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Work package number 20 
Work package acronym FTE@LHC 
Work package title JRA2-Fixed Target Experiments at the LHC 

TASKS/Subtasks Year 1 Year 2 Year 3 Year 4 
 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 

1. Feasibility studies in ALICE 
1.1 Gas-jet target implementation                 
1.2 Solid target implementation and study of its material budget                 
1.3 Full simulations of selected processes with the ALICE setup         1        
2. Gas-target development in LHCb 
2.1 Design and construction of the unpolarised target                 
2.2 Design of a new polarized gas target                  
2.3 Luminosity determination improvement based on SMOG data                 
2.4 Full simulations of selected processes with the LHCb setup     2            
3. Phenomenological and theoretical studies                 
3.1 Transverse single-spin asymmetry for novel processes                  
3.2 Gluon and charm distribution in the proton at large x                  
3.3 Drell-Yan factorization breaking in Pb-A collisions                 

 
 
 
 
Work package number 21 
Work package acronym PrecisionSM 
Work package title JRA3-Precision Tests of the Standard Model 

TASKS/Subtasks Year 1 Year 2 Year 3 Year 4 
 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 

1. Hadronic effects in precision tests of the weak sector of the Standard Model 
1.1 Extraction of WMA from PVES and Vud from E-decay      1           
1.2 Determination of neutrino properties with short baseline neutrino 
scattering              3   

2. Hadronic effects in precision tests  of the electromagnetic sector of 
the Standard Model 

       2      4   

 
 
 
 
 

Weak sector:  
Neutral Current - weak mixing angle from a measurement of hadronic weak charges with parity-violating electron scattering 
Charged Current - Vud and Vus from beta decays of free&bound neutron, pions, kaons 
Neutrinos: hadronic background for energy reconstruction 

Electromagnetic sector:  
Hadronic vacuum polarization correction to muon g-2 within data-driven approach across timelike and spacelike regimes
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 Global Effort  
Experiment/Theory Tension reaches 4.2

(g − 2)μ
σ

(11 659 181.0 ± 4.3) , 10-./

The anomalous magnetic moment of the muon

2

(11 659 206.1 ± 4.1) , 10-./

April 7: Release of the first result of the Muon g-2 Collaboration 

Enormous interest from the international community 

First results after ~20 years. 

Confirms BNL result; stronger tension with SM  (4.2 )σ
B. Abi et al., Muon g-2 Coll. Phys. Rev. Lett. 126, 141801 (2021) 

Introduc1on

• Dirac equation (1928): g is 2 for fundamental fermions 

• 1947: small deviations from predictions in hydrogen and deuterium hyperfine 

structure; Kusch & Foley propose explanation with gs= 2.00229 ± 0.00008

• 1948: Schwinger calculates the famous radiative correction: 

that g = 2 (1+a), with

a = (g-2)/2 = α/(2π) = 0.001161

This explained the discrepancy and was a crucial step

in the development of perturbative QFT and QED `` If you can’t join ‘em, beat ‘em “

• The anomaly a (Anomalous Magnetic Moment) is from the Pauli term:

This is a dimension 5 operator, non-renormalisable and hence not part of the fundamental (QED)

Lagrangian. But it occurs through radiative corrections and is calculable in perturbation theory.

�LAMM
e↵ = �Qe

4m
a ̄(x)�µ⌫ (x)Fµ⌫(x)

~µ = g
Qe

2m
~s

Schwinger, 1948: anomalous moment of a lepton

aμ =
(g − 2)μ

2
=

α
2π

= 0.001161

Since then: theory advanced by 4 o.o.m.
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 Global Effort  
Experiment/Theory Tension reaches 4.2

(g − 2)μ
σ

(11 659 181.0 ± 4.3) , 10-./

The anomalous magnetic moment of the muon

2

(11 659 206.1 ± 4.1) , 10-./(11 659 181.0 ± 4.3) , 10-./

The anomalous magnetic moment of the muon

3

Participation in
FNAL g-2 expt. 

(Fertl)

(11 659 206.1 ± 4.1) , 10-./

(9.2 ± 1.8) , 10-./(693.1 ± 4.0) , 10-./

Theoretical precision equally important as experimental! 
Theo uncertainty: entirely from hadronic contributions 
Best approach so far: dispersion theory + data 

Extremely important activity within WP21  
(database e+e—-> hadrons, theory, MUonE)
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Muon g-2 Theory Initiative Whitepaper

10

Physics Reports 887 (2020) 1-166
390 citationsUnexpected tension between  

- data-driven HVP (within JRA 3) and  
- new lattice result by BMW collaborationFinal result

CHHKS’19

KNT’19

DHMZ’19

BMWc’17

RBC’18

ETM’19

FHM’19

Mainz’19

BMWc’20

 660  680  700  720  740

 1010 × aLO-HVP
µ

lattice
R-ratio

no new physics

aLO-HVP
µ = 707.5(2.3)(5.0)[5.5] with 0.8% accuracy

consistent with BNL experiment
2.0� larger than [DHMZ19], 2.5� than [KNT19]

(g-2)µ from lattice QCD and experiments: 4.2�? April 13, 2021 3 / 38

 Global Effort  
Experiment/Theory Tension reaches 4.2

(g − 2)μ
σ

WP21 (JRA 3) provided results and methods that  
are major players in the test of SM with muon (g-2) 
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Top-Row CKM unitarity anomaly:  
Confirmed and Sharpened

Standard Model
3 interactions, 3 generations of quarks and leptons, Higgs

Charged current interac.on - β-decay 

μ → e + νμ + ν̄e, n → p + e + ν̄e, π± → μ± + νμ/ν̄μ

Universality of weak interac.on: 
Same strength in lepton and quark sector

CKM unitarity - measure of completeness of the SM:   
|Vud|2+ |Vus|2+ |Vub|2=1

Quark mixing: strength distributed among 3 genera.ons

PDG2020:	CKM	unitarity	in	the	top	row	 	—	3 	deficit|Vud |2 + |Vus |2 + |Vub |2 = 0.9985(3)Vud
(4)Vus

σ
PDG	2018:	 |Vud |2 + |Vus |2 + |Vub |2 = 0.9994(4)Vud

(2)Vus

CKM	unitarity	anomaly	established	within	this	JRA!
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Main change: reevalua.on of the -box 
BoLleneck for precision improvement since 40 years 
Major improvement (factor 2) due to new framework 

Dispersion rela.ons (DR) for EW boxes 
C-Y Seng, MG et al., Phys.Rev.Lett. 121 (2018) 24, 241804; 
C-Y Seng, MG, M.J. Ramsey-Musolf, Phys.Rev. D 100 (2019) 1, 013001 

Nuclear correc.ons from DR 
C-Y Seng, MG, M.J. Ramsey-Musolf, Phys.Rev. D 100 (2019) 1, 013001; 
MG, Phys.Rev.Lett. 123 (2019) 4, 042503; 

Combined DR + laWce QCD + phenomenology 
X. Feng, MG et al, Phys.Rev.Lett. 124 (2020) 19, 192002 
C-Y Seng, X. Feng, MG, L-C Jin, Phys.Rev. D 101 (2020) 11, 111301;

γW

Top-Row CKM unitarity anomaly:  
Confirmed and Sharpened
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The framework further applied to 

Dispersion analysis of radia.ve correc.ons to gA for neutron  decay 
MG, C-Y Seng, JHEP 10 (2021) 053 

Combined DR + laWce QCD + ChPT for RC to semileptonic kaon decays 
C-Y Seng, X. Feng, MG, L-C Jin, U.-G. Meißner, JHEP 10 (2020) 179 
P.-X. Ma, X. Feng, MG, L-C Jin, C-Y Seng, PRD 103 (2021) 114503 
C-Y Seng, D. Galviz, MG, U.-G. Meißner, PLB 820 (2021) 136522 
C-Y Seng, D. Galviz, MG, U.-G. Meißner, 2103.04843

β

Top-Row CKM unitarity anomaly:  
Confirmed and Sharpened

Important for: extrac.ng Vud from neutron decay; 
    comparing gA from experiment and laWce QCD

Important for: extrac.ng Vus from Kl3 decays; 
    establishing the Kl2-Kl3 discrepancy 

Complete	change	of	landscape	in	SM	tests	with	CKM	unitarity	in	the	past	2	years	
New	method	developed;	wide	range	of	applicaJons	to	previously	unaccessible	correcJons



STRONG-2020 Annual Meeting, November 8-9, 2021

Deliverables & Milestones

PART B – Section 3. Implementation 

63 
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short baseline neutrino experiments. Task 1.3 - EW Boxes: (Mainz, UMass) Weak MAID will be embedded in a 

dispersive calculation of the γZ-box RC for PVES and γW-box RC to beta decay. We will give calculations for a 

single nucleon (PVES experiment P2@MESA and free neutron decay, respectively) and nuclear targets (PVES 

experiment C12@MESA and superallowed nuclear beta decay). They will allow analyzing the precision tests of the 

SM for the running of the weak mixing angle and the CKM matrix element Vud and CKM unitarity. 

Task 2: Hadronic effects in precision tests of the electromagnetic sector of the Standard Model 
We will coordinate efforts of EU researchers working on hadronic contributions to (g-2)μ by organizing meetings 

and by contributing to DOE Muon g-2 Theory Initiative white books which are scheduled in parallel with 

anticipated Fermilab results with increased precision. In particular we will provide a data base for low energy 

hadronic processes relevant to (g-2)μ. T2.1 - HVP: Compilation of an annotated database for low-energy hadronic 

cross sections in e
+
e

-
 collisions. The database will contain information about the reliability of the data sets, their 

systematic errors, and the treatment of RC. This project is supported by the Particle Data Group at the IPPP 

Durham (UU, INFN-Pisa, UL, USlaski, BINP, Mainz, LAL UPS).  Feasibility studies for the spacelike HVP 

determination by developing methods for RC and multiple scattering effects with new level of precision. T2.2 - 
HLbL: On the experimental side this subtask includes preparation of knowledge data base on the differential cross 

sections for the production and decay processes of mesons and production of meson pairs relevant to HLbL. On the 

theory side various contributions to (g-2)μ will be studied to see how they depend on the experimental constraints. 

This will be done using a variety of methods concentrating on Euclidean methods (Lund, Giessen) and dispersive 

constraints (Mainz, Bern). The groundwork for a new comprehensive analysis of the HLbL including the study of 

all theoretical asymptotic constraints and double counting issues at boundaries and between different types of 

contributions (Lund, Giessen, Barcelona, Marseille, Bucarest, LPHNE) will be laid. This will include comparison 

with lattice QCD, meson form factors, and other processes with off-shell photons. Meson transition form factors 

and hadronic decays will be studied theoretically (UBO, UU, Lund, Prague, Orsay, Bern, Mainz, UAB, FZJ).  

Deliverables (brief description and month of delivery) 
D21.1-Electroweak MAID (month 18). For weak π,η production will be made accessible on the existing MAID 
website, and computer code provided for download. This deliverable is also the Milestone 1, and will serve as input 

for Milestone 3, new QS MC event generator. The formalism will be extended to kaon and multi-pion channels and 

to nuclear targets, and will be directly applicable to the conditions of the actual short baseline neutrino experiments.  

D21.2-Report on spacelike HVP in muon-electron scattering at CERN vs timelike HVP (month 24). We will 

organize a workshop on this topic, the Milestone 2.  
D21.3-Report on hadronic corrections to precision tests in the weak sector (month 48). It will incorporate the 

results of this package to update EW boxes for extracting WMA from PVES, Vud from E-decay, and neutrino 

oscillation parameters from short baseline experiments. 

D21.4- Database on hadronic processes relevant for HVP and HLbL (month 48). It will allow updating the 

hadronic contributions to the muon g-2 which we will include in the Muon g-2 theory report. A close cooperation 

with one of the two Virtual Access projects within this proposal will be beneficial for this task.  

To monitor the progress and enhance networking amongst the consortium throughout the funding period we plan to 

organize 3 workshops common for T1 and T2. 

 

Work package number 22 Lead Beneficiary Istituto Nazionale di Fisica Nucleare 

Work package title JRA4-3D structure of the nucleon in momentum space (TMD-neXt) 

Participant number 30 18 24 21 39 1 33 32  

Short name of participant INFN UCM CEA UPV-EHU LIP CNRS RUG UoM 

Person-months per participant: 29 1 0 6 0 0 6 6 

Start month 1 End month 48 

Objectives  
The exploration of the internal structure of hadrons is one of the core missions of hadronic physics. TMD-neXt will 

join together a network of experimentalists and theorists with the aim of mapping the distributions of partons 
inside hadrons in momentum space, including their dependence on spin. The complete three-dimensional 

information on these distributions is encoded in Transverse-Momentum Dependent Parton-Distribution Functions 

(TMD PDFs). In experimental observables, they are often combined with Transverse-Momentum Dependent 

Fragmentation Functions (TMD FFs). During the last ten years, pioneering advances have opened up a broad vision 

of this multidimensional landscape. The time has come to sharpen this vision and make a transition from an 

exploration phase to a precision phase. TMD-neXt will open the way to the next-generation extractions of 
Transverse-Momentum Distributions (TMDs). 
 In the envisaged four years’ running of the work package, we will lay the cornerstones for precision mapping of 
partonic structure in momentum space. In terms of concrete objectives, TMD-neXt plans to: 

- increase the amount of data available for TMD studies,  
- test the validity and limits of applicability of the TMD framework, 

D21.2 - Report on HVP was submiLed; results incorporated in the Muon g-2 white paper 
T. Aoyama et al. [Muon g-2 Theory Initiative] Phys.Rept. 887 (2020) 1-166  

Milestone 2: workshop "Spacelike and .melike determina.on of ” (postponed and changed 

to virtual due to COVID) will	be	held	Nov	24-26,	2021

aHLO
μ
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determination by developing methods for RC and multiple scattering effects with new level of precision. T2.2 - 
HLbL: On the experimental side this subtask includes preparation of knowledge data base on the differential cross 

sections for the production and decay processes of mesons and production of meson pairs relevant to HLbL. On the 

theory side various contributions to (g-2)μ will be studied to see how they depend on the experimental constraints. 
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website, and computer code provided for download. This deliverable is also the Milestone 1, and will serve as input 

for Milestone 3, new QS MC event generator. The formalism will be extended to kaon and multi-pion channels and 

to nuclear targets, and will be directly applicable to the conditions of the actual short baseline neutrino experiments.  

D21.2-Report on spacelike HVP in muon-electron scattering at CERN vs timelike HVP (month 24). We will 

organize a workshop on this topic, the Milestone 2.  
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D21.4- Database on hadronic processes relevant for HVP and HLbL (month 48). It will allow updating the 

hadronic contributions to the muon g-2 which we will include in the Muon g-2 theory report. A close cooperation 
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exploration phase to a precision phase. TMD-neXt will open the way to the next-generation extractions of 
Transverse-Momentum Distributions (TMDs). 
 In the envisaged four years’ running of the work package, we will lay the cornerstones for precision mapping of 
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D21.1 & Milestone 1 - Electroweak MAID 

Postdoc posi.on filled for 1 year 
New unitary isobar model for neutrino pion produc.on is developed 
Test website with limited func.onality created 
Model being implemented on the website (opera.onal - end of November?) 
Publica.on in prepara.on (end of the year)
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Deliverables & Milestones
D21.1 & Milestone 1 - Electroweak MAID 

Electromagne.c MAID - unitary isobar model 
Direct channel resonances (1 resonance - 1 PW) 
Simple low-energy model for background 
Strong rescaLering via Watson theorem 

What’s new? 
1. Axial vector channel for the first .me implemented in the same way 
2. Regge-exchange background ensures correct high-energy behavior 
3. Resonance-Regge duality implemented on the level of par.al waves 
4. Website (in prepara.on) with output op.ons Mul.poles, Amplitudes, Observables 
5. Work on electromagne.c channels is conducted in parallel
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Delay with D21.1
Reasons for the delay: 

Ac.ve in-person collabora.on mee.ngs (Mainz-Tuzla-Zagreb collabora.on)  
would have been beneficial for accelera.ng the progress on developing the model; 

An extended stay (via Mainz-FNAL agreement) at Fermilab was foreseen; 
No visits to Fermilab were possible for this whole period 

These disrup.ons impacted the progress, although not drama.cally
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Summary
Extremely successful developments in precision tests of SM in electroweak sector 

Two out of three most significant anomalies at low energies ( ) established within JRA 3 

Muon g-2 ( ) and Cabibbo angle anomaly (top-row CKM unitarity) ( ) together with  
B-anomalies are our best shot at BSM at low energies 

Slight delay in delivering the fully opera.ve website “Weak MAID” for neutrino pion produc.on 
Should be delivered in the next few weeks

> 3σ

4.2σ 3 − 5σ


