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What we are preparing for

Higgs self interaction is key to
understanding of EW sector

Measurement will require careful
combination of many analyses
with full HL-LHC data set

Heavy flavor channels needed
for high statistical significance

HH Decay
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attribute of the system. Massive plasmons are manifest 
through the exponential decrease of the magnetic field 
inside the superconductor (the Meissner effect).

The extension of this physics to relativistic 
dynamics18–21 has been introduced to provide a consist-
ent model of weak interactions in particle physics32–35. 
Contrary to the BCS case, the weak interaction requires 
the introduction of an additional fundamental scalar 
field. A dynamic explanation of the Higgs mechanism 
using BCS theory would be a major breakthrough and 
is one of the fundamental motivations to measure with 
the highest possible precision the properties of the 
Higgs particle. For a more detailed history of theoretical 
developments, see ref.36.

For weak interactions the gauge group is SU(2). There 
are three massless Goldstone modes, which combine to 
form the massive W charged bosons and the massive Z.  
The massless photon and neutral Z boson are linear 
combinations of the neutral weak SU(2) gauge boson 
and a U(1) gauge boson called hypercharge. Within 
the SM, the BEH mechanism is also important for the 
fermion masses, something required by parity viola-
tion of weak interactions37. The weak interaction gauge 
bosons couple to SU(2) doublets of left-​handed leptons 
and quarks, whereas right-​handed fermions are weak 
interaction neutral. Singlet mass terms for the charged 
fermions are constructed by contracting the left-​handed 
fermion doublets with the SU(2) Higgs doublet, includ-
ing the VEV, and then multiplying by the right-​handed 
fermion. The SM particle masses are:
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Here g and ′g  are the SU(2) and U(1) gauge coupl
ings and yf denotes the fermion Yukawa coupling to the 
Higgs boson. Without considering the tiny neutrino 
masses, the SM has 18 parameters: 3 gauge couplings 
and 15 in the Higgs sector (6 quark masses, 3 charged 
leptons, 4 quark mixing angles including 1 CP-​violating 
complex phase, the W and Higgs masses). There is a 

wide range of masses with mW = 80 GeV, mZ = 91 GeV, 
mH = 125 GeV and the charged fermion masses ranging 
from 0.5 MeV for the electron up to 173 GeV for the 
top quark. The Higgs VEV v = 246 GeV. In natural units 
v G= ( 2 )F

−1
2 , where GF is the Fermi coupling constant 

of weak interactions.
Small changes in the Higgs couplings and particle 

masses can lead to a very different Universe, assuming 
that the vacuum remains stable. One example is that 
small changes in the light-​quark masses can prevent Big 
Bang nucleosynthesis38. Once radiative corrections are 
taken into account, the stability of the Higgs vacuum is 
very sensitive to the value of the top quark mass. Vitally, 
the Higgs boson cannot be too heavy to do its job of 
maintaining perturbative unitarity. If the Higgs boson 
had not been found at the LHC, new strong dynam-
ics would have been needed in the energy range of the 
experiments, for example, involving strongly interacting 
W+W− scattering with the Higgs boson replaced by some 
broad resonance in the WW system39.

In contrast to particle physics, where the Higgs boson 
is treated as an elementary particle, in condensed matter 
systems, the Higgs boson forms as a collective mode40. 
Following the Higgs boson discovery in high-​energy 
physics, collective Higgs states have been observed in 
superconductors41; for discussion see refs42–44.

Discovery and first measurements
More than 40 years after the original postulation of the 
electroweak symmetry breaking through the BEH mech-
anism, the first potential experimental observation of 
its predictions was announced by the ATLAS and CMS 
experiments on 4 July 2012. The LHC is a circular parti-
cle accelerator, colliding proton beams at centre-​of-​mass 
energies of 7 TeV and 8 TeV (in run 1, 2010−2012) and 
13 TeV (in run 2, 2015−2018) to search for new parti-
cles and phenomena45. The ATLAS46 and CMS47 experi-
ments are two general-​purpose detectors making use of 
the highest luminosities (high rates of collision events) 
at the LHC.

The announcement from ATLAS and CMS was 
based on the data collected in run 1, which was suffi-
cient for both experimental collaborations to claim inde-
pendently the observation of a new particle, that is, with 
a significance of the result of more than five standard 
deviations, or 5σ, away from a background-​only result, 
meaning that the chance of this result being due to a 
fluctuation of the background is less than 1 in 3,500,000. 
Measurements that give a significance above 3σ are 
considered as evidence.

According to the SM, a Higgs boson with mass about 
125 GeV produced in a proton−proton collision has a 
lifetime of only about 1.6 × 10−22 seconds, after which 
it disintegrates into particles that are recorded by the 
detectors. The 2012 ATLAS and CMS data showed that 
the new particle had a mass of around 125 GeV (about 
133 times the mass of a proton) and decayed into vector 
bosons, namely a pair of photons, W bosons or Z bos-
ons, exactly as predicted by the SM theory, and there-
fore was labelled ‘a Higgs boson candidate’. The observed 
decay into two photons meant that the new particle 
could not have spin one, according to the Landau−Yang 
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Fig. 1 | The Higgs potential and its sensitivity to quantum corrections. a | The Higgs 
potential V(ϕ) for the scalar field ϕ for mass parameter μ2 < 0; see equation (1). Choosing 
any of the points at the bottom of the potential spontaneously breaks the rotational U(1) 
symmetry. b | Quantum corrections can change the shape of the Higgs potential. Here 
the minimum of “our vacuum” is taken at ϕ = v

2
∣ ∣  with v = 246 GeV. When quantum 

corrections to standard model couplings are included, the vacuum may develop  
a second minimum, leading to vacuum metastability. Panel a © 2015–2021 CERN  
(License: CC-BY-4.0). Panel b reprinted with permission from ref.208, APS Physics.

Radiative corrections
Quantum fluctuations in  
the intermediate state of the 
particle interactions.

www.nature.com/natrevphys

R e v i e w s

610 | September 2021 | volume 3	

[Bass, DeRoeck, Kado] Nat. Rev. Phys. 3 (2021) 608

Predictions for heavy quark
production as part of inclusive
heavy plus light flavor jets difficult
to obtain at high precision

Precise extraction of / limit setting
on triple Higgs coupling depends
crucially on understanding of all
final states
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What we are preparing for

Unprecedented luminosity at
Tera-Z option of a potential
FCC-ee would leave no room for
mis-modeling of perturbative and
non-perturbative QCD effects

[CERN] https://home.cern/science/accelerators/

FCC Week, SF, June'24                                                          David d'Enterria (CERN)4/24

Higgs boson at the FCC-ee (II)Higgs boson at the FCC-ee (II)
■ Do the lightest fermions (u,d,s,e) acquire their masses through their 
   Higgs (Yukawa) couplings?

■ Does the Higgs boson mediate 
    H→qq’ FCNCs at tree level?
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[D. d’Enterria] FCC week ’24

Extraction of Higgs Yukawa
couplings would depend on
precise modeling of light / heavy
flavor jet production and flavor
dynamics
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Near-term focus of the Alaric project

Parton shower at high theoretical precision
Increased logarithmic accuracy
Fully differential splittings at NLO

Fixed-order matching and merging
MC@NLO & MEPS@NLO
NNLO matching

Integration into Sherpa event generator
Matching, merging & fusing
Hadronization tunes
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Matching and Merging



MC@NLO matching

[Frixione,Webber] hep-ph/0204244

Matched prediction given by MC@NLO master formula

⟨O⟩ =
∫

dΦB B̄(K)(ΦB)F (0)
MC(µ

2
Q, O) +

∫
dΦR H(K)(ΦR)F (1)

MC(t(ΦR), O)

NLO-weighted Born cross section and hard remainder defined as

B̄(K)(ΦB) = B(ΦB) + Ṽ(ΦB) + I(ΦB) +

∫
dΦ1

[
B(ΦB)K(Φ1)− S(ΦR)

]
H(K)(ΦR) = R(ΦR)− B(ΦB)K(Φ1)

Parton shower described by generating functional FMC

⟨O⟩ =
∫

dΦB B̄(K)(ΦB)F (0)
MC(µ

2
Q, O) +

∫
dΦR H(K)(ΦR)F (1)

MC(t(ΦR), O)

Probability conservation: FMC(t, 1) = 1 → cross section correct at NLO

Parametrically O(αs) correct, preserves logarithmic accuracy of PS

http://inspirebeta.net/search?action_search=Search&p=hep-ph/0204244


e+e− →hadrons
[Krauss,Meinzinger,Reichelt,SH] arXiv:2507.22837

Color- & spin-correct S-MC@NLO [Krauss,Schönherr,Siegert] arXiv:1111.1220

All counterterms computed in analytic form

µR =
√
s = 91.2GeV I [pb] ∆I [pb] RS [pb] ∆RS [pb] IRS [pb] ∆IRS [pb] ∆IRS/NLO

yn,n−1>(10GeV)2/s
CS 5118.85 0.37 -1034.4 1.4 4084.45 1.4 0.1h

n=3 Alaric 5174.47 0.38 -1087.6 1.8 4086.84 1.8 0.1h
CS-
Alaric

-2.39 ± 2.32

CS 938.97 0.12 -94.45 0.73 844.52 0.74 0.5h
n=4 Alaric 922.36 0.12 -79.75 0.70 842.61 0.71 0.5h

CS-
Alaric

1.91 ± 1.03

CS 46.1544 0.015 -2.341 0.058 43.813 0.060 1h
n=5 Alaric 44.6125 0.014 -0.857 0.067 43.756 0.068 1h

CS-
Alaric

0.057 ± 0.091

Fixed-order validation against Catani-Seymour subtraction

http://inspirebeta.net/search?action_search=Search&p=2507.22837
http://inspirebeta.net/search?action_search=Search&p=1111.1220


e+e− →hadrons
[Krauss,Meinzinger,Reichelt,SH] arXiv:2507.22837
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Color- & spin-correct S-MC@NLO [Krauss,Schönherr,Siegert] arXiv:1111.1220

All counterterms available in analytic form

http://inspirebeta.net/search?action_search=Search&p=2507.22837
http://inspirebeta.net/search?action_search=Search&p=1111.1220


Next-to-leading order multi-jet merging

Idea: Partition phase space
into “hard” and “soft” region

Parton shower populates soft domain

NLO calculations replace
PS emission in hard domain

Need criterion to define “hard” & “soft”
→ jet measure Q (e.g. kT jet resolution)
and corresponding cut, Qcut
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e+e− →hadrons
[Krauss,Meinzinger,Reichelt,SH] arXiv:2507.22837
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First merged prediction with up to 5 jets at NLO precision

Radiation & splitting separated [Assi,SH] arXiv:2307.00728

http://inspirebeta.net/search?action_search=Search&p=2507.22837
http://inspirebeta.net/search?action_search=Search&p=2307.00728


e+e− →hadrons
[Krauss,Meinzinger,Reichelt,SH] arXiv:2507.22837
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First merged prediction with up to 5 jets at NLO precision

Radiation & splitting separated [Assi,SH] arXiv:2307.00728

http://inspirebeta.net/search?action_search=Search&p=2507.22837
http://inspirebeta.net/search?action_search=Search&p=2307.00728


A new take on gluon polarization



Rethinking splitting functions
[Campbell,Knobbe,Preuss,Reichelt,SH] arXiv:2505.10408

[LeBlanc,Roloff,Whitman,SH] arXiv:2512.07025

Gordon decomposition [Gordon] ZeitPhys140(1928)630

/p+ /q

(p+ q)2
Ta
ijγ

µ = Ta
ij

[
Sµ(p, q) +

iσνµqν

(p+ q)2
−

γµ/p

(p+ q)2

]
Leading and sub-leading (LBK!) soft behavior given by scalar current
[Gell-Mann,Goldberger] PR96(1954)1433, [Brown,Goble] PR173(1968)1505

Sµ(p, q) =
(2p+ q)µ

(p+ q)2

Magnetic term σνµ = i/2[γν , γµ] due to quark spin
γµ/p generates seagull interactions of scalar theory

Decomposition of triple & quartic gluon vertex even simpler
Both decompositions hold at amplitude squared level [Chen et al.] arXiv:1404.5963

Scalar splitting functions & spin-dependent remainders
Clean identification of overlap beyond kinematical limits
At 1-loop level, Background Field Method allows to derive
Scalar radiators that satisfy the naive Ward identities
→ Extension of soft current [Catani,Grazzini] hep-ph/0007142

http://inspirebeta.net/search?action_search=Search&p=2505.10408
http://inspirebeta.net/search?action_search=Search&p=2512.07025
http://inspirebeta.net/search?action_search=Search&p=Zeit. Phys. 140,630,1928
http://inspirebeta.net/search?action_search=Search&p=Phys. Rev. 96,1433,1954
http://inspirebeta.net/search?action_search=Search&p=Phys. Rev. 173,1505,1968
http://inspirebeta.net/search?action_search=Search&p=1404.5963
http://inspirebeta.net/search?action_search=Search&p=hep-ph/0007142


Application to gluon polarization
[Hoppe,Reichelt,SH] arXiv:2508.19018

Conventional wisdom: Gluon spin
correlations are a quantum effect

~n1 ~n2

∆ψ12

P1

P2

∆ψ12

~p1
~p3

~p2
~p4

~p5

[Chen,Moult,Zhu] arXiv:2011.02492

[Karlberg,Salam,Scyboz,Verheyen]
arXiv:2103.16526

Re-analyze using a new formalism
→ Most correlations are classical
[Staelin,Morgenthaler,Kong]
Electromagnetic Waves, Pearson (1993)

Reproduces known results, both
in collinear & wide-angle region
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Algorithm for polarized parton evolution
[Hoppe,Reichelt,SH] arXiv:2508.19018

If gluon emitted off scalar dipole, store dipole polarization (i.e. current):

jµp (pi, pj ; q) =
Jµ
ij(q)√

−Jν
ij(q)Jij,ν(q)

, where Jµ
ij(q) = Sµ(pi, q)− Sµ(pj , q)

If gluon splits according to k⊥-dependent part of g → gg or g → qq̄:
If polarization vector defined for this gluon:
Contract with decay polarization jµd (qi, qj)

Reweight splitting probability by (jµp jd,µ)
2

If g → gg, mark new gluons as correlated
If polarization vector undefined for this gluon:
Define polarization vector for correlated partner
as polarization vector of the decay jµd (qi, qj)

If gluon emits another gluon, transfer polarization
and information on correlated partner to emitter

No spin density matrices. Not restricted to any kinematical limit.
Optimal scaling (linear in number of particles, both time & memory)

http://inspirebeta.net/search?action_search=Search&p=2508.19018


Classical effects
Recall your E&M lectures [Staelin,Morgenthaler,Kong] Electromagnetic Waves, Pearson (1993)

Dipole antennae create linearly polarized EM waves
Receivers must be co-polarized for maximum power transfer

QCD charge dipoles are literally dipole antennae

But what about conventional wisdom ...
Do large off-diagonal entries in spin density matrices indicate
that spin correlations are non-trivial quantum interferences?
Not necessarily ... we could just be using an unsuitable basis:

Linear

=

Right Handed

+

Left Handed

︸ ︷︷ ︸
just a basis transformation, not a quantum effect

Recall: Dipoles only generate linearly polarized waves

http://inspirebeta.net/search?action_search=Search&p=


Quantum effects
First actual quantum effect: Correlation of the newly produced
gluons in the k⊥-dependent part of a collinear g → gg splitting
[Webber] Phys.Lett.B193(1987)91

This is correctly captured by the new algorithm
Still just a correlation, not an interference

Quantum interferences require at least six external QCD charges
→ 3 production / decay planes defined by, say, Kµ, Lµ, Mµ

KρKσLαLβM
µMν

(M̃L̃)(M̃K̃)(L̃K̃)
P̃ ρσ,αβ
g→g,µν,(i)

(p1, p2) ≈

2CA z2

[ cos θK̃p̃1,2
cos θL̃p̃1,2

cos θK̃L̃

−
cos θK̃p̃1,2

cos θM̃p̃1,2

cos θK̃M̃

]
+

(
K↔L
1 ↔ 2

)
Suppressed by z2 or z1
Azimuthal integral vanishes

This is not captured by the algorithm
But neither are other suppressed interferences, such as color monsters
[Dokshitzer,Khoze,Mueller,Troyan] Basics of perturbative QCD, Editions Frontières (1991), Sec.6.3.3

http://inspirebeta.net/search?action_search=Search&p=Phys.Lett.,B193,91
https://www.lpthe.jussieu.fr/~yuri/BPQCD/cover.html


Resonance- and width-aware parton evolution



The Problem – Part I: Kinematics
Alaric built on Catani-Seymour like dipole subtraction terms

Dij,k = −
1

2pipj
m⟨1̃, . . . , ĩj, . . . , m̃+1|

TiTk

T2
i

Vij,k|1̃, . . . , ĩj, . . . , m̃+1⟩m

Dipole momentum mapping affects top-quark virtuality

t̄

t

b̄

g

W−

W+

b

dipole mapping
t̄

t

b̄

W−

W+

b

Induces multiplicative correction to Born cross section of the form[
(pW+ + p̃b)

2 −m2
t

]2
+m2

tΓ
2
t[

(pW+ + pb + pg)2 −m2
t

]2
+m2

tΓ
2
t

[
(pW− + p̃b̄)

2 −m2
t

]2
+m2

tΓ
2
t[

(pW− + pb̄)
2 −m2

t

]2
+m2

tΓ
2
t

→ can be large, even if recoil effects of O(Γt)



Resonance aware momentum mapping
[Liebschner,Siegert,SH] arXiv:1807.04348, [Reichelt,SH] arXiv:2604.13978

Recoil vector in Alaric kinematics mapping can be chosen freely

p̃ij

φ

n pi

pk
~kT pj

K−~kT

Choose to distribute recoil only on top-quark decay products

t̄

t

b̄

g

W−

W+

b

Alaric mapping

identified top

t̄

t

b̄

W−

W+

b

Top-quark virtualities unaffected → no changes to production rate

http://inspirebeta.net/search?action_search=Search&p=1807.04348
http://inspirebeta.net/search?action_search=Search&p=2604.13978


Resonance aware splitting functions

[Reichelt,SH] arXiv:2604.13978

Alaric standard radiator given by

V
(s)
ig,k(pi, pj , n) = 8πµ2εαs Ci

2(pipk)(pin)

(pipj)(pkn) + (pkpj)(pin)

n – gauge vector connected to momentum mapping

Recoil now distributed to W -bosons
→ spoils partial fractioning of eikonal

Use standard Catani-Seymour technique
for identified partons [Catani,Seymour] hep-ph/9605323

V
(s,CS)
ig,k (pi, pj , n) = 8πµ2εαs Ci

2(pipk)

(pipj) + (pkpj)

Requires re-computation of S-MC@NLO matching terms

http://inspirebeta.net/search?action_search=Search&p=2604.13978
http://inspirebeta.net/search?action_search=Search&p=hep-ph/9605323


The problem – Part II: Coherence effects
[Jikia] Phys.Lett.B257(1991)196, [Khoze,Stirling,Orr] Nucl.Phys.B378(1992)413

ME squared above & close to threshold consists mainly of tb dipoles

B2
i =

2piqi

(pipj)(pjqi)
−

m2
t

(pjqi)2
,

pi – b momentum
qi – t momentum
pj – g momentum

Additional contributions from the tt̄ dipole suppressed by top-quark velocity
But width suppressed interference survives, even close to threshold:

2Re[BiB
∗
k ] =

Γ2
t

E2
j + Γ2

t

(
qiqk

(qipj)(pjqk)
−

piqk

(pipj)(pjqk)
+

pipk

(pipj)(pkpj)
−

pkqi

(pkpj)(pjqi)

)

Defines width-aware splitting kernel

V
(s,w)
ij,k (pi, pj , pk, qi) = V

(s,CS)
ij,k (pi, pj , pk)

+ 8πµ2εαs Ci χ(z)

(
2(piqi)

(pipj) + (qipj)
−

2(pipk)

(pipj) + (pkpj)

)
where χ(z) = (1− z)2/

[
(1− z)2 + γ2

]

http://inspirebeta.net/search?action_search=Search&p=Phys.Lett.,B257,196
http://inspirebeta.net/search?action_search=Search&p=Nucl.Phys.,B378,413


Width aware evolution
[Reichelt,SH] arXiv:2604.13978
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Lund-plane rapidity of first parton-shower emission
Width-awareness affects central region → emissions more forward

http://inspirebeta.net/search?action_search=Search&p=2604.13978


Width aware NLO matching
[Reichelt,SH] arXiv:2604.13978
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http://inspirebeta.net/search?action_search=Search&p=2604.13978


Summary & Outlook

Current and future developments of Alaric:

Higher-order corrections
NLO splitting functions

Fixed-order matching
MC@NLO for initial-state evolution
Fully differential NNLO matching

Practicalities
Release as part of Sherpa 3.1.x
Several components available in Python


