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“Seoul is a fast-moving modern metropolis and one of the largest cities in the
world. Home to over 10 million citizens, it is a friendly city that is easy to get

around.”
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COEX Mall (containing COnvention centers and EXhibition halls)

Gangnam District (widely known for its heavily concentrated wealth and very high
standard of living, compared to cities such as Beverly Hills, California)
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Korean Demilitarized Zone (DMZ)

Established by the provisions of the Korean Armistice Agreement to serve as a
buffer zone between North Korea and South Korea following the Korean War
(1950-1953)

Visited “Third Tunnel of Aggression”, Dorasan Railway Station and obervation
tower looking out to North Korea
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View of North Korean city of Kaesong
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View of North Korean “peace village” and 160m propaganda flagpole
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A conference on a huge scale!

1119 participants

835 parallel talks and 41 plenary talks

226 posters
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Parallel Sessions

Three very dense days of parallel talks!

Around 25 talks per session per day

9 simultaneous sessions each day

Impossible to follow anything but a
single corner of a single field!

Plenary Sessions

Summary talks spanning all main
pillars of modern experimental and
theoretical HEP

Very effective to learn about what’s
going on outside of your specialism

Extras

Poster sessions, public lectures,
committee reports (ICFA, IUPAP) and
awards
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Sorry...

My “highlights” are obviously biased towards my own interests...

However, they do cover many of the new results prepared for the conference and
the talks which received most attention from the audience

Many talks (which I won’t discuss) which will be of great interest to specialists, I’d
encrourage you to browse the slides! (https://indico.cern.ch/event/686555/)

I will concentrate on the following selected highlights

Latest results from the LHC (SM, Higgs, SUSY)

Commissioning of new experiments (Belle II and FNAL g − 2)

Status of Lattice QCD calculations

Selected results from neutrino experiments

Latest results from AMS and a look at “multi-messenger astronomy”

https://indico.cern.ch/event/686555/


Latest measurement of Higgs boson
production and properties

Several important new results from ATLAS and CMS

New measurements of mH and ΓH

Unprecedented precision in differential cross-section measurements

Excitement surrounding H → bb̄ decays, VH and tt̄H production
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Mass measurement

mH = 124.79 ± 0.37 GeVmH = 124.93 ± 0.40 GeV mH = 125.26 ± 0.21 GeV

ATLAS H → γγ ATLAS H → ZZ* → 4l CMS H → ZZ* → 4l

mH = 125.09 ± 0.24 GeV (1.9 per-mille)

[arXiv:1806.00242]

[JHEP11(2017)047]

124.86 ± 0.27 GeV

W. Leight N. Wardle
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• New mass measurements based on H → γγ and H → ZZ* → 4l final states.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

• Run-2 CMS ZZ* alone 1.7 per-mille precision,  ATLAS 2.1 per-mille in combination

• ATLAS + CMS Run-1:

(stat. limited)

(stat. limited)
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Higgs boson width
• SM Higgs boson width (4 MeV) too small to be measured directly.  

• Best direct limit from CMS H → ZZ* → 4l  
(                           @ 95% CL)

• Or can measure the ratio of on-shell to  
off-shell cross section in H → ZZ*/WW*

• ATLAS Run-2 measurement of off-shell  
cross-section for H → ZZ* → 4l / 2l 2ν 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• Uses NLO K factors for gg → (H* →) ZZ*  
as function of m(ZZ) [Caola et al, Phys. Rev. D 92 (2015) 18]

• Improves on Run-1 ATLAS and CMS expected  
limits by almost factor 2

µo↵�shell =
�o↵�shell

�o↵�shell,SM
< 3.8 (3.4exp.)

 [HIGG-2017-06]

o↵�shell = on�shell

 9 Giacinto Piacquadio - ICHEP 2018

�H < 14.4 MeV (15.2 MeV exp.)
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Precise differential measurements
• New ATLAS H → γγ measurement with 80 fb-1 

of Run-2 data.

• New CMS combined measurement of  
H → γγ, H → ZZ and H → bb with  
36 fb-1 of Run-2.

• Unprecedented precision on Higgs pT spectrum

• Good agreement with predictions.

• No sign of New Physics in pT(H) tail yet!  

NEW

NEW

[ATLAS-CONF-2018-028]

[CMS-PAS-HIG-17-028]

L. Mijovic V. Tavolaro
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Precise differential measurements

• Many many new differential distributions measured.

• All distributions in agreement with expectations.

H → γγ (80 fb-1)

H → γγ (36 fb-1)

H → γγ + ZZ (36 fb-1)

NEW

NEW

NEW

[CMS-HIG-17-025]

E. Scott O. Kortner T. Sculac
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VH, H → bb
• VH production most sensitive mode for H → bb at the LHC

• 3 channels (0-, 1-, 2 charged leptons from V= W/Z boson)

• Select 2 b-tagged jets and pT(V) > 75 or 150 GeV

• Main discriminant variables m(bb), pT(V) and ΔR(bb)  
(combined into a Boosted Decision Tree)
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NEW

Y. Enari
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Significance: 4.9σ (4.3σ expected)

Fit result with 79.8 fb-1 of Run-2 data

Run-2 VH, H → bb results

NEW

NEW

µ = �meas/�SM = 1.16+0.27
�0.25

 

Combination with Run-1:

µ = 0.98 ± 0.14(stat.)+0.17
�0.16(syst.)

Significance: 4.9σ (5.1σ expected)

• Detailed validation of analysis:

• Fit to diboson VZ, Z → bb:                          (9.6σ)

• m(bb) fit for VH, H → bb:                            (3.6σ)

µ = 1.20+0.20
�0.18

µ = 1.06+0.36
�0.33

[ATLAS-CONF-2018-036]

 16 Giacinto Piacquadio - ICHEP 2018



H → bb̄ decays III (Higgs Summary - G. Piacquadio) 18
91

bb→H
µ
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• VH, H → bb

• VBF(+ggF), H → bb

• ttH, H → bb  
 
 
 

 
 

• Run-2 

• VH, H → bb

• VH, H → γγ
• VH, H → ZZ*

H → bb combination
 
  Significance:  

5.4σ observed  
(5.5σ expected)

Observation of  
H → bb!!

Significance:  
5.3σ observed (4.8σ expected)

Observation of  
VH production!!

NEW

VH combination NEW

[ATLAS-CONF-2018-036]
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ATLAS 4.1σ (3.7σ exp.)

CMS 1.4σ (1.5σ exp.)

4.1σ (2.8σ exp.)

3.2σ (2.8σ exp.)

1.4σ (1.6σ exp.)

1.6σ (2.2σ exp.)

(80fb-1)

H ! bb̄
H ! �� H ! ⌧⌧

(multi-leptons)

H ! ZZ⇤ ! 4` H ! WW ⇤ ! `⌫`⌫

[arXiv:1806.00425]
[arXiv:1804.02716]

[arXiv:1803.05485]
Phys.Rev.D.97(2018)072003

[arXiv:1804.03682]
[Phys. Rev. D 97 (2018) 072016]

Measuring ttH productionC. Pardos Y. Horii

 25 Giacinto Piacquadio - ICHEP 2018

(CMS: incl. all-hadronic channel)
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Combination of ttH measurements

ATLAS (up to 80 fb-1)  
Run-2: 5.8σ (4.9σ exp.)  
Run-1+Run-2: 6.3σ (5.1σ exp.)

CMS 
Run-1+Run-2: 5.2σ (4.2σ exp.)  
 

Observation of ttH production!

[arXiv:1806.00425]

C. Pardos Y. Horii

 26 Giacinto Piacquadio - ICHEP 2018
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H ! M � Decays - Motivation 2
16

H !M � decays provide a clean probe of the
charm and light quark Yukawa couplings at the LHC

M is a vector (JPC = 1��) light meson or quarkonium
state such as J/ , (2S),⌥(nS), �(1020), ⇢(770)

Interference between direct (H ! qq̄) and indirect
(H ! ��⇤) contributions

Direct amplitude (upper) provides sensitivity to the
magnitude and sign of the Hqq̄ couplings (e.g.
M = J/ sensitive to Hcc̄ coupling)

Indirect amplitude (lower) makes dominant contribution
to decay width, but not sensitive to Yukawa couplings

B (H ! J/ �) = (2.99 ± 0.16)⇥ 10�6 †
B (H !  (2S) �) = (1.03 ± 0.06)⇥ 10�6 †
B (H ! ⌥(1S) �) = (5.2+2.0

�1.7)⇥ 10�9 †
B (H ! ��) = (2.3 ± 0.1)⇥ 10�6 ‡
B (H ! ⇢ �) = (1.7 ± 0.1)⇥ 10�5 ‡

H

�

M

H

M

�

† Phys. Rev. D 90, 113010 (2014) (arXiv:1407.6695) ‡ JHEP 1508 (2015) 012 (arXiv:1505.03870)
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H/Z !  (nS) � Decays - Results (arXiv:1807.00802)
14
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Limit on B(H ! J/ �) improved by factor ⇡ 4⇥ w.r.t. Run 1 result!



Measurements of rare SM processes
with ATLAS and CMS

New results on vector boson scattering (VBS) processes

Processes represent direct probes of the heart of EWSB

Measurements in several new channels now feasible with the LHC
Run 2 dataset
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VBS processes: W±W±

• Vector-boson scattering (VBS) processes
✦ Key test of EWSB
✦ Sensitive to anomalous QGC

• Enhanced in beyond-SM scenarios (e.g. 
modified Higgs sector or new resonances)
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14

1st observation @ ATLAS
(5.6σ observed, 3.3σ expected)

characteristic signature: 
2 jets w. large rapidity 
separation

Search @ CMS
(1.9σ observed, 2.7σ expected)

1. Introduction 1

1 Introduction
The discovery of a scalar boson with couplings consistent with the standard model (SM) Higgs
boson by the ATLAS and CMS collaborations [1, 2] provides evidence that the W and Z bosons
acquire mass through the Higgs mechanism. Given the mass of the Higgs boson, the couplings
of the massive vector bosons to the Higgs and their triple and quartic self-interactions are ex-
actly predicted in the SM. Physics beyond the standard model (BSM) in the electroweak (EW)
sector is expected to include interactions with the Higgs and vector bosons, modifying their
effective couplings. Characterizing the self-interactions of the vector bosons is thus of great
importance.

The total WZ production cross section in proton–proton collisions has been measured in the
leptonic decay modes by the CMS and ATLAS collaboration at 7, 8 and 13 TeV [3–6], and limits
on anomalous triple gauge couplings were presented in Refs. [4, 6]. Constraints on anomalous
quartic gauge couplings (aQGC) were presented by the ATLAS collaboration at 8 TeV [6]. At the
LHC, quartic WZ interactions are accessible through triple vector boson production or through
vector boson scattering (VBS), in which vector bosons are radiated from the incoming quarks
before interacting. These interactions include WZ quartic couplings, as shown in Fig. 1 (a).
Vector boson scattering processes form a distinct experimental signature characterized by two
forward and high momentum jets in addition to the vector bosons. They are part of an im-
portant subclass of processes contributing to WZ plus two jet (WZjj) production that proceeds
entirely via the EW interaction at tree level, O(a4), which we refer to as EW-induced WZjj pro-
duction, or simply EW WZ production. An additional contribution to the WZjj state proceeds
via QCD radiation of partons from the incoming quark or gluon lines, shown in Fig. 1 (b), lead-
ing to contributions at O(a2a2

S). This class of processes is referred to as QCD-induced WZjj
production (or QCD WZ), and is distinguishable from the EW-induced component via kine-
matic variables.
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Figure 1: Representative Feynman diagrams for WZjj production in the SM and BSM. EW-
induced WZ production includes quartic interactions (a) of the vector bosons. This is distin-
guishable from QCD-induced production (b) through kinematic variables. New physics in the
EW sector modifying the quartic coupling can be parameterized in terms of dimension-eight
effective field theory operators (c). Specific models modifying this interaction include those
predicting charged Higgs bosons (d).

This measurement selects events with exactly three leptons, moderate missing transverse mo-
mentum, and two jets at high pseudorapidity with large dijet system invariant mass. These
kinematic selections are used to distinguish the EW-induced WZjj component from the dom-
inant QCD-induced process, which is considered as background. Measurements of EW WZ
production and the total WZjj production cross section in a phase space with enhanced contri-
butions from EW processes, without separating by production mechanism, are presented.

An excess of events with respect to the SM prediction could indicate contributions from addi-

• Vector-boson scattering (VBS) processes
✦ Key test of EWSB
✦ Sensitive to anomalous QGC

• Enhanced in beyond-SM scenarios (e.g. 
modified Higgs sector or new resonances)
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VBS processes: ZZ

15

characteristic signature: 
2 jets w. large rapidity 
separation

• Vector-boson scattering (VBS) processes
✦ Key test of EWSB
✦ Sensitive to anomalous QGC

• Enhanced in beyond-SM scenarios (e.g. 
modified Higgs sector or new resonances)

2 2 The CMS detector
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Figure 1: Representative Feynman diagrams for the EW- (top row and bottom left) and QCD-
induced production (bottom right) of the ZZjj ! ```0̀ 0jj (`, `0= e or µ) final state. The scattering
of massive gauge bosons as depicted in the top row is unitarized by the interference with am-
plitudes that feature the Higgs boson (bottom left).

QCD-induced production, is used to extract the signal significance and to measure the cross
section for the EW production in a fiducial volume. Finally, the selected ```0̀ 0jj events are used
to constrain aQGCs described by the operators T0, T1, and T2 as well as the neutral-current
operators T8 and T9 [7].

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are silicon pixel and strip
tracking detectors, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass
and scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sec-
tions. Forward calorimeters extend the pseudorapidity h coverage provided by the barrel and
endcap detectors up to |h| < 5. Muons are measured in gas-ionization detectors embedded in
the steel flux-return yoke outside the solenoid.

The silicon tracker measures charged particles within the pseudorapidity range |h| < 2.5. It
consists of 1440 silicon pixel and 15 148 silicon strip detector modules. For nonisolated particles
with 1 < pT < 10 GeV and |h| < 1.4, the track resolutions are typically 1.5% in pT and 25–90
(45–150) µm in the transverse (longitudinal) impact parameter [19].

Electrons are measured in the pseudorapidity range |h| < 2.5 using both the tracking system
and the ECAL. The momentum resolution for electrons with pT ⇡ 45 GeV from Z ! e+e�

decays ranges from 1.7% for nonshowering electrons in the barrel region (|h| < 1.479) to 4.5%
for showering electrons in the endcaps [20].

Approaching sensitivity 
to EW ZZ @ CMS

(2.7σ excess, 1.6σ expected)

8 7 Search for EW ZZjj production
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Figure 2: Distribution of the dijet pseudorapidity separation (left) and dijet invariant mass
(right) for events passing the ZZjj selection, which requires mjj > 100 GeV. Points represent
the data, filled histograms the expected signal and background contributions. No data beyond
|Dhjj| > 7 (left) and mjj > 1600 GeV (right) is observed.

The determination of the signal strength for the EW production, i.e., the ratio of the mea-
sured cross section to the SM expectation µ = s/sSM, employs a multivariate discriminant
to optimally separate the signal and the QCD background. The scikit-learn framework [49]
is used to train and optimize a boosted decision tree (BDT) on simulated events to exploit
the kinematic differences between the EW signal and the QCD background. Seven observ-
ables are used in the BDT, including mjj, |Dhjj|, mZZ, as well as the Zeppenfeld variables [8]
h⇤

Zi
= hZi � (hjet 1 + hjet 2)/2 of the two Z bosons, and the ratio between the pT of the tagging

jet system and the scalar pT sum of the tagging jets. The BDT also exploits the event balance
Rphard

T , which is defined as the transverse component of the vector sum of the Z bosons and
tagging jets momenta, normalized to the scalar pT sum of the same objects [50].

A total of 36 discriminating variables including observables sensitive to parton emissions be-
tween the tagging jets, the production and decay angles of the leptons, Z bosons, and tagging
jets as well as quark-gluon tagging information are considered in the BDT training. Observ-
ables that do not improve the area under the signal-versus-background efficiency curve (AUC)
are removed from the BDT. The observables sensitive to extra parton emissions provide lit-
tle marginal AUC increase and are not retained because of the limited modelling accuracy in
the simulation. The tunable hyper-parameters of the BDT training algorithm are optimized
via a grid-search algorithm. Finally, the BDT performance is checked using a matrix element
approach [51–53] that provides a similar separation between the signal and background pro-
cesses.

To validate the modeling of the backgrounds in the search, a QCD-enriched control region is
defined by selecting events with mjj < 400 GeV or |Dhjj| < 2.4. Good agreement is observed
between the data and SM expectation in this control region, as shown in Fig. 3 (left). The
classifier output distribution for all events in the ZZjj selection including the high signal purity
contribution at large BDT output values is shown in Fig. 3 (right).

The BDT distribution of the events in the ZZjj selection is used to extract the significance of
the EW signal via a maximum-likelihood fit. The expected distributions for the signal and
the irreducible backgrounds are taken from the simulation while the reducible background is
estimated from the data. The shape and normalization of each distribution are allowed to vary
in the fit within the respective uncertainties. This approach constrains the yield of the QCD-

PLB 774 (2017) 682

electroweak
ZZ

σ(fid)~0.4 fb



Recent measurements of top quark production
and properties with ATLAS and CMS

New single measurements of mt beginning to approach precision of
world average

Excitement surrounding measurements of spin correlations in tt̄
production

Efforts to measure tt̄tt̄ (“four top”) production at the LHC



Recent measurements of top quark production
and properties with ATLAS and CMS

New single measurements of mt beginning to approach precision of
world average

Excitement surrounding measurements of spin correlations in tt̄
production

Efforts to measure tt̄tt̄ (“four top”) production at the LHC



Measurements of mt (SM Summary - L. Skinnari) 29
91

Top properties: MASS

26

• Key SM parameter
• Test EW vacuum stability

CMS all-jet (13 TeV)
172.34 ±0.20 (stat+JSF) 

±0.76 (syst) GeV

 [GeV]fit
tm

100 200 300 400D
at

a/
M

C

0.5
1

1.5

 E
ve

nt
s 

/ 5
 G

eV

200
400
600
800

1000
1200
1400
1600  correcttt

 wrongtt

Multijet

Data

 (13 TeV)-135.9 fb preliminaryCMS

CMS-PAS-TOP-17-008
NEW
@ ICHEP

 [GeV]topm
165 170 175 180 185

ATLAS+CMS Preliminary  = 7-13 TeVs summary, topm
LHCtopWG

shown below the line
(*) Superseded by results
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total uncertainty
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 syst)± total (stat ± topm        Ref.s

ATLAS, l+jets (*) 7 TeV  [1] 1.35)± 1.55 (0.75 ±172.31 
ATLAS, dilepton (*) 7 TeV  [2] 1.50)± 1.63 (0.64 ±173.09 
CMS, l+jets 7 TeV  [3] 0.97)± 1.06 (0.43 ±173.49 
CMS, dilepton 7 TeV  [4] 1.46)± 1.52 (0.43 ±172.50 
CMS, all jets 7 TeV  [5] 1.23)± 1.41 (0.69 ±173.49 
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ATLAS, l+jets 7 TeV  [8] 1.02)± 1.27 (0.75 ±172.33 
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Top properties:
• Measurement of top quark 

spin correlations @ 13 TeV 
✦ Spin properties transferred 

to decay-leptons (here: eµ)
• Extract from unfolded 

normalized cross sections w.r.t. 
|Δϕ| between leptons

• Could be modified due to 
different production/decay

✦ 3.7σ discrepancy observed
(3.2σ including uncertainty on the
theory prediction)

28
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Toward the very rare

30
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Motivation

2

Anomalous Couplings 
• Probe Wtb vertex structure 
• SM: Left-Handed vector coupling  
• BSM: RH vector, RH/LH tensor

ttW, ttZ 
• QCD/QED at high mass  
• Probe top coupling to Z  
• Background to ttH

tttt  
• QCD at very high mass 
• High-mass scalars: H/A(tt) 
• Top-Higgs yukawa (yt4)

g

g

t

t̄

t̄

t

g

g

HHH

t

t̄
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t

Effective Field Theories 
• Comprehensive effort ongoing 

towards constraining EFT 
using the top quark (F. Maltoni) 

• Today: individual constraints 
based on ttW/Z, tttt, FCNC

T
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Figure 1: Leading-order diagrams for (a) vector-like top quark pair production, and (b) four-top production from
the contact interaction model.

where tR is the right handed top spinor and the �µ are the Dirac matrices. Direct constraints limit any
contact interaction between left-handed top quarks to be too small to be to be observed at the LHC. A
model with two universal extra dimensions under the real projective plane geometry (2UED/RPP) [34] is
also considered. In this model, the compactification of the extra dimensions leads to discretization of the
momenta along their directions. The model is parameterized by the radii R4 and R5 of the extra dimen-
sions or, equivalently, by mKK = 1/R4 and ⇠ = R4/R5. This model predicts the pair production of tier2
(1,1) Kaluza–Klein (KK) excitations of the photon (A(1,1)

µ ) with a leading-order mass of
p

1 + ⇠2 mKK
that decay to tt̄ with an unknown branching fraction, assumed here to be 100%.

Leading-order Feynman diagrams for the production in pp collisions of some of the signals searched for
in this analysis are presented in figure 1.

Previous searches by the ATLAS collaboration using an integrated luminosity of 20.3 fb�1 of pp collisions
at a centre-of-mass energy

p
s = 8 TeV [35], and the CMS collaboration using an integrated luminosity

19.5 fb�1 of pp collisions at
p

s = 8 TeV [36] and 2.3 fb�1 at 13 TeV [37], did not observe a significant
excess of same-sign dilepton production. However, in the ATLAS search, a modest excess was observed,
reaching 2.5 standard deviations in the set of signal regions defined for searching for four-top-quark
production. The ATLAS result was used to set limits at 95% confidence level on various models, including
on VLQ and four-top-quark production. The CMS result was also used to set limits on various models,
including on SM four-top-quark production. The upper limit on the four-top-quark production cross
section, set by CMS, was 49 fb. In separate analyses the CMS collaboration used the same-sign lepton
signature as part of a search for T5/3 quarks [38], ruling out left-handed (right-handed) T5/3 quarks with
mass below 0.94 (0.96) TeV, and as part of a broader search for vector-like T quarks [39], ruling out such
quarks with mass less than 0.69 TeV. Other searches by the ATLAS collaboration using pp collisions atp

s = 8 and 13 TeV [40, 41] with similar final states to those reported here were interpreted in the context
of supersymmetric models. The present analysis uses an analysis strategy that is similar to the

p
s = 8

TeV ATLAS analysis, using a data set recorded at
p

s = 13 TeV with an integrated luminosity of 3.2
fb�1. This allows for a check of the modest excess observed at 8 TeV. Because of the increased cross
sections, the sensitivity of the search was improved from the 8 TeV search, despite the smaller integrated
luminosity of the data set.

2 A tier of the Kaluza–Klein towers is labeled by two integers, corresponding to the two extra dimensions.

3

FCNC 
• Suppressed in SM 

due to GIM mechanism 
• Can be enhanced in BSM

1

1 Introduction
In the standard model (SM), flavour changing neutral currents (FCNC) are forbidden at tree
level and highly suppressed at higher order, resulting in a SM branching fraction for a top
quark decaying into a charm or up quark and a Z boson of the order of 10�14 [1, 2]. Several
extensions of the SM enhance the FCNC branching fractions and can be probed at the LHC
[1]; the new couplings can also provide for flavour changing single top quark production in
association with a Z boson. Previous searches have been performed at the Fermilab Tevatron
by the CDF [3] and D0 [4] collaborations, and at the LHC by the ATLAS [5, 6] and CMS [7–9]
collaborations.

The analysis uses proton collision data coming from the 2016 data taking period, corresponding
to an integrated luminosity of 35.9 fb�1 at a centre-of-mass energy of 13 TeV collected by the
CMS detector [10]. The analysis focusses on the experimental search for evidence of a FCNC
vertex (referred to as tZq) with a top quark, a Z boson, and a quark q that is either up or charm.
Such a vertex can lead, for example, to the single top quark production diagrams in Figure 1
(with subprocess q ! tZ) and to top quark pair production with FCNC decay (with subprocess
t ! Zq) as shown in Figure 2. All these diagrams result in a final state with one jet originating
from a b quark (b jet), a W boson, a Z boson, and (in the case of FCNC top quark decay) a jet
originating from the up or charm quark. The present search requires that both W and Z bosons
decay leptonically to final-state electrons or muons, resulting in three leptons in the final state.

Figure 1: Single top quark event Feynman diagrams at leading order. The vertex labelled tZq
is the sought-for FCNC interaction.

Figure 2: Top quark pair Feynman diagram at leading order. The vertex labelled tZq is the
sought-for FCNC interaction.

Background SM processes that may result in reconstructed final states mimicking such signals
include direct WZ production in association with jets; Drell–Yan (DY) dilepton production in
association with jets; tt̄Z; tt̄W; and single top quark production with a Z boson radiated from a
flavour-conserving tt̄Z vertex, referred to as SM tZq.

As an aid in classifying events as signal or background, two multivariate discriminants based
on Boosted Decision Trees (BDT) are employed, one targeting the single top quark production
signal and, the other the top quark decay signal. The levels of backgrounds are estimated with

SM tttt
• σtttt,SM ≈ 10-5 x σtt,SM @ 13 TeV
• Sensitive to new physics (e.g. high 

mass scalars), top Yukawa coupling
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Observed (expected) significance
• ATLAS: 2.8σ (1.0σ)
• CMS: 1.6σ (1.0σ)

← same-sign/opposite dileptons, l+jets
← same-sign/trileptons

ATLAS: Paper in preparation
CMS: EPJC 78 (2018) 140

- -



Status of LHC searches for supersymmetry

Several new results from ATLAS, CMS and LHCb with LHC Run 2
data

The “low hanging fruit” seems to have already been picked...

No evidence for SUSY with the broad LHC search programme

Searches extending to more obscure signatures...
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Active SUSY search programActive SUSY search program

2323
Simplified signatures covered to high masses, but plenty of low mass unexplored model space.

Compressed spectrum
squark degeneracy:
squarks O(500 GeV)
gluinos O(1 TeV)

Longer decay chain
more realistic models:
sbottom O(700 GeV)
stop O(700 GeV)

Low rate, compressed:
winos O(~100 GeV)
sleptons O(~100 GeV)
higgsino O(~100 GeV)

Complexity, long-lived:
gluinos O(1 TeV)
stop O(500 GeV)

28 publications on SUSY searches with 2015-2016 data (36 fb-1).
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Summary and outlook

● New results at 13 TeV are being produced at a steady pace.

● Completing the program with 36 fb-1 (2015+2016) dataset.

● Start to see first results with 80 fb-1 dataset (2015+2016+2017).

● Vast and versatile search program for SUSY.

● No evidence for SUSY yet  → strong message from the LHC.

● In most favourable / challenging scenarios we exclude

– gluinos up to O(2) / O(1) TeV.

– squarks up to O(1.5) / O(0.5) TeV.

– stops and sbottoms up to O(1) / O(0.7) TeV.

– EW produced sparticles up to O(0.5-1) / O(0.1) TeV.

● Regions of parameter space still not well covered.

● Next step is to complete the program with the full                                  
Run 2 dataset (150 fb-1 expected).

● Ensure we cover all signatures within our reach.
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● Search for a scalar resonance decay to 
a pair of muons.

● Light scalars can appear e.g. in  
NMSSM scenarios.

● Target difficult region around        
(5.5-15 GeV).

● Limits comparable to CMS, but   
extend closer to the    mass.

Dimuon resonance in the    region

1805.09820

● More LHCb:

LLPs decaying semileptonically (1612.00945) and to jets (1705.07332)

Indirect (1703.05747, 1703.02508, 1609.02032, 1712.08606, 1611.07704)



Commissioning of Belle II + Super KEKB

Belle + KEKB → Belle II + Super KEKB

Upgrade accelerator complex to achieve L = 8× 1035 cm2s−1 (KEKB
achieved L = 2.1× 1034 cm2s−1)

Upgrade detector with latest technologies + higher radiation tolerance

Aim to collect a 50 ab−1 sample of BB̄ events by 2025
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SuperKEKB / Belle II overall schedule

7K.	Akai,	SuperKEKB/Belle	II	status,	ICHEP2018,	July	9,	2018

・・・2010

JFY2010

2011

JFY2011Japan	FY

Calendar	year

Phase	1	commissioning

Phase	2	commissioning

Phase	3

IR	renovation

w/o	QCS
w/o	Belle	II

w/	QCS
w/	Belle	II	(no	VXD)

w/	full	Belle	II

DR	commissioning

Positron	damping	ring	(DR)	construction

Start-up

operation	
for	years

2012 2013 2014 2015 2016 2017 2018 2019

JFY2012 JFY2013 JFY2014 JFY2015 JFY2016 JFY2017 JFY2018 JFY2019

SuperKEKB LER	&	HER	upgrade	constructionKEKB	operation

Injector	Linac upgrade	construction	&	operation

・・・

Now
July	9,	2018

Beam	collision	tuning

LER&HER	tuning
(no	collision)

Belle	II	upgrade	construction Belle	II	roll-in

VXD	installation
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Nano-Beam collision scheme

usual head-on (small angle) collision
d

Half	crossing	angle:	f

2f


�������"��$� �����!������
#� �������������������������
����! �����������

Invented	by	P.	Raimondi.

• �����!����������������� ����
�!�������������!������������
�"���������������

• 	��������������!��%�����$����
 ������� � ��������!�!�������������
�!�� �� ������!������������ ����

Nano-Beam Scheme

& 50	nm	(vertical	size	at	IP)

Top	view

Schematic	view	from	oblique

8K.	Akai,	SuperKEKB/Belle	II	status,	ICHEP2018,	July	9,	2018
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electron		(7GeV)

positron	(4GeV)

KL and	muon detector:
Resistive	Plate	Counter	(barrel	outer	layers)
Scintillator	+	WLSF	+	MPPC† (end-caps,	
inner	2	barrel	layers)

Particle	Identification:	
Time-of-Propagation	counter	(barrel)
Prox.	focusing	Aerogel	RICH	(fwd)

Central	Drift	Chamber
He(50%):C2H6(50%),	Small	cells,	long	
lever	arm,		fast	electronics

EM	Calorimeter:
CsI(Tl),	waveform	sampling
(opt.)	Pure	CsI for	end-caps

Vertex	Detector:
2	layers	DEPFET	+	4	layers	DSSD

Beryllium	beam	pipe
radius	=	1cm

K.	Akai,	SuperKEKB/Belle	II	status,	ICHEP2018,	July	9,	2018 19

Cut view of Belle II Detector

Readout	(TRG,	DAQ):
Max.	30kHz	L1	trigger	~100%	efficient	
for	hadronic	events.
1MB(PXD)+100kB(others)	per	event
g over	30GB/sec	to	record
Offline	computing:	
Distributed	over	the	world	via	GRID

† a.k.a SiPMReuse	Solenoid	and	mechanical	structure	from	Belle.
Upgrade	with	new	technologies;
perform	good	under	x20	higher	beam	background
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First collision

K.	Akai,	SuperKEKB/Belle	II	status,	ICHEP2018,	July	9,	2018 26

Apr.	26,	2018

SuperKEKB control	room

Horizontal	beam-beam	kick

Vertical	beam-beam	kick

Belle	II	control	room

First	hadronic	event	observed	by	Belle	II
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K.	Akai,	SuperKEKB/Belle	II	status,	ICHEP2018,	July	9,	2018 36

Physics	data	obtained	at	Belle	II	in	Phase	2
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K.	Akai,	SuperKEKB/Belle	II	status,	ICHEP2018,	July	9,	2018 37
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K.	Akai,	SuperKEKB/Belle	II	status,	ICHEP2018,	July	9,	2018 38



Commissioning of FNAL muon g − 2 experiment
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Muon	anomalous	magneBc	moment	

Dirac	equaBon	predicts	g=2	

Basics of the anomalous magnetic moment
Electrostatic properties of charged particles:
Charge Q, Magnetic moment ~µ, Electric dipole moment ~d

For a spin 1/2 particle:

~µ = g
e

2m
~s, g = 2| {z }

Dirac

(1 + a), a =
1

2
(g � 2) : anomalous magnetic moment

Long interplay between experiment and theory: structure of fundamental forces

In Quantum Field Theory (with C,P invariance):

γ(k)

p p’

= (�ie)ū(p 0)

2
64�µ F1(k

2)| {z }
Dirac

+
i�µ⌫k⌫

2m
F2(k

2)| {z }
Pauli

3
75 u(p)

F1(0) = 1 and F2(0) = a

ae : Test of QED. Most precise determination of ↵ = e2/4⇡.
aµ: Less precisely measured than ae , but all sectors of Standard Model (SM),
i.e. QED, Weak and QCD (hadronic), contribute significantly.
Sensitive to possible contributions from New Physics. Often (but not always !):

a` ⇠
✓

m`

mNP

◆2

)
✓

mµ

me

◆2

⇠ 43000 more sensitive than ae [exp. precision ! factor 19]

(Schwinger		α/π,		
Kinoshita	higher	orders	in	α)	

Theory:	uncertainty	in	hadronic	contribuBons	to	the	muon	g	−	2,	(Jägerlehner,	1802.08019	).		
Lakce	QCD	great	progress	light-by-light		study	(RBC	&	UKQCD,	1801.07224).	

Fermilab	and	J-Park	experiments	are	expected	to	clarify	exisBng	discrepancy!	

For	electron	ae	theory	and	experiment	agrees!	

ath
µ � aexp

µ = �(3.06 ± 0.76) ⇥ 10�8

of the argument xq = m2
q/m2

LQ are:

fS(x) =
x + 1

4(1� x)2
+

x log x

2(1� x)3
⇠ 1

4
,

fF (x) =
x2 � 5x� 2

12(x� 1)3
+

x log x

2(x� 1)4
⇠ 1

6
,

gS(x) =
1

x� 1
� log x

(x� 1)2
⇠ � log x,

gF (x) =
x� 3

2(x� 1)2
+

log x

(x� 1)3
⇠ � log x.

(73)

The above expressions agree with the formulas presented in Ref. [207]. In
Eqs. (73) the limiting behavior of the functions is indicated when x becomes
small. Note that in such a limit the contribution of a chiral LQ with charge
QS = 2/3 becomes negligible due to cancellation between the terms with fS

and fF . Eqs. (73) have been derived for the F = 0 case and are easily adapted
to the |F | = 2 case by flipping the scalar charge, QS ! �QS (but with QS still
defined as charge of the field S), and applying lq` ! r⇤q`, rq` ! l⇤q`.

Rare radiative processes with LFV have been studied for vector and scalar
LQs with unitary coupling matrices in Ref. [208]. Constraints on the scalar
leptoquarks from LFV radiative decays were also tackled in the literature in
Refs. [135, 209].

3.4.2. Anomalous magnetic moments
Virtual corrections due to LQ states can modify the tree-level electromag-

netic interactions of charged leptons `. At the level of the `(p) ! `(p0)�⇤(q, ✏)
amplitude one has [210]:

ieū`(p
0)


�µ � a`

2m`
i�µ⌫q⌫

�
u`(p)✏⇤µ, qµ = (p� p0)µ. (74)

The gyromagnetic ratio g` is then obtained from the relation a`(q
2 ! 0) =

(g` � 2)/2. At the effective Lagrangian level a` corresponds to the following
interacting Lagrangian:

La`
= e¯̀

✓
�µAµ +

a`

4m`
�µ⌫F

µ⌫

◆
`, (75)

where Fµ⌫ = @µA⌫�@⌫Aµ. The terms in the brackets are independent of electric
charge convention, while the overall sign reflects the choice of the covariant
derivative for lepton: Dµ = @µ � ieAµ. From the amplitude (70) adapted to
the ` = `0 case one can extract a` = im`(�L + �R). Scalar LQ contributions to
lepton anomalous magnetic moments have been known for some time [13]. All

53

4	σ	

S.Fajfer,	ICHEP2018	

a = (g � 2)/2
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Muon g-2/EDM Measurements
• In uniform magnetic field, muon spin 
rotates ahead of momentum due to 
g-2≠0
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Muon anomalous magnetic moment (g-2)
Ex
pe

rim
en

t

PR D97, 114025 (2018)

3.7σ

!27
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A new measurement at FNAL is starting 
with the magnet recycled from BNL

S. Haciomeroglu 5/Jul 
L. Li 7/Jul!28



Review of Lattice QCD in 2018

Lattice QCD  
for HEP

•Precision era of lattice 
QCD for simple systems 

•Beginning of reliable 
lattice QCD results for 
nuclear matrix elements

We are entering the 

R. Van de Water Lattice QCD for precision particle physics

QCD is everywhere

muon-nucleus 
cross sections 

neutrino-nucleus 
cross-sections Parton distribution functions

dark-matter-nucleus 
cross sections 

hadronic vacuum 
polarization &

light-by-light scattering
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Decay constants, 
form factors, mixing 
parameters 

Hadronic vacuum 
polarisation and light-
by-light scattering 

Neutrino-nucleus 
interactions 

Dark matter-nucleon 
and DM-nucleus 
interactions 

Muon-nucleus  
cross-sections 

Parton distribution 
functions 

I will highlight some new results 
in these areas since ICHEP2016 

Lattice QCD can provide input for 

Phiala Shanahan, MIT
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•Discretise QCD onto 4D space-time lattice 

•Approximate QCD path integral using 
Monte-Carlo methods and importance 
sampling 

•Run on supercomputers and dedicated 
clusters 

•Take limit of vanishing discretisation, 
infinite volume, physical quark masses

Lattice QCD
Numerical first-principles approach to  

non-perturbative QCD

Phiala Shanahan, MIT
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Numerical first-principles approach to  
non-perturbative QCD

Lattice QCD action has same free 
parameters as QCD: quark masses,  

• Fix quark masses by matching to 
measured hadron masses, e.g.,                               
                       for 

• One experimental input to fix lattice 
spacing in GeV (and also      ), e.g.,                                   
            splitting in    , or      or      mass

Lattice QCD

Calculations of all other 
quantities are QCD 
predictions

Phiala Shanahan, MIT

INPUT

⇡, K, Ds, Bs
<latexit sha1_base64="aDs9GQPo38Yhun9d8Za2DCN6v8o=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBQymJFPRYqgfBSwX7AW0Im+2mXbrZhN1NoYT+Ey8eFPHqP/Hmv3Hb5qCtDwYe780wMy9IOFPacb6twsbm1vZOcbe0t39weGQfn7RVnEpCWyTmsewGWFHOBG1ppjntJpLiKOC0E4xv535nQqVisXjS04R6ER4KFjKCtZF82+4nrIIeKujOVxXU8JVvl52qswBaJ25OypCj6dtf/UFM0ogKTThWquc6ifYyLDUjnM5K/VTRBJMxHtKeoQJHVHnZ4vIZujDKAIWxNCU0Wqi/JzIcKTWNAtMZYT1Sq95c/M/rpTq88TImklRTQZaLwpQjHaN5DGjAJCWaTw3BRDJzKyIjLDHRJqySCcFdfXmdtK+qrlN1H2vleiOPowhncA6X4MI11OEemtACAhN4hld4szLrxXq3PpatBSufOYU/sD5/ANwlkdk=</latexit><latexit sha1_base64="aDs9GQPo38Yhun9d8Za2DCN6v8o=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBQymJFPRYqgfBSwX7AW0Im+2mXbrZhN1NoYT+Ey8eFPHqP/Hmv3Hb5qCtDwYe780wMy9IOFPacb6twsbm1vZOcbe0t39weGQfn7RVnEpCWyTmsewGWFHOBG1ppjntJpLiKOC0E4xv535nQqVisXjS04R6ER4KFjKCtZF82+4nrIIeKujOVxXU8JVvl52qswBaJ25OypCj6dtf/UFM0ogKTThWquc6ifYyLDUjnM5K/VTRBJMxHtKeoQJHVHnZ4vIZujDKAIWxNCU0Wqi/JzIcKTWNAtMZYT1Sq95c/M/rpTq88TImklRTQZaLwpQjHaN5DGjAJCWaTw3BRDJzKyIjLDHRJqySCcFdfXmdtK+qrlN1H2vleiOPowhncA6X4MI11OEemtACAhN4hld4szLrxXq3PpatBSufOYU/sD5/ANwlkdk=</latexit><latexit sha1_base64="aDs9GQPo38Yhun9d8Za2DCN6v8o=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBQymJFPRYqgfBSwX7AW0Im+2mXbrZhN1NoYT+Ey8eFPHqP/Hmv3Hb5qCtDwYe780wMy9IOFPacb6twsbm1vZOcbe0t39weGQfn7RVnEpCWyTmsewGWFHOBG1ppjntJpLiKOC0E4xv535nQqVisXjS04R6ER4KFjKCtZF82+4nrIIeKujOVxXU8JVvl52qswBaJ25OypCj6dtf/UFM0ogKTThWquc6ifYyLDUjnM5K/VTRBJMxHtKeoQJHVHnZ4vIZujDKAIWxNCU0Wqi/JzIcKTWNAtMZYT1Sq95c/M/rpTq88TImklRTQZaLwpQjHaN5DGjAJCWaTw3BRDJzKyIjLDHRJqySCcFdfXmdtK+qrlN1H2vleiOPowhncA6X4MI11OEemtACAhN4hld4szLrxXq3PpatBSufOYU/sD5/ANwlkdk=</latexit><latexit sha1_base64="aDs9GQPo38Yhun9d8Za2DCN6v8o=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBQymJFPRYqgfBSwX7AW0Im+2mXbrZhN1NoYT+Ey8eFPHqP/Hmv3Hb5qCtDwYe780wMy9IOFPacb6twsbm1vZOcbe0t39weGQfn7RVnEpCWyTmsewGWFHOBG1ppjntJpLiKOC0E4xv535nQqVisXjS04R6ER4KFjKCtZF82+4nrIIeKujOVxXU8JVvl52qswBaJ25OypCj6dtf/UFM0ogKTThWquc6ifYyLDUjnM5K/VTRBJMxHtKeoQJHVHnZ4vIZujDKAIWxNCU0Wqi/JzIcKTWNAtMZYT1Sq95c/M/rpTq88TImklRTQZaLwpQjHaN5DGjAJCWaTw3BRDJzKyIjLDHRJqySCcFdfXmdtK+qrlN1H2vleiOPowhncA6X4MI11OEemtACAhN4hld4szLrxXq3PpatBSufOYU/sD5/ANwlkdk=</latexit>

u, d, s, c, b
<latexit sha1_base64="zJbtP+NZdSzMmJPP69FitAtw0wY=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBQyiJCIqnghePFeyHtKFsNpt26e4m7G6EEvorvHhQxKs/x5v/xm2bg7Y+GHi8N8PMvDDlTBvP+3ZKa+sbm1vl7crO7t7+QfXwqK2TTBHaIglPVDfEmnImacsww2k3VRSLkNNOOL6d+Z0nqjRL5IOZpDQQeChZzAg2VnrM3MjVLnHDQbXm1b050CrxC1KDAs1B9asfJSQTVBrCsdY930tNkGNlGOF0WulnmqaYjPGQ9iyVWFAd5PODp+jMKhGKE2VLGjRXf0/kWGg9EaHtFNiM9LI3E//zepmJr4OcyTQzVJLFojjjyCRo9j2KmKLE8IklmChmb0VkhBUmxmZUsSH4yy+vkvZF3ffq/v1lrXFTxFGGEziFc/DhChpwB01oAQEBz/AKb45yXpx352PRWnKKmWP4A+fzB41qj40=</latexit><latexit sha1_base64="zJbtP+NZdSzMmJPP69FitAtw0wY=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBQyiJCIqnghePFeyHtKFsNpt26e4m7G6EEvorvHhQxKs/x5v/xm2bg7Y+GHi8N8PMvDDlTBvP+3ZKa+sbm1vl7crO7t7+QfXwqK2TTBHaIglPVDfEmnImacsww2k3VRSLkNNOOL6d+Z0nqjRL5IOZpDQQeChZzAg2VnrM3MjVLnHDQbXm1b050CrxC1KDAs1B9asfJSQTVBrCsdY930tNkGNlGOF0WulnmqaYjPGQ9iyVWFAd5PODp+jMKhGKE2VLGjRXf0/kWGg9EaHtFNiM9LI3E//zepmJr4OcyTQzVJLFojjjyCRo9j2KmKLE8IklmChmb0VkhBUmxmZUsSH4yy+vkvZF3ffq/v1lrXFTxFGGEziFc/DhChpwB01oAQEBz/AKb45yXpx352PRWnKKmWP4A+fzB41qj40=</latexit><latexit sha1_base64="zJbtP+NZdSzMmJPP69FitAtw0wY=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBQyiJCIqnghePFeyHtKFsNpt26e4m7G6EEvorvHhQxKs/x5v/xm2bg7Y+GHi8N8PMvDDlTBvP+3ZKa+sbm1vl7crO7t7+QfXwqK2TTBHaIglPVDfEmnImacsww2k3VRSLkNNOOL6d+Z0nqjRL5IOZpDQQeChZzAg2VnrM3MjVLnHDQbXm1b050CrxC1KDAs1B9asfJSQTVBrCsdY930tNkGNlGOF0WulnmqaYjPGQ9iyVWFAd5PODp+jMKhGKE2VLGjRXf0/kWGg9EaHtFNiM9LI3E//zepmJr4OcyTQzVJLFojjjyCRo9j2KmKLE8IklmChmb0VkhBUmxmZUsSH4yy+vkvZF3ffq/v1lrXFTxFGGEziFc/DhChpwB01oAQEBz/AKb45yXpx352PRWnKKmWP4A+fzB41qj40=</latexit><latexit sha1_base64="zJbtP+NZdSzMmJPP69FitAtw0wY=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBQyiJCIqnghePFeyHtKFsNpt26e4m7G6EEvorvHhQxKs/x5v/xm2bg7Y+GHi8N8PMvDDlTBvP+3ZKa+sbm1vl7crO7t7+QfXwqK2TTBHaIglPVDfEmnImacsww2k3VRSLkNNOOL6d+Z0nqjRL5IOZpDQQeChZzAg2VnrM3MjVLnHDQbXm1b050CrxC1KDAs1B9asfJSQTVBrCsdY930tNkGNlGOF0WulnmqaYjPGQ9iyVWFAd5PODp+jMKhGKE2VLGjRXf0/kWGg9EaHtFNiM9LI3E//zepmJr4OcyTQzVJLFojjjyCRo9j2KmKLE8IklmChmb0VkhBUmxmZUsSH4yy+vkvZF3ffq/v1lrXFTxFGGEziFc/DhChpwB01oAQEBz/AKb45yXpx352PRWnKKmWP4A+fzB41qj40=</latexit>

↵S
<latexit sha1_base64="XtmfktZSUHJcWS2qoIfkkjx1iK8=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUDwVvHisaD+gDWWy3bRLN5t0dyOU0D/hxYMiXv073vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHTR2nirIGjUWs2gFqJrhkDcONYO1EMYwCwVrB6Hbmt56Y0jyWj2aSMD/CgeQhp2is1O6iSIbYe+iVK27VnYOsEi8nFchR75W/uv2YphGThgrUuuO5ifEzVIZTwaalbqpZgnSEA9axVGLEtJ/N752SM6v0SRgrW9KQufp7IsNI60kU2M4IzVAvezPxP6+TmvDaz7hMUsMkXSwKU0FMTGbPkz5XjBoxsQSp4vZWQoeokBobUcmG4C2/vEqaF1XPrXr3l5XaTR5HEU7gFM7BgyuowR3UoQEUBDzDK7w5Y+fFeXc+Fq0FJ585hj9wPn8A5fGP1g==</latexit><latexit sha1_base64="XtmfktZSUHJcWS2qoIfkkjx1iK8=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUDwVvHisaD+gDWWy3bRLN5t0dyOU0D/hxYMiXv073vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHTR2nirIGjUWs2gFqJrhkDcONYO1EMYwCwVrB6Hbmt56Y0jyWj2aSMD/CgeQhp2is1O6iSIbYe+iVK27VnYOsEi8nFchR75W/uv2YphGThgrUuuO5ifEzVIZTwaalbqpZgnSEA9axVGLEtJ/N752SM6v0SRgrW9KQufp7IsNI60kU2M4IzVAvezPxP6+TmvDaz7hMUsMkXSwKU0FMTGbPkz5XjBoxsQSp4vZWQoeokBobUcmG4C2/vEqaF1XPrXr3l5XaTR5HEU7gFM7BgyuowR3UoQEUBDzDK7w5Y+fFeXc+Fq0FJ585hj9wPn8A5fGP1g==</latexit><latexit sha1_base64="XtmfktZSUHJcWS2qoIfkkjx1iK8=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUDwVvHisaD+gDWWy3bRLN5t0dyOU0D/hxYMiXv073vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHTR2nirIGjUWs2gFqJrhkDcONYO1EMYwCwVrB6Hbmt56Y0jyWj2aSMD/CgeQhp2is1O6iSIbYe+iVK27VnYOsEi8nFchR75W/uv2YphGThgrUuuO5ifEzVIZTwaalbqpZgnSEA9axVGLEtJ/N752SM6v0SRgrW9KQufp7IsNI60kU2M4IzVAvezPxP6+TmvDaz7hMUsMkXSwKU0FMTGbPkz5XjBoxsQSp4vZWQoeokBobUcmG4C2/vEqaF1XPrXr3l5XaTR5HEU7gFM7BgyuowR3UoQEUBDzDK7w5Y+fFeXc+Fq0FJ585hj9wPn8A5fGP1g==</latexit><latexit sha1_base64="XtmfktZSUHJcWS2qoIfkkjx1iK8=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUDwVvHisaD+gDWWy3bRLN5t0dyOU0D/hxYMiXv073vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHTR2nirIGjUWs2gFqJrhkDcONYO1EMYwCwVrB6Hbmt56Y0jyWj2aSMD/CgeQhp2is1O6iSIbYe+iVK27VnYOsEi8nFchR75W/uv2YphGThgrUuuO5ifEzVIZTwaalbqpZgnSEA9axVGLEtJ/N752SM6v0SRgrW9KQufp7IsNI60kU2M4IzVAvezPxP6+TmvDaz7hMUsMkXSwKU0FMTGbPkz5XjBoxsQSp4vZWQoeokBobUcmG4C2/vEqaF1XPrXr3l5XaTR5HEU7gFM7BgyuowR3UoQEUBDzDK7w5Y+fFeXc+Fq0FJ585hj9wPn8A5fGP1g==</latexit>

↵S
<latexit sha1_base64="XtmfktZSUHJcWS2qoIfkkjx1iK8=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUDwVvHisaD+gDWWy3bRLN5t0dyOU0D/hxYMiXv073vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHTR2nirIGjUWs2gFqJrhkDcONYO1EMYwCwVrB6Hbmt56Y0jyWj2aSMD/CgeQhp2is1O6iSIbYe+iVK27VnYOsEi8nFchR75W/uv2YphGThgrUuuO5ifEzVIZTwaalbqpZgnSEA9axVGLEtJ/N752SM6v0SRgrW9KQufp7IsNI60kU2M4IzVAvezPxP6+TmvDaz7hMUsMkXSwKU0FMTGbPkz5XjBoxsQSp4vZWQoeokBobUcmG4C2/vEqaF1XPrXr3l5XaTR5HEU7gFM7BgyuowR3UoQEUBDzDK7w5Y+fFeXc+Fq0FJ585hj9wPn8A5fGP1g==</latexit><latexit sha1_base64="XtmfktZSUHJcWS2qoIfkkjx1iK8=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUDwVvHisaD+gDWWy3bRLN5t0dyOU0D/hxYMiXv073vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHTR2nirIGjUWs2gFqJrhkDcONYO1EMYwCwVrB6Hbmt56Y0jyWj2aSMD/CgeQhp2is1O6iSIbYe+iVK27VnYOsEi8nFchR75W/uv2YphGThgrUuuO5ifEzVIZTwaalbqpZgnSEA9axVGLEtJ/N752SM6v0SRgrW9KQufp7IsNI60kU2M4IzVAvezPxP6+TmvDaz7hMUsMkXSwKU0FMTGbPkz5XjBoxsQSp4vZWQoeokBobUcmG4C2/vEqaF1XPrXr3l5XaTR5HEU7gFM7BgyuowR3UoQEUBDzDK7w5Y+fFeXc+Fq0FJ585hj9wPn8A5fGP1g==</latexit><latexit sha1_base64="XtmfktZSUHJcWS2qoIfkkjx1iK8=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUDwVvHisaD+gDWWy3bRLN5t0dyOU0D/hxYMiXv073vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHTR2nirIGjUWs2gFqJrhkDcONYO1EMYwCwVrB6Hbmt56Y0jyWj2aSMD/CgeQhp2is1O6iSIbYe+iVK27VnYOsEi8nFchR75W/uv2YphGThgrUuuO5ifEzVIZTwaalbqpZgnSEA9axVGLEtJ/N752SM6v0SRgrW9KQufp7IsNI60kU2M4IzVAvezPxP6+TmvDaz7hMUsMkXSwKU0FMTGbPkz5XjBoxsQSp4vZWQoeokBobUcmG4C2/vEqaF1XPrXr3l5XaTR5HEU7gFM7BgyuowR3UoQEUBDzDK7w5Y+fFeXc+Fq0FJ585hj9wPn8A5fGP1g==</latexit><latexit sha1_base64="XtmfktZSUHJcWS2qoIfkkjx1iK8=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUDwVvHisaD+gDWWy3bRLN5t0dyOU0D/hxYMiXv073vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHTR2nirIGjUWs2gFqJrhkDcONYO1EMYwCwVrB6Hbmt56Y0jyWj2aSMD/CgeQhp2is1O6iSIbYe+iVK27VnYOsEi8nFchR75W/uv2YphGThgrUuuO5ifEzVIZTwaalbqpZgnSEA9axVGLEtJ/N752SM6v0SRgrW9KQufp7IsNI60kU2M4IzVAvezPxP6+TmvDaz7hMUsMkXSwKU0FMTGbPkz5XjBoxsQSp4vZWQoeokBobUcmG4C2/vEqaF1XPrXr3l5XaTR5HEU7gFM7BgyuowR3UoQEUBDzDK7w5Y+fFeXc+Fq0FJ585hj9wPn8A5fGP1g==</latexit>

2S-1S
<latexit sha1_base64="PFPCoJ1N1EI8yxP7vciE4VQGJuU=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgxZIUQfFU8OKxUvsBTSib7aZdutmE3YlYQv+GFw+KePXPePPfuG1z0NYHA4/3ZpiZFySCa3Scb6uwtr6xuVXcLu3s7u0flA+P2jpOFWUtGotYdQOimeCStZCjYN1EMRIFgnWC8e3M7zwypXksH3CSMD8iQ8lDTgkayas1PWRPmF1M3Wa/XHGqzhz2KnFzUoEcjX75yxvENI2YRCqI1j3XSdDPiEJOBZuWvFSzhNAxGbKeoZJETPvZ/OapfWaUgR3GypREe67+nshIpPUkCkxnRHCkl72Z+J/XSzG89jMukxSZpItFYSpsjO1ZAPaAK0ZRTAwhVHFzq01HRBGKJqaSCcFdfnmVtGtV16m695eV+k0eRxFO4BTOwYUrqMMdNKAFFBJ4hld4s1LrxXq3PhatBSufOYY/sD5/AGQUkTk=</latexit><latexit sha1_base64="PFPCoJ1N1EI8yxP7vciE4VQGJuU=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgxZIUQfFU8OKxUvsBTSib7aZdutmE3YlYQv+GFw+KePXPePPfuG1z0NYHA4/3ZpiZFySCa3Scb6uwtr6xuVXcLu3s7u0flA+P2jpOFWUtGotYdQOimeCStZCjYN1EMRIFgnWC8e3M7zwypXksH3CSMD8iQ8lDTgkayas1PWRPmF1M3Wa/XHGqzhz2KnFzUoEcjX75yxvENI2YRCqI1j3XSdDPiEJOBZuWvFSzhNAxGbKeoZJETPvZ/OapfWaUgR3GypREe67+nshIpPUkCkxnRHCkl72Z+J/XSzG89jMukxSZpItFYSpsjO1ZAPaAK0ZRTAwhVHFzq01HRBGKJqaSCcFdfnmVtGtV16m695eV+k0eRxFO4BTOwYUrqMMdNKAFFBJ4hld4s1LrxXq3PhatBSufOYY/sD5/AGQUkTk=</latexit><latexit sha1_base64="PFPCoJ1N1EI8yxP7vciE4VQGJuU=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgxZIUQfFU8OKxUvsBTSib7aZdutmE3YlYQv+GFw+KePXPePPfuG1z0NYHA4/3ZpiZFySCa3Scb6uwtr6xuVXcLu3s7u0flA+P2jpOFWUtGotYdQOimeCStZCjYN1EMRIFgnWC8e3M7zwypXksH3CSMD8iQ8lDTgkayas1PWRPmF1M3Wa/XHGqzhz2KnFzUoEcjX75yxvENI2YRCqI1j3XSdDPiEJOBZuWvFSzhNAxGbKeoZJETPvZ/OapfWaUgR3GypREe67+nshIpPUkCkxnRHCkl72Z+J/XSzG89jMukxSZpItFYSpsjO1ZAPaAK0ZRTAwhVHFzq01HRBGKJqaSCcFdfnmVtGtV16m695eV+k0eRxFO4BTOwYUrqMMdNKAFFBJ4hld4s1LrxXq3PhatBSufOYY/sD5/AGQUkTk=</latexit><latexit sha1_base64="PFPCoJ1N1EI8yxP7vciE4VQGJuU=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgxZIUQfFU8OKxUvsBTSib7aZdutmE3YlYQv+GFw+KePXPePPfuG1z0NYHA4/3ZpiZFySCa3Scb6uwtr6xuVXcLu3s7u0flA+P2jpOFWUtGotYdQOimeCStZCjYN1EMRIFgnWC8e3M7zwypXksH3CSMD8iQ8lDTgkayas1PWRPmF1M3Wa/XHGqzhz2KnFzUoEcjX75yxvENI2YRCqI1j3XSdDPiEJOBZuWvFSzhNAxGbKeoZJETPvZ/OapfWaUgR3GypREe67+nshIpPUkCkxnRHCkl72Z+J/XSzG89jMukxSZpItFYSpsjO1ZAPaAK0ZRTAwhVHFzq01HRBGKJqaSCcFdfnmVtGtV16m695eV+k0eRxFO4BTOwYUrqMMdNKAFFBJ4hld4s1LrxXq3PhatBSufOYY/sD5/AGQUkTk=</latexit>

Y<latexit sha1_base64="wHurHRns4+6W+9qAuj5ZCeowh7o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUDwVvHhswX5IG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rG8N5ME/YgOJQ85o8ZKjYd+ueJW3TnIKvFyUoEc9X75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia89jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14lrYuq51a9xmWldpPHUYQTOIVz8OAKanAHdWgCA4RneIU359F5cd6dj0VrwclnjuEPnM8ftNWM1Q==</latexit><latexit sha1_base64="wHurHRns4+6W+9qAuj5ZCeowh7o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUDwVvHhswX5IG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rG8N5ME/YgOJQ85o8ZKjYd+ueJW3TnIKvFyUoEc9X75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia89jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14lrYuq51a9xmWldpPHUYQTOIVz8OAKanAHdWgCA4RneIU359F5cd6dj0VrwclnjuEPnM8ftNWM1Q==</latexit><latexit sha1_base64="wHurHRns4+6W+9qAuj5ZCeowh7o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUDwVvHhswX5IG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rG8N5ME/YgOJQ85o8ZKjYd+ueJW3TnIKvFyUoEc9X75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia89jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14lrYuq51a9xmWldpPHUYQTOIVz8OAKanAHdWgCA4RneIU359F5cd6dj0VrwclnjuEPnM8ftNWM1Q==</latexit><latexit sha1_base64="wHurHRns4+6W+9qAuj5ZCeowh7o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUDwVvHhswX5IG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rG8N5ME/YgOJQ85o8ZKjYd+ueJW3TnIKvFyUoEc9X75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia89jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14lrYuq51a9xmWldpPHUYQTOIVz8OAKanAHdWgCA4RneIU359F5cd6dj0VrwclnjuEPnM8ftNWM1Q==</latexit>

f⇡
<latexit sha1_base64="iFwnyL5HcBsQTyYXgXTOpeVLYEk=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQfFU8OKxgv2AdinZNNvGZpOQZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzIsWZsb7/7ZXW1jc2t8rblZ3dvf2D6uFR28hUE9oikkvdjbChnAnassxy2lWa4iTitBNNbnO/80S1YVI82KmiYYJHgsWMYOukdjzoK1YZVGt+3Z8DrZKgIDUo0BxUv/pDSdKECks4NqYX+MqGGdaWEU5nlX5qqMJkgke056jACTVhNr92hs6cMkSx1K6ERXP190SGE2OmSeQ6E2zHZtnLxf+8Xmrj6zBjQqWWCrJYFKccWYny19GQaUosnzqCiWbuVkTGWGNiXUB5CMHyy6ukfVEP/Hpwf1lr3BRxlOEETuEcAriCBtxBE1pA4BGe4RXePOm9eO/ex6K15BUzx/AH3ucP+o2Osg==</latexit><latexit sha1_base64="iFwnyL5HcBsQTyYXgXTOpeVLYEk=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQfFU8OKxgv2AdinZNNvGZpOQZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzIsWZsb7/7ZXW1jc2t8rblZ3dvf2D6uFR28hUE9oikkvdjbChnAnassxy2lWa4iTitBNNbnO/80S1YVI82KmiYYJHgsWMYOukdjzoK1YZVGt+3Z8DrZKgIDUo0BxUv/pDSdKECks4NqYX+MqGGdaWEU5nlX5qqMJkgke056jACTVhNr92hs6cMkSx1K6ERXP190SGE2OmSeQ6E2zHZtnLxf+8Xmrj6zBjQqWWCrJYFKccWYny19GQaUosnzqCiWbuVkTGWGNiXUB5CMHyy6ukfVEP/Hpwf1lr3BRxlOEETuEcAriCBtxBE1pA4BGe4RXePOm9eO/ex6K15BUzx/AH3ucP+o2Osg==</latexit><latexit sha1_base64="iFwnyL5HcBsQTyYXgXTOpeVLYEk=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQfFU8OKxgv2AdinZNNvGZpOQZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzIsWZsb7/7ZXW1jc2t8rblZ3dvf2D6uFR28hUE9oikkvdjbChnAnassxy2lWa4iTitBNNbnO/80S1YVI82KmiYYJHgsWMYOukdjzoK1YZVGt+3Z8DrZKgIDUo0BxUv/pDSdKECks4NqYX+MqGGdaWEU5nlX5qqMJkgke056jACTVhNr92hs6cMkSx1K6ERXP190SGE2OmSeQ6E2zHZtnLxf+8Xmrj6zBjQqWWCrJYFKccWYny19GQaUosnzqCiWbuVkTGWGNiXUB5CMHyy6ukfVEP/Hpwf1lr3BRxlOEETuEcAriCBtxBE1pA4BGe4RXePOm9eO/ex6K15BUzx/AH3ucP+o2Osg==</latexit><latexit sha1_base64="iFwnyL5HcBsQTyYXgXTOpeVLYEk=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQfFU8OKxgv2AdinZNNvGZpOQZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzIsWZsb7/7ZXW1jc2t8rblZ3dvf2D6uFR28hUE9oikkvdjbChnAnassxy2lWa4iTitBNNbnO/80S1YVI82KmiYYJHgsWMYOukdjzoK1YZVGt+3Z8DrZKgIDUo0BxUv/pDSdKECks4NqYX+MqGGdaWEU5nlX5qqMJkgke056jACTVhNr92hs6cMkSx1K6ERXP190SGE2OmSeQ6E2zHZtnLxf+8Xmrj6zBjQqWWCrJYFKccWYny19GQaUosnzqCiWbuVkTGWGNiXUB5CMHyy6ukfVEP/Hpwf1lr3BRxlOEETuEcAriCBtxBE1pA4BGe4RXePOm9eO/ex6K15BUzx/AH3ucP+o2Osg==</latexit>

⌦
<latexit sha1_base64="A+J/d4WIaE9qsi3/7kcxWTApKVs=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0RFE8BL96MYB6QLGF20puMmZldZmaFEPIPXjwo4tX/8ebfOEn2oIkFDUVVN91dUSq4sb7/7a2srq1vbBa2its7u3v7pYPDhkkyzbDOEpHoVkQNCq6wbrkV2Eo1UhkJbEbDm6nffEJteKIe7CjFUNK+4jFn1Dqp0bmT2KfdUtmv+DOQZRLkpAw5at3SV6eXsEyiskxQY9qBn9pwTLXlTOCk2MkMppQNaR/bjioq0YTj2bUTcuqUHokT7UpZMlN/T4ypNGYkI9cpqR2YRW8q/ue1MxtfhWOu0syiYvNFcSaITcj0ddLjGpkVI0co09zdStiAasqsC6joQggWX14mjfNK4FeC+4ty9TqPowDHcAJnEMAlVOEWalAHBo/wDK/w5iXei/fufcxbV7x85gj+wPv8AVzJjvM=</latexit><latexit sha1_base64="A+J/d4WIaE9qsi3/7kcxWTApKVs=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0RFE8BL96MYB6QLGF20puMmZldZmaFEPIPXjwo4tX/8ebfOEn2oIkFDUVVN91dUSq4sb7/7a2srq1vbBa2its7u3v7pYPDhkkyzbDOEpHoVkQNCq6wbrkV2Eo1UhkJbEbDm6nffEJteKIe7CjFUNK+4jFn1Dqp0bmT2KfdUtmv+DOQZRLkpAw5at3SV6eXsEyiskxQY9qBn9pwTLXlTOCk2MkMppQNaR/bjioq0YTj2bUTcuqUHokT7UpZMlN/T4ypNGYkI9cpqR2YRW8q/ue1MxtfhWOu0syiYvNFcSaITcj0ddLjGpkVI0co09zdStiAasqsC6joQggWX14mjfNK4FeC+4ty9TqPowDHcAJnEMAlVOEWalAHBo/wDK/w5iXei/fufcxbV7x85gj+wPv8AVzJjvM=</latexit><latexit sha1_base64="A+J/d4WIaE9qsi3/7kcxWTApKVs=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0RFE8BL96MYB6QLGF20puMmZldZmaFEPIPXjwo4tX/8ebfOEn2oIkFDUVVN91dUSq4sb7/7a2srq1vbBa2its7u3v7pYPDhkkyzbDOEpHoVkQNCq6wbrkV2Eo1UhkJbEbDm6nffEJteKIe7CjFUNK+4jFn1Dqp0bmT2KfdUtmv+DOQZRLkpAw5at3SV6eXsEyiskxQY9qBn9pwTLXlTOCk2MkMppQNaR/bjioq0YTj2bUTcuqUHokT7UpZMlN/T4ypNGYkI9cpqR2YRW8q/ue1MxtfhWOu0syiYvNFcSaITcj0ddLjGpkVI0co09zdStiAasqsC6joQggWX14mjfNK4FeC+4ty9TqPowDHcAJnEMAlVOEWalAHBo/wDK/w5iXei/fufcxbV7x85gj+wPv8AVzJjvM=</latexit><latexit sha1_base64="A+J/d4WIaE9qsi3/7kcxWTApKVs=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0RFE8BL96MYB6QLGF20puMmZldZmaFEPIPXjwo4tX/8ebfOEn2oIkFDUVVN91dUSq4sb7/7a2srq1vbBa2its7u3v7pYPDhkkyzbDOEpHoVkQNCq6wbrkV2Eo1UhkJbEbDm6nffEJteKIe7CjFUNK+4jFn1Dqp0bmT2KfdUtmv+DOQZRLkpAw5at3SV6eXsEyiskxQY9qBn9pwTLXlTOCk2MkMppQNaR/bjioq0YTj2bUTcuqUHokT7UpZMlN/T4ypNGYkI9cpqR2YRW8q/ue1MxtfhWOu0syiYvNFcSaITcj0ddLjGpkVI0co09zdStiAasqsC6joQggWX14mjfNK4FeC+4ty9TqPowDHcAJnEMAlVOEWalAHBo/wDK/w5iXei/fufcxbV7x85gj+wPv8AVzJjvM=</latexit>
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↵s
<latexit sha1_base64="MuEigaOC69MK8CRW+Wk6GmCMB1E=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx4rmLbQhjLZbtqlm03c3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZosyniUhUJ0TNBJfMN9wI1kkVwzgUrB2Ob2Z++4kpzRP5YCYpC2IcSh5xisZKnR6KdIR93a/W3Lo7B1klXkFqUKDZr371BgnNYiYNFah113NTE+SoDKeCTSu9TLMU6RiHrGupxJjpIJ/fOyVnVhmQKFG2pCFz9fdEjrHWkzi0nTGakV72ZuJ/Xjcz0XWQc5lmhkm6WBRlgpiEzJ4nA64YNWJiCVLF7a2EjlAhNTaiig3BW355lbQu6p5b9+4va43bIo4ynMApnIMHV9CAO2iCDxQEPMMrvDmPzovz7nwsWktOMXMMf+B8/gAZgpAA</latexit><latexit sha1_base64="MuEigaOC69MK8CRW+Wk6GmCMB1E=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx4rmLbQhjLZbtqlm03c3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZosyniUhUJ0TNBJfMN9wI1kkVwzgUrB2Ob2Z++4kpzRP5YCYpC2IcSh5xisZKnR6KdIR93a/W3Lo7B1klXkFqUKDZr371BgnNYiYNFah113NTE+SoDKeCTSu9TLMU6RiHrGupxJjpIJ/fOyVnVhmQKFG2pCFz9fdEjrHWkzi0nTGakV72ZuJ/Xjcz0XWQc5lmhkm6WBRlgpiEzJ4nA64YNWJiCVLF7a2EjlAhNTaiig3BW355lbQu6p5b9+4va43bIo4ynMApnIMHV9CAO2iCDxQEPMMrvDmPzovz7nwsWktOMXMMf+B8/gAZgpAA</latexit><latexit sha1_base64="MuEigaOC69MK8CRW+Wk6GmCMB1E=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx4rmLbQhjLZbtqlm03c3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZosyniUhUJ0TNBJfMN9wI1kkVwzgUrB2Ob2Z++4kpzRP5YCYpC2IcSh5xisZKnR6KdIR93a/W3Lo7B1klXkFqUKDZr371BgnNYiYNFah113NTE+SoDKeCTSu9TLMU6RiHrGupxJjpIJ/fOyVnVhmQKFG2pCFz9fdEjrHWkzi0nTGakV72ZuJ/Xjcz0XWQc5lmhkm6WBRlgpiEzJ4nA64YNWJiCVLF7a2EjlAhNTaiig3BW355lbQu6p5b9+4va43bIo4ynMApnIMHV9CAO2iCDxQEPMMrvDmPzovz7nwsWktOMXMMf+B8/gAZgpAA</latexit><latexit sha1_base64="MuEigaOC69MK8CRW+Wk6GmCMB1E=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx4rmLbQhjLZbtqlm03c3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZosyniUhUJ0TNBJfMN9wI1kkVwzgUrB2Ob2Z++4kpzRP5YCYpC2IcSh5xisZKnR6KdIR93a/W3Lo7B1klXkFqUKDZr371BgnNYiYNFah113NTE+SoDKeCTSu9TLMU6RiHrGupxJjpIJ/fOyVnVhmQKFG2pCFz9fdEjrHWkzi0nTGakV72ZuJ/Xjcz0XWQc5lmhkm6WBRlgpiEzJ4nA64YNWJiCVLF7a2EjlAhNTaiig3BW355lbQu6p5b9+4va43bIo4ynMApnIMHV9CAO2iCDxQEPMMrvDmPzovz7nwsWktOMXMMf+B8/gAZgpAA</latexit>

Lepage, Mackenzie, Peskin,  
[arXiv:1404.0319] 

• Precision goals for mc, mb, & αs 
needed by high-luminosity ILC  

• Outlined timeline for lattice 
QCD progress

The quark masses and αs are the fundamental parameters of QCD 
Their precise values are important for precision tests of the Standard Model 

e.g., Next-generation of high-luminosity colliders will measure Higgs partial 
widths to sub-percent precision to look for deviations from Standard-Model 
expectations  

Need Standard Model calculations at same sub-percent precision; largest 
uncertainties are currently in mc, mb, & αs [LHCHXSWG-DRAFT-INT-2016-008]

Continued progress towards 
precision goals since ICHEP2016 

Next goals:  
• Correlated determinations  

of mc, mb, and αs  

• Dynamical QED
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2017 Highlight:  
New lattice QCD determination based on 
finite size scaling (rather than Wilson 
Loops and quarkonia) consistent and 
precise: αs =0.1185(8)(3) [PRL119, 102001]  

Phiala Shanahan, MIT
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Figure 1. The left panel is PDG’s [1] summary of ↵S determinations. The yellow bands correspond to the pre-
averages of di↵erent classes of determinations. The right panel, by FLAG [2], focuses on determinations that
used lattice QCD as a tool. The gray bands are the global averages of the two groups.

value being ↵S(MZ) = 0.1181(11). This is the MS-coupling of the five flavor theory renormalized at
µ = MZ, ↵S(µ) ⌘

⇣
ḡ(5)

MS
(µ)

⌘2
/(4⇡). In recent years lattice QCD has become increasingly important as

a tool that allows to connect low and high energy regimes non-perturbatively. The coupling ↵S(MZ)
can then be determined from measured values of low energy hadronic quantities like pion masses and
decay constants. Currently some of the world’s most precise determinations are based on lattice QCD
and already dominate the world average. The latest status is summarized in Fig. 1. Lattice deter-
minations are also reviewed and averaged by the Flavour Lattice Averaging Group [2]. The current
FLAG average includes results from [3–7]. Most of the uncertainties in these lattice determinations
are systematic in nature and are rooted in the multi-scale nature of the problem. On the one hand
the spatial extent L of the simulated box needs to be large enough to avoid finite volume e↵ects in
hadronic observables, i.e. L � m�1

⇡ . On the other hand the lattice spacing a must be fine enough to be
able to compute a renormalized coupling at high energies µ (where it is small). A coupling could for
instance be defined through the static force at short distances r = µ�1, which would require a ⌧ µ�1.
Insisting on a high value of µ, e.g. µ ⇡ 100 GeV immediately leads to astronomically large lattice
sizes L/a. With today’s machines and algorithms one is restricted to L/a . 100 which requires a
careful balance of the scales a, µ and L such that the unavoidable finite size-, cuto↵- and perturbative
truncation errors are all under control. For instance the most recent result [7] of Fig. 1 uses lattices
with up to L/a = 64 sites, renormalization scales µ ⇡ 5 GeV with lattice spacings a�1 ⇡ 3.3 GeV and
coarser.

These systematic errors can be nearly eliminated by switching to finite volume renormalization
schemes [8], where µ ⌘ L�1. The drawback is, that a whole sequence of simulations at various values
of L becomes necessary. In addition, the results based on finite size scaling were so far plagued by
relatively large statistical errors or an insu�cient number of dynamical flavors. The only calculation
of this type that enters the FLAG average is the one by PACS-CS, [4]. It has a large, but mainly
statistical error.
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Figure 1. The left panel is PDG’s [1] summary of ↵S determinations. The yellow bands correspond to the pre-
averages of di↵erent classes of determinations. The right panel, by FLAG [2], focuses on determinations that
used lattice QCD as a tool. The gray bands are the global averages of the two groups.

value being ↵S(MZ) = 0.1181(11). This is the MS-coupling of the five flavor theory renormalized at
µ = MZ, ↵S(µ) ⌘

⇣
ḡ(5)

MS
(µ)

⌘2
/(4⇡). In recent years lattice QCD has become increasingly important as

a tool that allows to connect low and high energy regimes non-perturbatively. The coupling ↵S(MZ)
can then be determined from measured values of low energy hadronic quantities like pion masses and
decay constants. Currently some of the world’s most precise determinations are based on lattice QCD
and already dominate the world average. The latest status is summarized in Fig. 1. Lattice deter-
minations are also reviewed and averaged by the Flavour Lattice Averaging Group [2]. The current
FLAG average includes results from [3–7]. Most of the uncertainties in these lattice determinations
are systematic in nature and are rooted in the multi-scale nature of the problem. On the one hand
the spatial extent L of the simulated box needs to be large enough to avoid finite volume e↵ects in
hadronic observables, i.e. L � m�1

⇡ . On the other hand the lattice spacing a must be fine enough to be
able to compute a renormalized coupling at high energies µ (where it is small). A coupling could for
instance be defined through the static force at short distances r = µ�1, which would require a ⌧ µ�1.
Insisting on a high value of µ, e.g. µ ⇡ 100 GeV immediately leads to astronomically large lattice
sizes L/a. With today’s machines and algorithms one is restricted to L/a . 100 which requires a
careful balance of the scales a, µ and L such that the unavoidable finite size-, cuto↵- and perturbative
truncation errors are all under control. For instance the most recent result [7] of Fig. 1 uses lattices
with up to L/a = 64 sites, renormalization scales µ ⇡ 5 GeV with lattice spacings a�1 ⇡ 3.3 GeV and
coarser.

These systematic errors can be nearly eliminated by switching to finite volume renormalization
schemes [8], where µ ⌘ L�1. The drawback is, that a whole sequence of simulations at various values
of L becomes necessary. In addition, the results based on finite size scaling were so far plagued by
relatively large statistical errors or an insu�cient number of dynamical flavors. The only calculation
of this type that enters the FLAG average is the one by PACS-CS, [4]. It has a large, but mainly
statistical error.

ALPHA (lambda param.) PRL 119, 102001 (2017)

Best lattice QCD uncertainties ~0.6-0.7%,  
approaching ILC target: 0.6%.  
Twice as precise as non-lattice world average 

• Several independent lattice QCD methods 
available to obtain αs  

• Results consistent, despite significantly 
different sources of systematic uncertainty

↵s
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Parton distribution functions

Phiala Shanahan, MIT

PDFs quantify fundamental aspects of hadron structure 

Nucleon PDFs are needed for e.g., searches for new physics at the LHC 
through top-quark and Higgs-boson coupling measurements 

Lattice QCD can provide 

• Moments of PDFs with controlled uncertainties: 

• Inclusion in global PDF fits can reduce uncertainties 
see workshop slides http://www.physics.ox.ac.uk/confs/PDFlattice2017 
and community white paper [Prog.Part.Nucl.Phys.100 (2018) 107] 

• First calculations of x-dependence of nucleon PDFs

Parton distribution 
functions f(x, µ2)
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Number densities of partons of type    with 
momentum fraction     at scale      in a given 
hadron

f
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TABLE II: Our results for the intrinsic spin ( 1
2
�⌃), angular

momentum (L) and total (J) contributions to the nucleon
spin and to the nucleon momentum hxi, in the MS-scheme
at 2 GeV, from up (u), down (d) and strange (s) quarks and
from gluons (g), as well as the sum of all contributions (tot.),
where the first error is statistical and the second a systematic
due to excited states.

1
2
�⌃ J L hxi

u 0.415(13)(2) 0.308(30)(24) -0.107(32)(24) 0.453(57)(48)
d -0.193(8)(3) 0.054(29)(24) 0.247(30)(24) 0.259(57)(47)
s -0.021(5)(1) 0.046(21)(0) 0.067(21)(1) 0.092(41)(0)
g - 0.133(11)(14) - 0.267(22)(27)

tot. 0.201(17)(5) 0.541(62)(49) 0.207(64)(45) 1.07(12)(10)

show schematically the various contributions to the spin
and momentum fraction.

FIG. 3: Left: Nucleon spin decomposition. Right: Nu-
cleon momentum decomposition. All quantities are given in
the MS-scheme at 2 GeV. The striped segments show valence
quark contributions (connected) and the solid segments the
sea quark and gluon contributions (disconnected).

Conclusions: In this work we present a calcula-
tion of the quark and gluon contributions to the pro-
ton spin, directly at the physical point. Individual
components are computed for the up, down, strange
and charm quarks, including both connected (valence)
and disconnected (sea) quark contributions. Our final
numbers are collected in Table II. The quark intrinsic
spin from connected and disconnected contributions is
1
2�⌃u+d+s = 0.299(12)(3)|conn. � 0.098(12)(4)|disc. =
0.201(17)(5), while the total quark spin is Ju+d+s =
0.255(12)(3)|conn. + 0.153(60)(47)|disc. = 0.408(61)(48).
Our result for the intrinsic quark spin contribution agrees
with the upper bound set by a recent phenomenologi-
cal analysis of experimental data from COMPASS [45],
which found 0.13 < 1

2�⌃ < 0.18. The results for Lq

and Jq in Table II are also consistent with an analysis of
generalized parton distributions [45]. Using the spin sum
one would deduce that Jg=

1
2�Jq=0.092(61)(48), which

is consistent with taking Jg = 1
2 hxig = 0.133(11)(14)

via the direct evaluation of the gluon momentum frac-
tion, which suggests that Bg

20(0) is indeed small. Fur-
thermore, we find that the momentum sum is satisfied

P
qhxiq+hxig = 0.497(12)(5)|conn.+0.307(121)(95)|disc.+

0.267(12)(10)|gluon = 1.07(12)(10) as is the spin sum
of quarks and gluons giving JN =

P
q Jq + Jg =

0.408(61)(48) + 0.133(11)(14) = 0.541(62)(49) resolving
a long-standing puzzle.
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2017 Highlight: All terms of 
nucleon momentum 
decomposition calculated 
with controlled uncertainties

Moments of PDFs
Lattice QCD can cleanly access low  
moments of PDFs (n ≲ 3) 
[work to move beyond: Chambers et al., arXiv:1703.01153, 

Davoudi & Savage, arXiv:1204.4146] 

State-of-the-art calculations have: 

• Fully-controlled systematic uncertainties 
competitive with or better than 
experiment for some quantities 

• Separate contributions from 
• Strangeness and light flavours 

• Charge symmetry violation 

• Gluons

Z 1

0

xnf(x, µ2) = hxnif (µ2)
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• Including lattice QCD results for moments in global PDF fits can 
yield significant improvements 

Constraints on global PDF fits

[H-W. Lin et al., arXiv:1710.09858]

4

FIG. 1. Comparison of the full SIDIS+lattice fit with the
⇡+ (filled circles) and ⇡� (open circles) Collins asymmetries

A
sin(�h+�s)
UT from HERMES [47] and COMPASS [48, 49] (in

percent), as a function of x, z and Ph? (in GeV).

where ⇡(a) is the prior distribution for the vector param-
eters a, and

L(data|a) = exp


�1

2
�2(a)

�
(10)

is the likelihood function, with Z =
R

dna L(data|a)⇡(a)
the Bayesian evidence parameter. Using a flat prior, the
nested sampling algorithm constructs a set of MC sam-
ples {ak} with weights {wk}, which are then used to
evaluate the integrals in Eqs. (8).

The results of the fit indicate good overall agreement
with the Collins ⇡+ and ⇡� asymmetries, as illustrated
in Fig. 1, for both HERMES [47] and COMPASS [48,
49] data, with marginally better fits for the latter. The
�2/datum values for the ⇡+ and ⇡� data are 28.6/53 and
40.4/53, respectively, for a total of 68.9/106 ⇡ 0.65. The
larger �2 for ⇡� stems from the few outlier points in the
x and z spectra, as evident in Fig. 1. The SIDIS-only fit
is almost indistinguishable, with �2

SIDIS = 69.2. Clearly,
our MC results do not indicate any tension between the
SIDIS data and lattice QCD calculations of gT , nor any
“transverse spin problem”.

The resulting transversity PDFs hu
1 and hd

1 and Collins

favored and unfavored FFs, H
?(1)
1(fav) and H

?(1)
1(unf), are plot-

ted in Fig. 2 for both the SIDIS-only and SIDIS+lattice
fits. The positive (negative) sign for the u (d) transversity
PDF is consistent with previous extractions, and corre-
lates with the same sign for the Collins FFs in the re-
gion of z directly constrained by data. The larger |hd

1|
compared with |hu

1 | reflects the larger magnitude of the
(negative) ⇡� asymmetry than the (positive) ⇡� asym-
metry. At lower z values, outside the measured region,
the uncertainties on the Collins FFs become extremely
large. Interestingly, inclusion of the lattice gT datum has
very little e↵ect on the central values of the distributions,

0 0.2 0.4 0.6 x
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0

1 hu
1

hd
1

0.2 0.4 0.6 z
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1(fav)

zH�(1)
1(unf)

FIG. 2. Transversity PDFs hu,d
1 and favored zH

?(1)

1(fav) and un-

favored zH
?(1)

1(unf) Collins FFs for the SIDIS+lattice fit (red and

blue bands) at Q2 = 2 GeV2, compared with the SIDIS-only
fit uncertainties (yellow bands). The range of direct experi-
mental constraints is indicated by the horizontal dashed lines.

but reduces significantly the uncertainty bands. The fit-
ted antiquark transversity is consistent with zero, within
relatively large uncertainties, and is not shown in Fig. 2.

For the transverse momentum widths, our analysis of
the HERMES multiplicities [53] gives a total �2/datum of
1079/978, with hk2

?iqf1
= 0.59(1) GeV2 and 0.64(6) GeV2

for the unpolarized valence and sea quark PDF widths,

and hp2
?i

⇡/q
D1

= 0.116(2) GeV2 and 0.140(2) GeV2 for the
unpolarized favored and unfavored FF widths. These
values are compatible with ones found in the analysis
by Anselmino et al. [54] of HERMES and COMPASS
charged hadron multiplicities. On the other hand, the
similar values found for the sea and valence PDF widths
disagree with the chiral soliton model [55], for which the
sea to valence ratio is ⇠ 5. Note also that while there ap-
pear some incompatibilities between the x dependence of
the HERMES and COMPASS Ph?-integrated ⇡± multi-
plicities, our analysis uses only Ph?-dependent HERMES
data that are given in bins of x, z, Q2 and Ph?.

The transverse momentum widths for the valence and
sea transversity PDFs are hk2

?iqh1
= 0.5(2) GeV2 and

1.0(5) GeV2, respectively, and hp2
?i

⇡/q

H?
1

= 0.12(4) GeV2

and 0.06(3) GeV2 for the favored and unfavored Collins
FF widths, respectively. The relatively larger uncertain-
ties on the h1 and H?

1 widths compared with the unpolar-
ized widths reflect the higher precision of the HERMES
multiplicity data, and the order of magnitude smaller
number of data points for the Collins asymmetries.

Integrating the transversity PDFs over x, the resulting
normalized yields from our MC analysis for the �u and �d
moments are shown in Fig. 3, together with the isovector
combination gT . The most striking feature is the sig-
nificantly narrower distributions evident when the SIDIS
data are supplemented by the lattice gT input. The u
and d tensor charges in Fig. 3(a), for example, change
from �u = 0.3(3) ! 0.3(2) and �d = �0.6(5) ! �0.7(2)
at the scale Q2 = 2 GeV2, while the reduction in the un-
certainty is even more dramatic for the isovector charge
in Fig. 3(b), gT = 0.9(8) ! 1.0(1). The earlier single-
fit analysis of SIDIS data by Kang et al. [21] quotes

Collins fragmentation functionsTransversity PDFs
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to plan improved calculations with total uncertainty less
than 10%. 2) With the promising results shown here, we
can proceed with similar analyses for the less known po-
larized PDFs, such as helicity and transversity (the lon-
gitudinal and transversely polarized PDFs), where the
isovector PDFs needed to make impacts for global anal-
ysis are less demanding than the unpolarized ones.
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-
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matched PDF

FIG. 4. Our final PDF renormalized at 3 GeV and compared
with CT14 [63] at (µR, pR

z ) = (3.7, 2.2) GeV. It is consistent
with NNPDF3.1 distribution [64] and CJ15 [65]. Our results
agree nicely with the global-analysis PDF.

Summary and Outlook: In this work, we report the
state-of-the-art isovector unpolarized quark distribution
using lattice QCD directly at physical pion mass. We
use nucleon boosted momenta as large as 3 GeV with
high-statistics analysis. We carefully study excited-state
systematics whose error is reflected in our final distribu-
tion uncertainty. We renormalize our nucleon matrix el-
ement using the nonperturbative RI/MOM renormaliza-
tion, and perform the LaMET one-loop finite-momentum
matching and conversion to MS-scheme to connect lattice
quasi-distribution to lightcone distribution. We found
our final distribution agree well with the global analysis
distribution. We carefully examine all possible system-
atics which will give us better guideline to improve our

future calculations and provide better precision distribu-
tions. Future direction will be investigating smaller lat-
tice spacing ensembles for reaching even higher boosted
momentum such that we can push toward smaller-x re-
gion.
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branching ratio in the Standard Model and extensions thereof. Third, QCD+QED simula-
tions would eliminate the scheme dependence arising from the matching of QCD+QED to
pure QCD. Finally, the ideal determination of the matrix elements µ2

⇡ and µ2
G, and analogous

quantities that enter at order 1/m2
Q and higher, would require computing heavy-light vector

mesons on the lattice, in addition to the pseudoscalar mesons studied here. In particular,
this would make possible a pure lattice result for µ2

G, without making use of the experimental
information on the B-meson hyperfine splitting.
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VI. SUMMARY, COMPARISONS, AND OUTLOOK

The results presented in Sec. V show that the new HQET-based method, developed here
and in Ref. [1], is both qualitatively and quantitatively successful. The qualitative success
relies on the clean separation of scales provided by HQET with the MRS definition of the
heavy-quark mass, while the quantitative success relies on the high statistics of the MILC
Collaboration’s HISQ ensembles [25–27], all 24 of which have been employed here. Also
relevant to the success of the method is the availability of the order-↵5

s perturbation theory
for the running of the quark mass [57] and strong coupling [58], and the order-↵4

s coe�cient
linking the MS mass to the pole mass and, hence, the MRS mass [59, 60]. These features are
not (yet) shared by other determinations of quark masses using lattice QCD. Although the
HQET method separates the heavy-quark scale from the QCD scale, mass ratios determined
in the course of this work and Ref. [14] yield results for all quarks except the top quark.

Our results for heavy-quark masses mc and mb are compared with other results in the
literature in Fig. 6. Both panels show the most recent lattice-QCD calculation with a
complete error budget from each combination of method and collaboration. For nonlattice
calculations, we also show the most recent result from each method and-or collaboration,
but include only those with perturbative-QCD accuracy of order-↵3

s matching and, if needed,
order-↵4

s running.5 As noted in Sec. V, the parametric uncertainty in ↵s is one of our largest
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FIG. 6. Comparison of mc (left) and mb (right) to other results from lattice QCD

and from nonlattice methods. Our result is shown as a magenta burst, with the gray
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Fermilab/MILC/TUMQCD 18 (this work); HPQCD 14 (all HISQ) [71]; ETM 14 (baryons) [82];

ETM 14 (mesons) [83]; Maezawa and Petreczky 16 [84]; JLQCD 16 [85]; �QCD 14 [86]; HPQCD 10

(moments) [87]; Mateu et al. 17 [88]; Chetyrkin et al. 17 [89]; Kiyo et al. 15 [90]; Dehnadi et al. 15

[91]; Narison 11 [92]; Bodenstein et al. 11c [93]; Boughezal et al. 06 [94]; Gambino et al. 17 [12];

ETM 16 [95]; HPQCD 14 (NRQCD b) [96]; HPQCD 13 (⌥ splittings) [97]; HPQCD 10 (moments)

[87]; Ayala et al. 16 [98]; Beneke et al. 16 [99]; Penin et al. 14 [100]; Bodenstein et al. 11b [101];

Chetyrkin et al. 09 [102]; Brambilla et al. 01 [103].

5 If we have omitted a result with order-↵4
s running and order-↵3

s matching, please let us know.
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Selected results from neutrino physics experiments

Measurements of neutrino mixing matrix parameters and mass
hierarchy

Efforts to directly measure neutrino with the KATRIN experiment
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20 years since its discovery…

�3

Origin of tiny mass

Why mass is much smaller than other fermions?


Large mixing parameters

Why so different from quarks?

Symmetry behind the pattern?


Mass hierarchy (ordering) 
Which is the heaviest?


CP violation

Is it violated just as in quarks?


Extra neutrino families?

We learned a lot about neutrinos through neutrino oscillation,

     but many questions emerged and remains

Properties of neutrino are considered to be connected with fundamental questions
Source of baryon asymmetry of Universe?

Very high scale physics? (seesaw?)

Origin of generations?
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Oscillation parameter status

�4

U =
1 0 0
0 cos θ23 sin θ23
0 −sin θ23 cos θ23

cos θ13 0 sin θ13e−δCP

0 1 0
−sin θ13eδCP 0 cos θ13

cos θ12 sin θ12 0
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0 0 1

Neutrino Oscillation

5

Atmospheric, LBL Solar, KamLANDReactor, LBL

Still unknown:

Current understanding of PMNS matrix:

Leptonic CP (δCP) Mass Hierarchy 
(Mass Ordering)

Others:

θ23 Octant

Sterile

Normal  
(Δm232>0) 

Inverted  
(Δm232<0) 

Precision measurements

deSalas et al, 1708.01186 (May 2018)
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More precision measurements 
CP violation 
Mass hierarchy 
θ23 octant (<=>45°?)

Current major targets
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Accelerator-Based long baseline experiments
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Fig. 22: (Colour online) Laboratory momentum distributions of p+ produced in p+C interactions at 31 GeV/c production processes
in different polar angle intervals (q ). Error bars indicate the statistical and systematic uncertainties added in quadrature. The overall
uncertainty due to the normalization procedure is not shown. Results obtained with two different analysis techniques are presented:
open blue triangles are the dE/dx analysis and full black circles are the to f -dE/dx analysis.
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(c) Electron-like antineutrino mode
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(d) Electron-like antineutrino mode
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(e) ⌫e CC1⇡+-like, neutrino mode
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Figure 13: Predicted spectra and observed events (points). The e-like, including ⌫e CC1⇡+, distributions are functions
of both the reconstructed neutrino energy and the reconstructed angle between the outgoing lepton and the neutrino
direction, with the projections in each variable shown here. The distributions correspond to the statistics collected in
the full Run 1-9c data set. The spectra are generated with the systematic parameters described in section 3 and the
oscillation parameters corresponding to the best-fit values from the data fit (solar parameters at PDG 2016).
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Prediction at far detector
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Final ντ results from OPERA

�12

Observation of ντ interaction using a huge emulsion-based detector

10 ντ candidates observed


2.0±0.4 BG expected

6.1σ significance of ντ appearance

4

Channel Expected Background ⌫⌧ Exp. Observed
Charm Had. re-interaction Large µ-scat. Total

⌧ ! 1h 0.15 ± 0.03 1.28 ± 0.38 � 1.43 ± 0.39 2.96 ± 0.59 6
⌧ ! 3h 0.44 ± 0.09 0.09 ± 0.03 � 0.52 ± 0.09 1.83 ± 0.37 3
⌧ ! µ 0.008 ± 0.002 � 0.016 ± 0.008 0.024 ± 0.008 1.15 ± 0.23 1
⌧ ! e 0.035 ± 0.007 � � 0.035 ± 0.007 0.84 ± 0.17 0
Total 0.63 ± 0.10 1.37 ± 0.38 0.016 ± 0.008 2.0 ± 0.4 6.8 ± 0.75 10

TABLE III. The expected number of signal and background events for the analysed data sample, evaluated assuming
�m2

23 = 2.5 · 10�3 eV2, sin2 2✓23 = 1 and the default implementation for the ⌫⌧ cross-section of GENIE v2.6.

The total expected signal is N expS = (6.8 ± 0.75)
events, whereas the total background expectation is
N expB = (2.0 ± 0.4) events.

Observed events Ten events (Nobs) passed all the
topological and kinematical cuts. The distribution of
their visible energy, i.e. the scalar sum of the momenta
of charged particles and �s, is shown in Fig. 1, compared
to Monte Carlo simulation. Among the ten selected ⌫⌧
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FIG. 1. Stacked plot of visible energy: data are compared
with the expectation. Monte Carlo simulation is normalised
to the expected number of events reported in Table III.

candidates, five ⌫⌧ were already described in [6, 8–11].
The other five ⌫⌧ candidates are all events without muon
in the final state: three of them show a 1-prong decay
and two a 3-prong decay. Their kinematical variables are
summarised in Table IV, where the BDT response for
each event is also reported. The resulting BDT output
distributions are shown in Fig. 2.

RESULTS

The statistical analysis of the data employs a
maximum-likelihood fit jointly across the four channels.
For each channel, the likelihood is constructed as the
product of a probability density function combining the
BDT responses of signal and background, a Poissonian
term and a Gaussian term for the systematics of the ex-
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FIG. 2. BDT response for each channel.

pected yield:

L(µ,�c) =
4Y

c=1

 
Pois(nc|µsc + �c)

ncY

i=1

fc(xci)

!
·

·
4Y

c=1

Gauss(bc|�c,�bc
),

(1)

where

fc(xci) =
µsc

µsc + �c
PDFsig

c +
�c

µsc + �c
PDFbkg

c ,

and c runs over the 4 channels, i over the nc observed
events in the cth channel, sc is the expected signal, bc and
�bc

are the expected background in the cth channel and
its uncertainty as reported in Table III, �c is a floating
parameter which represents the true background, xci is
the BDT response, and PDFbkg

c (PDFsig
c ) the distribution

of xci for the background (signal) component in the cth

channel. The parameter µ is the ⌫⌧ signal strength, i.e. a
scale factor on the number of events expected by the
model of neutrino interactions: µ = 0 corresponds to
the background-only hypothesis and µ = 1 corresponds
to the oscillated ⌫⌧ signal, on top of the background,
reported in Table III. The e↵ect of uncertainties on the
expected number of signal events (estimated ⇠20% for
each channel) has been proved to be negligible for all the
following results.

PRL 120 (2018) 2118012008-2012

Δm2 consistent with 

disappearance measurements
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T2K: θ13 and δCP
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Long baseline neutrino experimentsMasashi Yokoyama (UTokyo)

T2K: constraint on δCP

�19

sinδCP=0 (δ=0, π) outside of 2σ CL region 
First hint of CP violation in the lepton sector!
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(b) 1� CL exclusion region
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(c) 90% CL exclusion region
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(d) 2� CL exclusion region

Figure 21: ��2 critical values and confidence intervals for the measured ��2 distributions for Run 1-9c. Critical
values obtained with the Feldman-Cousins method for Run 1-9c for 9 evenly spaced values on the range [�⇡,⇡].
Critical values are shown for 1�, 2� and 90% CL for normal (solid lines) and inverted (dashed lines) hierarchies. At
least 1 ⇥ 104 toy experiments are performed for each point. The three bands of lines show the ±1� uncertainty on
the critical values. Also shown are the measured ��2 distributions shifted with respect to the same global minium
and the 1�, 90% and 2� exclusion regions for both mass hierarchies.

31

+θ13 from reactor2σ CL region
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Long baseline neutrino experimentsMasashi Yokoyama (UTokyo)

NOvA: Δm232 and θ23

�22

Results from joint fit of νμ and νe
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Prefer non-maximal at 1.8σ 
Exclude lower octant at similar level
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Long baseline neutrino experimentsMasashi Yokoyama (UTokyo)

NOvA: δCP and mass hierarchy

�24

Best fit: Normal Hierarchy, δCP = 0.17π

Mayly Sanchez - ISU

A L L O W E D  O S C I L L AT I O N  PA R A M E T E R S  
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• Best fit: Normal Hierarchy  
δCP= 0.17π 
sin2θ23 = 0.58±0.03 (UO)  
Δm232 = (2.51+0.12-0.08)⋅10−3 eV2

see poster #81
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see poster #81

Prefer NH by 1.8σ 
Exclude δCP=π/2 in the IH at >3σ
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!10
R. Saakyan, Non-Accelerator ν-Physics, ICHEP20189-Jul-2018

E. Fermi, Z. Phys. 88 (1934) 161 

422
0 )( cmEE

dE
dN

iν−−∝

E0 = 18.6 keV 
T1/2 = 12.3 y 

Old idea!

Neutrino Mass from β-decay end-point 

Best results from 3H β-decay  with MAC-E filter technology  

Tough Reality 

mβ < 2 eV

Aim: mβ < 0.2 eV (90% C.L.) 
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R. Saakyan, Non-Accelerator ν-Physics, ICHEP20189-Jul-2018

Tritium	source	 Transport	section	
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Detector	

Courtesy T. Thümmler (Katrin)!

• Windowless gaseous tritium 
source  

• High 2π acceptance 
• MAC-E filter: Magnetic 

Adiabatic Collimation & 
Electrostatic Filter 

Sharp high pass filter: 

Steps of filter potential     à 
integrated β spectrum 

"#/# = &"#$/
&"%&  

 
à ΔE < 1 eV at 

18.6 keV 

KATRIN Experiment 

See talk by M. Schlösser (#317)
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R. Saakyan, Non-Accelerator ν-Physics, ICHEP20189-Jul-2018
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• 1% of nominal tritium activity 
• Tritium loop operation from 5 June - 18 June 

(no interruption) 
• Source parameters are stable and within 

specifications

KATRIN First Results  

See talk by M. Schlösser (#317)



Latest results from the AMS experiment

July 11, 2018

The Latest Results on High Energy Cosmic Rays 

A. Kounine and S. Ting

AMS

Much interest in new AMS results of the cosmic ray flux
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AMS

Dark Matter 

c
cccc
cc

cc

p, He

e+, p, D              

Dark Matter annihilation produces light antimatter: e+, p, D
Collision of Cosmic Rays with Interstellar Matter also produces e+, p, D

The excess of e+, p, D from Dark Matter annihilations can be measured by 
AMS as the background is small

e+, p, D

Ordinary matter is also produced by Dark Matter annihilations, 
but it is not distinguishable from the large background

6M. Turner and F. Wilczek, Phys. Rev. D42 (1990) 1001; J. Ellis 26th ICRC (1999)
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Electron and Positron spectra before AMS 

These are very difficult experiments
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8

Latest AMS results on positron and electron fluxes

28.1 million 
electrons

1.9 million positrons

Positrons x 10Electrons
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AMS 2018⦁ 1.9 million positrons

Collision of Cosmic Rays

1.2 TeV
Dark Matter 
+ Collision of 
Cosmic Rays

The positron flux appears to be in agreement with predictions 
from a 1.2 TeV Dark Matter model (J. Kopp, Phys. Rev. D 88, 076013 (2013))
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Most surprisingly:
The spectra of positrons, antiprotons, and protons are identical,

but the proton and antiproton mass is 2000 times the positron mass.
The electron spectrum is different 
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Physics of AMS on ISS: Positrons and Dark Matter

44

To date, we have a 2-sigma effect.

Currently, the approved ISS lifetime is until 2024.
The incremental gain between now and 2024 is from 2-sigma to 5-sigma.  

Extend the measurements to 2 TeV and determine the sharpness of the drop off. 
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Many models proposed to explain

the physics origin of the observed behavior
(>2000 citations of the AMS results)

1) Particle origin:  Dark Matter

2) Astrophysics origin: Pulsars, SNRs

3) Propagation of cosmic rays

Models based on very different assumptions 

describe observed trends of a single measurement.

Simultaneous description of several precision 

measurements is difficult in the framework of a 

single model  

14



Review of “Multi-Messenger Astrophysics” (MMA)

Relatively new field of research (I’d not heard of it!)

Involves the coordinated observation and interpretation of disparate
“messenger” signals from astronomical objects
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))) Astrophysical Messengers

Radio IR / Visible / UV X-ray Gamma ray

Electromagnetic waves / photons

Neutrinos

Cosmic Rays

Gravitational Waves

2

Ultra-high-energy 

Multi-Messenger 
Astronomy
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)))
Supernova 1987A !
Neutrino burst preceded 
appearance of the supernova 
light by a few hours

The First Multi-Messenger Astrophysics Event

Cr
ed

it:
 E
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e,
 N
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Credit: M. Nakahata (ICRR) / CERN Courier 9
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From Thursday:
N. Arnaud
“In between the 
Observation 
Runs 2 and 3, a 
status report on 
the Advanced 
LIGO and 
Advanced Virgo 
GW detectors” 

Normally the sky 
localization would 
be available within 
minutes, but had to 
work around a 
glitch in the LIGO-
Livingston data

(consistent with masses of known neutron stars)
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[LIGO, Virgo, Fermi-GBM and INTEGRAL 2017, ApJL 848, L13]

Fermi low-energy

Fermi high-energy

INTEGRAL high-energy

Δ𝑡 =
1.74 ± 0.05 𝑠

Î Speed of GWs is just 
about equal to speed of light

Adapted from slide by N. Arnaud

22
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)))

[Valenti et al. 2017, 
ApJL 848, L24]

Astronomers found the optical counterpart!

Independently found by 6 teams within a span of 45 minutes, in the galaxy
NGC 4993

[Abbott and many others 2017, ApJL 848, L12]

GRB 170817A

GW170817

SSS17a

DLT17ck

MASTER J130948.10-232253.3

Æ AT 2017gfo

23
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From Thursday:
N. Arnaud
“In between the 
Observation 
Runs 2 and 3, a 
status report on 
the Advanced 
LIGO and 
Advanced Virgo 
GW detectors” 
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)))

[Albert et al. (ANTARES, IceCube, Pierre Auger, LIGO and Virgo) 2017, ApJL 850, L35]

No Neutrino Counterpart to GW170817

25
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))) Saw the GW170817 counterpart fade – and change color

Initially visible in ultraviolet and blue –
but those faded quickly
Infrared peaked after 2-3 days, then
remained visible for weeks

[Drout et al. 2017, Science 10.1126/science.aaq0049] 27
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))) … as it cooled

[Drout et al. 2017, Science 
10.1126/science.aaq0049]

28
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))) Optical emission matches “kilonova” model

r-process nucleosynthesis takes place in 
ejected material
Then radioactive decays drive thermal emission
Evidence for two components:

“blue” (lanthanide-poor) and 
“red” (lanthanide-rich)

Different r-process elements produced Î
different opacities

Hypermassive neutron star may irradiate central 
ejecta with neutrinos, converting some neutrons 
to protons
e.g., Cowperthwaite et al. estimate 
0.01 𝑀⊙ of “blue” ejecta moving at ~0.3 𝑐 plus 
0.04 𝑀⊙ of “red” ejecta moving at ~0.1 𝑐

Also late-time X-ray and radio afterglows
[Metzger, arXiv:1710.05931] 29
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))) Implication for heavy elements

Strengthens the picture that neutron star mergers produce most of the 
heaviest elements

[Figure from Wikipedia “r-process” article]
30
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Summary

Difficult enough to summarise in one seminar, will not attempt to draw a concise
conclusion here!

Overall a very intense and diverse week of contributions, reflecting the breadth of
the modern field!

I’d encrourage you to browse the slides! (https://indico.cern.ch/event/686555/)

ICHEP 2020 will be held in Prague, Czech Republic

https://indico.cern.ch/event/686555/
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