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BUILDING	AN	UNDERSTANDING	OF	THE	UNIVERSE:
A	WORK	A	CENTURY	IN	THE	MAKING

Through careful measurement, 
observation and deduction 
we have developed remarkably 
successful prevailing theories the 
Standard Models of particle physics 
and cosmology that are highly predictive 
and have been rigorously tested in some 
cases to 1 part in 10 billion

ICHEP	2016	-- I.	Shipsey

2013:"the"thiumph"of"the""STANDARD*
•  PARTICLE*STANDARD***
***************MODEL"
"
"

•  COSMOLOGY*STANDARD*
******************MODEL*

ΛCDM*+"“SIMPLE”*INFLATION**
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No more particle physics and cosmology : infinities 
merged into a unified picture of  the Universe

ICHEP2016 — I.Shipsey



Mystery:

ICHEP	2016	-- I.	Shipsey

Mystery:	Dark	Matter	

4/5

Three gauged symmetries SU(3)xSU(2)xU(1) 
Three families of quarks and leptons  (3x2, 3x1, 1x2, 1x1) 
 Brout-Englert-Higgs mechanism of spontaneous EW symmetry 
breaking -> Higgs boson 
 CKM and PMNS mixing of flavours 
 CP violation via phase factors 
 Confinement of quarks and gluons inside hadrons 
 Baryon and lepton number conservation 
 CPT invariance -> existence of antimatter
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To be cleared up

The Standard Model of Particle Physics

To be understood
 Higgs sector:  one or more? 
 Neutrino sector: Dirac or Majorana? 
 Neutrino sector: Masses? 
 What is the DM particle?  
 Are there new particles? 
 Are there new interactions? 

 how confinement actually works ? 
 how the quark-hadron phase transition 
happens? 
 how CP violation occurs in the 
Universe?  
 how to protect the SM from would be 
heavy scale  physics?



LHC Run2 

 4

Highest	mass	di-jet	event:	7.7	TeV

20

Highest	mass	di-jet	event:	7.7	TeV

20

D Charlton / Birmingham – 8 August 2016, ICHEP Chicago 20

Event selected in ttH multilepton analysis

ICHEP 2016 -- I. Shipsey

We are in a data driven era

New	Technologies	for	Discovery	--
Demarteau/Shipsey

43

“Measure	what	is	measureable	and	
make	measureable	what	is	not	so.”

Galileo	Galiliei
1564-1642

#1  Context
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Higgs Boson (125)
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Higgs Profile in Run 1 

µ =
σ
σ SM

CMS and ATLAS combined 7 and 8 TeV 
results Run 1 legacy papers:  
 
Mass: Phys. Rev. Lett. 114, 191803 
Rates and couplings: arXiv:1606.02266 

Gluon fusion 
measurements, 
starting to 
approach SM 
theory 
uncertainties: 
15%  
 

Mild excess in 
ttH and ZH 
production 
modes 

Coupling strengths 

Precision test of Higgs boson coupling strengths 
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Higgs!γγ 
•  Narrow peak over falling background 

•  Signature: 2 isolated photons 
–  All production modes targeted ggF, VBF, VH (only ATLAS), ttH events 

•  Signal extracted through fit of mγγ in different event categories 
–  Main backgrounds: γγ and γ-jet production 

CMS-PAS-HIG-16-020 

ATLAS –CONF-2016-067 

•  Dominant systematic uncertainty: photon energy scale and resolution and background 
choice bias (smaller than statistical uncertainties)  
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Higgs!ZZ* 
•  Narrow peak over a flat background 
 
•  Signature: two pairs of same flavor, opposite sign, isolated leptons 

–  All production modes targeted ggF, VBF, VH, ttH events 

•  Extraction of signal through fit of m4l 
–  Also uses kinematic discriminant (e.g. MZ1, MZ2, 5 angles from decay chain, matrix 

element) used to enhance the signal purity of different production modes 

•  Dominant systematic uncertainty: luminosity and lepton SF (smaller than statistical  
uncertainty) 

ATLAS-CONF-1206-079 

CMS-PAS-HIG-16-033 
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Higgs Boson Decays at 125 GeV 

H!γγ 
Very rare (0.2%) 
S/B<1 
ΔM/M ~ 1-2% 

H!ZZ*!4l 
Rare (3%) 
S/B>>1 
ΔM/M ~ 1-2%  

H!bb  
Abundant (58%) 
S/B<<1 
ΔM/M ~ 10-20%  

H!ττ 
Abundant (6%) 
S/B<1 
ΔM/M ~ 10-20%  

H!WW*!2l2ν 
Very Abundant (22%) 
S/B<1 
ΔM/M ~ 30%  

H!gg (8.5%) 

H!cc (2.9%) 

Observed decay modes: 
γγ, ZZ, WW, ττ 
 
Missing bb,cc, µµ, Zγ  

Florencia Canelli - University of Zurich 5 
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Higgs Profile in Run 1 
CMS and ATLAS combined 7 and 8 TeV 
results Run 1 legacy papers:  
 
Mass: Phys. Rev. Lett. 114, 191803 
Rates and couplings: arXiv:1606.02266 

–  Mass has been measured to 
0.2% precision 
mH=125.09±0.24 GeV 

–  Angular distributions 
consistent with spin 0 and 
even parity 

–  All couplings are consistent 
with SM within 2.5σ 

Precision test of Higgs boson coupling strengths 

µ =
σ
σ SM

Coupling strengths 
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Higgs Boson (125)
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ttH(multileptons) 
•  Targets Higgs decays and focus on final states with clean 

signatures and low backgrounds 

•  Signature: 2-4 leptons, 2 or more jets, and at least 1 b-
tagged jet. Allows at least one τhad 

•  Dominant systematic uncertainty: fake-rate measurements 
and non-prompt background estimates 

ATLAS-CONF-2016-058 

CMS-PAS-HIG-16-022 

ATLAS cut and count analysis in 
main different category regions  

CMS BDT based discriminants including 
matrix element weights 
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µ = 2.5−1.1
+1.3

µ = 2.0−0.7
+0.8

ttH combination  ATLAS-CONF-2016-068 µ =1.7−0.8
+0.7

ttH(!bb) 
•  Largest branching ratio and large background, also offers 

sensitivity to the Higgs-Bottom Yukawa coupling 

•  Analysis strategy: categorize events according to amount of 
leptons, jets, b-jets 
–  Main background tt+heavy flavour production: very challenging 

theoretical description 
 
•  Dominant systematic uncertainty: signal and background 

modeling and normalization (larger than statistical 
uncertainty) 

ATLAS –CONF-2016-080 

CMS-PAS-HIG-16-004 

Florencia Canelli - University of Zurich 20 
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Higgs properties: outlook

Higgs is now part of the Intensity Frontier. - A. Petrov

Snowmass 2013 projections:

1.2 Coupling Measurements 15

Table 1-14 summarizes the expected precision on the Higgs couplings for the two aforementioned assumptions
of systematic uncertainties from the fit to a generic 7-parameter model. These 7 parameters are �� , �g, �W ,
�Z , �u, �d and ��. In this parameter set, �� and �g parametrize potential new physics in the loops of
the H�� and Hgg couplings. �u � �t = �c, �d � �b = �s and �� � �� = �µ parametrize deviations to
up-and down-type quarks and charged leptons respectively assuming fermion family universality. Only SM
production modes and decays are considered in the fit. The derived precisions on the Higgs total width are
also included. The expected precision ranges from 5 � 15% for 300 fb�1 and 2 � 10% for 3000 fb�1. They
are limited by systematic uncertainties, particularly theoretical uncertainties on production and decay rates.
Statistical uncertainties are below one percent in most cases. Note that the sensitivity to �u is derived from
the tt̄H production process and only H � �� and H � bb̄ decays have been included in the projection.

The fit is extended to allow for BSM decays while restricting the Higgs coupling to vector bosons not to
exceed their SM values (�W ,�Z � 1). The resulting upper limit on the branching ratio of BSM decay is
included in the table. Note that the BRBSM limit is derived from the visible decays of Table 1-13 and is
independent of the limit on BRinv from the search of ZH with H � invisible.

Also listed in the Table 1-14 are the expected precisions on �Z� and �µ, coupling scale factors for H � Z�
and H � µµ decay vertices. Given the small branching ratios of the two decays in the SM, they have
negligible impact on the 7-parameter fit. With the noted di�erences above, ATLAS estimates are similar.

Table 1-14. Expected per-experiment precision of Higgs boson couplings to fermions and vector bosons
with 300 fb�1 and 3000 fb�1 integrated luminosity at the LHC. The 7-parameter fit assumes the SM
productions and decays as well as the generation universality of the couplings (�u � �t = �c, �d � �b = �s

and �� � �� = �µ). The precision on the total width �H is derived from the precisions on the couplings.
The range represents spread from two assumptions of systematic uncertainties, see text.

Luminosity 300 fb�1 3000 fb�1

Coupling parameter 7-parameter fit

�� 5� 7% 2� 5%

�g 6� 8% 3� 5%

�W 4� 6% 2� 5%

�Z 4� 6% 2� 4%

�u 14� 15% 7� 10%

�d 10� 13% 4� 7%

�� 6� 8% 2� 5%

�H 12� 15% 5� 8%

additional parameters (see text)

�Z� 41� 41% 10� 12%

�µ 23� 23% 8� 8%

BRBSM < 14� 18% < 7� 11%

Apart from contributions from ATLAS and CMS collaborations, several independent studies [58–60] have
been performed. In Ref. [58], authors investigate top-quark Yukawa coupling through the tt̄H production
and H � WW � decay. It is estimated that the �t can be measured with a precision of 14� 16% and 6� 9%

Community Planning Study: Snowmass 2013

Ranges represent assumptions on

systematics: low end is theory uncerts

⇥1/2, expt systematics ⇥1/
p
L.

Expectations in various models:
- All new particles at M ⇠ 1 TeV

- Electroweak precision fits satisfied

1.2 Coupling Measurements 9

fermions, such as top partners, and colored scalars can contribute to H � gg and H � ��, while electrically
charged scalars and heavy leptons can contribute to H � ��. Below we examine some representative models,
in order to get a feel for the size of the possible e�ects.

In Little Higgs models with T parity, the couplings scale with the top partner mass, MT , and assuming the
Higgs couplings to Standard Model particles are not changed, the loop induced couplings are [32],

��g � � m2
t

M2
T

� O(�8%)

�
600 GeV

MT

�2

, ��� � �0.28��g � O(+2%)

�
600 GeV

MT

�2

. (1.7)

In this scenario the production rate from gluon fusion is suppressed, while the width into �� in increased.
Adding a vector-like SU(2) doublet of heavy leptons does not change the gg � H production rate, but can
give an enhancement in �� of order � 20%, although large Yukawa couplings are required [33].

Colored scalars, such as the stop particle in the MSSM, also contribute to both �g and �� . If we consider
two charge- 23 scalars as in the MSSM, then for a stop squark much heavier than the Higgs boson [32],

��g � 1

4

�
m2

t

m2
t̃1

+
m2

t

m2
t̃2

� m2
tX

2
t

mt̃1mt̃2

�
� O(+17%)

�
300 GeV

mt̃

�2

(for Xt = 0), (1.8)

where again ��� � �0.28��g. Here Xt =| At �µ cot� | is the stop mixing parameter. If Xt = 0, the Higgs
couplings to gluons is always increased and the coupling to photons decreased. If the stops are light, and
the mixing is small, large enhancements are possible. In the MSSM, there are other loop contributions to
the H�� and Hgg couplings which have been extensively studied. Enhancements in the H � �� coupling
can be obtained with light staus and large mixing, with e�ects on the order of � 25% [34].

In Table 1-8, we summarize the generic size of coupling modifications when the scale of new physics is
consistently taken to be M � 1 TeV.

Table 1-8. Generic size of Higgs coupling modifications from the Standard Model values when all new
particles are M � 1 TeV and mixing angles satisfy precision electroweak fits. The Decoupling MSSM
numbers assume tan� = 3.2 and a stop mass of 1 TeV with Xt = 0 for the �� prediction.

Model �V �b ��

Singlet Mixing � 6% � 6% � 6%

2HDM � 1% � 10% � 1%

Decoupling MSSM � �0.0013% � 1.6% � �.4%

Composite � �3% � �(3� 9)% � �9%

Top Partner � �2% � �2% � +1%

1.2.3 Theory Uncertainties on LHC Higgs Production

The uncertainty on Higgs production has been studied by the LHC Higgs cross section working group for the
various channels and is summarized in Table 1-9 [35]. These uncertainties must be included in extractions of
the scale factors �i from LHC data. The error includes factorization/renormalization scale uncertainty and
the correlated uncertainty from �s and the PDF choice, which are added linearly. The scale uncertainty on
the gluon fusion rate is � ±10%, which can potentially be significantly reduced with the inclusion of recent

Community Planning Study: Snowmass 2013

Snowmass 2013, 1310.8361

- Decoupling MSSM: � assumes 1 TeV stop

with tan� = 3.2, Xt = 0.

Projections based on scaling
2012–13 expt analyses to higher
lumi: probably better already.
Thy uncert reductions ⇡already
achieved! Franz Herzog’s talk

Heather Logan (Carleton U.) Higgs/Top/EW: interpretation/outlook/ideas ICHEP 2016

8

The name of the game is precision 



Extra Higgs Bosons
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Heavy Higgs!ττ 
•  In 2HDMs a heavy Higgs boson can have enhanced couplings to down-

type fermions 
–  Increased heavy Higgs production decaying mainly to b quarks and τ leptons 

•  New ATLAS analysis includes new triggers and event categories 
–  Combine all categories but separate limits for production mechanism 

Florencia Canelli - University of Zurich 35 

ATLAS-CONF-2016-041 

Higgs!hh!bbττ 
•  Resonance search 

–  generally one h(125)!bb [BR=58%]  
–  resonance searches benchmark models: spin-0 (radion) and spin-2 (G) 

•  Non-resonance search 
–  BSM can be enhanced by resonance or particle in the loop and can be modeled 

in EFT adding dim-6 operators to the SM Lagrangian 
•  can be described with 5 parameters: λhhh, yt, c2, c2g, cg 

Florencia Canelli - University of Zurich 36 

CMS-PAS-HIG-16-029 

CMS-PAS-HIG-16-028 

Higgs!hh!bbττ 
•  Resonant search 

–  Fit to the invariant mass of ττ and bb 
–  At high mH�boosted regime, uses substructure information for jets, b-tag 

•  Non-resonant search 
–  Limits as a function of the ratio of the anomalous trilinear coupling to the SM 

trilinear coupling (κλ=λhhh/λSM
hhh)  

–  At κλ=1 value corresponds to ~200 (170) x SM prediction 

Florencia Canelli - University of Zurich 37 

CMS-PAS-HIG-16-029 
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Charged Higgs bosons appear in many extensions of the SM 
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Higgs!hh!bbττ 
•  Resonant search 

–  Fit to the invariant mass of ττ and bb 
–  At high mH�boosted regime, uses substructure information for jets, b-tag 

•  Non-resonant search 
–  Limits as a function of the ratio of the anomalous trilinear coupling to the SM 

trilinear coupling (κλ=λhhh/λSM
hhh)  

–  At κλ=1 value corresponds to ~200 (170) x SM prediction 
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Heavy Higgs!ττ 
•  In 2HDMs a heavy Higgs boson can have enhanced couplings to down-

type fermions 
–  Increased heavy Higgs production decaying mainly to b quarks and τ leptons 

•  New ATLAS analysis includes new triggers and event categories 
–  Combine all categories but separate limits for production mechanism 
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ATLAS-CONF-2016-041 
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Heavy Higgs!ZZ!4l 
•  Search for an additional heavy scalar 

–  Assumed to be produced via the ggF and VBF processes  

•  Extension of the H!ZZ measurement and fits the m4l distribution 

•  No signal seen we set limits for different decay width ΓX assumptions 
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Heavy Higgs DecaysBranchings
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Figure 2: The branching ratios of the heavy Higgs boson H in the CMSSM as function
of its mass. The branching ratios for the pseudoscalar Higgs boson are similar. The
dominant branching ratios are shown here as bands, while the width of the bands include
the variation of A0 and tan�. For clarity the branching ratios into staus and neutralinos
are shown as lines without band which represent the mean of the corresponding band. The
decay into tt is suppressed by the large value of tan�, required by the relic density in most
of the parameter space. For a lower choice of m1/2 the branching ratios into charginos
and neutralinos open up, as shown in the right-hand panel.

calculated with SUSY-HIT [32] for a grid in the A0 � tan � plane and are
plotted in Fig. 2 for two CMSSM mass points not excluded by the LHC
(m0=1000/2000 GeV, m1/2=1000/600 GeV left/right-hand side). The last
mass point corresponds to a lower value of m1/2, which leads to lower gaugino
masses. The branching ratios to gauginos become important for high values
of the Higgs mass, as shown in the right panel of Fig. 2. For higher values
of m1/2 the branching ratio into top quark pairs becomes dominant at large
Higgs boson values, as shown in the left panel. For mH < 1.5 TeV the
branching ratios into b-quarks and tau-leptons always dominate. This is
easily understood as follows: at tree level the heavy pseudo-scalar Higgs
boson mass is given by the sum of the mass terms in the Higgs potential,
i.e. m2

1 +m
2
2. The m

2
2 parameter is driven negative by the large corrections

from the top Yukawa coupling ht and induces EWSB. However, m
2
1 gets

also large negative corrections from the bottom Yukawa coupling hb, which
can become comparable to ht = mt/v2 for large values of tan �, since hb =
mb/v1 = mb tan �/v2. Hence, for large values of tan � m

2
1 and m

2
2 both

become small by negative corrections of hb and ht, respectively, thus leading
to small values of mA and enhancing at the same time the branching into
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Figure 3: The branching ratios of a heavy Higgs boson in the NMSSM as function of its
mass for scenario I (top,middle) and II (bottom). For scenario II the branching ratios
for H3 and A2 are similar, so they have been plotted together in the last row. The main
di↵erence between the branching ratios of H3 and A2 in scenario I are the additional
decays of A2 into A1H1/2 (orange band) and ZH1 (solid black line) . These decays are not
allowed for the scalar Higgs boson H3. The dominant branching ratios are shown as bands,
where the width of the bands represents the allowed variation of the NMSSM parameters.
To simplify the plot the smaller branching ratios have been shown as a line representing
the average of the band. The decays into gauge boson pairs is negligible in both scenarios,
while bb and ⌧⌧ are important in scenario II with large tan�. Decays into gaugino masses
become possible as well, if they are light enough. Here they were chosen to correspond
to CMSSM mass points not excluded by the LHC (m0=1000/2000, m1/2=1000/600 GeV
left/right-hand side). 14

New ideas 1 – extended scalar sectors

This is not a new idea, but there are some new developments.

1) “Higgs to Higgs” decays

A ! Zh and A ! ZH, H ! ZA

CMS-PAS-HIG-16-007

Summary of 8 TeV analyses

• 2HDM predicts the existence
of 5 scalars

• Lots of interesting final states
are concerned

• A � Zh
• H � ZA or A � ZH
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A � Zh Results and interpretation
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• mA = mH = 300 GeV
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BR at tan� = 1.5
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SUSY 

SUSY has been the prime candidate for BSM physics near the TeV scale.

SUSY
spectrum

SUSY

1016  GeV1 TeV

SM

Hierarchy problem

Dark matter

Gauge coupling unification

Strings

Supersymmetry remains, to this date, a well-motivated, much anticipated 
extension to the Standard Model of particle physics 

Beyond the Standard Model

Theory Status

Kiwoon Choi

(ICHEP 2016, Chicago)

IBS Center for Theoretical Physics of the Universe 



Gluino	decays	to	qq+LSP	

ICHEP2016,	Aug	9,	2016	 Searches	for	SUSY	 12	

Summary	of	decays	to	light	quarks	+	LSP	

ATLAS-CONF-2016-078	 CMS-SUS-16-014	

CMS-SUS-16-015	

Supersymmetry/ LHC 13

 11

Gluino	decays	to	K+LSP	

ICHEP2016,	Aug	9,	2016	 Searches	for	SUSY	 14	

Other	results	
•  ATLAS-CONF-2016-037	

CMS	summary	 ATLAS	mulC-b	 ATLAS-CONF-2016-052	

Top	squarks	-	summaries	

ICHEP2016,	Aug	9,	2016	 Searches	for	SUSY	 22	

ATLAS	summary	 CMS	0l+1l	combinaCon	
for	2-/3-body	decay	



Supersymmetry/LHC 13
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Chargino	/	neutralino	producCon	

ICHEP2016,	Aug	9,	2016	 Searches	for	SUSY	 25	

Other	results	in	EW	prod.	

CMS-SUS-16-021	

CMS-SUS-16-025	
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Direct	producCon	of	“electroweakino”	pairs	
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LHC Run2 
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Theorists are ready well to interpret any SUSY signature 

at LHC, but there is no sign of SUSY yet! 



LHC Run2 
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Even when we abandon the naturalness, still there are some indications 
that SUSY may not be too far away from the weak scale.

* Higgs mass = 125 GeV:

* Gauge coupling unification: 

Arvanitaki et al, ‘13

Î Higgsino and gaugino masses:  

m1/2 < 10  TeV

Î squark and slepton masses: 

m0 < 1000 TeV  for tanβ > 2 

Beyond the Standard Model

Theory Status

Kiwoon Choi

(ICHEP 2016, Chicago)

IBS Center for Theoretical Physics of the Universe 



Future SUSY Searches

 15

100 TeV colliderHigh luminosity LHC Cohen et al, ‘13 

SUSY is certainly a compelling candidates of 

BSM physics, so we should keep searching 
for her without leaving any stone unturned. 

* Taking the gauge coupling unification seriously, SUSY may have  

some chance to be seen at LHC, and a good chance at the FCC:

Beyond the Standard Model

Theory Status

Kiwoon Choi

(ICHEP 2016, Chicago)

IBS Center for Theoretical Physics of the Universe 
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Mark Boulay

Mark Boulay
Carleton University
Ottawa, Ontario
Canada

Dark Matter Searches

Mark Boulay

Recent result from
CRESST-II

(arxiv 1509.01515)

CRESST-III Run
LNGS starting 
August 2016

Expect x100 increase
in sensitivity

(arxiv 1503.08065)

Several other projects planning increase in low-mass sensitivity, many good ideas.

WIMP-nucleon SI Exclusion
V Our best, lowest 

exclusion is at 
50 GeV: 2.2 x10-46 

cm2 (That’s 0.22 
zeptobarns in s!)
U 1 order of 

magnitude off 
XENON1T

U Within < 2 
orders of LZ 
projection

V Comparable to 
LUX 2015 re-
analysis of 3 
months’ worth of 
data at low mass 
but FOUR TIMES 
better at high 
mass. (Final G1?)

~2x below
PandaX curve

Paper coming 
quite soon

Within (log) 
spitting distance 
of coherent 
neutrino
scattering

(NOT preliminary. Analysis/limit is final. Text under internal review.)

25

25

(the 1 TeV 
Higgsino 
half-dead)

(LUX.  zepto = 10-21)

CRESST-II



Mark Boulay

Physics reach

All available experimental data combined (LHC, LUX, Planck) are still consistent with 
even the simplest versions of SUSY (cMSSM, NUHM)
Remaining parameter space is directly probed by direct WIMP searches with tonne 

scale detectors: DEAP-3600, XENON1T, LUX/LZ
Complementarity with LHC (cMSSM/NUHM are mostly out of reach of the 14 TeV run!)

Contours from:
L. Roszkowski et al, 
JHEP 1408 (2014) 067
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LZ’s Reach
V Turning on by 2020 with 

1,000 initial live-days plan

V 10 tons total, 7 tons active, 
~5.6 ton fiducial mass
U Due to unique triple veto

V GOALS: < 3 x 10-48 cm2, at 
40 GeV. Clip n shoulder

6 keVnr threshold with 
at least 99.5% 
discrimination

27

(latest)

*plot and models from LZ’s Conceptual Design Report, arXiv:1509.02910

Mark Boulay

Physics reach

All available experimental data combined (LHC, LUX, Planck) are still consistent with 
even the simplest versions of SUSY (cMSSM, NUHM)
Remaining parameter space is directly probed by direct WIMP searches with tonne 

scale detectors: DEAP-3600, XENON1T, LUX/LZ
Complementarity with LHC (cMSSM/NUHM are mostly out of reach of the 14 TeV run!)

Contours from:
L. Roszkowski et al, 
JHEP 1408 (2014) 067

Future DM Searches



INDIRECT	DM:	POSITRON	RESULTS

• Since 2010, electron and positron fluxes have been measured by AMS 
with remarkable precision, constrained up to ~400 GeV

• Dark matter implications require precise determinations of cosmic ray 
fluxes

AMS (2014)

ICHEP	2016	-- I.	Shipsey
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INDIRECT	DETECTION

• Dark matter may pair 
annihilate or decay in 
our galactic 
neighborhood to
• Positrons
• High-Energy 

Photons
• Neutrinos
• Antiprotons
• Antideuterons
• …

ICHEP	2016	-- I.	Shipsey

Indirect Detection of DM

INDIRECT	DM:	PHOTON	RESULTS

• Rapid improvements in recent years, Fermi-LAT now excludes WIMP 
masses up to ~100 GeV for certain annihilation channels

• The future is the Cerenkov Telescope Array, which will extend the 
reach by two orders in mass up to masses ~ 10 TeV

Funk (2013)

Fermi-LAT (2015)

Funk (2013)

CTA
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•Rapid improvements in recent 
years, Fermi-LAT now excludes 
WIMP makes up to ~100 GeV 
for certain annihilation channels
• The future is the Cherenkov 

Telescope Array, which will 
extend the reach by two 
orders in mass up to masses   

~ 10 TeV 



The Dark Matter is made of: 
■ Macro objects – Not seen 
■ New particles – right heavy neutrino  
                       - axion (axino) 
                       - neutralino 
                       - sneutrino 
                       - gravitino 
                       - heavy photon 
                       - heavy pseudo-goldstone 
                       - light sterile higgs

mSUGRA

Not from  
  the SM

not favorable but possible

might be invisible (?)
detectable in 3 spheres
less theory favorable

might be undetectable (?)

possible, but not 
related to the other 
models

WIMP is our chance !    

Annihilation 
in the halo 

Scattering 
on a target 

Creation at 
the LHC 
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But we have to look elsewhere  !    

WIMP

Dark Matter/New Physics



Dark Matter/New Physics
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conclusion 

Nature of Dark matter is one of the big questions that particle physics 
should answer.   

Success of LHC and dark matter searches and we are wondering over 
next steps to go.  

It is ideal if we have [Dark matter from theory] >>  [Simplified 
model( Lagrangian)] >> [effective theory( higher dimensional 
operator)] .  

Need care about gauge violating action, and amplitude with sick 
behavior. 

Need models on Dark matter: Theorists may need a time to come up 
with convincing  models.  

dark photon 
U(1) gauge boson is relatively easy going object  “gauge invariant F’μν“ 

sequestering  U(1)D  dark sector from SM  sector, 

 Interaction with SM may arises  from kinetic mixing  FμνF’μν  

Dark matter couple to U(1)D can have very small coupling, and also Very 

light U(1)D  a’→ 3γ　has very long lifetime. Both can be dark matter.    

Variety  of search program from Meson decays   and theoretical study 

(8/4 Jia Liu  dark matter production -> a’ production -> lepton jet ) 

14
From Christopher Hearty, University of British Columbia/IPP
Belle II Theory Interface Platform meeting 2014
Belle II limits scaled from BABAR

e
+
e

-→γ A '→γe
+
e

-
,γμ+μ-

, prompt e
+
e

-→γ A '→γ χ χ

Dark photon, decays to SM particles and dark matter: expected limits Dark photon, decays to SM particles and dark matter: expected limits 
at Belle II compared to other experimentsat Belle II compared to other experiments

Projection from BABAR results to Belle 2 luminosity assuming same 
trigger/detector/reconstruction efficiencies
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SIMPs(strong interacting massive particle )
 dark matter is strongly interacting under the other SU(N) gauge 
interactions.  

DM may be pion/Baryon/gluball of the new strong interactions 
or  couple to new scalar by large Yukawa coupling    

merit:   Small scale structure  of our galaxy.   

The  small interaction with  SM 
sector may be easily accommodate 
by dark photon setup (U(1) kinetic 
mixing) or  extended Higgs sector 
(singlet Higgs there mix with H ) 

Stealth DM Polarizability

Direct detection signal is below the neutrino coherent scattering background for M#≳700GeV

14
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Figure 12: Left : Neutrino isoevent contour lines (long dash orange) compared with current limits and regions of interest. The
contours delineate regions in the WIMP-nucleon cross section vs WIMP mass plane which for which dark matter experiments
will see neutrino events (see Sec. IIID). Right : WIMP discovery limit (thick dashed orange) compared with current limits
and regions of interest. The dominant neutrino components for different WIMP mass regions are labeled. Progress beyond
this line would require a combination of better knowledge of the neutrino background, annual modulation, and/or directional
detection. We show 90% confidence exclusion limits from DAMIC [55] (light blue), SIMPLE [56] (purple), COUPP [57] (teal),
ZEPLIN-III [58] (blue), EDELWEISS standard [59] and low-threshold [60] (orange), CDMS II Ge standard [61], low-threshold
[62] and CDMSlite [63] (red), XENON10 S2-only [64] and XENON100 [65] (dark green) and LUX [66] (light green). The filled
regions identify possible signal regions associated with data from CDMS-II Si [1] (light blue, 90% C.L.), CoGeNT [67] (yellow,
90% C.L.), DAMA/LIBRA [68] (tan, 99.7% C.L.), and CRESST [69] (pink, 95.45% C.L.) experiments. The light green shaded
region is the parameter space excluded by the LUX Collaboration.

3. Measurement of annual modulation. In the case of
a 6 GeV/c2 WIMP, next generation experiments
could reach sufficiently high statistics to disen-
tangle the WIMP and the neutrino contributions
using the 6% annual modulation rate of dark mat-
ter interactions [54]. However, in the case of hea-
vier WIMPs, very large and unrealistic exposures
would be required to obtain enough events to detect
such predicted annual modulation for cross sections
around 10−48 cm2. Furthermore, the atmospheric
neutrino event rate also undergoes annual modula-
tion due to the change in temperature of the atmos-
phere throughout the year [50]. A dedicated study
taking into account systematic uncertainties in the
neutrino fluxes and their modulations is required
to assess the feasibility of annual modulation dis-
crimination in light of atmospheric neutrino back-
grounds.

4. Measurement of the nuclear recoil direction as

suggested by upcoming directional detection expe-
riments [51]. Since the main neutrino background
has a solar origin, the directional signal of such
events is expected to be drastically different than
the WIMP-induced ones [52, 53]. This way, a
better discrimination between WIMP and neutrino
events will enhance the WIMP detection signifi-
cance allowing us to get stronger discovery limits.
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would have form factor suppression. This implies the stan-
dard missing energy signals that arise from DM production
and escape from the detector are rare.

Finally, there are many avenues for further investiga-
tion of stealth dark matter, detailed in [23]. One vital is-
sue is to better estimate the abundance. In the DM mass
regime where stealth DM is detectable at direct detection
experiments, the abundance of stealth dark matter can arise
naturally from an asymmetric production mechanism [23]
that was considered long ago [7–9] and more recently re-
viewed in [40]. If there is indeed an asymmetric abundance
of bosonic dark matter, there are additional astrophysical
consequences [41–43] that warrant further investigation to
constrain or probe stealth DM.
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The size of interaction should be  
calculated by lattice  

dark photon 
U(1) gauge boson is relatively easy going object  “gauge invariant F’μν“ 

sequestering  U(1)D  dark sector from SM  sector, 

 Interaction with SM may arises  from kinetic mixing  FμνF’μν  

Dark matter couple to U(1)D can have very small coupling, and also Very 

light U(1)D  a’→ 3γ　has very long lifetime. Both can be dark matter.    

Variety  of search program from Meson decays   and theoretical study 

(8/4 Jia Liu  dark matter production -> a’ production -> lepton jet ) 
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Normal	Hierarchy

Inverted	Hierarchy

δCP 
19% of full statistics ν:ν=1:1 

 15% of full statistics ν:ν=1:0 

δCP 
19% of full statistics ν:ν=1:1 

 15% of full statistics ν:ν=1:0 

CP	conservation	excluded	at	>2	"

2"

Long	baseline	oscillation	experiments:

an	international	campaign	to	test	the	

3-flavor	paradigm,	measure	CP	violation	and	

go	beyond.	

Generation	2	expts

Long	Baseline	Experiments

By	combining	with	SK	in	a	global	fit

Marrone @	Neutrino	2016	

Conclusions 

• The great success of this conference, both 
attendance and physics results, is a manifestation 
of the vitality of neutrino physics 

• For the first time robust indication of CP violation 
in the leptonic sector 

• Important new results by several experiments 
• Very ambitious projects becoming true 
• New ideas in many many fields 
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…except the deficit of absolute reactor neutrino fluxes 

Daya Bay 

which compares data with models that failed to predict the 5 GeV bump Which compares data with models that failed to predict the 5 MeV bump!!!                       

Except	the	reactor	neutrino	anomaly

Neutrino Physics
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No positive results on steriles 
Daya Bay, Minos and Bugey 3 combined 

No	evidence	for	sterile	neutrinos	
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0νββ Status 

Gerda 

• This plot assumes 
gA=1.27 

• What’s going on about 
gA quenching? 

• Which strategies to 
have this parameter 
fixed? 

• … IH not favored 

knowledge	of	the	neutrino	mixing	parameters	
provides	a	firm	prediction	for	the	range	of	
values	of	the	parameter	mββ in	both	
hierarchies	(NH	favored)

tritium		expts m_e <	2	eV,	-à KATRIN	 <	0.2	eV.	

From	cosmology:	Σ m	<	0.23	eV	(95%	CL)	 In	
the	next	decade	there	are	good	prospects	to	
reach,	via	multiple	probes,	a	sensitivity	at	the	
level	of	Σ mi	<	0.01	eV	

Therefore,	it	is	timely	and	compelling	to	
embark	on	a	renewed	discovery	quest	to	
observe	neutrinoless double	beta	decay.	

0$$%
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by the exchange of light Majorana neutrinos interacting through the left-handed V-A weak 
currents. The decay rate is then given by the expression 

 
(𝑇1/2

0𝜈 )−1 =  𝐺0𝑣 ∙  |𝑀0𝜈 |2  ∙   �𝑚𝛽𝛽 ⟩2 
 

where G0ν is the exactly calculable phase space integral, <mββ> is the effective neutrino mass 
and M0ν is the nuclear matrix element. The effective neutrino mass is 

 

�𝑚𝛽𝛽�2 = |∑ 𝑈𝑒𝑖2𝑖  𝑚𝜈𝑖|2 

 

where the Uei are elements of the neutrino mixing matrix (dependent on the known parameters 
θ12 and θ13 and the unknown Majorana phases α1,2) and the sum is only over light neutrinos (mi 
< 10 MeV). Because of the presence of the unknown Majorana phases, cancellation of terms in 
the sum in <mββ> is possible, and <mββ> could therefore be smaller than any of the mνi. 

Obviously, any uncertainty in the nuclear matrix elements is reflected as a corresponding 
uncertainty in the <mββ>. There is, at present, no model-independent way to estimate the 
uncertainty in the nuclear theory. Good agreement with the known 2νββ transition is a 
necessary but insufficient condition. Clearly, more reliable evaluation of the nuclear matrix 
elements is a matter of considerable importance and this subject is discussed in detail in 
Chapter 4. 

The 0νββ  decay is not the only possible observable manifestation of lepton number violation. 
Muon-positron conversion, 

µ- + (A,Z) � e+ + (A,Z-2) , 

or rare kaon decays, 

K+  �  µ+µ+π−,  K+  �  e+e+π− , K+  �  µ+e+π−, 

are examples of processes that violate total lepton number conservation and where good limits 
on the corresponding branching ratios exist. However, it appears that at present, 0νββ is the 
most sensitive tool for the study of the Majorana nature of neutrinos. 

  

  
 NLDBD Report April 24, 2014 

 

   17 
 

by the exchange of light Majorana neutrinos interacting through the left-handed V-A weak 
currents. The decay rate is then given by the expression 

 
(𝑇1/2

0𝜈 )−1 =  𝐺0𝑣 ∙  |𝑀0𝜈 |2  ∙   �𝑚𝛽𝛽 ⟩2 
 

where G0ν is the exactly calculable phase space integral, <mββ> is the effective neutrino mass 
and M0ν is the nuclear matrix element. The effective neutrino mass is 

 

�𝑚𝛽𝛽�2 = |∑ 𝑈𝑒𝑖2𝑖  𝑚𝜈𝑖|2 

 

where the Uei are elements of the neutrino mixing matrix (dependent on the known parameters 
θ12 and θ13 and the unknown Majorana phases α1,2) and the sum is only over light neutrinos (mi 
< 10 MeV). Because of the presence of the unknown Majorana phases, cancellation of terms in 
the sum in <mββ> is possible, and <mββ> could therefore be smaller than any of the mνi. 

Obviously, any uncertainty in the nuclear matrix elements is reflected as a corresponding 
uncertainty in the <mββ>. There is, at present, no model-independent way to estimate the 
uncertainty in the nuclear theory. Good agreement with the known 2νββ transition is a 
necessary but insufficient condition. Clearly, more reliable evaluation of the nuclear matrix 
elements is a matter of considerable importance and this subject is discussed in detail in 
Chapter 4. 

The 0νββ  decay is not the only possible observable manifestation of lepton number violation. 
Muon-positron conversion, 

µ- + (A,Z) � e+ + (A,Z-2) , 

or rare kaon decays, 

K+  �  µ+µ+π−,  K+  �  e+e+π− , K+  �  µ+e+π−, 

are examples of processes that violate total lepton number conservation and where good limits 
on the corresponding branching ratios exist. However, it appears that at present, 0νββ is the 
most sensitive tool for the study of the Majorana nature of neutrinos. 

  

Neutrinoless Double Beta Decay

3

p

e−

pn

n

e−

NEW 
PHYSICS �L = 2! 1

T1/2
0ν = G0ν (Qββ ,Z ) M 0ν 2

η2
Lepton number violating parameter

Most popular mechanism — light Majorana neutrino mass mν = Uei
2mi∑ = Ue1

2 m1 +Ue2
2 m2e

iα21 +Ue3
2 m3e

iα31

NME — Nuclear Matrix Elements

1025

1026

1027

1028

1029

T0ν 1/
2[y

]

(R)QRPA
LSSM
EDF
PHFB
IBM-2(I)

76Ge 82Se 96Zr 100Mo116Cd124Sn 130Te 136Xe48Ca 150Nd128Te

Figure 24: (Color online.) The 0νββ-decay half-lives of nuclei of experimental interest
for |⟨mν⟩| = 50 meV and NMEs of different approaches. The Miller-Spencer Jastrow

two-nucleon short-range correlations are considered. The axial-vector coupling constant

gA is assumed to be 1.25.

However, matrix elements are not quite the only relevant quantities (see section 8 for
the nuclear sensitivity factor). Experimentally, half-lives are measured or constrained,

and the effective Majorana neutrino mass ⟨mν⟩ is the ultimate goal. For |⟨mν⟩| equal to
50 meV the calculated half-lives for double β-decaying nuclei of interest are presented

in Fig. 24. We see that the spread of half-lives for given isotope is up to the factor of

4-5.

It is worth to noticing that due to the theoretical efforts made over the last years the
disagreement among different NMEs is now much less severe than it was about a decade

before. Nevertheless the present-day situation with the calculation of 0νββ-decay NMEs

can not be considered as completely satisfactory. Further progress is required and it

is believed that the situation will be improved with time. Accurate determination of

the NMEs, and a realistic estimate of their uncertainty, is of great importance. Nuclear

matrix elements need to be evaluated with uncertainty of less than 30% to establish the
neutrino mass spectrum and CP violating phases of the neutrino mixing

10.1. Uncertainties in calculated NMEs

The improvement of the calculation of the 0νββ-decay NMEs is a very important and

challenging problem. The uncertainty associated with the calculation of the 0νββ-
decay NMEs can be diminished by suitably chosen nuclear probes. Complementary

experimental information from related processes like charge-exchange and particle

transfer reactions, muon capture and charged current (anti)neutrino-nucleus reactions is

74

The Interpretation Problem 
NME Uncertainties

We must : 
!  Search for 0νββ in many different 

isotopes to confirm mechanism.   
(e.g. Deppisch & Pas 2007) 

!  Challenge nuclear theory with as 
many “Standard Model” 
measurements as possible : 2νββ, 
decays to excited states etc. 

But other LNV mechanisms possible — important to be open-minded!

phase space

&'	%	)*+,-	.+	/,0.+,1,?
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G-2

Experiment	construction	on	schedule	
and	on	budget.	

Improved	experimental	design.	

Improved	simulaton.	

Aims	to	reduce	error	from	0.2ppm	to	
0.07ppm.

35

See talk by Bowcock

g-2
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2	

The	CKM	Unitarity	Triangle	

From	CKM	matrix	unitarity	
,

α

γ β

•  UT	defined	by	two	parameters	only	à	can	be	overconstrained	
•  The	height	(irreducible	complex	phase	η)	controls	the	strength	

of	CP	violaIon	in	the	Standard	Model	

d	 s	 b	
u	

c	

t	

Vincenzo	Vagnoni	
CERN	and	INFN	Bologna	

on	behalf	of	the	LHCb	collabora0on	
with	results	from	

	-	Flagship	results	and	novel3es	in	
			CP	viola3on	and	rare	decays	
	-	Flavour	anomalies	
	-	Upcoming	and	long-term	
				prospects	
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Triumph of the CKM description
•  All the flavour changing processes are described by the four 

parameters of the CKM mass mixing matrix (λ, A, ρ, η)

•  From this plot, we know already either new physics energy 
scale is >> TeV (far beyond LHC) or the flavour structure of 
new physics is very special.

T. Nakada (EPFL), CP Violation and Rare Decays Rencontres de Blois, Blois, France, 30.5-3.6 August 2013 16/48
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Quark	flavor	physics

3	

•  Don’t	forget:	relevant	inputs	from	LaPce	QCD	and	great	work	from	the	
Heavy	Flavour	Averaging	Group	(hVp://www.slac.stanford.edu/xorg/hfag)	

•  Great	success	of	the	Standard	Model	CKM	picture!	
–  All	of	the	measurements	agree	in	a	highly	profound	way	
–  In	the	presence	of	relevant	New	Physics	effects,	the	various	contours	would	not	

cross	each	other	in	a	single	point	
•  But...	

Where	we	are	
hVp://ckmfiVer.in2p3.fr	 hVp://www.u]it.org	
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Flavour	physics	at	the	LHC	a	great	success,	
with	run-1	delivering	in	all	important	topics

Observation	of	Bs→μμ Precise	studies	of	CPV	in	the	Bs system

Great	steps	forward	in	knowledge
of	unitarity triangle	angle	γ (φ3)

[LHCb-PAPER-2016-032]

[N
ature 522 (2015) 68]

Probing	for	CPV	in	charm	with	per	mille	precision

[LHCb-PAPER-2016-035]
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First	evidence	for	CP	viola8on	in	
Λb→pπ−π+π−	decays	from	LHCb	

LHCb-PAPER-2016-030	in	preparaIon	

•  CP	violaIon	has	never	been	observed	in	
the	decays	of	any	baryonic	parIcle	

•  Λb→pπ−π+π−	decays	used	to	search	for	
CP-violaIng	asymmetries	in	triple	
products	of	final-state	parIcle	momenta	
–  Local	CP-violaIng	effects	studied	as	a	

funcIon	of	the	the	relaIve	orientaIon	
between	the	decay	planes	formed	by	the	
pπ−	and	the	π+π−	systems	(Φ)	

•  An	evidence	for	CP	violaIon	at	the	3.3σ	
level	is	found	

•  This	represents	the	first	evidence	of	CP	
violaIon	in	the	baryon	sector	

Φ

0

p

π-
fast

π-
slow

π+

A
sy
m
m
et
ry
	[%

]	
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But	some	intriguing	anomalies	have	emerged
from	LHC-b	and	the	B-factories	

??

[J
H

EP
 0

9 
(2

01
5)

 1
79

]

[PRL	113	(2014)	151601]

Anomalous	behaviour
In	b→sl+l- observables Hints	of	lepton	universality	

violation	in	B→D(*)lν …

…and	in	B→Kl+l-

B0→K*μμ P5’  vs q2

Bs→ϕμμ
differential	BR	vs	q2

[J
H

EP
 0

2 
(2

01
6)

 1
04

]

And	longstanding	inconsistency
In	exclusive	vs	inclusive	Vub and
Vcb determinations.

[Y.	Sato,	this	conference]???

???

3.7σ

The	quest	for	indirect	discovery	of	new	physics		requires	patterns	of	deviations	to	existICHEP	2016	-- I.	Shipsey
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Resonance search summary
32

• CMS has a robust search-program for vector-like quarks
• Many searches met or exceeded the sensitivity of Run 1 with 2.3/fb of data 

collected in 2015
• Looking beyond SM quark-boson final states to dark matter, diphotons, etc.
• Substructure methods are well integrated to VLQ searches which are a                                                         

testing ground for new algorithms
• PUPPI
• Decorrelated taggers
• Double b tagger
• Deep learning?

• 2016 data results (coming soon!) will strongly                                                         
constrain models with M(VLQ) 1-2 TeV

Julie Hogan  – BOOST 2016

What’s coming next?
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What’s coming next?

08/06/2016 ICHEP 2016 / M. Buttignol 19

Introduction

ttbar resonance

W' resonance

Z' resonance

• Diboson program at CMS is alive and 
well 

• 750 GeV excess has ceased to be, and 
no confirmation from other bosons 
– Lessons learned. Statistics, in 

particular.  
• But onward we go. LHC luminosity is 

outstanding, and we will have many 
searches this year 

• Related CMS talks this week: 
– Diphotons (Chiara Rovelli) 
– HH low mass (Giacomo Ortona) 
– Heavy Higgs (Benedikt Vormwald) 
– Extra light Higgses (Camilo Carrillo) 
– X->ZH/ZA (Alexandre Mertens) 
– Heavy bosons (Hwi Dong Yoo)

5 Aug 2016 23

Conclusion

“We cannot build the future by avenging the past.” 
T.H. White

•  Up to 25% mass limit increase by extending 2015 to 2016  
•  ~50% of the analyses updated to Run2

10TeV

CI 25.2TeV

ADD BH 9.55TeV

Exotics … What to say?
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Advanced LIGO Observing Run 1
Sept. 18, 2016 to Jan. 12, 2017

Gravitational Waves! Amazing!

Now 3(2) events) !  
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What does the signal tell 
us about the source?

“Chirp” mass
Mass ratio (weaker)
Initial Spins (weakest)

Frequency evolution

Amplitude
Distance
Inclination angle

Final mass
Final spin

Frequency and 
decay time

Learning about black hole populations

Gravitational Waves
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DESI

DES (now) LSST

Euclid

Probing Dark Energy

3.2 Gigapixel Camera 

L3 and Filter Preliminary Design Preparation Review – June 19-20 2014 15 

Filter 

L1 Lens 

Utility Trunk—
houses support 
electronics and 
utilities 

Cryostat—contains focal 
plane & its electronics 

Focal plane 
Behind L3 Lens 

L2 Lens 

L3 Lens 

Camera ¾ Section 

1.65 m 
(5’-5”) 

Camera on 
Telescope 
top end 

ICHEP 2016 -- I. Shipsey

H. Zhan, 2006

Ellipses 95%  CL
For ΛCDM

for ΛCDM

LSST	Glasgow	--I.Shipsey

WL: weak lensing
BAO: Baryon Acoustic Oscillations
SNe:Supernovae

Planck Collaboration: Cosmological parameters
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Fig. 35. 2D marginalized posterior distribution for w0 and wa
for Planck+WP+BAO data. The contours are 68% and 95%,
and the samples are colour-coded according to the value of H0.
Independent flat priors of �3 < w0 < �0.3 and �2 < wa < 2
are assumed. Dashed grey lines show the cosmological constant
solution w0 = �1 and wa = 0.

evolution of w(a) can lead to distinctive imprints in the CMB
(Caldwell et al. 1998) which would show up in the Planck data.

Figure 35 shows contours of the joint posterior distribution in
the w0–wa plane using Planck+WP+BAO data (colour-coded ac-
cording to the value of H0). The points are coloured by the value
of H0, which shows a clear variation with w0 and wa reveal-
ing the three-dimensional nature of the geometric degeneracy in
such models. The cosmological constant point (w0,wa) = (�1, 0)
lies within the 68% contour and the marginalized posteriors for
w0 and wa are

w0 = �1.04+0.72
�0.69 (95%; Planck+WP+BAO), (94a)

wa < 1.32 (95%; Planck+WP+BAO). (94b)

Including the H0 measurement in place of the BAO data moves
(w0,wa) away from the cosmological constant solution towards
negative wa at just under the 2� level.

Figure 36 shows likelihood contours for (w0,wa), now
adding SNe data to Planck. As discussed in detail in Sect. 5,
there is a dependence of the base ⇤CDM parameters on the
choice of SNe data set, and this is reflected in Fig. 36. The re-
sults from the Planck+WP+Union2.1 data combination are in
better agreement with a cosmological constant than those from
the Planck+WP+SNLS combination. For the latter data combi-
nation, the cosmological constant solution lies on the 2� bound-
ary of the (w0,wa) distribution.

Dynamical dark energy models might also give a non-
negligible contribution to the energy density of the Universe
at early times. Such early dark energy (EDE; Wetterich 2004)
models may be very close to ⇤CDM recently, but have a non-
zero dark energy density fraction, ⌦e, at early times. Such mod-
els complement the (w0,wa) analysis by investigating how much
dark energy can be present at high redshifts. EDE has two main
e↵ects: it reduces structure growth in the period after last scat-
tering; and it changes the position and height of the peaks in the
CMB spectrum.

�2.0 �1.6 �1.2 �0.8 �0.4

w0

�1.6

�0.8

0.0

0.8

1.6

w
a

Planck+WP+BAO

Planck+WP+Union2.1

Planck+WP+SNLS

Fig. 36. 2D marginalized posterior distributions for w0 and
wa, for the data combinations Planck+WP+BAO (grey),
Planck+WP+Union2.1 (red) and Planck+WP+SNLS (blue).
The contours are 68% and 95%, and dashed grey lines show the
cosmological constant solution.

The model we adopt here is that of Doran & Robbers (2006):

⌦de(a) =
⌦0

de �⌦e(1 � a�3w0 )
⌦0

de +⌦
0
ma3w0

+⌦e(1 � a�3w0 ) . (95)

It requires two additional parameters to those of the base⇤CDM
model: ⌦e, the dark energy density relative to the critical den-
sity at early times (assumed constant in this treatment); and the
present-day dark energy equation of state parameter w0. Here⌦0

m
is the present matter density and⌦0

de = 1�⌦0
m is the present dark

energy abundance (for a flat Universe). Note that the model of
Eq. (95) has dark energy present over a large range of redshifts;
the bounds on ⌦e can be substantially weaker if dark energy is
only present over a limited range of redshifts (Pettorino et al.
2013). The presence or absence of dark energy at the epoch of
last scattering is the dominant e↵ect on the CMB anisotropies
and hence the constraints are insensitive to the addition of low
redshift supplementary data such as BAO.

The most precise bounds on EDE arise from the analysis
of CMB anisotropies (Doran et al. 2001; Caldwell et al. 2003;
Calabrese et al. 2011; Reichardt et al. 2012; Sievers et al.
2013; Hou et al. 2012; Pettorino et al. 2013). Using
Planck+WP+highL, we find

⌦e < 0.009 (95%; Planck+WP+highL). (96)

(The limit for Planck+WP is very similar: ⌦e < 0.010.) These
bounds are consistent with and improve the recent ones of
Hou et al. (2012), who give ⌦e < 0.013 at 95% CL, and
Sievers et al. (2013), who find ⌦e < 0.025 at 95% CL.

In summary, the results on dynamical dark energy (except for
those on early dark energy discussed above) are dependent on
exactly what supplementary data are used in conjunction with
the CMB data. (Planck lensing does not significantly improve
the constraints on the models discussed here.) Using the direct
measurement of H0, or the SNLS SNe sample, together with
Planck we see preferences for dynamical dark energy at about
the 2� level reflecting the tensions between these data sets and
Planck in the⇤CDM model. In contrast, the BAO measurements
together with Planck give tight constraints which are consistent

51

Present state 
of knowledge

LSST	predicted
precision

Equation of state

p = w⇢

pressure density

w = 0

w = 1/3
w = �1

w = w0 + (1� a)w1 = w0 +
z

1 + z
w1

⇢ = a�3(1+w)

⇢ = a�3(1+w0+w1)e�
3w1z
1+z

Non-rel matter

Ultra-rel matter
Vacuum
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5 August 2013 Snowmass Cosmic Frontier 40 
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Particle Physics Using Cosmic Frontier Techniques 

Activities at the Cosmic Frontier are marked by rapid, surprising, and exciting developments 

DES First Light! 

Axion searches 
through the favored DM region 

GZK neutrinos 

DE detailed properties and 

probes of modified gravity 
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Higgs	boson	and	EWSB
q mH natural	or	fine-tuned	?
à if	natural:	what	new	physics/symmetry?
q does	it	regularize	the	divergent	VLVL cross-section

at	high	M(VLVL)	?	Or	is	there	a	new	dynamics	?
q elementary	or	composite	Higgs	?
q is	it	alone	or	are	there	other	Higgs	bosons	?
q origin	of	couplings	to	fermions		
q coupling	to	dark	matter	?	
q does	it	violate	CP	?
q cosmological	EW	phase	transition	

Neutrinos:
q νmasses	and	and	their	origin
q what	is	the	role	of	H(125)	?		
q Majorana or	Dirac	?
q CP violation	
q additional	species	à sterile	ν ?

Dark	matter:
q composition:	WIMP,	sterile	neutrinos,	

axions,	other	hidden	sector	particles,	..
q one	type	or	more	?	
q only	gravitational	or	other	interactions	?

The	two	epochs	of	Universe’s	accelerated	expansion:
q primordial:	is	inflation	correct	?	

which (scalar)	fields?	role	of	quantum	gravity?		
q today:	dark	energy	(why	is	Λ so	small?)	or

gravity	modification	?

Quarks	and	leptons:
q why	3	families	?
q masses	and	mixing
q CP	violation	in	the	lepton	sector
q matter	and	antimatter	asymmetry
q baryon	and	charged	lepton	

number	violation	

Physics	at	the	highest	E-scales:
q how	is	gravity	connected	with	the	other	forces	?
q do	forces	unify	at	high	energy	?

Outstanding		Questions	in	Particle	Physics	circa	2016
…	there	has	never	been	a	better	time	to	be	a	particle	physicist!

ICHEP	2016	-- I.	Shipsey
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To understand the fundamental nature of energy, matter, 
space, and time, and to apply that knowledge 
to understand the birth, evolution and fate of the universe 

ICHEP	2016	-- I.	Shipsey

Quarks and the Cosmos
The Opportunities for Discovery      

ICHEP 2016 -- I. Shipsey

Foreword  

the discussion of the future in HEP must start from the 
understanding that there is no experiment/facility, proposed 
or conceivable, in the lab or in space, accelerator or non-
accelerator driven, which can guarantee discoveries beyond 
the SM, and/or answers to the big questions of the field:

• What’s the origin of Dark matter / energy ? 

• What’s the origin of baryon asymmetry in the universe? 

• What’s the origin of neutrino masses? 

• What’s the origin of EW symmetry breaking? 

• What’s the origin of the flavour structure of the SM? 

• What’s the solution to the hierarchy problem? 

• ..

2

Conclusion


