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Non-introduction 
Thankfully, no-one is expecting a “summary” 

I am grateful to the plenary speakers  
and session conveners 

Copyright to Any–and–All mistakes in this talk: 
held by the Speaker – All Rights Reserved. 
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HEP Panorama 
■  The Highest Energies 

◆  Our pride, source of great hope(s); SM, Higgs, BSM, Flavor, 
matter at its extremes 

■  The neutrino sector 
◆  Cause ν’s are so very different; PMNS, fermion nature, BSM, 

sterility 
■  The dark sector 

◆  The experimental evidence for physics outside the SM 
■  The cosmos 

◆  Not strictly always “particle” physics; equally fundamental 
■  Dedicated-measurement experiments 

◆  Complementary to high E; fundamental symmetries 
■  Theory: because we need to understand what we’re 

doing 
July 12, 2017 

EPS HEP 2017, Venice 3 



The Standard Model 

It’s about time we change its name to Standard Theory 
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The highest energies 
■  The LHC and its experiments Operating Great Again 

July 12, 2017 
EPS HEP 2017, Venice 5 

High machine availability 
∼ 50 % (many HW issues fixed) 
High luminosity lifetime (improved 
knowledge of machine parameters for 
operation) 
High peak luminosity (small beam size 
from injectors and stronger focussing) 
Still room for improvement in 2017&18 
More bunches, higher bunch intensity, 
stronger focussing 
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SM Highest E; EWSB (“Higgs” sector) (I) 
Beyond All Doubt:  

 it is a Higgs 

 

July 12, 2017 
EPS HEP 2017, Venice 6 

JP=0+ 

Ultimate 
non-
universal 
coupling:    
to mass (!) 

Still in Doubt:  
is it the Higgs? 
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t,b,µ points: slight overstatement 

Paolo Meridiani

HIGGS PRODUCTION @ LHC
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Gluon fusion 
87%
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Run1 
7-8 TeV ⇒

Run2 
13 TeV
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SM EWSB/H sector (II): noteworthy 
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H-τ coupling @ CMS: 
Single-expt observ. 

of H→ττ: 5.9σ 
(Run1+Run2)  

H-b coupling @ ATLAS: 
Single-expt evidence for 

H→bb: 3.6σ  
(3.5 from Run2) 
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SM EWSB/H sector (III): noteworthy 
■  Coupling to the top quark (special: yt≈1) 
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CMS: 3.3 σ 
(2.5 exp) 

Note: H→WW; 
so no need to 
assume SM 
H→bb 

H-t coupling:  
ttH production 
elusive (~1/100 

of ggH) 
Up to last week: 

~hints 
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SM EWSB/H sector (IV): for the future 
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HH : within factor 20 of SM→HL-LHC  
Paolo Meridiani

H➝ZZ➝4ℓ (4μ, 2#2μ, 4#)

16

CMS arXiv:1706.09936 Submitted to JHEP ATLAS-CONF-2017-043

Improvements on overall precision ~ x2 wrt Run1 

Starting to approach SM theory uncertainty 

µ = 1.05+0.15
�0.14(stat)

+0.11
�0.09(syst)

µ = 1.28+0.18
�0.17(stat)

+0.08
�0.06(exp)

+0.08
�0.06(theo)

~70 events

Z➝4l

H➝4l

ZZ*➝4l

μ=σ/σSM

Paolo Meridiani

H➝ƔƔ 

17

CMS HIG-16-040 ATLAS-CONF-2017-045

µ = 1.16+0.15
�0.14 = 1.16+0.11

�0.10(stat)
+0.09
�0.08(exp)

+0.06
�0.05(theo)

~2k events

bkg: ~80% irreducible ɣɣ

Precision similar to ZZ, despite lower S/B  

Paolo Meridiani

2ND GENERATION COUPLING

31

H➝μμ: probing 2nd generation Yukawa 
coupling (BR 2.18E-4) 

ATLAS+CMS combination sensitivity ~2σ 
by the end of Run2 

ATLAS arXiv:1705.04582

ATLAS Run1 + 36fb-1 @ 13 TeV:  
σ/σSM<2.7 @ 95%CL (2.8 exp) 

~200 signal events

H→µµ: same 

Paolo Meridiani

DOUBLE HIGGS PRODUCTION

33

bbbb largest statistics 

bb(ɣɣ,!!) good compromise 
between statistics and S/B 

Main probe for trilinear Higgs coupling λHHH. Diagrams interfere destructively in SM 

Y
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A large matrix of final states  

sensitive to possible BSM contributions
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DIFFERENTIAL CROSS SECTIONS 

Δσ/σ [30-40]%

CMS HIG-17-015 ATLAS-CONF-2017-032

Δσ/σ [20-50]%

Unfolding: ~ no smearing for pT, 10% in Njet 

dσ/dpT, dσ/dNjets sensitive to perturbative QCD calculationsPaolo Meridiani 20

CROSS SECTIONS BY PRODUCTION MODES

ATLAS: Excess in VBF (both H➝4l & ɣɣ)  
SM compatibility p-value 5% 

ATLAS-CONF-2017-047

BRɣɣ/BRZZ fixed @ SM value

H➝ɣɣ, H➝ZZ split events into several categories:  
associated production modes (additional jets, leptons) 
different kinematics region (vs pT(H), pT(jet))  

H➝4l + H➝ɣɣ  
CMS HIG-16-040 

H➝ɣɣ  

Precision improvements ~2 wrt Run1 

Increased statistics 

H➝ρɣ & H➝φɣ: couplings to light quarks 

Paolo Meridiani

RARE DECAY STATUS

35

Searches for rare decays: observation would imply BSM

Process σ/σSM (95% CL)  

H➝Zɣ (ATLAS) 
36fb-1@ 13 TeV <6.6

H➝Zɣ (CMS) 
Run1 <9

H➝ɣ*ɣ (CMS) 
Run1 <7.7

H➝J/Ψɣ (ATLAS) 
Run1 <540

H➝J/Ψɣ (CMS) 
Run1 <540

H➝ρɣ (ATLAS) 
36 fb-1 @ 13 TeV <52

H➝φɣ (ATLAS) 
36 fb-1 @ 13 TeV <208

H➝ee (CMS) 
Run1 <~105

36 fb-1 

H➝Zɣ, H➝ɣ*ɣ: access BSM in loops 

H➝J/Ψɣ: coupling to charm 

Run2

Run1

Rare decays… 
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SM, Highest E; SM minus Higgs 
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Standard Model Landscape
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Standard Model Production Cross Section Measurements Status: July 2017

ATLAS Preliminary

Run 1,2

p
s = 7, 8, 13 TeV

Outline

• Achievements in Experiment and Theory

• Recent Cross Section Measurements
I Top
I W and Z bosons

I Multiboson final states

• Search for New Physics Via Virtual Corrections
I W mass
I top mass

I sin2 ✓eff

W

• Gauge Boson Vertices and Limits on Anomolous
Couplings

• Conclusions 3 / 26

Top+Vector Boson Production

tt+W/Z

• 13 TeV measurements from ATLAS and CMS

• �(tt + Z): extraction of ttZ coupling

• �(tt + W/Z): sensitive to BSM physics (eg
vector-like quarks)

• Current comparisons to NLO QCD. But

improved calculations available:
I NLO QCD+EW corrections

I NLO+NNLL

No discrepancies with SM (to date)

t+ Zq

• �(tZq) sensitive to WWZ triple gauge
couplings and tZ coupling

• tZ constrained by ttZ

• Multivariate technique to isolate signal

• New for EPS:

4.3� evidence for t-channel tZq:

�(tZq) = (620 ± 240) fb
10 / 26

tZq!  4.3σ 

Top+Vector Boson Production

tt+W/Z

• 13 TeV measurements from ATLAS and CMS

• �(tt + Z): extraction of ttZ coupling

• �(tt + W/Z): sensitive to BSM physics (eg
vector-like quarks)

• Current comparisons to NLO QCD. But

improved calculations available:
I NLO QCD+EW corrections

I NLO+NNLL

No discrepancies with SM (to date)

t+ Zq

• �(tZq) sensitive to WWZ triple gauge
couplings and tZ coupling

• tZ constrained by ttZ
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• New for EPS:

4.3� evidence for t-channel tZq:
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10 / 26

Observation of EW Boson Scattering

• Observation of Vector Boson Scattering a milestone in studies of EW
Sector

• S:N for EW:QED production for same-sign W scattering
I First 5� observation of W±W±jj EWK production
I Discriminating variable: m

jj

• First studies of ZZjj EWK production
I Larger contributions from Strong production in this channel

• Rich program of precision measurements anticipated with larger datasets
available in the future

25 / 26

W±W±!  5.3σ! 

Observation of EW Boson Scattering

• Observation of Vector Boson Scattering a milestone in studies of EW
Sector

• S:N for EW:QED production for same-sign W scattering
I First 5� observation of W±W±jj EWK production
I Discriminating variable: m

jj

• First studies of ZZjj EWK production
I Larger contributions from Strong production in this channel

• Rich program of precision measurements anticipated with larger datasets
available in the future

25 / 26

The real 
thing! 

Probing Anomolous Couplings: EW X+2 Jets

• VBF signals observed in many channels

• Measurements exist at 7, 8 and 13 TeV

• All results consistent with SM

• Limits on anomolous couplings set

Quartic gauge coupling constraint from m � Z�

CMS-SMP-14-018 Triple gauge coupling constraints from Wjj

arXiv:1703.04362

24 / 26

aTGC – limits 
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SM, Highest E; EWK precision tests 
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W Mass: First LHC Measurement

m
W

= 80370± 7(stat)± 11(exp sys)± 14(modelling sys) MeV

= 80370± 19 MeV

• Use low pile-up
p
s = 7 TeV data

I Huge e↵ort to control systematic uncertainties
• Uncertainty comparable to previous best measurement from CDF
• Expect future improvements

I Larger statistics 8 TeV and 13 TeV samples

I Reduction of modelling uncertainies (theory and W kinematics (eg pW

T

)

• But higher pileup will be a challenge!

arXiv:1701.07240 17 / 26
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mW 

Direct Measurements of the Top Mass

• ATLAS and CMS in good agreement:
I mATLAS

t

= 172.84 ± 0.70 GeV

I mCMS
t

= 172.44 ± 0.48 GeV

• Some tension with Tevatron average:

mTev
t

= 174.30 ± 0.65 GeV
I mCDF

t

= 173.16 ± 0.95

I mD0
t

= 174.95 ± 0.75

Recent Results:

CMS: µ+Jets,
p
s = 13 TeV

ATLAS: All hadronic
p
s = 8 TeV

18/ 26

Building for the Future: sin2 ✓e↵W

• pp: A
FB

as fn of m
``

New from D0 (µµ): 0.23016 ± 0.00064

New Tevatron Average: 0.23148 ± 0.00033
(FNAL-CONF-17-201-E)

• pp: Z boost preferentially selects direction of valence
quark

New from CMS (8 TeV ee + µµ): 0.23101 ± 0.00052

• Best measurements remain LEP+SLD: ±0.00016

• Uncertainties for LHC measurements will decrease as
R
L

increases
20 / 26
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No match, but 
surprisingly good 
(and no discrep…) 

So what next? 
Theory errors: 
 
 
 
     Δmt

exp<Δmt
the 

→  Experiment: more 
work on mW 
needed! 

mt 

But beware:  
mpole vs mMC & 
O(ΛQCD) effects 

MW = 80.358±0.008 GeV
Mt = 177.0+2.3–2.4 GeV

sin2θW 
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Dolph Lundgren BACK as
Drago to face Rocky?
Stallone is NOT…

THIS is the disturbing
reason why you should
never walk through…

WATCH: Dramatic moment
tourist beach is swamped
by freak mini…

Antiques Roadshow: Fiona
Bruce consoles collector
in tears as…

Princess Diana's
bridesmaid India Hicks
goes TOPLESS in just…

CERN scientists one step closer to unlocking key to
Universe after LHC breakthrough
SCIENTISTS investigating the origins of the Universe through the Large Hadron Collider (LHC) are celebrating a major breakthrough.

CERN LHC boffins are celebrating the discovery of baryons.

Boffins from CERN (The European Organization for Nuclear Research) which runs the bizarre complex in Geneva have discovered a brand new heavy
particle.

The new particle, named Xi-cc++ (pronounced Ks?-CC plus-plus), is part of a family of “doubly-charmed baryons” that are predicted to exist by the
Standard Model theory of particle physics.

It is the first time scientists have been able to confirm their existence.

The Large Hadron Collider (http://www.express.co.uk/latest/large-hadron-collider) is in a complex of tunnels beneath the Swiss-French border, where
particles are smashed into each other to discover what matter formed the universe.

GETTY*YouTube

SM Strong Interaction (I) 

July 12, 2017 
EPS HEP 2017, Venice 12 

In this universe 

http://www.express.co.uk/news/science/825660/
CERN-Large-Hadron-Collider-discovers-baryons 
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In this universe 
At the bottom, the 

reader can speak up: 

http://www.express.co.uk/news/science/825660/
CERN-Large-Hadron-Collider-discovers-baryons 
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Quantitative testers of QCD rejoice! 
First observation of doubly-charmed 
baryon, the  Ξcc

++  

In a || universe 

Food for thought for 
the Lattice 
 
Food for thought for 
Outreach 

http://www.express.co.univ/news/science/825660/
CERN-Large-Hadron-Collider-discovers-baryons 
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SM Strong Interaction (II) 
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Technical Advances: Theory
N3LO Perturbation Theory

NLO+EW Corrections

Improved Treatment of Parton Showers

Processes with Multiple Scales: Resumming large logs

5 / 26

Theory: Incredible strides 
gg→H at NNNLO 

Cool stuff: 
W/Z→qq 

Opens up possibility of 
inclusive gg→H→bb (!) 

Sensitive 
to EWK 
corrs! 

Jet substructure: 
a major new tool 



Beyond the SM 

Supersymmetry 
Others 
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Supersymmetry: how we got here 
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LHC Physics 54P. Sphicas/ICHEP2002

SUSY SummarySUSY Summary
■ SUSY discovery (should be) easy and fast

◆ Expect very large yield of events in clean signatures (dilepton, 
diphoton).

● Establishing mass scale is also easy (Meff)

■ Squarks and gluinos can be discovered over very 
large range in SUGRA space (M0,M1/2)~(2,1)TeV
◆ Discovery of charginos/neutralinos depends on model
◆ Sleptons difficult if mass > 300 GeV
◆ Evaluation of new benchmarks (given LEP, cosmology etc) in 

progress

■ Measurements: mass differences from edges, squark 
and gluino masses from combinatorics

■ Can extract SYSY parameters with ~(1-10)% accuracy

3

Introduction

Simplified Models Specific SUSY Models (CMSSM)

No significant signals found  → have presented SUSY limits in:

What is the impact of the full set of ATLAS 
searches on a broader set of SUSY models?

The 2012’s: Full models 
too ambitious… [SUSY] 
only needs to be “natural” 4 6 8 10 12 14 16
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Simple test-point:
MS = 10 TeV, 

Xt = 0, tanß = 20

Draper et al :         Mh = 123.2  GeV

Bagnaschi et al :   Mh = 123.6  GeV 

SusyHD:               Mh = 123.6  GeV
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Bagnaschi et al., 1407.4081

Hahn et al. (FeynHiggs), 1312.4937;  Draper et al., 1312.5743;  
Bagnaschi et al.,  1407.4081; PardoVega+Villadoro (SusyHD) 1504.05200 Recent incarnations of the decades-old EFT approach:

FeynHiggs:            Mh = 126.5  GeV 

125 GeV in the MSSM requires either 
10 TeV stops (0.01-0.1% tuning)...

mh=125 GeV is independently pushing up the SUSY-scale in the MSSM.  

Famous bound (mh)tree<mZ. Need loop corrections from stops to raise it to 125 GeV.

Optimist’s view: high At. 
Theorist’s view: not-so-
easy to generate (large At) 
Experimentalist’s view: 
clearly, an SEP* 

Direct searches125 GeV Higgs

Then there’s also the Higgs mass...

Then, in 2012, we found a 
H boson at 125 GeV… 

P. Sphicas 
Searches for Physics BSM 

Natural relationship between Higgs & SUSY  
■  “We will always have the stop” (top squark) 

■  Previous limits not applicable, due to (expected) 
different decays of the stop 

■  Previous limits not applicable when MET is small 
(Compressed spectra; or even zero? RP violation?!?) 

■  Other signatures that would have (easily!) escaped? 
Feb 28, 2017 

Seminar EKPA 56 

SUSY 
should have 

been here 
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From the CMMSM to the SMS 
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Figure 10: Exclusion contours at the 95% CL in the plane of mec±
1

and mec0
1

for the models of
ec±

1 ec0
2 production (left) for the individual analyses and (right) for the combination of analyses.

The decay modes assumed for each contour are given in the legends.

125 GeV in the mass of ec0
1, improving the observed limits from the previous publication by up363

to 60 GeV [29].364

A statistical combination of several searches is performed and interpreted in the context of365

simplified models of either chargino-neutralino production, or neutralino pair production in366

a gauge-mediated SUSY breaking (GMSB) scenario. For a massless LSP ec0
1 in the chargino-367

neutralino model, the combined result gives an observed (expected) limit in the ec±
1 mass of368

about 650 (570) GeV for the WZ topology, 480 (455) GeV for the WH topology, and 535 (440) GeV369

for the mixed topology. Compared to the results of individual analyses, the combination im-370

proves the observed exclusion limit by up to 40 GeV in the masses of ec±
1 and ec0

2 in the chargino-371

neutralino model. The combination also excludes intermediate mass values that were not ex-372

cluded by individual analyses, including ec±
1 masses between 180 and 240 GeV in the WH topol-373

ogy. In the GMSB neutralino pair model, the combined result gives an observed (expected) limit374

in the ec0
1 mass of 650–750 (550–750) GeV in cross section scenario 1, corresponding to a higher375

cross section value. In cross section scenario 2, the observed (expected) exclusion is as high as376

475–650 (400–650) GeV. The combined result improves the observed limit by up to 200 GeV in377

the mass of ec0
1 in the GMSB neutralino pair model, depending on the assumed cross section378

and branching fractions for the SUSY particle decays.379
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Figure 4: The excluded stau pair production cross section as a function of the stau mass for the
three different helicities: left-handed (left), maximally-mixed (middle), right-handed (right).
The plots in the top row assume a fixed LSP mass of 1 GeV, the ones on the middle row 20 GeV,
and the ones on the bottom row 50 GeV. The inner (green) band and the outer (yellow) band
indicate the regions containing 68 and 95%, respectively, of the distribution of limits expected
under the background-only hypothesis.
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}  Powerful exclusions in decays via sleptons  
}  mass limits on selectron/smuon up to 500 GeV – not 

yet on staus! 

}  If kinematically forbidden, decays via WZ or WH (on-
shell or off-shell in compressed scenarios)  

à Challenging, dedicated analyses performed   

CMS PAS SUS-17-003 

T. Eifert - EW SUSY - LHCP conference - Shanghai - May 15-20 2017 17

CMS: compressed ℓℓ+MET

Special low-pT di-muon + ETmiss trigger, 
offline (el,μ) with pT>5 GeV

Select W(anything)Z(ℓℓ) + ETmiss + ISR jet

Main Backgrounds:
DY(!!→ℓℓ), dibosons,  
Fake & non-prompt leptons

[SUS-16-048]

12 9 Interpretation
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Figure 3: Left: Electroweakino search region for 125 < Emiss
T < 200 GeV (muon only channel)

for 33.2 fb�1; Middle: 200 < Emiss
T < 250 GeV (muon and electron channel) for 35.9 fb�1; Right:

Emiss
T > 250 GeV (muon and electron channel) for 35.9 fb�1. The superimposed signal is from

neutralino-chargino (ec0
2-ec±

1 ) pair production where the mass of the chargino is 150 GeV and
the difference in mass with the lightest neutralino is 20 GeV (TChi150/20).

  [GeV]
T

Leading lepton p

Ev
en

ts

0

10

20

30

40

50

60

70

80

90

100
Data
T2tt350/20
tt(2l)
DY
VV
tW
Fakes
total bkg. unc.

CMS Preliminary  (13 TeV)-133.2 fb

  [GeV]
T

Leading lepton p
5 10 15 20 25 30

D
at

a/
pr

ed
.

1.0

1.5 stat. bkg. unc. total bkg. unc.

  [GeV]
T

Leading lepton p

Ev
en

ts

0

10

20

30

40

50

60

70

80

90
Data
T2tt350/20
tt(2l)
DY
VV
tW
Fakes
Rares
total bkg. unc.

CMS Preliminary  (13 TeV)-135.9 fb

  [GeV]
T

Leading lepton p
5 10 15 20 25 30

D
at

a/
pr

ed
.

0.6
0.8
1.0
1.2
1.4 stat. bkg. unc. total bkg. unc.

  [GeV]
T

Leading lepton p

Ev
en

ts

0
2
4
6
8

10
12
14
16
18
20
22

Data
T2tt350/20
tt(2l)
DY
VV
tW
Fakes
total bkg. unc.

CMS Preliminary  (13 TeV)-135.9 fb

  [GeV]
T

Leading lepton p
5 10 15 20 25 30

D
at

a/
pr

ed
.

0.5
1.0
1.5
2.0 stat. bkg. unc. total bkg. unc.

Figure 4: Left: et search region for 125 < Emiss
T < 200 GeV (muon only channel) for 33.2 fb�1;

Middle: 200 < Emiss
T < 300 GeV (muon and electron channel) for 35.9 fb�1; Right: Emiss

T >
300 GeV (muon and electron channel) for 35.9 fb�1. The superimposed signal is from et pair
production where the mass of the et is 350 GeV and the difference in mass with the lightest
neutralino is 20 GeV (T2tt350/20).
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Wino → sleptons → LSP scenarios
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Figure 10: Exclusion contours at the 95% CL in the plane of mec±
1

and mec0
1

for the models of
ec±

1 ec0
2 production (left) for the individual analyses and (right) for the combination of analyses.

The decay modes assumed for each contour are given in the legends.

125 GeV in the mass of ec0
1, improving the observed limits from the previous publication by up363

to 60 GeV [29].364

A statistical combination of several searches is performed and interpreted in the context of365

simplified models of either chargino-neutralino production, or neutralino pair production in366

a gauge-mediated SUSY breaking (GMSB) scenario. For a massless LSP ec0
1 in the chargino-367

neutralino model, the combined result gives an observed (expected) limit in the ec±
1 mass of368

about 650 (570) GeV for the WZ topology, 480 (455) GeV for the WH topology, and 535 (440) GeV369

for the mixed topology. Compared to the results of individual analyses, the combination im-370

proves the observed exclusion limit by up to 40 GeV in the masses of ec±
1 and ec0

2 in the chargino-371

neutralino model. The combination also excludes intermediate mass values that were not ex-372

cluded by individual analyses, including ec±
1 masses between 180 and 240 GeV in the WH topol-373

ogy. In the GMSB neutralino pair model, the combined result gives an observed (expected) limit374

in the ec0
1 mass of 650–750 (550–750) GeV in cross section scenario 1, corresponding to a higher375

cross section value. In cross section scenario 2, the observed (expected) exclusion is as high as376

475–650 (400–650) GeV. The combined result improves the observed limit by up to 200 GeV in377

the mass of ec0
1 in the GMSB neutralino pair model, depending on the assumed cross section378

and branching fractions for the SUSY particle decays.379
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Compressed spectra 

We will always have Higgsinos… 
µ term must be ~O(MH) 

Long Lifetimes 
•  Small couplings: RPV decays, 

dark sector coupling  
•  Small Δm: almost degenerate 

NLSP heavy messenger: Z', 
split SUSY 

•  Hidden valleys… 
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Table 2. List of example e↵ective operators for the decay �2 ! �1X for fermionic (middle column) and scalar

(right column) DM particles. Each of these operators corresponds to di↵erent final state X (left column). Note

that this is not an exhaustive list. For example, one could also have diboson final states.

�2

�1

�D

X

X

Figure 2. Topology for the decay of �2 into �1 and SM particles (X) through a light mediator �
D

.

To construct models of decay mediators one may again take inspiration from the DM simplified
models. For EFT models of decays we could take the DM EFT vertices and make the replacement
�2 ! �1�2. Similarly, for decay simplified models, we may take the DM simplified models coupling
DM pairs to a mediator � and make the replacement �2 ! �1�2 and � ! �

D

, including the mediator
interactions with the SM fields.

final state O
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+ O
SM

�g12�
µ

D
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Table 3. A small sample list of example vector, axial-vector, scalar, and pseudo-scalar decay mediator

couplings for fermionic DM particles. Similar models may also be constructed for bosons.

Following the models discussed in Ref. [37, 38], we present a list of possible decay mediator models
in Table 3. Note that these decay mediator models have no limit that captures the mono-boson decays
of the first three EFT operators in Table 2, and the EFT operators, by construction, have no limit
that captures the phenomenology of light decay mediators. Thus, together both classes of models
encompass a complementary set of phenomenological possibilities.
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arXiv:1704.06515 

Dedicated (re)tracking dE/dx 

What is really needed: 
Systematic study of all 
SUSY and DM space 
under long-τ hypothesis 

CERN LLP Workshop 
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Physics of Flavor 

CP violation, CKM triangle(s) 
Rare processes 

Windows to new physics? (or lessons in statistics 
and/or systematics in theory calculations)? 
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Vcb & Vub  Tension in 
inclusive vs exclusive 
determinations: still there; 
but hard to get excited given 
uncertainties, D**, etc 

Introduction

Several tensions seen in B physics that can be tested using
(semi)leptonic decays

arXiv:1612.07233

Tension: inclusive and exclusive

R(D(⇤)) = B(B!D(⇤)⌧⌫)
B(B!D(⇤)`⌫)

HFLAV – EPS-HEP 2015

World average at 4� from SM

Saskia Falke (Semi)leptonic B decays with Belle 06.07.17 2 / 28

Introduction

Several tensions seen in B physics that can be tested using
(semi)leptonic decays

arXiv:1612.07233

Tension: inclusive and exclusive

R(D(⇤)) = B(B!D(⇤)⌧⌫)
B(B!D(⇤)`⌫)

HFLAV – EPS-HEP 2015

World average at 4� from SM

Saskia Falke (Semi)leptonic B decays with Belle 06.07.17 2 / 28

But... Trouble (?) 
in semileptonics 

4σ (!?) 

γ: arg(Vub); 
aka “the tough one” 
aka “the DK angle” 
(DsK, DK, D*K…) 

Tricks to correct for 
penguins/FSI… New:  D*K; D*→Dπ0/γ

11 July 2017 Ulrik Egede 18/31

Improve SM parameters

If there is no NP is flavour physics, the unitarity triangle should be the 
same in all measurements

Comparing tree level decays and loop level decays is a way to look for 
inconsistencies

Tree level: small NP effect? Loop level: Large NP effect?

!!! 
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T. Blake

• The          parameter modifies the effective lifetime of the decay: 

!

• LHCb have performed a first measurement of !eff, giving 

!

NB Not yet sensitive to   
(the stat. uncertainty is larger  
than the change in the lifetime  
from       ). This will become more  
interesting during runs 3 and 4. 
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Flavor Physics: rare processes (I) 

July 12, 2017 
EPS HEP 2017, Venice 24 

T. Blake

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
R ⌘ B(Bs ! µ+µ�)/B(Bs ! µ+µ�)|SM

�1.0

�0.8

�0.6

�0.4

�0.2

0.0

0.2

0.4

0.6

0.8

1.0

A
�

�
(B

s
!

µ
+
µ

�
)

|P | = 1, |S| = 0, 'P = 0

SM

Scalar NP(C(0)
S )

'S = ⇡/2

'S = ⇡/4
'

S = 0

|S| = |P |

Non � Scalar
NP(C(0)

10 , C(0)
P )

'P = ⇡/4

'P = ⇡/2

|P | = 1, |S| = 0

B
a
se

d
o
n

D
e

B
ru

y
n

et
a
l.
,

P
R

L
1
0
9

(2
0
1
2
)

0
4
1
8
0
1

|S|, 'S free, |P | = 1, 'P = 0

|P | = 1.0 ± 0.1, 'P free, |S| = 0

LHCb, PRL 118 (2017) 191801

Effective lifetime
• The untagged time dependent decay rate is 

!

!

!

•         provides additional separation  
between scalar and pesudoscalar  
contributions.  

• In the SM                such that the  
system evolves with the lifetime of  
the heavy Bs mass eigenstate. 

12

[De Bruyn et al., PRL 109 (2012) 041801]A��
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Bs→!+!−

• Recent LHCb analysis using run 1 and 2 data (3fb-1 +1.4fb-1) provided 
the first single experiment observation ofBs→!+!− at more than 7". 
[LHCb, PRL 118 (2017) 191801]
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Run I: 
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Generically, sizable NP effects are expected in Beyond the SM theories:

Pre-LHC, 2011

Straub, 1107.0266

b

s

(cancelation of the helicity suppression, m
μ
/m

Bs
)

… and did away with many 
hopes for signs of NewPhys 

What’s left: 

Future: info on 
extended scalar 
sector 

Within the Standard Model (SM) of particle physics, the B0! µ+µ� and B0

s

! µ+µ�

decays are very rare, because they only occur through loop diagrams and are helicity-
suppressed. Since they are characterised by a purely leptonic final state, and thanks to
the progress in lattice QCD calculations [1–3], their time-integrated branching fractions,
B(B0

s

! µ+µ�) = (3.65± 0.23)⇥ 10�9 and B(B0 ! µ+µ�) = (1.06± 0.09)⇥ 10�10 [4],
are predicted in the SM with small uncertainty. These features make the B0

(s)

! µ+µ�

decays sensitive probes for physics beyond the SM, for example an extended Higgs
sector [5–7]. The measurement of these processes has attracted considerable theoretical
and experimental interest, culminating in the recent observation of the B0

s

! µ+µ� decay
and evidence of the B0! µ+µ� decay reported by the LHCb and CMS collaborations [8].
This has been obtained by combining their datasets collected in pp collisions in 2011 and
2012 [9, 10]. The measured branching fractions, B(B0

s

! µ+µ�) = (2.8+0.7

�0.6

)⇥ 10�9 and
B(B0 ! µ+µ�) = (3.9+1.6

�1.4

)⇥ 10�10, are consistent with SM predictions. The ATLAS
collaboration has also recently reported a search for these decays [11].

In the B0

s

� B0

s

system, the light and heavy mass eigenstates are characterised by
a sizable di↵erence between their decay widths, �� = 0.082 ± 0.007 ps�1 [12]. In the
SM, only the heavy state decays to µ+µ�, but this condition does not necessarily hold in
New Physics scenarios [13]. The contributions from the two states can be disentangled
by measuring the B0

s

! µ+µ� e↵ective lifetime, which, in the search for physics beyond
the SM, is a complementary probe to the branching fraction measurement. The e↵ective
lifetime is defined as ⌧
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) decay amplitude. In the
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New Physics scenarios.

This Letter reports measurements of the B0

s

! µ+µ� and B0! µ+µ� time-integrated
branching fractions, which supersede the previous LHCb results [9], and the first mea-
surement of the B0

s

! µ+µ� e↵ective lifetime. Results are based on data collected with
the LHCb detector, corresponding to an integrated luminosity of 1 fb�1 of pp collisions
at a centre-of-mass energy

p
s = 7TeV, 2 fb�1 at

p
s = 8TeV and 1.4 fb�1 recorded atp

s = 13TeV. The first two datasets are referred to as Run 1 and the latter as Run 2.
At various stages of the analysis multivariate classifiers are employed to select the signal.

In particular, after trigger and loose selection requirements, B0

(s)

! µ+µ� candidates are
classified according to their dimuon mass and the output variable, BDT, of a multivariate
classifier based on a boosted decision tree [16], which is employed to separate signal
and combinatorial background. The signal yield is determined from a fit to the dimuon
mass distribution of candidates and is converted into a branching fraction using as

1
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› Results consistently lower than SM predictions

Differential Branching Fractions

CERN SeminarSimone Bifani 6

]4c/2 [GeV2q
5 10 15

]
4 c

-2
G

eV
-8

 [
1
0

2
q

)/
d

µ
µ

φ
→

s0
B

d
B

( 0

1

2

3

4

5

6

7

8

9
LHCb

SM pred.

Data

JHEP 09 (2015) 179

Bs→ffµµµµ

3.3ss form SM

]4c/2 [GeV2q
0 5 10 15 20

]
-1 )4 c/2

(G
eV

-7
 [1

0
2 q

) /
 d

µ µ 
Λ 

→ b
Λ(Bd 0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

LHCb

SM prediction

Data

JHEP 06 (2015) 115]4c/2 [GeV2q
0 5 10 15

]2
/G

eV
4 c [2 q

/dB
 d

0

0.05

0.1

0.15
6−10×

LHCb

]4c/2 [GeV2q
0 5 10 15

]2
/G

eV
4 c [2 q

/dB
 d

0

0.05

0.1

0.15
6−10×

LHCb

arXiv:1606.04731

]4c/2 [GeV2q
0 5 10 15 20

]2
/G

eV
4 c × 

-8
 [1

0
2 q

/dBd 0

1

2

3

4

5

LCSR Lattice Data

LHCb
−µ+µ+ K→+B

JHEP 06 (2014) 133

B+→K+µµµµ
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› First full angular analysis of B0→K*0µµ: measured all CP-averaged
angular terms and CP-asymmetries
› Can construct less form-factor dependent ratios of observables

Angular Analyses

CERN SeminarSimone Bifani 7
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Experimental hints on NP in FCNC B-decays
 B → K*μμ angular analysis 

S. Bifani

Branching Fractions

“Clean” LFU ratios b → s μ μ anomalies

Bingo

R(K)=µµK/eeK R(K*)=µµK*/eeK* 

T. Blake

Lepton universality tests
• We have interesting hints of non-universal lepton couplings in LHCb 

run 1 dataset: 

!

!

!

26
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2.6! 2.5!

NB RK ≃ 0.8 is a prediction of one class of 
model explaining the B0→K*0"+"− 
angular observables, see L" - L# models  
W. Altmannshofer et al. [PRD 89 (2014) 095033]

T. Blake
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run 1 dataset: 

!

!

!
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B→K(*)μμ and B→K(*)ee                             

Why are they interesting?

 Some theoretically clean observables can be built out of these decays
 various 2-3 σ tensions with the SM prediction showing a consistent NP pattern

The observables

1. Optimized observables P
i,
 P'

i

 describe angular distribution in B →K(*)μμ
 designed to be form-factor-free at leading order
 still susceptible to non-factorisable corrections

2. Lepton flavor universality (LFU) ratios Hiller, Kruger, 0310219

Altmannshofer et al., 0811.1214
Descotes-Genon et al., 1207.2753

Bordone et al,
1605.07633

b         s

See talk by J.Serrano Supposedly “clean” observables 
But are we ready to give up on universality? 

Is there a connection to 
the R(D*) issue?  
AND to the µµK* angular 
distributions? 
Some think so; e.g. see 
A.Greljo at this conference 
(https://indico.cern.ch/event/466934/contributions/2585682/) The bad news: ATLAS+CMS cannot help 

in R(K), R(K*) (eeK(*) very, very hard)… 
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Zhiqing Zhang (LAL, Orsay) /15+4EPS 2017, Venice, July 5-12, 2017

Status of aµ

14

Include other contributions in unit of 10-10: 
QCD NLO: -9.87 ± 0.07; NNLO: 1.24 ± 0.01; LBL: 10.5 ± 2.6 
EW: 15.36 ± 0.10 
QED: 11 658 471.895 ± 0.008 
⇒ aµ = 11 659 182.3 ± 3.4 ± 2.6 ± 0.2 (4.3tot)   

In comparison with the 
direct measurement: 
11 659 209.1 ± 5.4 ± 3.3 (6.3tot) 

⇒ 26.8 ± 7.6 (3.5σ)

-700 -600 -500 -400 -300 -200 -100 0

aµ  –  aµ
    exp × 10–11

BN
L-E821 2004

SM
 p

re
di

ct
io

ns
M

ea
su

re
m

en
t

JN 2009

HLMNT 2011

DHMZ 2011

DHMZ 2017 (this work)
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0 ± 63

Hadron Vacuum 
Polarisation: effect on gµ

Muon LFV searches by dedicated 
experiments 
Final MEG upper limit B(µ→eγ)   
<4.2 10-13 @90% CL 
2017: relatively quiet year 
Exciting times ahead with MEGII, 
Mu2e, COMET, Mu3e 

68% CL 
95% CL 

CMSSM NUHM1 

Reminder: g-2 effect 



Extreme Matter 
Evolution: physics studies of matter at its extreme 

started with Heavy Ions. 
Then it spilled over to nucleon-nucleon…  

and then to nucleon-HI… 
Emerging picture of describing all three 
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Heavy Ion Physics 

■  Soft Probes (strangeness enhancement) 
◆  Reason behind building a TPC… 

■  Collective phenomena 
■  Suppression phenomena 

◆  J/ψ (since ~ever in the field) and Y production  
◆  Rich physics in Hard Probes (jets vs γ/W/Z); a present from RHIC 

to the LHC 

July 12, 2017 
EPS HEP 2017, Venice 28 

Charles Gale

IS THERE COLLECTIVITY IN RELATIVISTIC 
HEAVY-ION COLLISIONS?

8

!The emergence of a “standard picture” of high-energy 
heavy-ion collisions

Initial state Pre-equilibrium QGP Hadronization Thermal freeze-out}
Relativistic hydrodynamics

~ 20fm/c

Glasma

Charles Gale

IS THERE COLLECTIVITY IN RELATIVISTIC 
HEAVY-ION COLLISIONS?

8

!The emergence of a “standard picture” of high-energy 
heavy-ion collisions

Initial state Pre-equilibrium QGP Hadronization Thermal freeze-out}
Relativistic hydrodynamics

~ 20fm/c

Glasma

Charles Gale 
ICHEP’14 
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From pp to pPb to PbPb 

July 12, 2017 
EPS HEP 2017, Venice 29 

Strangeness increases with multiplicity also in pPb AND in pp 

s enhancement 

Will pp ratios converge to 
Pb-Pb values?  

M. Floris ALICE Highlights — EPS-HEP 2017

ALI-PUB-106878 [G. Bencedi, 6/7 9:00]

• Smooth evolution of particle ratios with multiplicity 

• Strangeness enhancement considered defining 
feature of heavy-ions 

• Now also seen in high-multiplicity pp / p–Pb! 

• Not reproduced by traditional soft QCD models 
(e.g. Pythia) 

• Challenges universality and factorization of 
fragmentation 

• Study of hadronization mechanisms 

• Multiple Parton Interactions lead to densely 
packed strings in the transverse plane  
(e.g. EPOS and DIPSY)

5

Strangeness Enhancement
Nature Phys. 13 (2017) 535-539

 Fischer, Sjostrand, JHEP01(2017)140 

Nature Physics 13,  
535–539 (2017) 
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Heavy Ions: collectivity (flows) 

July 12, 2017 
EPS HEP 2017, Venice 30 

Charles Gale

RECENT PROGRESS IN THE HYDRO AS A 
CHARACTERIZATION TOOL  

10

d 3N
dyd 2pT

= d 2N
dydpT

2 1+ 2 vn
n=1

∞

∑ (pT )cos(φ −ψ n )
⎡
⎣⎢

⎤
⎦⎥

v1 = Directed flow 
v2 = Elliptic flow 
v3 = Triangular flow

The event plane angle: ψ n =
1
n
arctan 〈pT sinnφ〉

〈pT cosnφ〉
⎛
⎝⎜

⎞
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ψ n

(ε + P) ∂
!v
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= −
!
∇P

∇P(⇔) >∇P(!)

Beyond spectra: Quantifying asymmetries

Anisotropies in coordinate space generate those in momentum space 

Charles Gale

RECENT PROGRESS IN THE HYDRO AS A 
CHARACTERIZATION TOOL  
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⎡
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⎤
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v1 = Directed flow 
v2 = Elliptic flow 
v3 = Triangular flow

The event plane angle: ψ n =
1
n
arctan 〈pT sinnφ〉

〈pT cosnφ〉
⎛
⎝⎜

⎞
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ψ n

(ε + P) ∂
!v
∂t

= −
!
∇P

∇P(⇔) >∇P(!)

Beyond spectra: Quantifying asymmetries

Anisotropies in coordinate space generate those in momentum space 

16 Wei Li (Rice) LHCP 2014 

Higher-order deformation of initial state 

Initial �QGP shape� includes higher multipole components"

ε2" ε3" ε4" ε5"+! +! +!=! +...!

cos2Δϕ" cos3Δϕ" cos4Δϕ" cos5Δϕ"

Multipole expansion 

“One fluid to rule them all” 
P. Romatschke 

Charm flows too 

v2(D): old 

pp pPb PbPb 
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Heavy ions: suppression & hard(er) probes 

July 12, 2017 
EPS HEP 2017, Venice 31 

R
AA

=
AA

rescaled pp
=

d2N
AA

/dpTdy

hN
coll

id2N
pp

/dpTdy

• The D0 suppression is compared with the one measured by LHCb for J/y [JHEP02 (2014) 072]

and y(2S) [JHEP03 (2016) 133]

11

D0 production:	RpPb
[LHCb-PAPER-2017-015]

LHCb 

pPb: 
Suppr(J/ψ) ≈ 
Suppr(D0) 

J/ψ via cc coalescence 
or recombination 

Jet production; evolution 

CMS PbPb data
JEWEL+PYTHIA PbPb
JEWEL+PYTHIA pp

0

0.002

0.004

0.006

0.008

0.01

0.012

di-jet asymmetry in PbPb 0-10%, p⊥,1 > 120 GeV
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a

dijet imbalance: due to 
“fragmentation” and not 
“path length”? 

Unfolded dijet pT imbalance!

9!

§  Dijet results recently unfolded for experimental effects!
§  Show a pronounced feature that diminishes with increasing pT!

§  Not yet clear whether models will be able to reproduce this trend !

ATLAS, arXiv:1706.09363!

xJ =
pT,2
pT,1



The elusive neutrino(s) 

The very nature:  
Oscillations, more mass generation questions (beyond EWSB?) 

 Richness of the lepton sector (PMNS, CP violation) 
Majorana/Dirac… 
Sterile neutrinos? 



P. Sphicas 
Highlights from EPS 2017 

  

Leïla Haegel /University of Geneva T2K latest neutrino oscillation results EPS-HEP 2017 / 4

Super-K samplesSuper-K samples

μ+/-  rings CC-0π e+/-  rings CC-0π e- rings CC-1π+

MC: 68.3
data: 66 MC: 6.3

data: 4

5 samples of charged-current (CC) ν interactions:

determination of oscillation parameters

new e- rings CC-1π+ sample since ICHEP 2016

MC: 137.8
data: 135

MC: 3.1
data: 5

MC: 28.6
data: 32

ν-mode

ν-mode

Neutrinos: oscillations (I) 

July 12, 2017 
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T2K 
churning 
away 

ν
µ

ν
µ

ν
µ 	νe

	νe 	νe

  

Leïla Haegel /University of Geneva T2K latest neutrino oscillation results EPS-HEP 2017 / 11

Results (Bayesian analysis)Results (Bayesian analysis)

T2K data 

only

T2K data + 

sin2θ
13
 from reactor (PDG 2016)

Both mass orderings (normal + inverted) included in the posterior probability density. 
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13
 from reactor (PDG 2015)
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T2K data + sin2θ
13
 from reactor (PDG 2015)
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B. Zamorano - Latest oscillation results from the NOvA experiment 13

disappearance
Electron neutrino 

appearance

disappearance

•Full joint-analysis including 
disappearance constraints

•Best fit to NH, δCP = 1.49π and 
sin2(θ23) = 0.40

•But best fit IH-NH has ΔΧ2 = 0.47
•Both octants and hierarchies allowed at 

1σ
•3σ exclusion of IH, lower octant around 
δCP = π/2

•Antineutrino data will resolve 
degeneracies

•

CPδ

23θ2
si

n

0.3

0.4

0.5

0.6

0.7

0
2
π π

2
π3 π2

σ1 σ2 σ3 Best Fit NH

CPδ

23θ2
si

n

0.3

0.4

0.5

0.6

0.7

0
2
π π

2
π3 π2

σ1 σ2 σ3 Best Fit IH
Phys. Rev. Lett. 118, 231801 (2017)

T2K 

NOVA 

Neutrinos: oscillations (II) 

July 12, 2017 
EPS HEP 2017, Venice 34 
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FIG. 39. Contours in the sin2
✓13–�CP

plane using T2K-only data, obtained by analysing either the ⌫- or ⌫-mode appearance
datasets are compared for both orderings. Both ⌫- and ⌫̄-mode disappearance datasets were used in all fits. The yellow band
corresponds to the reactor value on sin2

✓13 from the PDG 2015 [75].

23θ 2sin
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FIG. 40. Allowed region at 90% confidence level for oscilla-
tion parameters sin2

✓23 and �m

2
32 using T2K data with the

reactor constraint (sin2(2✓13) = 0.085 ± 0.005). The normal
mass ordering is assumed and the T2K results are compared
with NO⌫A [86], MINOS [87], Super-K [88], and IceCube [89].

tion shows a less extreme fluctuation than at least 5%
of the toys MC for all the values of �

CP

and mass or-
dering, i.e. if the experiment is repeated many times
and the true value is �

CP

= �⇡/2 with normal ordering,
more than 5% of the experiments are expected to show
a more extreme statistical fluctuation than the current
T2K dataset over the whole range of �

CP

and mass or-
dering. From Fig. 45, the fraction of experiments that
would exclude �

CP

= 0,⇡ at 90% or 2� confidence level
can be estimated. Assuming a true value of �CP of -⇡/2
and normal ordering, 24.3% (21.3%) of toy MC experi-
ments exclude �CP = 0 (⇡) at 90% CL. The same can be
repeated for di↵erent values of �

CP

and mass ordering as
shown in Tab. XXVI.

TABLE XXVI. The fraction of toy experiments for which
�

CP

= 0,⇡ and normal and inverted ordering are excluded at
90% and 2� confidence is shown for di↵erent true values of
�

CP

and mass ordering. 10,000 toy experiments are used for
each set of values.

True: �
CP

= �⇡/2 — normal ordering
�

CP

Ordering 90% CL 2� CL
0 Normal 0.243 0.131
⇡ Normal 0.216 0.105
0 Inverted 0.542 0.425
⇡ Inverted 0.559 0.436

True: �
CP

= 0 — normal ordering
�

CP

Ordering 90% CL 2� CL
0 Normal 0.104 0.0490
⇡ Normal 0.130 0.0591
0 Inverted 0.229 0.137
⇡ Inverted 0.205 0.122

True: �
CP

= �⇡/2 — inverted ordering
�

CP

Ordering 90% CL 2� CL
0 Normal 0.124 0.0515
⇡ Normal 0.102 0.0413
0 Inverted 0.290 0.194
⇡ Inverted 0.308 0.207

B. Bayesian analysis

1. Results without reactor constraints

This section describes the results obtained by the
Bayesian analysis when using only T2K data to estimate
the parameters sin2 ✓23, �m

2
32, sin2 ✓13 and �

CP

with
the MCMC method described in Sec. VIII B. In contrast
with the frequentist analysis presented in Sec. XIA, the
Markov chain walks in a parameter space where the sign
of �m

2
32 can flip, and results are presented for both mass

orderings. The best-fit point and ±1� credible interval
for each parameter, obtained with the KDE method, are
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octant flips 
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Intriguing! 
NO favored 
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More on unknown oscillation parameters: 
13'

E.Lisi 

some 
tension 
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Current 1σ errors 
(1/6 of ±3σ range): 

Note:    Δm2 =   
(Δm2

31 + Δm2
32)/2      

Five known oscillation parameters:  

δm2     2.3  %    
Δm2     1.6  %   
sin2θ12 ''5.8  %   
sin2θ13 ' 4.0  %    
sin2θ23 '' ~ 9  %  

all'<'10%...'
Precision Era! 

 
[but PMNS still  
very far from  

CKM accuracy] 
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Current 1σ errors 
(1/6 of ±3σ range): 

Note:    Δm2 =   
(Δm2

31 + Δm2
32)/2      

Five known oscillation parameters:  

δm2     2.3  %    
Δm2     1.6  %   
sin2θ12 ''5.8  %   
sin2θ13 ' 4.0  %    
sin2θ23 '' ~ 9  %  

all'<'10%...'
Precision Era! 

 
[but PMNS still  
very far from  

CKM accuracy] 
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Daya Bay 

Th. Lasserre – HEP 2017

sin2(2θ13) =  0.0841 ± 0.0033  (stat + sys)
|Δmee

2| = 2.50 ± 0.06 (stat.) ± 0.06 (syst.)

PRD
 95, 072006 (2017)

The prized measurement 

P(!e& !e) = 1 - sin2(2'13) sin2($m2 L/E)
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Nuclear Power Station Near detector(s) Far detector(s)
<< 1 km 1-2 km 

!e,µ,(
!e !e,µ,τ

sin2(2'13)=0.1

Far/Near ratio 

Experimental Concept

Th. Lasserre – HEP 2017

Principle: θ13 

Daya Bay – China 

Th. Lasserre – HEP 2017

Largest, deepest, and most precise θ13 experiment

1230 days of operation
20 ton target

X 8

6 x 2.9 GWth

The “reactor anomaly” Absolute Neutrino Spectrum 
Measurements

• Incompatible with Huber+Mueller model at 3σ (4.4σ) at the full (4-6 MeV) 
energy range  Æ uncertainty of reactor flux model is underestimated

• Weaken the foundation of reactor antineutrino anomaly (RAA), but enlarged 
the allowed parameter space for a light sterile neutrino 10

Structure also seen in RENO, Double Chooz and NEOS

Chinese Phys. C41, 13002 (2017)

Evolution of Reactor      Flux  

• Fuel composition evolves over time

• Expected more anti-v produced 

from 235U fission chain than 239Pu

⇒ Changes in anti-v flux

Effective fission fraction (Fi) 
Weighted by power (W), survival 
probability (p), baseline (L) over 6 
reactor cores

Weighted 
over 6 
reactor 
cores

Binned in 
8 groups

235U 6.7! / fission 

(expected)

239Pu 4.4! / fission 

(expected)

Evolution of fission fractions 
in a nuclear reactor core

Effective fission fraction (Daya Bay)

7

Daya Bay Results 
Flux Evolution (cont.)

Daya Bay

dσ / dF239 = -1.86 ± 0.18


Huber-Mueller Model

dσ / dF239 = -2.46 ± 0.06


[units: 10-43 cm2 / fission]


- total flux prediction is 
5.4% higher


- predicted magnitude of 
feul-dependent variation is 
7.8% higher too

9

Daya Bay Results 
Fits to 235U & 239Pu (cont.)

Possible explanations to the reactor 
antineutrino anomaly:


1. solely incorrect prediction on 235U

• favored by Daya Bay data with 

(2-side) p-value 0.68

2. solely incorrect prediction on 239Pu


• disfavored at 3.2σ C.L.

3. equal deficit on all isotopes


• disfavored at 2.8σ C.L. ✓?

✗?

11

Daya Bay results suggest an 
overestimation of 

antineutrino flux from 235U in 
reactor models.

 kinetic energy (MeV)ν
2 3 4 5 6 7 8 9

 )
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1

nu241Pu
nu239Pu
nu235U

A two fold origin?

G. Mention, 
arXiv:1705.09434

Spectral shapes are not compatible at 6.4σ

Reactor 2-spectra
Bias? Underestimated systematics?

Detector calibration 
1% E-scale non-linarity?
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arXiv:1705.09434

→ Damps enthusiasm 

But not for  
Sterile νs… 

Or: 1% E miscalibration? 

effect: E 
dependent 
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Often said: “ν masses a clear 
indication of New Physics”; because 
if Dirac, need yν~10–12; 
Yet, we do accept: ye~10–6 (yt~1) 

While the addition of a νR would be a 
“change to the SM”, it would be a very 
minor one. The REAL NP would be in the 
alternate mechanisms… 

0νββ Experiments

• The target of new results sounds like TAUP2017 this month. 
Stay tuned!

Source Mass 
(kg) Detector Sensitivity 

τ1/2 (yr)
Sensitivity 
mββ(meV)

Background 
(/kev/kg/yr)

* GERDA 76Ge 43.4 HPGe 5.3×1025 150-330 10-3
* CUORE/Cuoricino 130Te 206 Bolometers 9×1025 50-130 0.01

* NEXT 136Xe 100 HP-TPC 6×1025 200 4×10-4
CUPID 82Se 5.2 Bolometers ~0
SNO+ 130Te 1300 Lq. Scinti 2×1025 40 5×10-5

* SuperNEMO 82Se 100 Tracker 1026 40-110
* KamLAND-Zen 136Xe 383 Lq. Scinti 1×1026 61-165 1.6×10-4

AXEL 136Xe 100 HP-TPC
PANDAX-III 136Xe 200 HP-TPC 5×1025 90-230 1×10-4
* EXO 136Xe 76.5 Lq-TPC 1.1×1025 190-450 1.7×10-3
LEGEND 76Ge 1000 HPGe    
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FIG. 2: (a) Energy spectrum of selected ββ candidates within a 1-
m-radius spherical volume in Period-2 drawn together with best-fit
backgrounds, the 2νββ decay spectrum, and the 90% C.L. upper
limit for 0νββ decay. (b), (c) Closeup energy spectra for 2.3 < E <
3.0MeV in Period-1 and Period-2, respectively.

cay rates for Period-1 and Period-2 are 100.1+1.1
−1.8 (ton·day)−1

and 100.1+1.0
−0.9 (ton·day)−1, respectively, and are in agreement

within the statistical uncertainties. The resolution tail in 2νββ
decays is an important background in the 0νββ analysis. Such
tail events are reproduced in 214Bi decays with high-Rn data
assuming the Gaussian resolution, indicating that a contribu-
tion from energy reconstruction failures is negligible.

We assess the systematic uncertainty of the FV2ν cut based
on the study of uniformly distributed 214Bi events from ini-
tial 222Rn contamination throughout the Xe-LS. We obtain
a 3.0% systematic error on FV2ν , consistent with the 1.0 cm
radial-vertex-bias in the source calibration data. Other sources
of systematic uncertainty such as xenon mass (0.8%), detec-
tor energy scale (0.3%) and efficiency (0.2%), and 136Xe en-
richment (0.09%), only have a small contribution; the overall
uncertainty is 3.1%. The measured 2νββ decay half-life of
136Xe is T 2ν

1/2 = 2.21±0.02(stat)±0.07(syst)×1021 yr. This
result is consistent with our previous result based on Phase-I
data, T 2ν

1/2 = 2.30 ± 0.02(stat) ± 0.12(syst) × 1021 yr [15],

and with the result obtained by EXO-200, T 2ν
1/2 = 2.165 ±

0.016(stat)± 0.059(syst)× 1021 yr [16].
For the 0νββ analysis, using the larger 2-m-radius FV, the

dominant 214Bi background on the IB is radially attenuated
but larger in the lower hemisphere. So we divide the FV into
20-equal-volume bins for each of the upper and lower hemi-
spheres (see Fig. 1 (a)). We perform a simultaneous fit to
the energy spectra for all volume bins. The z-dependence of
214Bi on the IB film is extracted from a fixed energy win-
dow dominated by these events. The 214Bi background con-
tribution is then broken into two independent distributions in
the upper and lower hemispheres whose normalizations are
floated as free parameters. The fit reproduces the energy spec-
tra for each volume bin; Fig. 1 (b) shows an example of the
energy spectrum in a volume bin with high 214Bi background
events around the IB film. The radial dependences of candi-
date events and best-fit background contributions in the 0νββ
window are illustrated in Fig. 1 (c). The possible background
contributions from 110mAg are free parameters in the fit. We
consider three independent components: 110mAg uniformly
dispersed in the Xe-LS volume, and on the surfaces of each
the lower and upper IB films. We also examined non-uniform
110mAg sources, with different assumed radial dependences,
in the Xe-LS but determined that this has little impact on the
0νββ limit.

As described above, the fits are performed independently
for Period-1 and Period-2 in the region 0.8 < E < 4.8MeV.
We found no event excess over the background expectation for
both data sets. The 90% C.L. upper limits on the 136Xe 0νββ
decay rate are <5.5 (kton·day)−1 and <3.4 (kton·day)−1 for
Period-1 and Period-2, respectively. To demonstrate the low
background levels achieved in the 0νββ region, Fig. 2 shows
the energy spectra within a 1-m-radius, together with the best-
fit background composition and the 90% C.L. upper limit for
0νββ decays. Combining the results, we obtain a 90% C.L.
upper limit of <2.4 (kton·day)−1, or T 0ν

1/2 > 9.2 × 1025 yr
(90% C.L.). We find a fit including potential backgrounds
from 88Y, 208Bi, and 60Co [3] does not change the obtained
limit. A MC of an ensemble of experiments assuming the
best-fit background spectrum without a 0νββ signal indicates
a sensitivity of 5.6× 1025 yr, and the probability of obtaining
a limit stronger than the presented result is 12%. For com-
parison, the sensitivity of an analysis in which the 110mAg
background rates in Period-1 and Period-2 are constrained to
the 110mAg half-life is 4.5× 1025 yr.

Combining the Phase-I and Phase-II results, we obtain
T 0ν
1/2 > 1.07× 1026 yr (90% C.L.). This corresponds to an al-

most sixfold improvement over the previous KamLAND-Zen
limit using only the Phase-I data, owing to a significant re-
duction of the 110mAg contaminant and the increase in the
exposure of 136Xe.

From the limit on the 136Xe 0νββ decay half-life, we ob-
tain a 90% C.L. upper limit of ⟨mββ⟩ < (61 – 165)meV us-
ing an improved phase space factor calculation [17, 18] and
commonly used NME calculations [19–25] assuming the ax-
ial coupling constant gA ≃ 1.27. Figure 3 illustrates the al-
lowed range of ⟨mββ⟩ as a function of the lightest neutrino
mass mlightest under the assumption that the decay mecha-

KamLAND-Zen 
̶ Phys. Rev. Lett. 117, 082503 (2016) ̶
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FIG. 3: Effective Majorana neutrino mass ⟨mββ⟩ as a function of
the lightest neutrino mass mlightest. The dark shaded regions are
the predictions based on best-fit values of neutrino oscillation pa-
rameters for the normal hierarchy (NH) and the inverted hierarchy
(IH), and the light shaded regions indicate the 3σ ranges calculated
from the oscillation parameter uncertainties [29, 30]. The horizon-
tal bands indicate 90% C.L. upper limits on ⟨mββ⟩ with 136Xe from
KamLAND-Zen (this work), and with other nuclei from Ref. [2, 26–
28], considering an improved phase space factor calculation [17, 18]
and commonly used NME calculations [19–25]. The side-panel
shows the corresponding limits for each nucleus as a function of the
mass number.

nism is dominated by exchange of a pure-Majorana Standard
Model neutrino. The shaded regions include the uncertain-
ties in Uei and the neutrino mass splitting, for each hierar-
chy. Also drawn are the experimental limits from the 0νββ
decay searches for each nucleus [2, 26–28]. The upper limit
on ⟨mββ⟩ from KamLAND-Zen is the most stringent, and it
also provides the strongest constraint onmlightest considering
extreme cases of the combination of CP phases and the uncer-

tainties from neutrino oscillation parameters [29, 30]. We ob-
tain a 90% C.L. upper limit ofmlightest < (180− 480)meV.

In conclusion, we have demonstrated effective background
reduction in the Xe-loaded liquid scintillator by purifica-
tion, and enhanced the 0νββ decay search sensitivity in
KamLAND-Zen. Our search constrains the mass scale to lie
below ∼100meV, and the most advantageous nuclear matrix
element calculations indicate an effective Majorana neutrino
mass limit near the bottom of the quasi-degenerate neutrino
mass region. The current KamLAND-Zen search is limited by
backgrounds from 214Bi, 110mAg, muon spallation and par-
tially by the tail of 2νββ decays. In order to improve the
search sensitivity, we plan to upgrade the KamLAND-Zen ex-
periment with a larger Xe-LS volume loaded with 800 kg of
enriched Xe, corresponding to a twofold increase in 136Xe,
contained in a larger balloon with lower radioactive back-
ground contaminants. If further radioactive background re-
duction is achieved, the background will be dominated by
muon spallation, which can be further reduced by optimiza-
tion of the spallation cut criteria. Such an improved search
will allow ⟨mββ⟩ to be probed below 50meV, starting to con-
strain the inverted mass hierarchy region under the assump-
tion that neutrinos are Majorana particles. The sensitivity of
the experiment can be pushed further by improving the en-
ergy resolution to minimize the leakage of the 2νββ tail into
the 0νββ analysis window. Such improvement is the target of
a future detector upgrade.
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ual institutions. The KamiokaMining and Smelting Company
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• Lifetime limit: T0ν1/2 > 1.07×1026 years 
• 2β ν mass: <mββ>  < (61 - 165) meV

enrXe loaded LS in 
a mini-balloon

KamLAND
Zero Neutrino 

double beta decay search

~320kg 90% enriched 136Xe installed so far
615 kg in hand

9m

6.5m

1.5m

-Zen

Good features of using KamLAND
 ● running detector 
　　→ relatively low cost and quick start

 ● huge and clean (1200m3, U: 3.5x10-18 g/g, Th: 5.2x10-17)
　　→ negligible external gamma
　　(Xe and mini-balloon need to be clean)

 ● Xe-LS can be purified, mini-balloon replaceable
    if necessary, with relatively low cost
　　→ highly scalable (up to several tons of Xe)

 ● No escape or invisible energy from β, γ
　　→ BG identification relatively easy

 ● anti-neutrino observation continues
　　→ geo-neutrino w/o japanese reactors
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FIG. 2: (a) Energy spectrum of selected ββ candidates within a 1-
m-radius spherical volume in Period-2 drawn together with best-fit
backgrounds, the 2νββ decay spectrum, and the 90% C.L. upper
limit for 0νββ decay. (b), (c) Closeup energy spectra for 2.3 < E <
3.0MeV in Period-1 and Period-2, respectively.

cay rates for Period-1 and Period-2 are 100.1+1.1
−1.8 (ton·day)−1

and 100.1+1.0
−0.9 (ton·day)−1, respectively, and are in agreement

within the statistical uncertainties. The resolution tail in 2νββ
decays is an important background in the 0νββ analysis. Such
tail events are reproduced in 214Bi decays with high-Rn data
assuming the Gaussian resolution, indicating that a contribu-
tion from energy reconstruction failures is negligible.

We assess the systematic uncertainty of the FV2ν cut based
on the study of uniformly distributed 214Bi events from ini-
tial 222Rn contamination throughout the Xe-LS. We obtain
a 3.0% systematic error on FV2ν , consistent with the 1.0 cm
radial-vertex-bias in the source calibration data. Other sources
of systematic uncertainty such as xenon mass (0.8%), detec-
tor energy scale (0.3%) and efficiency (0.2%), and 136Xe en-
richment (0.09%), only have a small contribution; the overall
uncertainty is 3.1%. The measured 2νββ decay half-life of
136Xe is T 2ν

1/2 = 2.21±0.02(stat)±0.07(syst)×1021 yr. This
result is consistent with our previous result based on Phase-I
data, T 2ν

1/2 = 2.30 ± 0.02(stat) ± 0.12(syst) × 1021 yr [15],

and with the result obtained by EXO-200, T 2ν
1/2 = 2.165 ±

0.016(stat)± 0.059(syst)× 1021 yr [16].
For the 0νββ analysis, using the larger 2-m-radius FV, the

dominant 214Bi background on the IB is radially attenuated
but larger in the lower hemisphere. So we divide the FV into
20-equal-volume bins for each of the upper and lower hemi-
spheres (see Fig. 1 (a)). We perform a simultaneous fit to
the energy spectra for all volume bins. The z-dependence of
214Bi on the IB film is extracted from a fixed energy win-
dow dominated by these events. The 214Bi background con-
tribution is then broken into two independent distributions in
the upper and lower hemispheres whose normalizations are
floated as free parameters. The fit reproduces the energy spec-
tra for each volume bin; Fig. 1 (b) shows an example of the
energy spectrum in a volume bin with high 214Bi background
events around the IB film. The radial dependences of candi-
date events and best-fit background contributions in the 0νββ
window are illustrated in Fig. 1 (c). The possible background
contributions from 110mAg are free parameters in the fit. We
consider three independent components: 110mAg uniformly
dispersed in the Xe-LS volume, and on the surfaces of each
the lower and upper IB films. We also examined non-uniform
110mAg sources, with different assumed radial dependences,
in the Xe-LS but determined that this has little impact on the
0νββ limit.

As described above, the fits are performed independently
for Period-1 and Period-2 in the region 0.8 < E < 4.8MeV.
We found no event excess over the background expectation for
both data sets. The 90% C.L. upper limits on the 136Xe 0νββ
decay rate are <5.5 (kton·day)−1 and <3.4 (kton·day)−1 for
Period-1 and Period-2, respectively. To demonstrate the low
background levels achieved in the 0νββ region, Fig. 2 shows
the energy spectra within a 1-m-radius, together with the best-
fit background composition and the 90% C.L. upper limit for
0νββ decays. Combining the results, we obtain a 90% C.L.
upper limit of <2.4 (kton·day)−1, or T 0ν

1/2 > 9.2 × 1025 yr
(90% C.L.). We find a fit including potential backgrounds
from 88Y, 208Bi, and 60Co [3] does not change the obtained
limit. A MC of an ensemble of experiments assuming the
best-fit background spectrum without a 0νββ signal indicates
a sensitivity of 5.6× 1025 yr, and the probability of obtaining
a limit stronger than the presented result is 12%. For com-
parison, the sensitivity of an analysis in which the 110mAg
background rates in Period-1 and Period-2 are constrained to
the 110mAg half-life is 4.5× 1025 yr.

Combining the Phase-I and Phase-II results, we obtain
T 0ν
1/2 > 1.07× 1026 yr (90% C.L.). This corresponds to an al-

most sixfold improvement over the previous KamLAND-Zen
limit using only the Phase-I data, owing to a significant re-
duction of the 110mAg contaminant and the increase in the
exposure of 136Xe.

From the limit on the 136Xe 0νββ decay half-life, we ob-
tain a 90% C.L. upper limit of ⟨mββ⟩ < (61 – 165)meV us-
ing an improved phase space factor calculation [17, 18] and
commonly used NME calculations [19–25] assuming the ax-
ial coupling constant gA ≃ 1.27. Figure 3 illustrates the al-
lowed range of ⟨mββ⟩ as a function of the lightest neutrino
mass mlightest under the assumption that the decay mecha-

KamLAND-Zen 
̶ Phys. Rev. Lett. 117, 082503 (2016) ̶
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FIG. 3: Effective Majorana neutrino mass ⟨mββ⟩ as a function of
the lightest neutrino mass mlightest. The dark shaded regions are
the predictions based on best-fit values of neutrino oscillation pa-
rameters for the normal hierarchy (NH) and the inverted hierarchy
(IH), and the light shaded regions indicate the 3σ ranges calculated
from the oscillation parameter uncertainties [29, 30]. The horizon-
tal bands indicate 90% C.L. upper limits on ⟨mββ⟩ with 136Xe from
KamLAND-Zen (this work), and with other nuclei from Ref. [2, 26–
28], considering an improved phase space factor calculation [17, 18]
and commonly used NME calculations [19–25]. The side-panel
shows the corresponding limits for each nucleus as a function of the
mass number.

nism is dominated by exchange of a pure-Majorana Standard
Model neutrino. The shaded regions include the uncertain-
ties in Uei and the neutrino mass splitting, for each hierar-
chy. Also drawn are the experimental limits from the 0νββ
decay searches for each nucleus [2, 26–28]. The upper limit
on ⟨mββ⟩ from KamLAND-Zen is the most stringent, and it
also provides the strongest constraint onmlightest considering
extreme cases of the combination of CP phases and the uncer-

tainties from neutrino oscillation parameters [29, 30]. We ob-
tain a 90% C.L. upper limit ofmlightest < (180− 480)meV.

In conclusion, we have demonstrated effective background
reduction in the Xe-loaded liquid scintillator by purifica-
tion, and enhanced the 0νββ decay search sensitivity in
KamLAND-Zen. Our search constrains the mass scale to lie
below ∼100meV, and the most advantageous nuclear matrix
element calculations indicate an effective Majorana neutrino
mass limit near the bottom of the quasi-degenerate neutrino
mass region. The current KamLAND-Zen search is limited by
backgrounds from 214Bi, 110mAg, muon spallation and par-
tially by the tail of 2νββ decays. In order to improve the
search sensitivity, we plan to upgrade the KamLAND-Zen ex-
periment with a larger Xe-LS volume loaded with 800 kg of
enriched Xe, corresponding to a twofold increase in 136Xe,
contained in a larger balloon with lower radioactive back-
ground contaminants. If further radioactive background re-
duction is achieved, the background will be dominated by
muon spallation, which can be further reduced by optimiza-
tion of the spallation cut criteria. Such an improved search
will allow ⟨mββ⟩ to be probed below 50meV, starting to con-
strain the inverted mass hierarchy region under the assump-
tion that neutrinos are Majorana particles. The sensitivity of
the experiment can be pushed further by improving the en-
ergy resolution to minimize the leakage of the 2νββ tail into
the 0νββ analysis window. Such improvement is the target of
a future detector upgrade.

The authors wish to acknowledge Prof. A. Piepke
for providing radioactive sources for KamLAND. The
KamLAND-Zen experiment is supported by JSPS KAKENHI
Grant Numbers 21000001 and 26104002; the World Pre-
mier International Research Center Initiative (WPI Initiative),
MEXT, Japan; Stichting FOM in the Netherlands; and under
the U.S. Department of Energy (DOE) Grant No.DE-AC02-
05CH11231, as well as other DOE and NSF grants to individ-
ual institutions. The KamiokaMining and Smelting Company
has provided service for activities in the mine. We acknowl-
edge the support of NII for SINET4.

[1] S. Dell’Oro, S. Marcocci, M. Viel, and F. Vissani, Adv. High
Energy Phys. 2016, 37 (2016).

[2] M. Agostini et al., (GERDA Collaboration), Phys. Rev. Lett.
111, 122503 (2013).

[3] A. Gando et al., (KamLAND-Zen Collaboration), Phys. Rev.
Lett. 110, 062502 (2013).

[4] J. Albert et al., (EXO Collaboration), Nature 510, 229 (2014).
[5] A. Gando et al., (KamLAND Collaboration), Phys. Rev. C 92,

055808 (2015).
[6] A. Gando et al., (KamLAND Collaboration), Phys. Rev. D 88,

033001 (2013).
[7] S. Abe et al., (KamLAND Collaboration), Phys. Rev. C 84,

035804 (2011).
[8] A. Gando et al., (KamLAND-Zen Collaboration), Phys. Rev. C

85, 045504 (2012).
[9] S. Agostinelli et al., Nucl. Instr. Meth. A 506, 250 (2003).

[10] J. Allison et al., IEEE Trans. Nucl. Sci. 53, 270 (2006).
[11] S. Abe et al., (KamLAND Collaboration), Phys. Rev. C 81,

025807 (2010).
[12] J. B. Albert et al., arXiv:1605.05794v1.
[13] G. Battistoni et al., AIP Conference Proceedings 896, 31

(2007).
[14] A. Ferrari, P. R. Sala, A. Fassó, and J. Ranft, FLUKA: A multi-
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enrXe loaded LS in 
a mini-balloon

KamLAND
Zero Neutrino 

double beta decay search

~320kg 90% enriched 136Xe installed so far
615 kg in hand

9m

6.5m

1.5m

-Zen

Good features of using KamLAND
 ● running detector 
　　→ relatively low cost and quick start

 ● huge and clean (1200m3, U: 3.5x10-18 g/g, Th: 5.2x10-17)
　　→ negligible external gamma
　　(Xe and mini-balloon need to be clean)

 ● Xe-LS can be purified, mini-balloon replaceable
    if necessary, with relatively low cost
　　→ highly scalable (up to several tons of Xe)

 ● No escape or invisible energy from β, γ
　　→ BG identification relatively easy

 ● anti-neutrino observation continues
　　→ geo-neutrino w/o japanese reactors
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As fundamental as a question can get 
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Neutrinos: sterile sector (?)  
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LSND 

Ongoing Efforts @Nuclear Reactors

@Credit: K. Heeger Th. Lasserre – HEP 2017

10

Anomalies in Short Baseline Oscillations

LSND / MiniBooNE: anomalous                 oscillations⌫µ ! ⌫e

LSND 2001

MiniBooNE 2001

MiniBooNe 

10

Anomalies in Short Baseline Oscillations

LSND / MiniBooNE: anomalous                 oscillations

Reactor & Gallium Experiments: anomalous      disappearance
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FIG. 6: The energy and angular distributions for inclusive electron events. Ee is the electron 

energy and Bv is the angle between the incident neutrino and outgoing electron directions. Neutrino-

electron elastic scattering events are clearly seen near cos Bv ,..__, 1. 

A reminder… 

LSND 

νe shortage in 
reactor expts 

NEOS
[arXiv:1610.05134]
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I Hanbit Nuclear Power Complex in
Yeong-gwang, Korea.

I Thermal power of 2.8 GW.

I Detector: a ton of Gd-loaded
liquid scintillator in a gallery
approximately 24 m from the
reactor core.

I The measured antineutrino event
rate is 1976 per day with a signal
to background ratio of about 22.
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NEOS The Race for the Light Sterile
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3+1 Appearance-Disappearance Tension
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I ⌫µ ! ⌫e is quadratically suppressed!

I PrGlo17 = Pragmatic Global Fit 2017
[Gariazzo, CG, Laveder, Li, arXiv:1703.00860]

I ��2
NO = 47.4 ) ⇡ 6.1� anomaly

I Best Fit: �m2
41 = 1.7 eV2

|Ue4|2 = 0.020 |Uµ4|2 = 0.015

I �2
min/NDF = 595.1/579 ) GoF = 31%

I �2
PG/NDFPG = 7.2/2 ) GoFPG = 2.7%

I Similar tension in 3+2, 3+3, . . . , 3+Ns
[CG, Zavanin, MPLA 31 (2015) 1650003]
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The Dark Sector 
■  An experimental Fact & still a TOTAL mystery 

■  Nightmare scenario: totally dark 
◆  Only Gravity to play with… 

■  More promising: several (3? 20? more?) shades of grey 
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Direct 
detection 

indirect 
detection 

astrophysics 

colliders 
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DM: direct detection experiments (I) 
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XENON1T
XENONnT
LZ

solar ν’s atmospheric ν’s

ν floor

XENON100
XENON100

 LUX

XENON100
LUX

PandaX

XENON100 
combined

Expected: 
XENON1T

Expected: 
XENONnT

Expected: 
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Neutrino coherent scattering

Sensitivity to a 50 GeV WIMP
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XENON1T First Results

26

arXiv:1705.06655

World leading bkg level: 0.2u10-3 evt/day/kg/keV
First SR: 1024 kg x 34.2 day, no candidate found
Minimum limit: 7.7 x 10-47 cm2, 35 GeV

XENON1T First Results

26

arXiv:1705.06655

World leading bkg level: 0.2u10-3 evt/day/kg/keV
First SR: 1024 kg x 34.2 day, no candidate found
Minimum limit: 7.7 x 10-47 cm2, 35 GeV

Impressive bkg level: 
0.2x10–3 evt/day/kg/keV 

Two-phase Xe expts continuing 
to increase their sensitivity 
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DM indirect searches: cosmic ray expts 
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AnL-parLcles:	the	quest	for	Dark	Ma\er	

p, He + ISM à e+,, p + … 

e.g. the excess of e+, p with respect to 
expected  secondary production as a 

probe for Dark Matter (χ)  
 

e+, p 

Earth	

χ 
χ χ χ χ 
χ χ 

χ χ 

p, He 

ISM 

5 

χ + χ → e+, p + … 

The	e+	and	e-	fluxes	with	5	years	of	AMS:	
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Preliminary Data. 
Please refer to the AMS 

forthcoming publication in PRL. 

e+ and e- fluxes are different in magnitude and energy dependence 
 

The 
dream 
scenario 

Reality: tantalizing fall (?!).  But pulsars? 
Moreover: antiprotons! 

The	pbar/p	raLo	fla\ens	above	60	GeV..	
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AMS results on the p/p flux ratio  

We	have	to	wait….extend	measurement	@	1	TeV	
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ü  Increase statistics & energy range  
ü Better understanding of astrophysical background from other 

measurements (nuclei) 
ü Study other anti-particle channels…. 

Future 
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Electron	+		Positron	flux:	Fermi	2017		

New	measurement	from	Fermi:		
à now	agreement	with	AMS	up	to	≈	100	GeV	
à different	(smooth)	spectrum	above	
à New	measurements	expected	by	AMS,	DAMPE,	CALET	….	
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A parting thought: 
difficult measurements 

2014: AMS-02 Electron +  Positron flux 
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DM indirect searches: γ–ray expts 
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Excess – significant? DM??? Accounts for much of the effect? 
Add pulsars… 

Clearly, experiments have evolved significantly; 
Caveats: not in control of the beam; not in 
control of the space between the source and the 
experiment; “limits are easy; signal very hard!” 

Cosmic rays near the Galactic Center

� Strongly enhanced intensity towards GC
� Relatively hard spectrum E-2.4

� No cutoff up to at least 0.6 PeV

Diffuse  emission

➔ Galactic center hosts a cosmic Pevatron
Alternative explanation: position-dependent diffusion coeff.
D. Gaggero et al., arXiv:1702.01124, D. Grasso, parallel S.

5                     7          12   17   17          7
CR intensity relative to
our local CR intensity

H.E.S.S. Collab.
arXiv:1603.07730
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DM indirect detection: collider expts 
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Shin-Shan Eiko Yu

• mDM, M*, underlying coupling type, 
DM types 

• Valid when Qtr2 ≪ M2

7

Evolution of Models for Direct DM Production
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Figure 1: 95% CL exclusion contours in the mass-mass plane for a simplified model with a

vector mediator, Dirac DM and couplings gq = 0.25 and g

DM

= 1. The black solid (dashed)

curve shows the median of the observed (expected) limit, while the yellow curves indicate

an example of the uncertainties on the observed bound. A minimal width is assumed and

the excluded parameter space is to the bottom-left of all contours. The dotted magenta

curve corresponds to the parameters where the correct DM relic abundance is obtained

from standard thermal freeze-out for the chosen couplings. DM is overproduced to the

bottom-right of the curve. The shown LHC results are intended for illustration only and

are not based on real data.

when interpreting supersymmetry searches at the LHC. The parameter space shown in the

mass-mass plots can be divided into three regions:

On-shell region: The on-shell region, M
med

> 2m
DM

, is the region where LHC searches

for MET signatures provide the most stringent constraints. The production rate

of the mediator decreases with increasing M

med

and so does the signal strength in

mono-jet searches. In this region the experimental limits and the signal cross sections

depend in a complex way on all parameters of the simplified model, and it is therefore

in general not possible to translate the CL limit obtained for one fixed set of couplings

gq and g

DM

to another by a simple rescaling procedure.

O↵-shell region: In the o↵-shell region, M
med

< 2m
DM

, pair-production of DM parti-

cles turns o↵ and the constraints from MET searches rapidly lose power. The cross

sections become proportional to the combination g

2

q g
2

DM

of couplings, so that in prin-

ciple the LHC exclusions corresponding to di↵erent coupling choices can be derived by

simple rescalings. Deviations from this scaling are observed on the interface between

on-shell and o↵-shell regions M

med

' 2m
DM

[32]. Note that for M

med

< 2m
DM

an

– 5 –

V/A: gχ=1,gq=0.25  
P/S: gχ=gq=1 Shin-Shan Eiko Yu
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Collider v.s. Non-Collider Experiments (SI)
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Collider v.s. Non-Collider Experiments (SD)
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For the model parameters considered here, collider experiments can probe SD cross 
sections 2-3 orders of magnitude smaller than the non-collider experiments.
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Can interpret all 
resonance searches 
in terms of DM 



The rest of the Universe 

CMB, Dark Energy, 
Gravitational physics 



P. Sphicas 
Highlights from EPS 2017 

CMB & DE 

July 12, 2017 
EPS HEP 2017, Venice 45 

The Power of Combining Probes

Best constraints obtained by combining 
cosmological probes

independent probes: multiply likelihoods

Combining LSS probes (from same survey) 
requires more advanced strategies

clustering, clusters and WL probe same 
underlying density field, are correlated

correlated systematic effects

requires joint analysis
Olivier Doré AAS, WFIRST Science, Kissimmee, January 5th 2016

The Observational Foundations of Dark Energy

• Weak-Lensing not presented is also complementary.
2

SNe luminosity !
distance measurement (Nobel 2011) 

CMB angular diameter!
distance measurement!
 and perturbations

BAO angular !
diameter distance!
measurement!

Combination

Matter Density

Cosmological !
Constant, !
i.e. Dark Energy

DES-Y1 Results

Preliminary
-0.05 0.

0.

0.05

0.
04

0.
04

0.
08

0.10 0.15

DES-Y1 weak lensing:  factor ~2 
increase in constraining power

consistent cosmology constraints 
from weak lensing and clustering

DES-Y1 3x2pt: first joint analysis 
in configuration spaceFrançois R. Bouchet, EPS-HEP@Venezia, 12 july 2017 "Cosmic Microwave Background" 10 

The	Planck	2015	CMB	polarisa;on	sky	
at	5	arc	minute	resolu;on	

CMB	versus	other	GW	detectors		

"Cosmic	Microwave	Background"	 29	

March 27 

François	R.	Bouchet,	EPS-HEP@Venezia,	12	july	2017	

For the not-too-distant future, direct local detections can only constrain non-scale (blue) 
invariant primordial GW backgrounds 
è Dedicated CMB experiments might soon (or not) yield a detection 

Page 12 

GRAVITATIONAL LENSING 
DISTORTS IMAGES 

The	gravita;onal	effects	of	intervening	maCer	bend	the	path	of	CMB	light	on	its	way	from	the	
early	universe	to	the	Planck	telescope.	This	“gravita;onal	lensing”	distorts	our	image	of	the	CMB	

(smoothing	on	the	power	spectrum,	and	correla;ons	between	scales)	

"Cosmic Microwave Background" 12 
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The Gravitational Wave Spectrum 

41	

10-9 Hz 10-4 Hz 100 Hz 103 Hz10-16 Hz

EPS-HEP2017	

Space detectors

Relic radiation
Cosmic Strings

Supermassive BH Binaries

BH and NS Binaries

Binaries coalescences

Extreme Mass Ratio
Inspirals

Supernovae

Spinning NS

Pulsar timing Ground interferometers

Laser	Interferometer	
Gravita;onal	Wave	
Observatory	
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Massive graviton? 
•  If	the	graviton	exists	and	it	has	not	null	mass	the	GW	
propaga;on	is	dispersive	

•  Dispersion	rela;on:	 ​!↑2 =​"↑2 ​#↑2 +​$↓%↑2 ​#↑4 ;	 ​&↓% =​ℎ⁄(​
$↓% #) 	

• We	can	generalise	the	dispersion	rela;on:	

EPS-HEP2017	 29	

ααcpAcpE ⋅+= 222

(α=0,	A>0,	massive-graviton	theories)	
(α=2.5,	mul;-fractal	space;me)	
(α=3,	doubly	special	rela;vity)	
(α=4,	extradimensional	theories)	

Group	velocity	of	GW:	 ​​(↓% /# =1+()−1)*​!↑)−2 /2		

Limit on mg: 

Massive graviton? 
• GW170104,	being	the	farthest	BBH	detected	relevantly	contributed	to	set	
the	upper	limits	to	A	parameter	and	then	to	the	graviton	mass	

EPS-HEP2017	 30	

B. P.	AbboN	et	al.	(LIGO	Scien;fic	and	Virgo	Collabora;on)	
Phys.	Rev.	LeN.	118,	221101	–	Published	1	June	2017		
	

Considering	all	the	detec;ons:	

​!↓" >1.6×​10↑13 km	

Several	order	of	magnitude	
larger	of	the	limits	imposed	in	
the	solar	system	by	weak	field	
measurements	

​$↓" <7.7×​10↑−23 %&/​'↑2 	

mg<7.7x10–23 eV/c2 

Tests of GR: ok 
(classical gravity ok) 

Bright future: LISA, Einstein; even 
“apps to nuc&part” physics: 

Fundamental Physics with Neutron 
Stars • What	is	the	maNer	in	the	extreme	condi;ons	of	a	NS?	
(!>​!↓" ~​10↑15 $/​"%↑3 )	

•  Nucleons	(n,p,e,µ)?	
•  Hyperon	rich	maNer?	
•  Quark	MaNer?	Deconfined	quarks?	

•  Plethora	of	possible	EOS	of	a	NS	

34	EPS-HEP2017	

•  Phase	effects	on	GW	given	
by	the	;dal	deforma;on	of	
the	NS	in	the	last	phase	of	
the	coalescence	will	allow	
to	discriminate	the	EOS	

•  Requirements:	
•  High	SNR	
•  Several	detec;ons	

Im
age	Credits:		

hN
ps://w

w
w
.bnl.gov/new

sroom
/new

s.php?a=24281	

Phase transition for 
collaborations: ~103 
scientists (and board, 
committees, MOUs, 
L1/L2/L3 mgmt…) 

EM follow-up 
•  New	paradigm	in	the	Universe	observa;on:		

•  GW	detectors	trigger	the	observa;on	of	EM	telescopes	(from	radio	to	γ-rays	and	neutrino	
detectors)	

•  More	than	80	MOU	signed	

EPS-HEP2017	 33	

LIGO,	Virgo	and	EM		partners	ApJL	826,	L13	
Neutrino	coincidence	search	

Three	neutrinos	were	detected	by	IceCube	within	a	±500s		
window	with	no	detec;ons	by	ANTARES.	No	spa;al	coincidence.	

ANTARES,	Icecube,	LIGO	and	Virgo	Phys.	Rev.	D	93,	122010	(2016)	

GW detectors to trigger 
EM telescopes (radio,   
γ-rays & ν detectors)  
 
> 80 MOUs signed!  

evolution provided that the positive orbit-aligned spin is
small (whether due to low spins or misalignment) [129,150–
152]. Current gravitational-wave measurements cluster
around χeff ∼ 0 (jχeff j < 0.35 at the 90% credible level for
all events; see Fig. 5 of the Supplemental Material [11]) [5].
Assuming that binary black hole spins are not typically small
(≲0.2), our observations hint towards the astrophysical
population favoring a distribution of misaligned spins rather
than near orbit-aligned spins [153]; further detections will
test if this is the case, and enable us to distinguish different
spin magnitude and orientation distributions [154–159].

VIII. TESTS OF GENERAL RELATIVITY

To check the consistency of the observed signals with the
predictions of GR for binary black holes in quasicircular
orbit, we employ a phenomenological approach that probes
how gravitational-wave generation or propagation could be
modified in an alternative theory of gravity. Testing for these
characteristicmodifications in thewaveform can quantify the
degree to which departures from GR can be tolerated given
the data. First, we consider the possibility of a modified
gravitational-wave dispersion relation, and place bounds on
the magnitude of potential deviations from GR. Second, we
perform null tests to quantify generic deviations from GR:
without assuming a specific alternative theory of gravity, we
verify if the detected signal is compatible with GR. For these
tests we use the three confident detections (GW150914,
GW151226, and GW170104); we do not use the marginal
event LVT151012, as its low SNR means that it contributes
insignificantly to all the tests [5].

A. Modified dispersion

InGR, gravitationalwaves are nondispersive.We consider
a modified dispersion relation of the form E2 ¼
p2c2 þ Apαcα, α ≥ 0, that leads to dephasing of the waves
relative to the phase evolution in GR. Here E and p are the
energy andmomentumof gravitational radiation, andA is the
amplitude of the dispersion [160,161]. Modifications to the
dispersion relation can arise in theories that include viola-
tions of local Lorentz invariance [162]. Lorentz invariance is
a cornerstone of modern physics but its violation is expected
in certain quantum gravity frameworks [162,163]. Several
modified theories of gravity predict specific values of α,
including massive-graviton theories (α ¼ 0, A > 0) [163],
multifractal spacetime [164] (α ¼ 2.5), doubly special rel-
ativity [165] (α ¼ 3), and Hořava-Lifshitz [166] and extra-
dimensional [167] theories (α ¼ 4). For our analysis, we
assume that the only effect of these alternative theories is to
modify the dispersion relation.
To leading order in AEα−2, the group velocity of gravi-

tational waves is modified as vg=c ¼ 1þ ðα − 1ÞAEα−2=2
[161]; both superluminal and subluminal propagation veloc-
ities are possible, depending on the sign ofA and the value of
α. A change in the dispersion relation leads to an extra term

δΨðA; αÞ in the evolution of the gravitational-wave phase
[160]. We introduce such a term in the effective-precession
waveform model [38] to constrain dispersion for various
values of α. To this end, we assume flat priors on A. In Fig. 5
we show 90% credible upper bounds on jAj derived from the
three confident detections. We do not show results for α ¼ 2
since in this case the modification of the gravitational-wave
phase is degenerate with the arrival time of the signal.
There exist constraints on Lorentz invariance violating

dispersion relations from other observational sectors (e.g.,
photon or neutrino observations) for certain values of α, and
our results are weaker by several orders of magnitude.
However, there are frameworks in which Lorentz invari-
ance is only broken in one sector [168,169], implying that
each sector provides complementary information on poten-
tial modifications to GR. Our results are the first bounds
derived from gravitational-wave observations, and the first
tests of superluminal propagation in the gravitational sector.
The result for A > 0 and α ¼ 0 can be reparametrized to

derive a lower bound on the graviton Compton wavelength
λg, assuming that gravitons disperse in vacuum in the same
way as massive particles [5,7,170]. In this case, no violation
of Lorentz invariance is assumed. Using a flat prior for the
gravitonmass, we obtain λg>1.5×1013km, which improves
on the bound of 1.0 × 1013 km from previous gravitational-
wave observations [5,7]. The combined bound using the
three confident detections is λg > 1.6 × 1013 km, or for the
graviton mass mg ≤ 7.7 × 10−23 eV=c2.

B. Null tests

In the post-Newtonian approximation, the gravitational-
wave phase in the Fourier domain is a series expansion in

FIG. 5. 90% credible upper bounds on jAj, the magnitude
of dispersion, obtained combining the posteriors of GW170104
with those of GW150914 and GW151226. We use picoelectron-
volts as a convenient unit because the corresponding frequency
scale is around where GW170104 has greatest amplitude
(1 peV≃ h × 250 Hz, where h is the Planck constant). General
relativity corresponds to A ¼ 0. Markers filled at the top (bottom)
correspond to values of jAj and α for which gravitational waves
travel with superluminal (subluminal) speed.
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evolution provided that the positive orbit-aligned spin is
small (whether due to low spins or misalignment) [129,150–
152]. Current gravitational-wave measurements cluster
around χeff ∼ 0 (jχeff j < 0.35 at the 90% credible level for
all events; see Fig. 5 of the Supplemental Material [11]) [5].
Assuming that binary black hole spins are not typically small
(≲0.2), our observations hint towards the astrophysical
population favoring a distribution of misaligned spins rather
than near orbit-aligned spins [153]; further detections will
test if this is the case, and enable us to distinguish different
spin magnitude and orientation distributions [154–159].

VIII. TESTS OF GENERAL RELATIVITY

To check the consistency of the observed signals with the
predictions of GR for binary black holes in quasicircular
orbit, we employ a phenomenological approach that probes
how gravitational-wave generation or propagation could be
modified in an alternative theory of gravity. Testing for these
characteristicmodifications in thewaveform can quantify the
degree to which departures from GR can be tolerated given
the data. First, we consider the possibility of a modified
gravitational-wave dispersion relation, and place bounds on
the magnitude of potential deviations from GR. Second, we
perform null tests to quantify generic deviations from GR:
without assuming a specific alternative theory of gravity, we
verify if the detected signal is compatible with GR. For these
tests we use the three confident detections (GW150914,
GW151226, and GW170104); we do not use the marginal
event LVT151012, as its low SNR means that it contributes
insignificantly to all the tests [5].

A. Modified dispersion

InGR, gravitationalwaves are nondispersive.We consider
a modified dispersion relation of the form E2 ¼
p2c2 þ Apαcα, α ≥ 0, that leads to dephasing of the waves
relative to the phase evolution in GR. Here E and p are the
energy andmomentumof gravitational radiation, andA is the
amplitude of the dispersion [160,161]. Modifications to the
dispersion relation can arise in theories that include viola-
tions of local Lorentz invariance [162]. Lorentz invariance is
a cornerstone of modern physics but its violation is expected
in certain quantum gravity frameworks [162,163]. Several
modified theories of gravity predict specific values of α,
including massive-graviton theories (α ¼ 0, A > 0) [163],
multifractal spacetime [164] (α ¼ 2.5), doubly special rel-
ativity [165] (α ¼ 3), and Hořava-Lifshitz [166] and extra-
dimensional [167] theories (α ¼ 4). For our analysis, we
assume that the only effect of these alternative theories is to
modify the dispersion relation.
To leading order in AEα−2, the group velocity of gravi-

tational waves is modified as vg=c ¼ 1þ ðα − 1ÞAEα−2=2
[161]; both superluminal and subluminal propagation veloc-
ities are possible, depending on the sign ofA and the value of
α. A change in the dispersion relation leads to an extra term

δΨðA; αÞ in the evolution of the gravitational-wave phase
[160]. We introduce such a term in the effective-precession
waveform model [38] to constrain dispersion for various
values of α. To this end, we assume flat priors on A. In Fig. 5
we show 90% credible upper bounds on jAj derived from the
three confident detections. We do not show results for α ¼ 2
since in this case the modification of the gravitational-wave
phase is degenerate with the arrival time of the signal.
There exist constraints on Lorentz invariance violating

dispersion relations from other observational sectors (e.g.,
photon or neutrino observations) for certain values of α, and
our results are weaker by several orders of magnitude.
However, there are frameworks in which Lorentz invari-
ance is only broken in one sector [168,169], implying that
each sector provides complementary information on poten-
tial modifications to GR. Our results are the first bounds
derived from gravitational-wave observations, and the first
tests of superluminal propagation in the gravitational sector.
The result for A > 0 and α ¼ 0 can be reparametrized to

derive a lower bound on the graviton Compton wavelength
λg, assuming that gravitons disperse in vacuum in the same
way as massive particles [5,7,170]. In this case, no violation
of Lorentz invariance is assumed. Using a flat prior for the
gravitonmass, we obtain λg>1.5×1013km, which improves
on the bound of 1.0 × 1013 km from previous gravitational-
wave observations [5,7]. The combined bound using the
three confident detections is λg > 1.6 × 1013 km, or for the
graviton mass mg ≤ 7.7 × 10−23 eV=c2.

B. Null tests

In the post-Newtonian approximation, the gravitational-
wave phase in the Fourier domain is a series expansion in

FIG. 5. 90% credible upper bounds on jAj, the magnitude
of dispersion, obtained combining the posteriors of GW170104
with those of GW150914 and GW151226. We use picoelectron-
volts as a convenient unit because the corresponding frequency
scale is around where GW170104 has greatest amplitude
(1 peV≃ h × 250 Hz, where h is the Planck constant). General
relativity corresponds to A ¼ 0. Markers filled at the top (bottom)
correspond to values of jAj and α for which gravitational waves
travel with superluminal (subluminal) speed.
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4D reconstruction 
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Time resolution of irradiated sensors 

Small degradation in 
time resolution: 

~ 30 ps (un-irrad) ! ~ 

60 ps  (5e15 n/cm2) 

Can we do better? Probably… 

We are now starting  to test Gallium, Boron + Carbon and Gallium + Carbon.  

By fall 2017 we will know if any of these tricks helps 

 

Note: the above plot is made with a constant CFD threshold (20%).  

! Better results if we can change it during the sensors’ lifetime 

TOF σ≃30 ps, ∣η∣< 3, pT>0.7 GeV                                          
factor 4-5 effective pile-up reduction 
≃15% merged vertices → ~1.5%  

VBF H→ττ in 200 p-p collisions 

Online reconstruction 

Towards dream of full readout? 

Particle Flow 

Spread to hadron 
collisions; now to 
new detector designs 

Wireless Data Transmission (?) 

Reduced material 
Latency (vmmw>vfiber) 
Cross obstacles… 
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Evolution of the LHCb trigger 

Run I  Run II 

• During the first long shutdown the LHCb High Level Trigger (HLT) farm was almost doubled and the HLT software 
was improved. This allowed to deeply revisit the trigger strategy for Run 2. 

Run I: 
• After the L0 trigger the HLT software is split in two 

stages.  
 

• HLT1: partial event reconstruction. 
   

• HLT2: full simplified event reconstruction and 
preliminary detector alignment and calibration. 
 

• Marginal use of PID information and partial buffer 
(2012) after L0 to allow processing between LHC fills. 

 

Run II: 
• L0 trigger: the same as in Run I. 

 

• All events passing the HLT1 are buffered to disk to 
perform a full real-time alignment and calibration of 
PID detectors and tracking system. 
 

• Events out the HLT2 stage have the same quality of 
the full offline reconstructed events. 

Importance of the alignment

VELO

Impact Parameter (IP)
resolution

Primary Vertex (PV)
resolutions

decay-time resolution

First: �IP (high pT ) = 14.0 µm Latest: �IP (high pT ) = 11.6 µm

Tracking

mass resolution

LHCb Preliminary

First alignment: �⌥ = 92 MeV/c2 Latest alignment �⌥ = 49 MeV/c2

Physics performance depends on the accurate alignment and calibration of the detector.
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First: �IP (high pT ) = 14.0 µm Latest: �IP (high pT ) = 11.6 µm

Tracking

mass resolution
First alignment: �⌥ = 92 MeV/c2

LHCb Preliminary

Latest alignment �⌥ = 49 MeV/c2
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Applications in HEP	

H. K. Soltveit,  Universität  Heidelberg. 	 Wireless Readout	 EPS-HEP 2017	

•  Today the data are readout perpendicular to the particle path.	
•  Static System with Line-of-Sight (LOS) data transfer Communication	
•  One Approach among many: Readout radially by sending the data through 

the layers by wire/via connection, with an antenna on both sides.	

ü Reduced Material budget	
ü Cutting edge Low Latency	

ü  upto 50% faster than fiber	
ü  Fixed mmwave wireless is able to work 	
     faster than fiber (refraction in the fibre).	

ü   mmwave links can overcome   
topographical obstacles, and faster Inst.	
ü  Optical systems has to go around/follow 

existing path.	

For sure applications for the next decade will be extremely sensitive to latency.	

Detector Improvements	

9

            Application in HEP	

H. K. Soltveit,  Universität  Heidelberg. 	 Wireless Readout	 EPS-HEP 2017	

•  MIMO uses multiple antennas to transmit 
multiple parallel signals	

•  Data from one single transmitter can be sent to 	
     several receivers. 	
		
•  Data from several transmitters send to one 	
     receiver	

•  Data	from	single	transmitter	to	single	receiver	

Create topologies which are much more challenging to be realized by using wires 	

This can totally or even partially remove cables  and connectors that will/can result in 
cost reduction, simplified installation, repair and reduction in detector dead material.	

     Super-fast speed and very low latency opens up a lot of opportunities for real time 	
applications 	

10	

Steering and Control of complex  detector systems	WADAPT 

LHCb 
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“Technically limited schedule” 

As for next step in energy: driven by magnets… begs for more 
investment on this front 
And of course on new acceleration methods.  

		ψFCC−hh
= c

i
ψ
LHC ,i∑



Some parting thoughts 

Instead of a summary of the highlighted highlights… 
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What if we don’t find new physics  
in Run II/Run III?  Fundamentalitis 

■  Fundamentalitis is “a serious condition that causes its victims to 
believe that the only thing worth thinking about is the deep nature of 
reality as manifested through the fundamental laws of physics.” 
◆  Two notable examples – from giants of physics: Einstein (well known, on GUT) 

and Oppenheimer. Take the latter: 
●  In 1939 (with Snyder) started BH physics: he showed that an in-falling 

observer on the surface of an object whose mass exceeded a critical mass 
would appear to be in a state of perpetual free fall to an outsider.  

●  Then Oppenheimer forgot all about it and never said anything about black 
holes for the rest of his life. (Getting distracted by the bomb helped) 

◆  For Oppenheimer, BHs were mundane: they were but particular solutions of 
GR; The big deal was GR itself. 

■  Freeman Dyson: 
◆  “Oppenheimer in his later years believed that the only problem worthy of the 

attention of a serious theoretical physicist was the discovery of the 
fundamental equations of physics. Einstein …. felt the same way... Once you 
had discovered the right equations, then the study of particular solutions of the 
equations would be a routine exercise for second-rate physicists or graduate 
students.” 

◆  Similarly, Einstein spent his last few years in a futile search for a Grand Unified 
Theory (took things to the ultimate, as far as doubting QM) 

■  Fast-forward in BH physics: Hawking radiation; Bekenstein entropy; 
nowadays: link between information theory and BH physics; the 
firewall (?)… or non-locality (e–S)… 

July 12, 2017 
EPS HEP 2017, Venice 52 

http://blogs.scientificamerican.com/the-curious-wavefunction 
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The panorama of particle physics, again 
■  Energy Frontier, the LHC, is en route to  

◆  Probing the Higgs sector; exploring BSM  
◆  Completing the physics of flavor in the quark sector 
◆  Providing a new picture of hadronic matter 
◆  And on the side: providing important information on DM 

■  Neutrinos: weakly interacting so least known thus far 
◆  Exciting sneak preview of CP violation? En route to PMNS… 
◆  Mass generation mechanism beyond EWSB and H… 
◆  Very promising program of work and experiments ahead 

■  Dark Matter: if it’s some shade of grey, we’ll see it 
◆  Direct experiments are approaching the neutrino wall 
◆  Tantalizing hint from astrophysics; LHC complementary 

■  The Cosmos 
◆  Only place where we can play with gravity; and where densities 

can be very high 
◆  The scientific program being laid out holds tremendous promise 

■  Fundamental measurements 
◆  They remain so; a surprise can show up at any time 

July 12, 2017 
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We are advancing on all 
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All in all: 

■  It’s still extremely interesting to be 
in Particle Physics 

■  And it’s still an honor and a privilege 
(to be in Particle Physics) 

Warm thanks to the organizers for 
a beautiful and stimulating 

conference!  


