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Back to the beginning of the universe 
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What is the origin of UHECR
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PDG, Chin.Phys. C38 (2014) 090001 UHECRs

1 particle/year/km2 @ 1018eV1 particle/sec/m2 @ 1011eV

Objective：explore the origin of Ultrahigh Energy     
                    Cosmic-Ray (E>1018 eV) 

Source candidates:
✦Active Galactic Nuclei (AGNs)
✦Gamma Ray Burst (GRBs)
✦…

Galactic field is too weak to contain UHECRs —> extra-galactic
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What is the origin of UHECR
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Source candidates:
✦Active Galactic Nuclei (AGNs)
✦Gamma Ray Burst (GRBs)
✦…

Nuclear composition of UHECRs is one of the KEY

Cosmic-ray

Atmosphere

Fluorescence
telescope

Surface detector

Air-shower

arXiv: 0911.4714

Source distance D [Mpc]
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How to interpret the observable 
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The issue to interpret the air shower data:
• Largely unknown model uncertainties
• Limitations in modeling of hadronic interactions in air shower (soft processes)

How to interpret the observable 

Energy of cosmic ray log (E/eV)

arXiv: 1708.06592



Hadronic interaction models
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宇宙线起源之谜

强相互作用模型:  
EPOS-LHC, QGSJETII 04, SIBYLL2.3, PYTHIA8…

散射截面 非弹性度 前⽅粒⼦能谱

中国⾼海拔宇宙线观
测站（LHAASO）

西藏⽺⼋井
ASγ实验

Pierre Auger 
Observatory 

…

…

LHCf实验ATLAS-LHCf联合实验 …

实现联合实验 
测量衍射对撞

升级探测器及TDAQ
系统，成功取数

光⼦、中⼦截面 
衍射对撞光⼦能谱



What to be calibrated by accelerators
• Hard interactions can be predicted by using perturbative QCD. 
• Soft interactions dominate by non-perturbative QCD,
➡Phenomenological models base on Regge theory proposed.
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Proton

Neutron

Neutral meson

Charged meson
Photon

Muon

Neutrino

Molecule of 
atmosphere

Key parameters
• Inelastic cross section

(interaction mean free path)
TOTEM, ATLAS, CMS, etc.

• Multiplicity
Central detector

• Inelasticity (κinela = 1-Plead/Pbeam)
LHCf, etc.

Property Increased Change in Xmax

Cross section Decreased
Inelasticity Decreased
Multiplicity Decreased

arXiv:1307.7131v1



The LHCf experiment

12LHCf detectors are sensitive to the Low-mass diffraction
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96mm

✦ Measuring hadronic production cross section of neutral particles 
emitted in the very forward region of LHC. 

✦ LHCf and ATLAS are observing the particles from the same 
collisions, but different position.



Radiation-hard calorimeter performance 
Arm2 detector
Position sensor: 
4XY silicon strip 
detectors

13

20mm

40mm

• Two imaging sampling shower calorimeters
• 44r.l. tungsten, 16 layers of GSO scintillators and 4 position sensitive layers
• The η coverage of the calorimeter: |η|>8.4

                Arm1 detector
        Position sensor: 
4XY GSO-bar hodoscope 
+ MAPMT 25mm

32mm

Energy resolution:(>100GeV)
<5%    for photons
40%    for neutrons

Position resolution:
<200μm  for photons
 <1mm   for neutrons

Performance
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γ
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Forward photon spectra from low-mass diff.
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• Discrepancies between data and model predictions for the forward photon spectra in pp 
√s = 13 TeV collisions.

• The excess of PYTHIA8 at E>3TeV was assumed due to over contribution from low-
mass diff. processes.

• Forward photon production at √s = 13 TeV in p-p collisions has been 
measured by LHCf.
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Proton

Neutron

Neutral meson

Charged meson
Photon

Muon

Neutrino

Molecule of 
atmosphere

Electron

Diff. colli. Non-diff. colli.

Rapidity gap

Leading particle
production / Inelasticity

Multiplicity
Inelastic cross-section

Diffraction vs. air-shower developments
• LHCf has verified the hadronic interactions inclusively.
• This research measured diffractive processes exclusively, which are less 
constraint in the model and have big impact to the air-shower development. 
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Objective and originality

Large discrepancy exists among models, especially, at low mass.

MX : Diffractive mass, 
invariant mass of 
dissociated system

ξX = (
MX

s
)2 ! e−Δη
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LHCf detector
ATLAS detecor

17

Hadronic 
interaction model

ATLAS-LHCf common experiment

hardware
signals

LHCf 

Final trigger

Final trigger

L1ID

ATLAS

DATA record

DATA record
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Diffraction identification by central-veto

LHCf triggered events

|η|<2.5&pT>100MeV
Number of tracks

Ntrack 　　　　　　　    

Diffraction-like Non-diff.-like

central-veto:

Ntrack = 0 Ntrack = 0

Diffraction Non-diffraction

Rapidity gap

Δη

✦ Rapidity gap measured by 
ATLAS to distinguish the 
events triggered by LHCf to 
diff.-like and non-diff.-like 

✦ First direct measurement of 
low-mass diffraction at high 
energies.
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✦ Comparison between data w/ Nch = 0 and model predictions

‣ EPOS-LHC show a good agreement with data at η > 10.94.

‣ PYTHIA8212DL show a good agreement at the region of 8.81 < η < 8.99.

η>10.94 8.81<η<8.99



Results: Photon spectra
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✦ At η>10.94, the ratio of data increased from 0.15 to 0.4 with increasing of the photon 
energy up to 4TeV.
‣ PYTHIA8212DL predicts higher fraction at higher energies.
‣ SIBYLL2.3 show small fraction compare with data.

✦ At 8.81 < η < 8.99, the ratio of data keep almost constant as 0.17.
‣ EPOS-LHC and PYTHIA8212DL show good agreement with data at  8.81 < η < 8.99.

η>10.94 8.81<η<8.99
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2 Original pomeron flux 
implemented in SIBYLL2.3

SIBYLL2.3c with the tuning 
of pomeron flux modified by 
Felix Reihn who is one of 
the editors of SIBYLL2.3

ξX = (
MX

s
)2 ! e−Δη

αP (t) =αP (0)+ ′αPt = 1+ Δ + ′α t : Pomeron trajectory

: Momentum fraction lost by proton

pomeron flux pomeron cross-section

MX : Diffractive mass, invariant mass of dissociated system

dσ SD

dξXdt
= fP (ξX ,t)σ (MX

2 )∝ξX
1−2αP (t )((MX

2 )αP (0)−1)

CERN-THESIS-2018-007
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Spectra compare to SIBYLL2.3

Photon Energy [GeV]
1000 2000 3000 4000 5000 6000

]
-1

 [G
eV

γ
/d

E
γ

 d
N

in
el

1/
N

11−10

10−10

9−10

8−10

7−10

6−10

5−10

-1 = 13 TeV, 0.191 nbs
°=20φ∆<8.99, η8.81<

Data LHCf-Arm1, arXiv:1703.07678

=0, ATLAS-CONF-2017-075chData N

Syst. + Stat. Unc. LHCf-Arm1

=0
ch

Syst. + Stat. Unc. N

EPOS-LHC
SIBYLL2.3c
SIBYLL2.3
SIBYLL2.3c-Diff

=0chEPOS-LHC N
=0chSIBYLL2.3c N

=0chSIBYLL2.3 N
=0chSIBYLL2.3c-Diff N

Photon Energy [GeV]
1000 2000 3000 4000 5000 6000

]
-1

 [G
eV

γ
/d

E
γ

 d
N

in
el

1/
N

11−10

10−10

9−10

8−10

7−10

6−10

5−10

-1 = 13 TeV, 0.191 nbs
°=180φ∆>10.94, η

Data LHCf-Arm1, arXiv:1703.07678
=0, ATLAS-CONF-2017-075chData N

Syst. + Stat. Unc. LHCf-Arm1

=0
ch

Syst. + Stat. Unc. N

EPOS-LHC

SIBYLL2.3c

SIBYLL2.3

SIBYLL2.3c-Diff

=0chEPOS-LHC N

=0chSIBYLL2.3c N

=0chSIBYLL2.3 N

=0chSIBYLL2.3c-Diff N

SIBYLL2.3c-Diff improved a lot compare to joint analysis results

η>10.94 8.81<η<8.99
Tuned SIBYLL2.3

Original SIBYLL2.3



)
X
ξ(

10
log

8− 6− 4− 2− 0

)] Xξ(
10

)[m
b/
lo
g

Xξ(
10

/d
lo
g

SD
σd

0

2

4

6 EPOS-LHC
QGSJET-II-04
SIBYLL2.3
SIBYLL2.3c
SIBYLL2.3c-Diff

η∆
024681012141618

)
X
ξ(

10
log

8− 7− 6−

)]
Xξ(

10
)[m

b/
lo
g

Xξ(
10

/d
lo
g

SD
σd

0.5

1

1.5

2

24

log10(ξX)before=-4.53
log10(ξX)after=-6.92

ΔXmax ∝
λe(σ SD +σ DD )Δ log10 (ξX )

σ inela ln10
= 5.16 g/cm2

• Tuning of low-mass diffraction cross-
section leads to the change of weighted 
average of log10(ξX) from -4.53 to -6.92.

• Xmax shifted up 5.16 g/cm2 according to a 
rough calculation.

Δ log10 (ξX ) = 2.39
κ inela ! ξX = (

MX

s
)2 ! e−Δη

average shift

arXiv: 1708.06592

CERN-THESIS-2018-007

Impact to determination of Xmax
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Credit to Felix Reihn
Impact to determination of Xmax
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Interpretation of nuclear composition 

• Auger reproduced the observed Xmax with the fractions fit of MC predictions.
• Considering Xmax will shift to heavier direction with prediction of tuned 

SIBYLL2.3, it would prefer Helium and Nitrogen sources.

PAO, arXiv: 1708.06592



Short summary
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• An adequate understanding of hadronic interactions is the key to solving the puzzling 
origin of UHECRs. 

• LHCf is an experiment dedicated to measuring the neutral particle production at the 
very forward region, especially, the ATLAS-LHCf common experiment can explore the 
potential of both experiments for directly measuring the low-mass diffraction for the first 
time.

• It was confirmed that the low-mass diffraction measurement are very useful for 
constraining the implementation of diffractive dissociation, according to the tuning of 
SIBYLL2.3 model.

• Tuning of diffractive mass distribution has a strong correction with inelasticity, and 
shifted up Xmax by 5.16 g/cm2.
• Interpretation of Auger Xmax data based on tuned SIBYLL2.3 model shifted to heavier 

nuclear.
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Back to the beginning of the universe 
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Earth　 
106 cm 2910-10秒

Atom 10-8 cm
Nucleus 10-12 cm

Proton10-3 cm

Neutron
Quark 10-16 cm

Molecule 10-7 cm

Electron 10-16 cm

NASA

4.9%

26.8%

68.3%

Dark energy

Dark matter

Matter

Standard model of particle physicsNew physics

Now dayTime: 13.8 billon years

What is the origin of matter and the universe

Matter-antimatter 

asymmetry ？ 

…
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New particle

~ ~

~ ~

~ ~

×

×

arXiv:1309.2293

New physics search based on collider

~

~
~

~

• Indirect search for New Physics (NP) in quantum effect  

•Sensitivity of NP detection up to 200 TeV for loop diagram 

(depending on the NP coupling constant)

Indirect search at luminosity frontier :  
(Reactions produced pre second)

Direct search at 
energy frontier 

https://arxiv.org/abs/1309.2293


Lepton Flavor Universality
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宇宙中正反物质不对称问题

标准模型
Leptogenesis

…

无中微子双贝塔
衰变实验

Kamland-zen/PandaX
实验…

Belle II/LHCb实验 …

升级DAQ系统，提升数据采集
效率50%到90%

精确测量B→D*τν衰变中已发现的轻子
普适性破坏的征兆

Baryogenesis

Seesaw机制 超对称

新物理模型

检验中微子CP破
坏实验

精确测量标准模
型反应实验

检验介子CP破
坏实验

…

T2K/Nova…



Lepton Flavor Universality  
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• Lepton Flavor Universality (LFU): A fundamental axiom of standard model is W 
boson couples, gw, to three generations of leptons with equal strength 
• Description by matrix elements for leptonic and hadronic currents as a four Fermi 

interaction

• Experiments confirmed LFU using W/Z boson decays, light meson decays, or 

lepton decays

• Difference in kinematics and Higgs coupling due to different lepton masses

• Charged lepton mass changes kinematics and modifies form factors in the 

hadronization  

• QED corrections depend on lepton velocity (τ vs. l (e, μ)) 

W



Motivation for studying LFUV 
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• SM fields do mix:

• Quarks sector -> CKM matrix

• Neutrinos sector -> PMNS matrix


• Charged leptons -> 

 the matrix diagonal-like?(neutrino mass)


• LFUV: diagonal terms not all equal 

-
χ∼

τ µ

iν
∼

jν
∼

γ

(b)

Br(τ → µγ ) = Ο(10−9 )

Lepton Flavor Violation (LFV): 
off diagonal term 

g-2, EDM: 

diagonal elements

LFUV: 

Relation among 
diagonal elements



LFU test with semileptonic B decays
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• Ratios of b→qτν/qµν/qeν branch fractions cancel out most of the uncertainties 
on  |Vcb|, form factors and the experimental systematics 

• B→D(*)τν sensitive to New Physics (NP) because the massive 3rd generation 
b quark and τ lepton are involved


• Sensitivities to high energy scale; ~10 TeV [Belle II phys. book] 

<latexit sha1_base64="wDXY+ohT/gl6OAEevHgHchh+dro="></latexit>

R(D(⇤)) =
Br(B̄0 ! D(⇤)+⌧�⌫̄⌧ )

Br(B̄0 ! D(⇤)+`�⌫̄`)

https://arxiv.org/abs/1808.10567
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“B anomaly” in semileptonic decays
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New physics scenarios for the R(D(*)) anomaly
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In general, there are three typical candidate scenarios to 
explain the anomaly observed in R(D(*))  

• Heavy vector bosons

• Constrained from W’→τν and Z’→ττ search


• Charged Higgs 

• Constrained from Bc→τν and H±→τν ,still allowed

• Previously, it was rejected by Bc→τν measurement, 

however, recovered by recalculating the Bc lifetime.

PRD 105 095011(2022)


• Leptoquark

• gg→LQ LQ*, still broad parameter regions are allowed 

H-

W’

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.095011


LFU test program at Belle and Belle II
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• The analyses presented in this talk


• Rτ/l (D*) at Belle II (189 fb-1), PRD 110 072020 (2024) 
• Rτ/l (X) at Belle II (189 fb-1), PRL132, 211804 (2024)  
• Re/μ(X) from Belle II (189 fb-1), PRL 131, 051804 (2023) 
• Re/μ(D*) from Belle (711 fb-1), PRD 108, 012002 (2023) 
• Test of LFU in angular asymmetries of 𝐵 → 𝐷*l𝜈 at Belle II (189 fb-1), 

PRL 131, 181801 (2023)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.072020


Luminosity frontier: SuperKEKB

38

L = γ ±

2ere
(1+

σ y
*

σ x
* )
I±ξ± y

βy
* (RL

Ry

)

Beam current: KEKB x ~1.5

Beam squeeze: KEKB / ~20

Target: L = 60 x 1034 cm-2 s-1


Achieved : 4.7 x 1034 cm-2 s-1 (Record)

• Data:  

• 571 fb-1 (Belle II)  <->  980 fb-1 (Belle)

Nano beam scheme

Low emittance  
electron gun

Position dumping ling 
low emittance position Position source target

Belle II detectore- 7 GeV
e+ 4 GeV

• Asymmetric e+e- collider

• e+e-→ Υ(4S) →BB   
‣ very clean and well-known initial state
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Belle II detector and dataset
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Vertex detector (VXD) 
Inner 2 layers: pixel detector (PXD)

Outer 4 layers: strip sensor (SVD)

Central Drift Chamber (CDC) 
He (50%), C2H6 (50%), small 
cells, long lever arm

Particle Identification 
Barrel: Time-Of-Propagation 
counters (TOP)

Forward: Aerogel RICH (ARICH)

ElectroMagnetic Calorimeter (ECL) 
CsI(TI) + waveform sampling KL/μ detector (KLM) 

Outer barrel: Resistive Plate Counter 
(RPC)

Endcap/inner barrel: Scintillator

e- (7GeV)

• Features:

• Near-hermetic detector

• Vertexing and tracking: σ vertex ~ 15μm, CDC spatial res. 100μm σ(PT)/PT ~ 0.4% 
• Good at measuring neutrals, π0, γ, KL… σ(E)/E ~ 2-4%

e+ (4GeV)
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Hadronic tagging methods
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π+

B

K-

τ -

ντ 
B0

D*+

Υ(4S)
ντ

π+

D0

l-

K+
D0

e-

e+

Hadronic tag side

Signal side

π-

π-
νl

• Hadronic tag

- Fully reconstruct B→D(*)(/J/ψ/Λ)X 

- Tagging efficiency 0.2~0.4%

- less background

• The BB pairs are produced near threshold

• B tagging is necessary to measure B→X / D*τν, B→X / D*lν (ν≥2) simultaneously

      : reconstruct 
other particles 
than a lepton as 
X on signal side

X
• Fully reconstruct one of the B mesons (B tag), possible to 

measure momentum of other B meson (B signal) 

• Indirectly measure missing momentum of neutrinos in 

signal B decays  

• M2miss = (pbeam - pBtag - pD(*) - pl)2 


• EECL unassigned neutral energy in the calorimeter



Hadronic tag reconstruction at Belle II
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• Hadronic tagging reconstruction: Full Event Interpretation (FEI) trained 200 
Boost Decision Tree (BDT) to reconstruct ~100 decay channels, ~10,000 B 
decay chains

•ε=0.30% for B± 

•ε=0.23% for B0

arXiv:2008.06096

Comp. and Soft. For Big Sci. 3, 6 (2019)

5.25 5.285.275.26

•ε=0.28% for B± @Belle 

•ε=0.18% for B0 @Belle
10-30% increased

https://arxiv.org/pdf/2008.06096.pdf
https://link.springer.com/content/pdf/10.1007/s41781-019-0021-8.pdf?pdf=button


Signal B reconstruction
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• Reconstruct B→D*τν and B→D*lν with same 
selections 


• τ lepton reconstruct with l (e, μ)νν
• D/D* meson reconstruct with K±, π±,Ks, π0 
• Both neutral and charged B±/B0 mesons reconstruct 

with D*+/D*0 and τ/l = (e, μ)  
τ -

ντ 

B0

D1+

ντ

π0

D*+

l-

νl



Dominant backgrounds
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• Fraction of survived B candidates in each category after event 
selections are estimated based on Belle II MC simulation

B condidates B→D*τν B→D*lν
Background 

Truth D(*) Background 
Fake D(*)

B→D**lν, B→D(*)X, B0<->B±, …

B0 2.7% 65.5% 12.5% 19.2%
B± 1.7% 34.7% 5.9% 57.8%

B→D**lν Fake D* Fake D

τ -

ντ 

B0

D1+

ντ

π0

D*+

l-

νl
τ -

ντ 

B0

D*+

ντ

π0

D+

l-

νl

π0

D*+

B

π+

K-

τ -

ντ 

B0

D*+

ντ

π+

D0

l-

νl

π+

D0



Fitting methodology and variables
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• Extracting B→D*τν, B→D*lν yields by a two-dimensional simultaneously fit   
• M2miss = (pbeam - pBtag - pD(*) - pl)2 
• EECL unassigned neutral energy in the calorimeter

M2miss

M2miss

EECL

B→D*τν

B→D*lν

B→D**lν

τ -

ντ 

B0

D1+

ντ

π0

D*+

l-

νl



Dominant backgrounds and control samples
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B→D**lνFake D*

τ -

ντ 

B0

D1+

ντ

π0

D*+

l-

νlτ -

ντ 
B0

D*+

ντ

π0

D+

l-
νl

π0

D*+

B

q2 < 3.5 GeV sideband: 

validate EECL modeling Reconstruct D*π0lν  


validate D** modeling
m(Dπ) - m(D*) sideband: 


validate fake D* modeling



Rτ/l (D*) results
Source Uncertainty

Statistical uncertainty +15.4%
-14.6%

EECL PDF shape +9.1%
-8.3%

MC statistics ±7.5%

B→D**lν modeling +4.8%
-3.5%

• Similarly sensitivity as Belle 15’ result @ 711 fb-1  
with only 189 fb-1


• Belle II first result for R(D*) 
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• Consistent with 

 SM: 0.254 ± 0.005,

 HFLAV24: 0.287 ± 0.012


• SM vs. experimental average 
deviation: 3.2σ → 3.3σ

R(D*τ/l ) = 0.262 +0.041-0.039 (stat) +0.035-0.032 (syst)



“B anomaly” in semileptonic decays
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 0.007±0.254 

PRL 123 (2019) 9,091801 
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PRD 109 (2024) 7, 074503 
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Moriond 2024



New Physics scenarios with Effective Field Theory
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• New physics contribution to R(D(*)) are tested with Wilson operators

Refer to: PRD 110, 075005 (2024)

R(D) R(D*)

Exp. average 0.356 ± 0.029 0.284 ± 0.013
SM 0.298 ± 0.004 0.254 ± 0.005

• Exp. average to constrain Wilson coefficients

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.075005


Constraint on charged Higgs scenario
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H-

• Charged Higgs in 2HDM (type II) is disfavored 

• General 2HDM still survives
•



Constraint on leptoquark scenario
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• All three models have favored regions within 1σ R(D(*)) exp. average

• R(D(*)) can be explained with three leptoquark models of 2 TeV

JHEP 05 (2024) 311
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LFU test by Rτ/l (X) measurement
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<latexit sha1_base64="082RPaMC5CqeIwsD+Ue3khh3EuY="></latexit>

R(X⌧/`) =
Br(B̄ ! X⌧�⌫̄⌧ )

Br(B̄ ! X`�⌫̄`)

• R(X) is critical cross-check of R(D(*)), largest 
contribution from R(D(*)), a partially complementary 
test of LFU

• R(X) has never been measured 

• Breakdown of B→Xlν branching fractions

• ~ 2/3 overlap with D and D*

• ~ 3/4 D decay to ν, KL0, nπ … 


• ~ 1/3 contribution from D** and nonresonant Xc


• Multiple LEP experiments measured Br(B→Xτν)

• Br(B→Xτν) are completely saturated by D/D* BFs

➡An update measurement is needed 
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Results of Rτ/l(X) for LFU test

• First Belle II preliminary Rτ/l (X) result


 　Rτ/l (X) = 0.228 ± 0.016 (stat) ± 0.036 (syst)

 　Rτ/e(X) = 0.232 ± 0.020 (stat) ± 0.037 (syst)

 　Rτ/μ(X) = 0.222 ± 0.027 (stat) ± 0.050 (syst)

• Consistent with rough SM expectation  

Rτ/l(X)SM ≈ 0.222 

• Main systematics

• Adjustment to MC (form factor, D and B 

branching factions)

• Sample size in sideband for reweighting  



Expected sensitivity of LFU test at Belle II
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arXiv:2207.06307

5 ab-1

The Belle II Physics Book, PTEP 2019, 123C01 

R(D*)
R(D)

R(π)

R(X)

https://arxiv.org/pdf/2207.06307.pdf
https://doi.org/10.1093/ptep/ptz106
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Summary and prospects
•R(D(*)) shows 3.3σ deviation between experimental average value and standard 

model prediction 

•Hint of Lepton Flavor Universality Violation  


•Belle II performed new tests of LFU based on 189 fb-1 data 

Rτ/l (D*) = 0.267 +0.041-0.039 (stat) +0.028-0.033 (syst)


Rτ/l (X) = 0.228 ± 0.016 (stat) ± 0.036 (syst) 


• SuperKEKB/Belle II resumed operation 

 at the beginning of 2024 after LS1

Long 
Shutdown 1

Long 
Shutdown 2


