
FCC, CLIC, ILC, CEPC, CPPC, SSC-RESTART? · · ·
Using FCC as an example, factors of improvement from ∼ 5 to ∼ 100
are needed from Theory

Resummation is a key to such improvements in many cases:
Today, we discuss amplitude-based resummation following the YFS
methodology

YFS → ’no limit to precision’

See 1989 CERN Yellow Book article by Berends et al.

B.F.L. Ward ICHEP2024
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Introduction
The Future of Precision Theory: Dictated by Future Accelerators –
FCC, CLIC, ILC, CEPC, CPPC, · · ·
Gianotti: 1/10/23
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Future Options

Exploitation HL-LHC

Technology/R&D

Figure: Future of CERN.
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Theory

45

Some physics highlights: 
q Higher-order calculations of background processes for

LHC, HL-LHC and future colliders
q Axion physics and, in particular, studies for using axion

haloscopes to detect high-frequency gravitational waves
through oscillating electromagnetic signals sourced by 
spacetime distortions (arXiv: 2202.00695)

q String Theory: Exploring the swampland and how its 
conjectures can reveal information on the energy scales 
of nature (arXiv: 2205.12293)

q Bounds on the energy growth of gravitational amplitudes
(arXiv: 2202.08280)

Other activities:
q Full restart of scientific activities and visitor programmes after Covid. 
q TH served as a focal point for the physics community to discuss eco-

friendly practices for organising scientific events and business travel. 
These issues were discussed in a dedicated Theory Institute, named 
“Sustainable HEP”

Figure: Future of CERN.
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Introduction

YFS methods are exact in the infrared but treat the collinear logs
perturbatively in the β̄n residuals

DGLAP-based collinear factorization treats the collinear logs to all
orders but has a non-exact IR limit

In this talk, we present new results for precision collider physics 
based on the usual YFS methods with an eye toward their new 
collinearly improved counterparts

A Key Point: Exact Amplitude-Based Resummation Realized on
Evt-by-Evt Basis – Enhanced Precision for a Given Level of Exactness:

LO, NLO, NNLO, ...., essential for future precision physics as
exemplified by CERN.

B.F.L. Ward ICHEP2024
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Recapitulation of Exact Amplitude-Based Resummation
Theory

dσ̄res = eSUMIR(QCED) ∑∞
n,m=0

1
n!m!

∫
∏n

j1=1
d3kj1

kj1

∏m
j2=1

d3k ′
j2

k ′
j2

∫ d4y
(2π)4 eiy ·(p1+q1−p2−q2−∑kj1−∑k ′

j2 )+DQCED

˜̄βn,m(k1, . . . ,kn;k ′
1, . . . ,k

′
m)

d3p2

p0
2

d3q2

q 0
2
, (1)

˜̄
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where new (YFS-style) non-Abelian residuals βn,m(k1, . . . ,kn;k ′ , . . . ,k ′ ) 
have n hard gluons and m hard photons.

(Note that        contain the QCD color correlations and the remainder of 
Gatheral’s exponent (Phys. Lett. 133B (1983) 90).)
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Review of Exact Amplitude-Based Resummation Theory

Here,

SUMIR(QCED) = 2αsℜBnls
QCED +2αsB̃nls

QCED

DQCED =
∫

d3k
k0

(
e−iky −θ(Kmax − k0)

)
S̃nls

QCED (2)

where Kmax is “dummy” and

Bnls
QCED ≡ Bnls

QCD+
α
αs

Bnls
QED,

B̃nls
QCED ≡ B̃nls

QCD+
α
αs

B̃nls
QED,

S̃nls
QCED ≡ S̃nls

QCD+S̃nls
QED. (3)

“nls”≡ DGLAP-CS synthesization.

Shower/ME Matching: ˜̄βn,m → ˆ̄̃
βn,m

See Ann. of Phys. 323 (2008) 2147 and references therein
for more details.

B.F.L. Ward ICHEP2024
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New Perspectives for Precision Collider Physics: LHC,
FCC, CPEC, CPPC, ILC, CLIC

(HL-)LHC:
K K MChh: Exact O(α2L) CEEX EW corrections matched to a Herwig
parton shower (built-in) or to any other shower via Les Houches files

(see also Liu et al., to appear).⇒
Recent ATLAS results on Z γ production (G. Aad et al., EPJC 84 (2024) 195)

B.F.L. Ward ICHEP2024

IHL-LHC => Factor of ~ 10 smaller statistical errors => Test? 
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New Perspectives for Precision Collider Physics: LHC,
FCC, CPEC, CPPC, ILC, CLIC

(HL-)LHC:
K K MChh: NISR shows effect of QED contamination in non-QED
PDFs is below the errors on the PDFs:

NISR –

σ(s) =
3
4

πσ0(s) ∑
q=u,d ,s,c,b

∫
dx̂ dzdr

∫
dxqdxq̄ δ(x̂ − xqxq̄z)

× f h1
q (sx̂ ,xq)f

h2
q̄ (sx̂ ,xq̄) ρ(0)

I

(
γIq(sx̂/m2

q),z
)

ρ(2)
I

(
− γIq(Q

2
0/m2

q), r
)

×σBorn
qq̄ (sx̂z) ⟨WMC⟩,

(4)

B.F.L. Ward ICHEP2024
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New Perspectives for Precision Collider Physics: LHC,
FCC, CPEC, CPPC, ILC, CLIC

(HL-)LHC:
K K MChh: NISR shows effect of QED contamination in non-QED 
PDFs is below the errors on the PDFs:
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New Perspectives for Precision Collider Physics: LHC,
FCC, CPEC, CPPC, ILC, CLIC

FCC-ee:
BHLUMI and the Luminosity Theory Error – Current Purview 
(M. Skrzypek et al., 2023 FCC Workshop, Krakow, 2023 MTTD, Ustron)

B.F.L. Ward ICHEP2024

See B.F.L. Ward et al., this Conference, for more details.



1/2/2008 11/2/2008

--Style Style 
 in Quantum Field  in Quantum Field 

 on his 60 on his 60thth Birthday)Birthday)

BFL Ward
Baylor University

1/5/2008

Improving the Collinear Limit in YFS Theory

Higher precision for HL-LHC/FCC ⇔ Collinearly enhanced YFS 
resummation. Basic CEEX YFS resummation for

→ f f̄ + nγ, f = ℓ,q, ℓ = e,µ,τ,νe,νµ,ντ, q = u,d ,s,c,b, t :

σ =
1

flux

∞

∑
n=0

∫
dLIPSn+2 ρ(n)

A ({p},{k}), (5)

ρ(n)
CEEX({p},{k}) = 1

n!
eY (Ω;{p})Θ̄(Ω)

1
4 ∑

helicities {λ},{µ}

∣∣∣M
(
{p}
{λ}

{k}
{µ}

)∣∣∣
2
.

(6)

By definition, Θ(Ω,k) = 1 for k ∈ Ω and Θ(Ω,k) = 0 for k ̸∈ Ω, with

Θ̄(Ω;k) = 1−Θ(Ω,k) and

Θ̄(Ω) =
n

∏
i=1

Θ̄(Ω,ki).

B.F.L. Ward ICHEP2024
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Improving the Collinear Limit in YFS Theory

For Ω defined with the condition k0 < Emin, the YFS infrared
exponent reads

Y (Ω;pa, ...,pd ) = Qq
2YΩ(pa,pb) +Qf

2YΩ(pc ,pd )

+QqQf YΩ(pa,pc ) +QqQf YΩ(pb,pd )

−QqQf YΩ(pa,pd ) −QqQf YΩ(pb,pc ).

(7)

B.F.L. Ward ICHEP2024
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Improving the Collinear Limit in YFS Theory

Here

YΩ(p,q)≡2αB̃(Ω,p,q)+2αℜB(p,q)

≡−2α
1

8π2

∫
d3k
k0 Θ(Ω;k)

(
p
kp

− q
kq

)2

+2αℜ
∫

d4k
k2

i
(2π)3

(
2p− k

2kp− k2 −
2q+ k

2kq+ k2

)2

.

(8)

Fundamental Idea of YFS: isolate and resum to all orders in α the 
infrared singularities so that these singularities are canceled to all such 
orders between real and virtual corrections.
What collinear singularities are also resummed in the YFS resummation 
algebra? 

B.F.L. Ward ICHEP2024



1/2/2008 11/2/2008

Review of Applications of YFSReview of Applications of YFS--Style Style 
Resummation in Quantum Field Resummation in Quantum Field 
Theory via Monte Carlo Methods Theory via Monte Carlo Methods 
(In Honor of S. Jadach on his 60(In Honor of S. Jadach on his 60thth Birthday)Birthday)

BFL Ward
Baylor University

1/5/2008

Improving the Collinear Limit in YFS Theory

Focusing on the s-channel and s’-channel contributions,
we have

Yq(ΩI ;p1,p2) = γq ln
2Emin√
2p1p2

+
1
4

γq +Q2
q

α
π

(
− 1

2
+

π2

3

)
,

Yf (ΩF ;q1,q2) = γf ln
2Emin√
2q1q2

+
1
4

γf +Q2
f

α
π

(
− 1

2
+

π2

3

)
,

(8)

where

γq = 2Q2
q

α
π

(
ln

2p1p2

m2
e

−1
)
, γf = 2Q2

f
α
π

(
ln

2q1q2

m2
f

−1
)
, (9)

⇒ The YFS exponent resums the collinear big log term
1
2 Q2 α

π L to the infinite order in both the ISR and FSR
contributions.

Can this be improved to the result of Gribov and Lipatov to
exponentiate 3

2
α
π L via the QED form-factor?

B.F.L. Ward
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Improving the Collinear Limit in YFS Theory

In PLB848 (2024) 138361, we keep the collinearly enhanced terms in the derivations of 

(10)

(11)

See S. Jadach, Durham talk, 2002, for integrated form of BCL.

B.F.L. Ward ICHEP2024
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Improving the Collinear Limit in YFS Theory
What about CEEX?

Use of amplitude-level isolation of real IR divergences, K-S
photon polarization vectors ⇒

Mµ = MBµsCL,σ(k), (12)

with

sCL,σ(k) =
√

2Qee

[
−
√

p1ζ
kζ

< kσ|p̂1 −σ >

2p1k
+δλ −σ

√
kζ
p1ζ

< kσ|p̂1λ >

2p1k

+

√
p2ζ
kζ

< kσ|p̂2 −σ >

2p2k
+δλσ

√
kζ
p2ζ

< p̂2λ|k −σ >

2p2k

]
.

(13)

Here, ζ ≡ (1,1,0,0) and p̂ = p−ζm2/(2ζp).

Upon taking the modulus squared of sCL,σ(k) we see that the extra
non-IR divergent contributions reproduce the known collinear big
log contribution which is missed by the usual YFS algebra.

B.F.L. Ward ICHEP2024



1/2/2008 11/2/2008

--Style Style 
 in Quantum Field  in Quantum Field 

 on his 60 on his 60thth Birthday)Birthday)

BFL Ward
Baylor University

1/5/2008

SUMMARY

Amplitude-based resummation allows improved control of IR and
Collinear limits

MC realizations are needed for current and future precision collider
physics

New, collinearly enhanced soft functions ⇔ Higher level of accuracy for
a given level of exactness in the IR-finite YFS hard photon residuals.

Enhanced toolbox available to extend the (CEEX) YFS MC method to
the other important processes at present and future colliders.

Some New Physics may hang in the balance at both LHC, FCC, and
other future colliders!

B.F.L. Ward ICHEP2024




