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Talks

Plenary subjets
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Higgs 
barely 3 years old

5



6

Peters

production Higgs

decay

The small cross section works against us 
but the mass is as interesting as could be
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Peters: “1 PhD student/plot”
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Mass: known to ~ 0.2% decay “BRs” to 20–40%
Gomez



Direct evidence for  
Higgs-fermion (Yukawa) coupling
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Evidence for Higgs-Yukawa coupling

33

H→bb

H→ττ H→ττ

A fundamental part of the Standard Model

Normalised to SM



fermion v. vector couplings
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Event Rates ! Coupling Deviations

I Coupling modifiers: 2

i = �i

�SM
i

(production processes) or 2

i = �i

�

SM
i

(decays processes)

I (V ,f ): V = W = Z, f = b = top = ⌧ , � = f (V ,f )

I All tests performed at a given mass, i.e. the measured mH value

12
Gomez



Direct & EWK precn Higgs fits

11Recontres de Blois 2015 Thomas Pei�er 10

Higgs Couplings

● New in G#tter: constraints from Higgs physics with interface to 
HiggsBounds & HiggsSignals (P. Bechtle et al., Eur.Phys.J C74 (2014) 2693 & 2711)

● Include latest Higgs branching ratio measurements from LHC

● Simple New Physics example:

● Scale boson and fermion couplings with κV and κF

● κV contributes to S, T:

(S and T depend on scale Λ)

● Combination of Higgs and EW data improves sensitivity to New Physics

Peiffer

Direct 
measurements 

bring most 
 information on 

fermion 
couplings
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Massò



Higgs: 
theory calculations
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K. Peters & G. Gomez:  
“[we are] at the point where systematics from theory  

and from experiment are on the same level”

Best-Fit Signal Strength, µ = �/�SM

I Best-fit signal-strength values of di↵erent production and
decay modes determined from the combined fits

ATLAS: µ = 1.18± 0.10 (stat.)± 0.07 (exp. syst.)± 0.08 (theo. syst.)

CMS: µ = 1.00± 0.09 (stat.)± 0.07 (exp. syst.)± 0.08 (theo. syst.)
11



QCD @ LHC is 
work in progress
A mixture of rigorous prediction 
(perturbation theory, 
resummation), measured inputs 
(strong coupling, PDFs) and semi-
controlled modelling (assembly 
of pieces & non-perturbative 
hadron-scale physics).

14

02/05/2015 A.Savin, UW 

3 

http://www.isgtw.org/feature/sherpa-and-open-science-grid-predicting-
emergence-jets 

How do we test QCD ? 

•  Sherpa event 
•  Matrix elements 

(hard) 

•  Parton shower 

•  Multiple 
interactions 

•  Fragmentation/
hadronization 

•  QED radiation 



Milestone calcn: Higgs @ NNNLO
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Towards gg → H @ NNNLO QCD

• great theory effort, many ingredients

(Wilson coefficients, 3-loop amplitudes,

hard emission contributions, etc.)

Chetyrkin et al. ’98,’06; Moch/Vogt ’05;
Schröder/Steinhauser ’06; Baikov et al. ’09;
Gehrmann et al. ’10,’12; Anastasiou et al. ’13,’14;
Duhr/Gehrmann ’13; Li/Zhu ’13; Kilgore ’13;
Hoeschele et al.’13; Buehler/Lazopoulos ’13; ...

• approximate NNNLO result upon including

asymptotics in threshold and high-energy resummation Bonvini et al. ’14

• full NNNLO cross section Anastasiou et al. ’15

Stefan Dittmaier, Standard Model Theory 27th Rencontres de Blois, Blois, May 31 – June 5, 2015 – 36

gg → H @ NNNLO QCD Anastasiou et al. ’15

• scale uncertainty:

9% @ NNLO → 3% @ NNNLO

• correction:
∆σNNNLO
σNNLO

= 2.2% @ µ = MH/2

Details / comments:

• total XS obtained from expansion in z =
M2

H
ŝ

:

σ̂(3,N)
ij = δigδjgσ̂

(3)
virt+soft +

∑N
n=0 c

(n)
ij (1− z)n

↪→ slow convergence !
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LHC@ 13TeV
gg h+X subchannel
MSTW08 68cl
= R= F=mh

gg gg : z > 0.1

• difference to approx. result of Bonvini et al.
↪→ to be understood

• mt, mb mass effects estimated <∼ 1−2%

• effects from NNNLO/NNLO PDF mismatch to be investigated carefully

Stefan Dittmaier, Standard Model Theory 27th Rencontres de Blois, Blois, May 31 – June 5, 2015 – 37

Mistlberger // 
[& Dittmaier’s talk]

Can only identify 
Higgs couplings 
deviations if you 
know how many 

Higgses to expect 
from SM



Milestone: Higgs+jet @ NNLO
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Caola //
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NNPDF2.3, 8 TeV
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Figure 3: Higgs plus jet production cross-sections in depen-
dence of the cut on the jet transverse momentum. The mini-
mal cut we consider is p

?

> 30 GeV. See text for details.

and NNLO as a function of the unphysical scale µ over
the range µ 2 [p

?,cut : 2mH ]. We estimate the residual
uncertainty due to PDF to be at the O(5%) level. The
situation is similar for the 13 TeV LHC. More precisely,
we find �pp!H+j = 10.2+4.0

�2.6 pb, 14.7
+3.0
�2.5 pb, 17.5

+1.1
�1.4 pb

at leading, next-to-leading and next-to-next-to-leading
order, corresponding to a NLO (NNLO) increase with re-
spect to LO of 44% (72%) for µ = mH and of 25% (31%)
for µ = mH/2.

It is interesting to understand to what extent pertur-
bative QCD corrections depend on the kinematics of the
process and/or on the details of the jet algorithm. One
way to study this is to explore how the NNLO QCD cor-
rections change as the lower cut on the jet transverse mo-
mentum is varied. We show corresponding results for the
8 TeV LHC in Fig. 3 where the cumulative distribution
for �(H+j, p

?,j � p
?,cut) is displayed. The inset in Fig. 3

shows ratios of NNLO(NLO) to NLO(LO) H + j cross-
sections, respectively, computed for µF = µR = mH as
a function of the jet p

?

-cut. It follows from Fig. 3 that
QCD radiative corrections depend on the kinematics. In-
deed, the NNLO to NLO cross-sections ratio changes
from 1.25 at p

?

= 30 GeV to ⇠ 1 at p
?

⇠ 150 GeV.
In Fig. 4 we show the Higgs boson transverse momen-

tum distribution in the reaction pp ! H + j, for three
consecutive orders of perturbation theory. We require
that there is a jet in the final state with a transverse mo-
mentum higher than p

?,j > 30 GeV. Note that the two
bins closest to the boundary p

?,H = 30 GeV have been
combined to avoid the well-known Sudakov-shoulder ef-
fect [43]. Away from that region, the NNLO QCD radia-
tive corrections increase the NLO cross-section by about
20%, slowly decreasing as p

?,H increases.
In conclusion, we have presented a calculation of the

NNLO QCD corrections to the production of the Higgs
boson in association with a jet at the LHC. This is the
first complete computation of NNLO QCD corrections to
a Higgs production process with a jet in the final state. It

NNPDF2.3, 8 TeV
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Figure 4: Higgs boson transverse momentum distribution in
pp ! H+j at 8 TeV LHC. The jet is defined with the anti-k

?

algorithm with �R = 0.5 and the cut on the jet transverse
momentum of 30 GeV. Further details are explained in the
text.

shows that techniques for performing NNLO QCD com-
putations, that were in the development phase for several
years, can indeed be used to provide precise predictions
for complex process at hadron colliders. The total cross
section for H+jet production receives moderate NNLO
QCD corrections. For jets defined with the anti-k

?

algo-
rithm with p

?,j > 30 GeV, we find NNLO QCD correc-
tions of the order of 20% for µ = mH . These moderate
corrections are the result of the smaller corrections for
the qg channel w.r.t the gg one, and a suppression of the
gg channel due to qq̄ final states not considered in previ-
ous analyses [9, 10]. Beyond the total cross section, our
computation will have important implications for many
processes that are used to study properties of the Higgs
boson, including W+W� and �� final states, primarily
through improved modelling of the Higgs transverse mo-
mentum and rapidity distributions. In particular, since
the complete N3LO computation of the Higgs boson pro-
duction cross section is available, a consistent computa-
tion of the H +0 jets, H +1 jet, H +2 jet and H +3 jet
exclusive processes becomes possible for the first time.
Furthermore, since the Higgs boson is a spin-zero parti-
cle, our computation can be easily extended to include
Higgs boson decays, to enable theoretical predictions for
fiducial cross sections and kinematic distributions for the
particles that are observed in detectors. Once this is
done, our calculation will provide a powerful tool that
will help to understand detailed properties of the Higgs
boson at the LHC.

We thank T. Becher, J. Campbell, T. Gehrmann and
M. Jaquier for helpful communications. We are grate-
ful to S. Badger for making his results for tree-level
amplitudes available to us. F. C. would like to thank
the Institute for Theoretical Particle Physics of KIT and
the Physics and Astronomy Department of Northwestern
University for hospitality at various stages of this project.

Not just enough to 
know how many 

Higgses produced, 
but also how they’re 

distributed 

(e.g. momentum 
distribution, association 

with other objects like jets)

LHC Run 2 will be accompanied by “Higgs Theory 2”



Experimental validation
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Z+jets 

02/05/2015 A.Savin, UW 

20 

CMS-PAS-14-009 

Double differential cross section with respect to Y and pT in 

dimuon channel including forward region. 

MadGraph describes 

the data well 

 

                 Running αs  summary 

02/05/2015 A.Savin, UW 
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Ratio of W/Z+jets and Z/γ+jets 

02/05/2015 A.Savin, UW 

22 

Eur. Phys. J. C (2014) 74: 3168 PAS-CMS-14-005 

Improved uncertainties in the cross section ratios 
Z+jets 

02/05/2015 A.Savin, UW 

20 

CMS-PAS-14-009 

Double differential cross section with respect to Y and pT in 

dimuon channel including forward region. 

MadGraph describes 

the data well 

 

                 Running αs  summary 

02/05/2015 A.Savin, UW 
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Great 
agreement not so great…

Savin

Z+jets / gamma + jets



Vector boson scattering
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E. Sauvan  – LAPP Annecy

Vector Boson Scattering

Blois 2015, Status of  Electroweak Physics   - 22

● First evidence in same sign WW 

[PRL 113 (2014) 141803]

[PRL 114 (2015) 051801]

➔ Same sign dileptons

➔ 2 high pT jets with |Dh
jj
|> 2.4 (2.5)  

● WWjj EW production:● WWjj production (QCD+EW) 

WWjj observed with 2s

(ATLAS, observed with 3.6s)

Predicted:Predicted:

ATLAS:CMS:

WWjj observed with 3.6s

  

E. Sauvan  – LAPP Annecy

Vector Boson Scattering

Blois 2015, Status of  Electroweak Physics   - 22

● First evidence in same sign WW 

[PRL 113 (2014) 141803]

[PRL 114 (2015) 051801]

➔ Same sign dileptons

➔ 2 high pT jets with |Dh
jj
|> 2.4 (2.5)  

● WWjj EW production:● WWjj production (QCD+EW) 

WWjj observed with 2s

(ATLAS, observed with 3.6s)

Predicted:Predicted:

ATLAS:CMS:

WWjj observed with 3.6s

Sauvan



Top 
20 years old

19

91Alison'Lister,'Blois'20151

Why'we'still'care'about'top1

!  Only'place'to'study'the'
properties'of'a'bare'quark1

"  Lifetime'<'hadronisation1

!  Special'role'in'EWSB?1

!  First'place'a'new'particle'
could'be'observed1

"  Particularly'if'new'particle'
couples'to'mass1

!  Top'is'a'background'to'
many'other'searches1

Lister



top at LHCb
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Figure 5: Results for the W +b yield (left) and charge asymmetry (right) versus pT(µ + b)
compared to SM predictions obtained at NLO using MCFM.

uncertainty. Mismodeling of the pT(µ)/pT(jµ) distributions largely cancels, since this shifts
the inclusive W+jet and W+b final-state yields by the same amount, leaving the observed
excess over the expected direct W +b yield una↵ected. The one exception is possible
mismodeling of the dijet templates, since the flavor content of the dijet background is not
the same in the two samples. Variations of these templates are considered and relative
uncertainties of 10% in the lowest pT(µ+ b) bin and 5% in all other bins are assigned on
the W boson yields.

The jet reconstruction e�ciencies for heavy-flavor and light-parton jets in simulation
are found to be consistent within 2%, which is assigned as the systematic uncertainty
for flavor-dependencies in the jet-reconstruction e�ciency. The b-tagging e�ciency is
measured in Ref. [24] from data, where a 10% uncertainty is assigned. The SV-tagger
BDT templates used in this analysis are obtained from the data samples enriched in b and
c jets used in Ref. [24]. Following Refs. [19, 24], a 5% uncertainty on the b-tagged yields is
assigned due to uncertainty in the BDT templates.

In the binned likelihood fit used to determine the significance, the top quark distribution
and charge asymmetry versus pT(µ+ b) are obtained from the SM predictions. The total
top quark yield is allowed to vary freely. Systematic uncertainties, both theoretical and
experimental, are handled as Gaussian constraints. The profile likelihood technique is
used to compare the SM hypotheses with and without a top quark contribution. The
significance obtained using Wilks theorem is 5.4�, confirming the observation of top quark
production in the forward region.

The yield and charge asymmetry distributions versus pT(µ+ b) observed at
p
s = 7

and 8TeV are each consistent with the SM predictions. The excess of the observed yield
relative to the direct W+b prediction at each

p
s is attributed to top quark production,

and used to measure the cross-sections. Some additional systematic uncertainties that
apply to the cross-section measurements do not factor into the significance determination.
The uncertainties due to the muon trigger, reconstruction, and selection e�ciencies are

6

�(top)[7TeV] = 239± 53 (stat)± 38 (syst) fb ,

�(top)[8TeV] = 289± 43 (stat)± 46 (syst) fb .

Top previously seen at 
CDF, D0, ATLAS & CMS 

As of Wednesday, LHCb 
is the 5th experiment 

to see tops  
(in special “forward” 

region)



Top mass & couplings
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Top'Mass1

 [GeV]topm
165 170 175 180 185

shown below the line
(*) Superseded by results

May 2015

World Comb. Mar 2014, [7]
bJSF⊕JSF⊕stat

total uncertainty
bJSF⊕JSF⊕stat

total uncertainty

   Ref.s    syst) ±bJSF ⊕JSF⊕ tot. (stat± topm

ATLAS, l+jets (*) 7 TeV  [1] 1.35)± 1.55 (0.75 ±172.31 
ATLAS, dilepton (*) 7 TeV  [2] 1.50)± 1.63 (0.64 ±173.09 
CMS, l+jets 7 TeV  [3] 0.97)± 1.06 (0.43 ±173.49 
CMS, dilepton 7 TeV  [4] 1.46)± 1.52 (0.43 ±172.50 
CMS, all jets 7 TeV  [5] 1.23)± 1.41 (0.69 ±173.49 
LHC comb. (Sep 2013) 7 TeV  [6] 0.88)± 0.95 (0.35 ±173.29 
World comb. (Mar 2014) 1.96-7 TeV  [7] 0.67)± 0.76 (0.36 ±173.34 
ATLAS, l+jets 7 TeV  [8] 1.02)± 1.27 (0.75 ±172.33 
ATLAS, dilepton 7 TeV  [8] 1.30)± 1.41 (0.54 ±173.79 
ATLAS, all jets 7 TeV  [9] 1.2)± 1.8 (1.4 ±175.1 
ATLAS, single top 8 TeV  [10] 2.0)± 2.1 (0.7 ±172.2 

)l+jets, dil.
Mar 2015(ATLAS comb.  7 TeV  [8] 0.78)± 0.91 (0.48 ±172.99 

CMS, l+jets 8 TeV  [11] 0.74)± 0.75 (0.18 ±172.04 
CMS, dilepton 8 TeV  [12] 1.40)± 1.41 (0.17 ±172.47 
CMS, all jets 8 TeV  [11] 0.80)± 0.89 (0.37 ±172.08 
CMS comb. (Sep 2014) 7+8 TeV  [11] 0.64)± 0.65 (0.14 ±172.38 

 = 7-8 TeV   TOPLHCWGs summary, topATLAS+CMS Preliminary m

[1] ATLAS-CONF-2013-046 [7] arXiv:1403.4427

[2] ATLAS-CONF-2013-077 [8] arXiv:1503.05427
[3] JHEP 12 (2012) 105 [9] Eur.Phys.J.C75 (2015) 158
[4] Eur.Phys.J.C72 (2012) 2202 [10] arXiv:1503.05427
[5] Eur.Phys.J.C74 (2014) 2758 [11] CMS PAS TOP-14-015
[6] ATLAS-CONF-2013-102 [12] CMS PAS TOP-14-010

mmeasured = mMC 

Alison'Lister,'Blois'20151 121

Measurement precision ~ 0.65 GeV (0.38%) 
Alison'Lister,'Blois'20151

Vtb'Extraction1

431
|

tb
|V

0.4 0.6 0.8 1 1.2 1.4 1.6

ATLAS+CMS Preliminary   TOPLHCWG

  from single top quark production
theo.σ
meas.σ| =  

tb
|V

MSTW2008nnlo: NLO+NNLL theoσ
PRD83 (2011) 091503, PRD82 (2010) 054018       

 PDF⊕: scale theoσ∆
 = 172.5 GeVtopm

May 2015

 including top-quark mass uncertainty1 

 including beam energy uncertainty2 

theoretical uncertainty
total uncertainty

 (theo.)± (meas.) ±| 
tb

|V
t-channel:

Wt production:

 1ATLAS 7 TeV
 )1−PRD 90 (2014) 112006  (4.59 fb

 0.02± 0.06 ±1.02 

ATLAS 8 TeV
 )1−ATLAS-CONF-2014-007  (20.3 fb

 0.02± 0.09 ±0.97 

CMS 7 TeV
 )1−JHEP 12 (2012) 035  (1.17 - 1.56 fb

 0.017± 0.046 ±1.020 

CMS 8 TeV
 )1−JHEP 06 (2014) 090  (19.7 fb

 0.016± 0.045 ±0.979 

CMS combined 7+8 TeV
JHEP 06 (2014) 090

 0.016± 0.038 ±0.998 

ATLAS 7 TeV
 )1−PLB 716 (2012) 142-159  (2.05 fb

 0.03±  0.18−
 0.15+1.03 

CMS 7 TeV
 )1−PRL 110 (2013) 022003  (4.9 fb  0.04− 0.13  −

 0.03+ 0.16  +1.01 

ATLAS 8 TeV
 )1−ATLAS-CONF-2013-100  (20.3 fb

 0.03± 0.12 ±1.10 

 1CMS 8 TeV
 )1−PRL 112 (2014) 231802  (12.2 fb

 0.04± 0.12 ±1.03 

 1,2LHC combined 8 TeV

CMS-PAS-TOP-14-009
ATLAS-CONF-2014-052,

 0.03± 0.11 ±1.06 

Top mass: 0.4% Vtb:  11%

Lister



Top-quark pt

22Lister

Alison'Lister,'Blois'20151

Unfolding:'Parton'vs'Particle1

191

Reco 

Particle Parton 

Most QCD  
predictions 

are too high



ttbar mass spectrum for searches

23Lister

Alison'Lister,'Blois'20151

Tails'(New'Physics?)1
nominal 

Post-fit 

arXiv:1505.070181 231

Parton 
Reco 

arXiv:1505.044801



LHC new-physics searches 
“SUSY” & “exotics”

24



Hierarchy problem

25

Craig

Elementary scalars are quadratically 
sensitive to physics at higher scales.!

!
Independent of regularization 

scheme.!
!

Model-building scales aside, gravity 
attests to presence of a higher scale.!

!
No viable proposals for mitigating 

sensitivity to physics @ Planck scale 
without new physics @ weak scale.!

!
Hierarchy problem only sharpened 
with the discovery of an elementary 
SM-like Higgs (+nothing else so far).!

!

Hierarchy 
Problem

2

Elementary scalars are quadratically 
sensitive to physics at higher scales.!

!
Independent of regularization 

scheme.!
!

Model-building scales aside, gravity 
attests to presence of a higher scale.!

!
No viable proposals for mitigating 

sensitivity to physics @ Planck scale 
without new physics @ weak scale.!

!
Hierarchy problem only sharpened 
with the discovery of an elementary 
SM-like Higgs (+nothing else so far).!

!

Hierarchy 
Problem

2



Hierarchy problem
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✓ Naturalness 

✓ Dark matter 

✓ Unification 

✓ Higgs mass 

✓ Decoupling

Why SUSY? Why not?
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 > 0µ, 0 = -2m
0

) = 30, AβMSUGRA/CMSSM: tan( Status: ICHEP 2014

ATLAS Preliminary
 = 8 TeVs, -1 L dt = 20.1 - 20.7 fb∫

τ∼

LSP
 not included.theory

SUSYσ95% CL limits.  

0-lepton, 2-6 jets

0-lepton, 7-10 jets

0-1 lepton, 3 b-jets

1-lepton + jets + MET

1-2 taus + 0-1 lept. + jets + MET

 3 b-jets≥2SS/3 leptons, 0 - 

arXiv: 1405.7875

arXiv: 1308.1841

arXiv: 1407.0600

ATLAS-CONF-2013-062

arXiv: 1407.0603

arXiv: 1404.2500

Mass reach for simplest 
versions out to 1.5 TeV

~1% tuning level

The case for SUSY

7

Craig



SUSY search organization
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Asai
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LHC limits: SUSY
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Mass scales [GeV]
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV

ICHEP 2014

lspm⋅+(1-x)motherm⋅ = xintermediatem
For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit *+�

summary!of!Run1!SUSY!searches�

Inclusive 

scalar!top�

EW!gaugino 

RPV�

scalar!borom�

~1TeV�

~600GeV�



LHC limits: exotics

29

Alcaraz

Exotic Searches at ATLAS and CMS, Blois 2015 5

Exotica as alternative

 No evidence (yet) for alternative solutions to the BSM puzzle. Nevertheless, we keep 

looking for new effects. This talk is just giving a very brief overview of the most 

relevant search strategies today and next plans.



an exotics example
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Alcaraz

Exotic Searches at ATLAS and CMS, Blois 2015 22

Displaced jets
CMS, arXiv:1405.1994 ATLAS, arXiv:1504.03634

 Very sensitive in many long-lived scenarios (BR into jets always large)

 Clean (relatively small backgrounds), but trigger criteria are important:

 CMS: total calorimeter energy trigger, optimized to ~ cm proper decay lengths

 ATLAS: muon chambers vertexing trigger, optimized for ~ m proper decay lengths

Exploring decay lengths from cm to several m
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The SM-like Higgs boson

A light SM-like Higgs is narrow:
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Exotic decays of the SM-like Higgs

Presence of new light degrees of freedom can distort 
Higgs Brs by O(1) even for small couplings
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 Simple example: 
one new scalar

Shelton

Higgs: 
as BSM portal



Higgs portal window into dark  sectors 
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A dark U(1)

Higgs portal coupling is a powerful window into dark 
sectors 
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Shelton

A dark U(1)



Recasting
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Run I of  the LHC

• 250-300 analyses SUSY+exotica, CMS+ATLAS, 
7+8TeV 

• no significant deviation from the Standard Model, 
but incredibly extensive and valuable information to 
constrain the Beyond the Standard Model 
panorama 

• Large amount of  results brings new challenges in 
understanding consequences for beyond the 
Standard Model physics 

Papucci

The LHC 
experiments  
don’t usually 
publish their 

raw data 

(CMS has released 0.2% 
of its raw data + 
analysis tools)

…today

Use simplified models and 
spectrum and BR’s 

information from SLHA file
Fastlim, SmodelS, …
M.P., K.Sakurai, 

A.Weiler, L.Zeune, 
1402.0492

Kraml et al.
1412.1745, 
1312.4175

Generate & process 
MC events

CheckMATE, Atom,  

MadAnalysis, …

I.W.Kim, M.P., 
K.Sakurai, A.Weiler, 
to be released soon

Conte et al, 1206.1599, 
1405.3982, 1407.3278

Drees et al.
1312.2591



Recasting
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PapucciRecasting experimental analyses 101

Take search X setting limits for model A

Write code to mock up search X 
(not enough info → introduce approximations)

Generate events for model A, 
use them with mocked-up 

analysis, compare results with 
published experimental results 

Use mocked-up analysis 
with model B

Extract approximate limits of  
search X for model B

Extrapolation!!

Validation (most time consuming part) Repeat for 100’s of  analyses…

Have we found a scalable / sustainable model yet?



LHC discrepancies?
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mET + jets + Z(➞ll)

36

*-�

mET+jets+Z(→ll)!�
At!least!2jets!(PT>35GeV)!!!!HT>600GeV(high!jet!ac9vity)!
mET!>!225GeV!
then!select!!SFOS!lepton!pair!(ee,!μμ�!
M(ll)=Mz+@10GeV!
!! 3σ!excess!in!ee!channel� 1.7!σ!excess!in!μμ!channel�

But!No!excess!was!found!in!CMS!data�

3!σ!excess!is!found!!� Asai



VV resonances
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Both ATLAS & CMS have a 
small excess around 2 TeV 

1.5 – 3 σ

But ATLAS & CMS bumps 
probably not quite in same place



LHC prospects
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➟ LHC @ 13 TeV

39

x 1,000,000 hours

Lamont



Wednesday: start of LHC Run 2

40
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When does Run 2 match Run 1?

Exotic Searches at ATLAS and CMS, Blois 2015 11

Physics: resonances in LHC Run2

 More sensitive than Run1 to masses ≳3 TeV with just 1 fb-1 in Run2 

 Essentially better than Run1 for most searches with 5 fb-1 !

L=0.1 fb-1 L=1 fb-1

L=5 fb-1L=3 fb-1

(Salam&Weiler, 

http://cern.ch/collider-reach/)

Alcaraz



13 TeV LHC through to 2018
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Lamont

(Current status today: 5+20fb-1 at 7+8TeV)

Impact for Higgs physics:  5x lumi,  2x cross section 
➔ roughly 10x more events

total:           100 fb-1



Implications for searches
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[preliminary plot]

By the end of the 
year, most searches 

will beat 8 TeV 
results 

[Some, e.g. excited 
quarks, will surpass 8 
TeV with just 0.2 fb-1] 

Subsequent years 
bring steady 
improvement

Z’ exclusion reach v. lumi

http://cern.ch/collider-reach


[quark] flavour sector
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CKM matrix

46

Gershon

  6

The Unitarity Triangle

22 1−22

http://ckmfitter.in2p3.fr
see also http://www.utfit.org● The CKM matrix must be unitary 

● Provides numerous tests of constraints 
between independent observables, such as

V
CKM


V

CKM
= V

CKM
V

CKM

 = 1

∣V ud∣
2

∣Vus∣
2

∣V ub∣
2

= 1

V
ud

V
ub

∗ V
cd

V
cb

∗ V
td
V

tb

∗ = 0

Consistency of measurements tests the 
Standard Model and provides 

model-independent constraints on New Physics
Tim Gershon

CPV and rare decays

  14

|V
ub

/V
cb

| from Λ
b
→pμν/Λ

b
→Λ

c
μν

Tim Gershon
CPV and rare decays

● Rules out models with RH currents
● Compatible with UT fit (β,γ)

arXiv:1504.01568

  14

|V
ub

/V
cb

| from Λ
b
→pμν/Λ

b
→Λ

c
μν

Tim Gershon
CPV and rare decays

● Rules out models with RH currents
● Compatible with UT fit (β,γ)

arXiv:1504.01568

Persistent tension between incl. 
& excl. Vub confirmed in 

exclusive B-baryon decays



Rare decays

47

Gershon

  18

B
s
→μ+μ–

Killer app. for new physics discovery

Very rare in Standard Model due to
● absence of tree-level FCNC
● helicity suppression
● CKM suppression

… all features which are not necessarily 
reproduced in extended models

B(B
s
→μ+μ–)SM = (3.66 ± 0.23) x 10–9       B(B

s
→μ+μ–)MSSM ~ tan6β/M4

A0

Tim Gershon
CPV and rare decays

Intensively searched 
for over 30 years!

Nature 522 (2015) 68

Recall Shelton’s point about narrow Higgs width  
and how that makes Higgs decays sensitive to  

new physics 



Flavour v. Higgs
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Higgs data

1/28
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SMσ/σBest fit 
0 1 2 3 4

 0.99± = 2.76 µ       
ttH tagged

 0.38± = 0.89 µ       
VH tagged

 0.27± = 1.14 µ       
VBF tagged

 0.16± = 0.87 µ       
Untagged

 0.13± = 1.00 µ       
Combined CMS

Preliminary

 (7 TeV)-1 (8 TeV) +  5.1 fb-119.7 fb
 = 125 GeVH m

µHiggs = 1.1± 0.1

Haisch

3/28

Flavor data

µBs�µ+µ� = 0.79± 0.20

Comparable precisions; 
comparable BSM scale sensitivity 

≳ 0.6-0.8 TeV



Tensions
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Gershon LHCb results  25

Full angular analysis of B0→K*0μ+μ– 

● B0→K*0μ+μ– provides superb laboratory to search for new 
physics in b→sl+l– FCNC processes
– rates, angular distributions and asymmetries sensitive to NP
– experimentally clean signature
– many kinematic variables … with clean theoretical predictions

● Full set of observables measured – only a subset shown

LHCb-CONF-2015-002

Tim Gershon
CPV and rare decays

  26

Tension in P
5
'

● Dimuon pair is predominantly spin-1
– either vector (V) or axial-vector (A)

● There are 6 non-negligible amplitudes
– 3 for VV and 3 for VA
– expressed as AL,R

0,┴,║ (transversity basis)

● P5' related to difference between relative phase of longitudinal (0) 
and perpendicularly (┴) polarised amplitudes for VV and VA
– constructed so as to minimise form-factor uncertainties

Tim Gershon
CPV and rare decays

Sensitive to NP in V or A couplings (Wilson coefficients C
9
(') & C

10
('))

LHCb-CONF-2015-002

  26
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● Dimuon pair is predominantly spin-1
– either vector (V) or axial-vector (A)

● There are 6 non-negligible amplitudes
– 3 for VV and 3 for VA
– expressed as AL,R

0,┴,║ (transversity basis)

● P5' related to difference between relative phase of longitudinal (0) 
and perpendicularly (┴) polarised amplitudes for VV and VA
– constructed so as to minimise form-factor uncertainties

Tim Gershon
CPV and rare decays

Sensitive to NP in V or A couplings (Wilson coefficients C
9
(') & C

10
('))

LHCb-CONF-2015-002

• Error budget of P5 in [4, 6] GeV2 bin:

B → K∗µ+µ- anomaly: Errors
#

[Matias, talk at Moriond EW 2015]

�0.82+0.01
�0.01

+0.02
�0.02

+0.03
�0.06

+0.06
�0.06

+0.07
�0.08

parametric non-factorizable power corrections

form factors

factorizable power corrections

long-distance cc effects

B6/B58
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FIG. 3: B ! K`` rate for high E ⌘ p
q2 just above the  (3770)-resonance up to the kinematic endpoint. The 40 LHCb bins [1, 13] are

shown with grey crosses. The solid blue line corresponds to our SM prediction using FA (the non-factorisable corrections are discussed in
chapter V). The cyan band is the theory error band. The mismatch between FA and the data is apparent to the eye.

b) Prefactor of hc(q2), (18 = 2⌘B,⌘c + 16

res

fit parameters, ⌫ = 117 � 18 � 1 = 98)
In addition to the normalisation, we fit for a scale factor ⌘c in front of the factorisable charm-loop hc(q2). More precisely:

HV
= Ce↵

9

(mB + mK)

2mb
f
+

(q2) + Ce↵

7

fT (q2) ,

Ce↵

9

= (C
9

+ ⌘cafac

hc(q
2

) + ...) (15)

where C
9

(µ) ' 4, Ce↵

7

(µ) ' �0.3, a
fac

(µ) ' 0.6 at µ ' mb and hc(q2) is shown in Fig. 1. The dots stand for quark
loops of other flavours.

In a next step we probe for non-factorisable corrections by letting the fit residues of the LHCb data take on arbitrary real
(fit-c) and complex (fit-d) numbers. We would like to emphasise that in addition to non-factorisable effects new operators with
JPC

[c̄�c] = 1

��, other than the vector current, can also lead to such effects. More discussion can be found later on.
For the charm vacuum polarisation the discontinuity Disc[hc] is necessarily positive Eq. (8,2) and its relation to physical

quantities is given (5). Hence we can test for physics beyond SM FA by the following replacement

|
X

r

T r!f
(s)|2 ! (

X

r

⇢rT
r!f

(s))(
X

r

T r!f
(s))⇤ . (16)

The scale factor ⇢r roughly corresponds to A(B ! K )/fB!K
+

(q2) and replaces A( ! ``) in (5).
For the fits c) and d) we are not going to put any background model to the LHCb-fit since with the current precision of the

LHCb data it seems difficult to crosscheck for the correctness of any model. The background is essentially zero at the ¯DD-
threshold and is expected to raise smoothly with kinks at the thresholds of various D ¯D-thresholds (with the two D’s being any
of D, D⇤, Ds, D⇤, D

1

, . . . ) into the region where perturbation theory becomes accurate. In fact this is the essence behind the
model ansatz (4). The branching fraction has just got the opposite behaviour to the background and this is the reason why it
seems difficult to extract the background from the data. More data could, of course, improve the situation.

c) Variable residues ⇢r 2 R, (22 = 1⌘B + 5⇢r + 16

res

fit parameters, ⌫ = 117 � 32 � 1 = 94)
We choose to keep ⌘B ⌘ 1 and parameterise ⇢

 (2S)

instead which is an equivalent procedure. The five parameters ⇢r are
constrained to be real.

d) Variable residues ⇢r 2 C, (27 = 1⌘B + 10⇢r + 16

res

fit parameters, ⌫ = 117 � 27 � 1 = 89)
Idem but with ⇢r 2 C allowing for dynamical phases, therefore introducing 5 new fit parameters.

low-q2 high-q2

4m2
c

A closer look

B10/B58

Haisch:  > 10pages of backup discussion



XYZ spires
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hadron 
physics 

 is 
tough



top getting into the flavour game
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Haisch

• Indirect bounds stronger than direct limits for ttZ couplings. Still 
worth looking at pp → ttZ, as cancellation in former case possible

14/28

ttZ couplings: Comparison

13 TeV, NLO QCD

95% C.L. limitt t + Z
e1

eb

300 fb-1

3000 fb-1
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[Brod et al.,   
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neutrinos 
(& lepton sector more generally)

52

could large CP violation in neutrino sector account for baryon asymmetry of universe?



status
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Rencontres de Blois -June 2015 Marco Zito

3

Neutrino physics: surprising results 

● The unbearable lightness of 
neutrino masses begs a 
compelling explanation

● The neutrino mixing angles are 
large, at variance with the quark 
mixing angles: large CP 
violation effects are allowed

● Neutrinos play a fundamental 
role in the evolution of the 
Universe. Can they explain 
matter-antimatter asymmetry ? 

 massless ν ∑Mass=1.9eV/c2

A
g

a
rw

a
l,

 F
e

ld
m

a
n

 2
0

1
0

Baryon density 

V
CKM
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0.2 1 0.01

0.001 0.01 1
)V
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Remaining issues in neutrino oscillations
3Benjamin Quilain

Mass hierarchies :ν
μ
 / ν

μ
 disappearance @ T2K (~ «Atmospheric»)

     1.  Is ν
2
 → ν

3
 mixing maximal ? (Θ

23
=45°)

(if not, what is the Θ
23 

octant ?)

     2.  ∆m²
32  

sign unknown : mass hierarchy problem
● Solar : known (large matter effects in the Sun)

● Atmospheric : Not known

 

ν
e
 / ν

e
 appearance @ T2K

Is CP violated in the leptonic sector ? (δ
cp

 ≠0)

● T2K observed ν
e
 appearance

● T2K (ν
e
) and reactor (ν

e
) results in tension

→ Large CP violation ?

● To provide first answers : T2K currently runs in ν-mode

1st results on ν
μ
 disappearance @ T2K (2.3x1020 POT)

Key open questions 
Absolute mass scale 

Mass hierarchy 
Amount of CP violation 

(some 2σ hints that it’s large) 
Majorana or Dirac? 
Sterile neutrinos?



New T2K     disappearance
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Comparison with other results
11Benjamin Quilain

1) w/ the T2K ν
μ
 disappearance results (using 6.6 x 1020 POT)

→  CPT can be directly tested comparing neutrino / antineutrino disappearance :

P (ν
μ
  → ν

μ
)  P (→ ν

μ
  → ν

μ
) 

CPT

Neutrino and antineutrino results are perfectly 
consistent within the errors

=> No hint of CPT violation

2) w/ MINOS ν
μ
 disappearance results

1.  Sensitivity to Θ
23

 already comparable 
to MINOS 

2.  No significant discrepancy between 
MINOS & T2K in ν

μ

 (though MINOS prefer non maximal-mixing)

Normal hierarchy

Normal hierarchy

⌫̄µ

Quilain

  

Benjamin Quilain (Kyoto University) on behalf of the T2K 
collaboration

Latest results of T2K
1

27e Rencontres de Blois (June the 1st, 2015)

Outline :
1.  Basics of neutrino oscillations

2.  The T2K experiment

3.  Antineutrino disappearance results

4.  Search for Lorentz violation at T2K



Get CP phase δ and hierarchy?
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Rencontres de Blois -June 2015 Marco Zito

12

The matter with CP

● The study of the CP asymmetry is obscured (or enriched) by matter effects 
(interaction of ν with e in the traversed matter) that mimic a CP effect

● This complication can be seen as a challenge or an opportunity : clean 
measurement of mass hierarchy

● Solutions: go to a shorter baseline (~100km, little matter effects) or to a very 
long baseline (~1000km, decoupling of the two effects)

● The study of CP violation gets coupled to the determination of the neutrino 
mass ordering (MO)

signal is difference in neutrino and anti-neutrino  
muon → electron appearance rate 

Difficulty: matter effects do the same & depend on hierarchy



ν physics timeline
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Rencontres de Blois -June 2015 Marco Zito

8

Neutrino oscillation physics from today to ~2030 

2015 203020252020
T

Increased precision on θ
13

, θ
23

, 

limited sensitivity to CP and mass 
ordering

eV mass sterile nu searches 
(source,reactor, short baseline)

T2K NovA, Daya Bay, RENO, Double Chooz

CESOX, STEREO, SOLID, MicroBoone, ...

Hyper-Kamiokande DUNE

JUNO, INO, PINGU, ORCA, RENO-50 Determination of 
neutrino mass ordering 

Precision study of CP violation
Proton decay search
SN neutrinos
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18

Mass ordering timeline
Blennow JHEP 1403 2014 028

Caution: median sensitivity, starting dates indicative. 

DUNEDUNE



absolute mass scale?
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Neutrino Masses and Mixing in 2015 Concha Gonzalez-GarciaNeutrino Mass Scale: The Cosmo-Lab Connection
Global oscillation analysis
⇒ Correlationsmνe

,mee and
∑

mν

(Fogli et al hep-ph/0408045)

Maltoni, Schwetz,Salvado, MCGG (95%)

Presently only Bounds
• From Tritium β decay (Mainz & Troisk expe)

mνe
< 2.2 eV (95%)

Katrin (2016?) Sensitivity to mνe
∼ 0.2 eV

• From 0νββ decay for Majorana Neutrinos
mee < 0.14 − 0.76 eV (90%)

Goal of Next Decade⇒ mee at IO

• From Analysis of Cosmological data
Bound on

∑

mν changes with:
cosmo parameters fix in analysis
cosmo observables considered

Model Observables Σmν (eV) 95%

ΛCDM + mν Planck TT + lowP ≤ 0.72

ΛCDM + mν Planck TT + lowP + lensing ≤ 0.68

ΛCDM + mν Planck TT,TE,EE + lowP+lensing ≤ 0.59

ΛCDM + mν Planck TT,TE,EE + lowP ≤ 0.49

ΛCDM + mν Planck TT + lowP + lensing + BAO + SN +H0 ≤ 0.23

ΛCDM + mν Planck TT,TE,EE + lowP+ BAO ≤ 0.17

Gonzalez-Garcia



Charged lepton sector
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BR(µ+ → e+γ ) 5.7×10−13 [MEG] 6×10−14 [MEG ~2018]
BR(µ+ → e+e+e− ) 1.0×10−12 [SINDRUM] ≈10−16 [Mu3e>2019]
CR(µ−Ti→ e−Ti) 4.3×10−12 [SINDRUMII]
CR(µ−Au→ e−Au) 7.0×10−13 [SINDRUMII]
CR(µ−Al→ e−Al) (2÷ 6)×10−17 [Mu2e>2018]
CR(µ−Al→ e−Al) ≈ 3×10−17 [COMET>2019]

present upper bound future sensitivity 

muon, the major player 

more ambicious project under  
Study both at FNAL and at  
J-PARC aiming at 10-18 

great improvements expected within this decade 
4-5 orders of magnitude: a golden age for CLFV searches 

l dl (e cm)

e < 8.7×10−29

µ <1.8×10−19

τ <10−16

l Δal = al
EXP − al

SM

e (−10.5±8.1)×10−13

µ (29± 9)×10−10

τ −0.007 < Δaτ < 0.005
3.2 σ 

[more on this later on] 

soon checked by Muon g-2 
at Fermilab > 2017 improving 
accuracy from 0.5 ppm to 0.2 
ppm 

Feruglio



Cosmic-rays
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charged v. neutral

61

Cosmic ray protons (and electrons)

γ rays (and neutrinos)

new kid on the block: neutrinos

Funk
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Halzen



birth of neutrino astronomy

63

Halzen

time &/or directional clustering yet to be detected



Do gamma rays and neutrinos have same origin?

64

Halzen

10�3 10�2 0.1 1 10 102 103
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pp scenario

SFR evolution

HESE (3yr)

arXiv:1410.1749

Fermi IGRB (2014)

cosmic 
neutrinos 

Fermi 
gammas 

E-2.15 

π + = π − = π 0
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Stars

Dust

Gamma-ray emission

4

Energy 

Energy Flux 
π0 decay  

(! need target 
material!)

Photons emitted by Protons

67 MeV =0.5*m(π0)

Funk
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Stars

Dust

Gamma-ray emission

4

Energy 

Energy Flux 
π0 decay  

(! need target 
material!)

Photons emitted by Protons

67 MeV =0.5*m(π0)

Synchrotron 
(need B-field)

Photons emitted by Electrons

Inverse Compton 
(need photon 

fields)

Bremsstrahlung

Funk
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Stars

Dust

Gamma-ray emission

4

Energy 

Energy Flux 
π0 decay  

(! need target 
material!)

Photons emitted by Protons

67 MeV =0.5*m(π0)

Synchrotron 
(need B-field)

Photons emitted by Electrons

Inverse Compton 
(need photon 

fields)

Bremsstrahlung

“Typical” WIMP 
model mWIMP

Funk



pion bump(?)

68

Clear detection of pion-bump

• Clear indication of a low-energy “turnover”

W44

W44e- Bremsstrahlung

π0-decay

Detected 32 SNRs 
with high degree of 

confidence 

Funk
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Sources'of'Cosmic'Rays:'diffusive'shock'
acceleration'(DSA)' ' ' 'Principles'

Rencontres)de)Blois)2015)

12)

shock((front)(resnrame(

upstream(
medium(

downstream(
medium(
(

Vsh(Vsh/r(

Bu(Bd(

δΒ
δΒ

downstream:(
diffusion((Dd)(
+(advec:on(
(Vd=Vsh/r)(

upstream:((
diffusion(Du)(+(
advec:on((
(Vu=Vsh)(

At(each(shock(front(crossing:(energy(gain(
ΔE/E(~(VuQVd)/v;(v~c((rela:vis:c(par:cles)(

Cycle(upQdownQup(ΔE/E(=(cst(
+(a(probability(to(get(lost(downstream(
(advec:on)(

par:cle(distribu:on(solu:on:((
power(law(
(
N(E)(~(EQ(r+2)/(rQ1)~EQ2((r=4)(
so(s=2)

Krymsky)1977,)Bell)1978)

Marcowith

02/05/2015 A.Savin, UW 

3 

http://www.isgtw.org/feature/sherpa-and-open-science-grid-predicting-
emergence-jets 

How do we test QCD ? 

•  Sherpa event 
•  Matrix elements 

(hard) 

•  Parton shower 

•  Multiple 
interactions 

•  Fragmentation/
hadronization 

•  QED radiation 

Cosmic rays.  
particle collisions

“CRs are likely accelerated at 
shocks in supernova remnants. 
But no observational proof yet”



Cosmic ray composition: Auger
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Composition Fit (X
max

distribution)
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Pierre Auger Collaboration, PRD 90 (2014) 12, 122006
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Composition Fit (Xmax distribution)
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Composition Fit (X
max

distribution)
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Pierre Auger Collaboration, PRD 90 (2014) 12, 122006

Data available 
only up to 
< 5x1019 eV

Hic sunt  
leones

Roth



Cosmic ray composition: AMS
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Derome
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AMS"Lithium"flux 
•  Like"B"and"Be,"Li"is"produced"by"spalla5on"processes."
•  Sensi5ve"to"CR"propaga5on"parameters"(diffusion,"convec5on,"reaccelera5on…)."

!"Devia5on"from"single"power"law"and"hardening"of"the"

Lithium"flux"above"300"GV:"new"data"for"CR"physics."
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!"High"precision"data"for"CR"physics."

AMS pre-AMS



Dark Matter

72

Dark matter/Cosmology 

✦ Postulate a particle, solve for it’s 
abundance

✦ Dark matter not contained within 
Standard Model of particle physics 

As these cosmological calculations of the matter abundance in the universe improved and be-
came more precise, an interesting tension came to the forefront between these calculations and the
developing standard model of particle physics. In particular it was not clear that the standard
model of particle physics contained a particle with the necessary properties to be significant on
cosmological scales. The most natural particle to consider for the non-baryonic dark matter was
the neutrino. A neutrino with mass of a few electron volts (eV) was appealing because if it was in
equilibrium in the early universe, the present mass density of neutrinos would be near the critical
density [31]. However, under more detailed scrutiny neutrinos at this mass scale turn out to be dis-
favored as a candidate for the dark matter. On the one hand, phase space limits strongly constrain
neutrino dark matter with mass less than a few hundred eV [32]. Further, numerical simulations
of the large scale structure distribution in the universe revealed that neutrinos with mass below
tens of electron volts were too “hot” to explain the observed galaxy distribution; because they were
relativistic when they decoupled they produced significantly fewer low mass galaxies in comparison
to the observations [33].

Though neutrinos with mass of a few hundred eV or less became disfavored as the dominant
component of non-baryonic dark matter, this analysis within a cosmological context motivated a
general theoretical framework for determining the abundance of a stable particle species that was
in thermal equilibrium in the early universe. Neutrinos with mass greater than about 1 GeV that
fall out of equilibrium while non-relativistic were found to be cosmologically-significant [34], and
that generically heavy leptons with similar interactions could be the dominant component of mass
in galaxies and clusters of galaxies [35]. These results pointed to a preferred scale, the weak scale,
to describe the interactions of a cosmologically-significant component of non-baryonic dark matter.
For a standard thermal history in the early universe, the abundance of a particle is related to its
thermally-averaged annihilation cross section times relative velocity as

h�annvi ⇡
3⇥ 10�27 cm3s�1

⌦DMh2
(1)

[36, 37, 38, 39, 40]. Recent cosmological measurements find that the fraction of non-baryonic dark
matter relative to the critical density is ⌦DMh2 ' 0.11 [41]. For this value of ⌦DMh2, for particles
in the approximate GeV mass range, this scale for the annihilation cross section is characteristic
of weak interactions. A particle with interactions at this scale is broadly referred to as a weakly-
interacting massive particle (WIMP).

Because of their weak scale interaction strength, WIMPs are detectable via non-gravitational
methods. In addition to the prediction of the annihilation strength of WIMPs, Equation 1 leads to
a basic prediction for the WIMP scattering cross section on ordinary matter (i.e. quarks). Com-
bining this scattering cross section with the estimation for the local number density of WIMPs, the
interaction rate is large enough for them to have been detected over two decades ago in the first
generation of low temperature germanium experiments that were primarily designed to search for
signatures of neutrinoless double beta decay. While it was certainly possible that these experiments
would detect WIMPs and render the non-gravitational detection of particle dark matter relatively
straightforward, the first two experiments to systematically search for WIMPs reported null re-
sults [42, 43]. The reported constraints ruled out the simplest model for WIMP interactions with
ordinary matter, and in the process first showed that if WIMPs comprise the dominant component
of dark matter in galaxies, physics must be invoked to suppress the scattering cross section relative
to that derived from the most basic cosmological arguments in Equation 1.

7

✦ A particle’s annihilation cross 
section and abundance are related:

 “Thermal relic scale”

✦ Annihilation cross section characteristic of a weakly-interacting particle

✦ Weakly-interacting particles (WIMPs) a leading candidate for dark matter 

h�annvi ' 3⇥ 10�26 cm3 s�1 (1)

1

Dark 
Matter

Standard 
Model

Cerdeño



Indirect detection
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Indirect dark matter detection: micro-physics

✦ 100 GeV mass WIMPs gives photons in the gamma-ray band, 10 MeV-10 GeV

✦ Tens to hundreds of photons produced per WIMP annihilation

DM

DM

W, Z, q, l

W, Z, q, l

For continuum photon final states: 

Continuum

π0

π+/-

Line

p,e,     

DM

DM

Standard model

Strigari
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Fermi dwarf spheroidal analysis 
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FIG. 6. DM annihilation cross-section constraints derived from the combined 15-dSph analysis for

various channels.

∗ brandon.anderson@fysik.su.se380

† kadrlica@fnal.gov381

‡ mdwood@slac.stanford.edu382

[1] W. Atwood et al. (Fermi-LAT Collaboration), 2012 Fermi Symposium Proceedings, eConf383

C121028 (2013), arXiv:1303.3514 [astro-ph.IM].384

[2] M. Ackermann et al. (Fermi-LAT Collaboration), Astrophys. J. Suppl. Ser. 203, 4 (2012),385

arXiv:1206.1896 [astro-ph.IM].386

18

✦ Determine the total mass of 
dark matter from velocities of 
stars in each satellite

✦ Combine measured gamma-
ray flux upper bound with 
total dark matter mass in each 
satellite to get upper bound on 
annihilation cross section

Fermi-LAT collaboration  
PRL, 1108.3546 
PRD, 1310.0828 
PRL, 1503.02641
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Constraints on DM annihilation from CMB

Planck Collaboration: Cosmological parameters

0 2 4 6 8

pann [10�27cm3 s�1 GeV�1]

0.950

0.975

1.000

1.025

n s

Planck TT,TE,EE+lowP

Planck TE+lowP

Planck EE+lowP

Planck TT+lowP

WMAP9

Fig. 40. 2-dimensional marginal distributions in the pann–ns
plane for Planck TT+lowP (red), EE+lowP (yellow), TE+lowP
(green), and Planck TT,TE,EE+lowP (blue) data combinations.
We also show the constraints obtained using WMAP9 data (light
blue).

We then add pann as an additional parameter to those of the base
⇤CDM cosmology. Table 6 shows the constraints for various
data combinations.

Table 6. Constraints on pann in units of cm3 s�1 GeV�1.

Data combinations pann (95 % upper limits)

TT+lowP . . . . . . . . . . . . . . . . . < 5.7 ⇥ 10�27

EE+lowP . . . . . . . . . . . . . . . . . < 1.4 ⇥ 10�27

TE+lowP . . . . . . . . . . . . . . . . . < 5.9 ⇥ 10�28

TT+lowP+lensing . . . . . . . . . . . < 4.4 ⇥ 10�27

TT,TE,EE+lowP . . . . . . . . . . . . < 4.1 ⇥ 10�28

TT,TE,EE+lowP+lensing . . . . . . < 3.4 ⇥ 10�28

TT,TE,EE+lowP+ext . . . . . . . . . < 3.5 ⇥ 10�28

The constraints on pann from the Planck TT+lowP spec-
tra are about 3 times weaker than the 95 % limit of pann <
2.1 ⇥ 10�27 cm3 s�1 GeV�1 derived from WMAP9, which in-
cludes WMAP polarization data at low multipoles. However, the
Planck T E or EE spectra improve the constraints on pann by
about an order of magnitude compared to those from Planck TT
alone. This is because the main e↵ect of dark matter annihila-
tion is to increase the width of last scattering, leading to a sup-
pression of the amplitude of the peaks both in temperature and
polarization. As a result, the e↵ects of DM annihilation on the
power spectra at high multipole are degenerate with other param-
eters of base ⇤CDM, such as ns and As (Chen & Kamionkowski
2004; Padmanabhan & Finkbeiner 2005). At large angular scales
(` . 200), however, dark matter annihilation can produce an
enhancement in polarization caused by the increased ionization
fraction in the freeze-out tail following recombination. As a re-
sult, large-angle polarization information is crucial in breaking
the degeneracies between parameters, as illustrated in Fig. 40.
The strongest constraints on pann therefore come from the full
Planck temperature and polarization likelihood and there is little

1 10 100 1000 10000
m�[GeV]

10�27
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f e
�
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v
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cm
3
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1
]

Thermal relic

Planck TT,TE,EE+lowP
WMAP9
CVL
Possible interpretations for:
AMS-02/Fermi/Pamela
Fermi GC

Fig. 41. Constraints on the self-annihilation cross-section at re-
combination, h�3iz⇤ , times the e�ciency parameter, fe↵ (Eq. 81).
The blue area shows the parameter space excluded by the Planck
TT,TE,EE+lowP data at 95 % CL. The yellow line indicates the
constraint using WMAP9 data. The dashed green line delineates
the region ultimately accessible by a cosmic variance limited ex-
periment with angular resolution comparable to that of Planck.
The horizontal red band includes the values of the thermal-relic
cross-section multiplied by the appropriate fe↵ for di↵erent DM
annihilation channels. The dark grey circles show the best-fit
DM models for the PAMELA/AMS-02/Fermi cosmic-ray ex-
cesses, as calculated in Cholis & Hooper (2013) (caption of their
figure 6). The light grey stars show the best-fit DM models for
the Fermi Galactic centre gamma-ray excess, as calculated by
Calore et al. (2014) (their tables I, II, and III), with the light
grey area indicating the astrophysical uncertainties on the best-
fit cross-sections.

improvement if other astrophysical data, or Planck lensing, are
added.30

We verified the robustness of the Planck TT,TE,EE+lowP
constraint by also allowing other extensions of ⇤CDM (Ne↵ ,
dns/d ln k, or YP) to vary together with pann. We found that the
constraint is weakened by up to 20 %. Furthermore, we have ver-
ified that we obtain consistent results when relaxing the priors
on the amplitudes of the Galactic dust templates or if we use the
CamSpec likelihood instead of the baseline Plik likelihood.

Figure 41 shows the constraints from WMAP9, Planck
TT,TE,EE+lowP, and a forecast for a cosmic variance limited
experiment with similar angular resolution to Planck31. The hor-
izontal red band includes the values of the thermal-relic cross-
section multiplied by the appropriate fe↵ for di↵erent DM anni-
hilation channels. For example, the upper red line corresponds to
fe↵ = 0.67, which is appropriate for a DM particle of mass m� =
10 GeV annihilating into e+e�, while the lower red line corre-
sponds to fe↵ = 0.13, for a DM particle annihilating into 2⇡+⇡�
through an intermediate mediator (see e.g., Arkani-Hamed et al.
2009). The Planck data exclude at 95 % confidence level a ther-

30It is interesting to note that the constraint derived from Planck
TT,TE,EE+lowP is consistent with the forecast given in Galli et al.
(2009), pann < 3 ⇥ 10�28 cm3 s�1 GeV�1.

31We assumed that the cosmic variance limited experiment would
measure the angular power spectra up to a maximum multipole of
`max = 2500, observing a sky fraction fsky = 0.65.

51

Planck collaboration 1502.01589

• DM annihilation injects energy into 
CMB at z ~ 1000. 

• Annihilation products lose energy 
due to interactions with plasma

• Results are relatively insensitive to 
annihilation channels. Everything 
except directly annihilation to just 
neutrinos strongly constrained 

• Also information from polarization

• Widens the surface of last 
scattering and alters CMB peaks



AMS positrons

76

Derome

AcceleraDon&in&SNRs&
P. Mertsch and S. Sarkar, Phys.Rev. D 90 (2014) 061301(R) &

34 S. Sarkar talk on April 16 
11"

Accelera-on$and$Produc-on$in$SNR$

Fit$of$Positron$Frac-on$with$DM$signal $$
$

M."Boudaud"et"al.,"Astron.Astrophys.$575$(2015)$A67"

10"

Neutralino"masses"from"600"GeV"to"20"TeV"
Fit"of"branching"ra5os"of"the"annihila5on"channels"to"reproduce"the"DM"signal."

Good"fits"for"both"cases"but"different"shapes"at"high"energy."

Fit$of$Positron$Frac-on$with$DM$signal $$
$

M."Boudaud"et"al.,"Astron.Astrophys.$575$(2015)$A67"

10"

Neutralino"masses"from"600"GeV"to"20"TeV"
Fit"of"branching"ra5os"of"the"annihila5on"channels"to"reproduce"the"DM"signal."

Good"fits"for"both"cases"but"different"shapes"at"high"energy."



AMS antiprotons
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Derome

55 

AMS&p/p&results&

32"

[G."Giesen,"et"al."arXiv:1504.04276]""

33"

•  Large"uncertainty"in"the"es5ma5on"of"secondary"an5proton."
•  Latest"AMS"results"(H"and"He)"used"here"!"Small"uncertainty"from"primary"

•  Data"from"AMS"should"help"to"reduce"the"propaga5on"uncertainty"

!"More"sta5s5cs"and"work"needed"on"models"to"know"if"extra"sources"are"needed"to"

reproduce"the"flat"pbar/p"ra5o"at"high"energy""

Secondary"produc5on"of"CR"an5proton:"



gamma-ray line searches
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1 Weniger 2012

2

4
3

Talks by T. Linden and by L. Strigari
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FIG. 4. Counts map for the Celestial dataset binned in 1� ⇥ 1� spatial bins in the R180 ROI, and plotted in Galactic
coordinates using the Hammer-Aito↵ projection. The energy range is 1–750 GeV. Also shown are the outlines of the other
ROIs (R3, R16, R41, and R90) used in this search. The GP region with longitude greater than 6� from the GC and latitude
smaller than 5� is removed from all signal ROIs.

where a
3

= 1� a
2

� a
1

(with ai > 0 required) and �
1

> �
2

> �
3

. We fit the triple Gaussian model at energies from
100 MeV < E < 1 TeV in logarithmic steps of 0.25. Then we can define D

e↵

for any energy by interpolating the
parameters of the Gaussian. This method di↵ers slightly from that in Ref [19] by using EDISP type as the second
variable (in addition to E) in the “2D” D

e↵

model instead of P
E

. By modeling the energy dispersion separately for
each EDISP type, we are able to give higher weight to events with a better energy reconstruction. Using the EDISP
types adds extra information in the fit and improves the statistical power over a “1D” model by ⇠10–15% depending
on energy.

V. FITTING

A. Fitting Procedure

To fit for spectral lines, we use a maximum likelihood procedure in sliding energy windows in each of the five ROIs
described in Sec. III. We fit at a fixed E� at the center of the energy window. We increment E� in steps of 0.5
�E(E�), where �E(E�) is the energy resolution (68% containment) of the LAT at E� . We perform our fits in the
energy domain and define both a background spectrum model (C

bkg

) and a signal spectrum model (C
sig

). We do
not incorporate spatial information in our fits since it would make the resulting flux limits dependent on the DM
distribution profile assumed. Rather, we perform a generic search for monoenergetic signals in each ROI. Since we
fit in narrow energy windows, we approximate the gamma-ray background from di↵use and point sources as a simple
power law. The resulting expected distribution of counts is:

C
bkg

(E0|�
bkg

, n
bkg

) = ↵

✓
E0

E
0

◆��bkg

E(E0), (5)

where �
bkg

is the power-law index, E
0

is a reference energy set to 100 MeV, and E(E0) is the energy-dependent
exposure averaged over each ROI, which is needed since the fit is performed in count space. The normalization factor

↵ is defined such that the total number of background events in the fit window is n
bkg

=
R
↵
⇣

E0

E0

⌘��bkg

E(E0)dE0.

We did not explicitly convolve our background model with the energy dispersion (i.e. for C
bkg

we assume E0= E).
For fits below 200 MeV, this approximation is not valid and significantly degrades the goodness of the fits. Therefore,
we limit our search range to E� > 200 MeV.

Our signal spectrum is C
sig

(E0|E�) = n0
sig

D
e↵

(E0|E�). We account for systematic uncertainties that may induce a
false line-like signal or mask a true line-like signal in our fitting by using the procedure described in Ref. [22]. This
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FIG. 11. Fit at 133 GeV for a �-ray in the 3.7-year Pass 8 data set using the 2D energy dispersion model in R3. The solid
curve shows signal and background fitting procedure described in Sec. VA. The blue dotted line is the signal model that best
fits the data. The gray line, which is mostly hidden by the solid curve, is the best fit background. The bin size is such that the
energy resolution is sampled with 3 bins.
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FIG. 12. Fit at 133 GeV for a �-ray in a 5.8-year Pass 7REP (left) and Pass 8 (right) data sets using the 2D energy dispersion
model in R3. The solid curve shows signal and background fitting procedure described in Sec. VA. The blue dotted line is the
signal that best fits the data. The gray line, which is mostly hidden by the solid curve, is the best fit background. The bin size
is such that the energy resolution is sampled with 3 bins.

C. Feature in the Earth Limb

The �-ray spectrum of the Earth Limb (see Tab. I) is expected to be featureless; however, in the Pass 7REP data
a 2� feature was found at the same energy as the feature in R3 [19, 36]. This was a strong indication that the
feature seen in R3 could have been, in part, a systematic e↵ect. We carried out additional studies with Pass 8 event
reconstruction and the full dataset to further understand this feature in the Limb. Figure 13 shows a fit to a �-ray line
at 133 GeV using the full 5.8 year Pass 7REP and Pass 8. We find a slight detection of a line-like feature in both
Pass 7REP and Pass 8 with a similar fractional size. With Pass 8 the significance increases slightly due mainly to
the increase in the number of events from the greater acceptance of Pass 8.

We note that no feature at 133 GeV is present in the GP control region (Sec. III). To try to understand the nature
of the slight excess in the Earth Limb with no detection in the GP, events in the GP were reweighted in ✓ and in
azimuthal angle, �, to the distribution in the Limb. This would indicate a dependence of the feature on the particular
distribution of arrival directions of the � rays in instrument coordinates. The reweighting also yielded no detection of
a line-like feature at 133 GeV in the GP. Additionally the Limb selection criteria was modified (in both ✓r and ✓z) to
see if the feature was enhanced or decreased in any particular part of phase space. The only significant change came
when splitting the Limb data by the signed value of the rocking angle, ✓r. The feature appears more significantly

 Weniger 1204.2797 identified a line-like feature ~ 130 GeV in global Fermi-LAT data at ~ 
2-5sigma (also Su & Finkbeiner 1206.1616)

Systematic or DM annihilation signal? 

Fermi-LAT analysis of 5.8 yrs of 
data find no significant detection 
of line-like feature  
arXiv: 1506.00013

DM

DM

Fermi 2015
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EXCESS SPECTRUM

Spectral Model highly resilient to changing systematic background 
models ~300 models considered here.  

Low energy spectrum hard to constrain due to systematics 
High energy spectrum difficult due to statistics

Calore et al. (2014, 1409.0042)

Linden

One excess 
(at 10% level) 

that hasn’t 
yet been 
explained 

away
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Spectrum: Xe target, s =10-44cm2 
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Upper bounds on the SI cross section 

XENON10, XENON100, LUX (Xe), CDMSlite, SuperCDMS, Edelweiss (Ge), COUPP (CF3I), and 
CRESST (CaWO4) have not observed any DM signal, which constrains the scattering cross 
section 

LUX$

XENON100$

DAMA$

SuperCDMS$
CDMSlite$

EDELWEISS$low$thr.$

CRESST>comm.$(2009)$

CRESST>II$"

CRESST$$
(2011)$

DISCLAIMER:  
 
THIS PLOT ASSUMES 
•  Isothermal Spherical Halo 
•  WIMP with only spin-independent interaction 
•  coupling to protons = coupling to neutrons 
•  elastic scattering 

Plot by Raimund Strauss"

Rafael Lang: Direct Dark Matter Detection 14 

• Sensitivity doubles every year (exceeding Moore’s law) 
 
 
 
 
 
 

 
 
 
 

• Very good control of systematic uncertainties (%-level) 
• Elaborate & versatile analyses (many other channels) 

Outstanding Performance 
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Marching Forward 
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Are we being too conservative in describing DM-nucleus interactions? 

/ Physics Procedia 00 (2014) 1–10 2

• inelastic interactions need only be considered in unusual cases where a target nucleus has an excited state within
⌃ 100 keV of the ground state; and

• a proper quantum mechanical treatment of the elastic scattering cross section should take into account the size
of the nucleus, as qRnucleus & 1.

Because the WIMP will, in most cases, only scatter elastically, one also sees that parity and time-reversal selection
rules that operate for diagonal matrix elements will limit what can be learned in direct detection experiments.

While we know little about dark matter interactions with ordinary matter, their possible associations with elec-
troweak interactions suggests using the standard model as a guide. In electromagnetism, elastic scattering can occur
through charge or magnetic interactions. Both interactions involve nontrivial isospin – the charge coupling is only to
protons, while the magnetic coupling involves the distinct proton and neutron magnetic moments. Magnetic elastic
scattering occurs through two interfering three-vector operators, spin ⌃�(i) and orbital angular momentum ⌃⇧(i). For
weak interactions, the weak charge operator couples primarily to neutrons, while the axial-charge operator ⌃�(i) · ⌃p(i)
makes e⇥ectively no contribution to elastic scattering, apart from small recoil corrections, due to the constraints im-
posed by parity and time-reversal invariance. One might expect, consequently, that the WIMP-nuclear interaction will
involve a variety of operators as well as couplings that depend on isospin.

In part for historical reasons, WIMP elastic scattering experiments are most often analyzed by assuming the
interaction is simpler than those described above: isoscalar, coupled either to the nucleon number operator 1(i) (spin-
independent or SI) or the nucleon spin �(i) (spin-dependent or SD) [3, 6, 7]. These are the operators for a point
nucleus. While a form factor is often introduced to account phenomenologically for the fact that the momentum
transfer is large on the nuclear scale, the quantum mechanical consequences of o(1) operators like ⌃q · ⌃r(i) have been
largely neglected.

Recently there have been e⇥orts to treat the WIMP-nucleon interaction in more generality, using the tools of ef-
fective field theory (EFT) [8, 9, 10, 11]. We describe the approach of [9, 11] in Sec. 2 and its consequences for
WIMP-nucleus elastic scattering. Consistent with general symmetry arguments, six independent nuclear response
functions are identified, in contrast to the two assumed in SI/SD treatments. The new operators are associated with
derivative couplings, where a proper treatment of ⌃q · ⌃r(i) is essential due to the need to identify associated parity- and
time-reversal-conserving elastic operators. When this is done, we find that velocity-dependent interactions lead to
cross sections ⌃ q2/m2

N G2
F ⌃ 10�2 G2

F , where mN in the nucleon mass and GF the weak coupling constant, in contrast
to the SI/SD result, ⌃ v2

T G2
F ⌃ 10�6 G2

F . Our e⇥ective theory treatment shows that much more can be learned about
the properties of WIMP dark matter from elastic scattering experiments than is generally appreciated. However, it
also shows that a greater variety of experiments will be necessary to extract this information and to eliminate possible
sources of confusion, when competing experiments are compared.

2. The Nuclear Elastic Response from E↵ective Theory

Here we summarize the e⇥ective theory construction of the WIMP-nucleon interaction of Ref. [9, 11]. Details can
be found in the original papers. The Lagrangian density for the scattering of a WIMP o⇥ a nucleon is taken to have
the form

Lint(⌃x) = c �⇤⇥(⌃x)O⇥�⇥(⌃x) �⇤N(⌃x)ON�N(⌃x), (1)

where the �(⌃x) are nonrelativistic fields and where the WIMP and nucleon operators O⇥ and ON may have vector
indices. The operators O⇥ and ON are then allowed to take on their most general form, constrained by imposing
relevant symmetries. The construction was done in the nonrelativistic limit to second order in the momenta. Thus the
relevant operators are those appropriate for use with Pauli spinors. The Galilean-invariant amplitudes take the form

N⇤

i=1

�
cn

i O n
i + cp

i O
p
i

⇥
, (2)

where the coupling coe⇤cients ci may be di⇥erent for proton and neutrons. The number N of such operators Oi –
which have the product form Oi

⇥ ⌅ Oi
N – depends on the generality of the particle physics description.

2

2

O1 = 1⇥1N91

O3 = i⌦SN ·
⇤

⌦q

mN
⇤ ⌦v⇥

⌅
92

O4 = ⌦S⇥ · ⌦SN93

O5 = i⌦S⇥ ·
⇤

⌦q

mN
⇤ ⌦v⇥

⌅
94

O6 =

⇤
⌦S⇥ · ⌦q

mN

⌅ ⇤
⌦SN · ⌦q

mN

⌅
95

O7 = ⌦SN · ⌦v⇥96

O8 = ⌦S⇥ · ⌦v⇥97

O9 = i⌦S⇥ ·
⇤
⌦SN ⇤ ⌦q

mN

⌅
98

O10 = i⌦SN · ⌦q

mN
99

O11 = i⌦S⇥ · ⌦q

mN
100

O12 = ⌦S⇥ ·
⇧
⌦SN ⇤ ⌦v⇥

⌃
101

O13 = i
⇧
⌦S⇥ · ⌦v⇥

⌃ ⇤
⌦SN · ⌦q

mN

⌅
102

O14 = i

⇤
⌦S⇥ · ⌦q

mN

⌅ ⇧
⌦SN · ⌦v⇥

⌃
103

O15 = �
⇤
⌦S⇥ · ⌦q

mN

⌅ ⇤�
⌦SN ⇤ ⌦v⇥

⇥
· ⌦q

mN

⌅
(2)104

These operators contribute to six types of response105

functions, as well as two types of interference. The spin-106

independent response is denoted M and is typically the107

strongest of the six functions since it is related to the108

number of nucleons in the target nucleus. The main con-109

tribution to this response comes from the standard spin-110

independent operator O1, but it also contains higher-111

order contributions from operators 5, 8, and 11. There112

are two spin-dependent responses, ⇥� and ⇥��, which cor-113

respond to projections of spin parallel and perpendicular114

to the momentum transfer. A linear combination of these115

two responses yields the standard spin-dependent opera-116

tor O4. Many of the other operators also appear in one117

of these two responses. The � response, a novel type of118

response introduced in the e⌅ective field theory, is related119

to the net angular momentum of an unpaired nucleon and120

contains contributions from operators 5 and 8. A second121

novel response is ⇤��, which is is sensitive to the product122

of angular momentum and spin. This response tends to123

favor heavier elements and is the dominant response for124

O3. The last response considered in the e⌅ective field125

theory, ⇤̃�, contains contributions from operators 3, 12,126

and 15. ⇤̃� is discussed less frequently in the literature127

since it is di⌃cult to find a model that produces this128

response, but we consider it here for completeness.129

The e⌅ective field theory also includes two operator-130

operator interference terms: ⇥�� andM⇤��. ⇥� interferes131

with � because responses which are dependent on veloc-132

ity are sensitive to properties such as angular momentum133

which depend on the motion of the nucleon within the nu-134

cleus. This interference term is particularly significant for135

germanium, which has large responses to both ⇥� and �.136

The ⇥�� response contains interference between O4 and137

O5, as well as between O8 and O9. In addition, since138

both M and ⇤�� are scalar responses, interference be-139

tween the two can be significant, especially for elements140

like xenon which have large responses to both. The M⇤��
141

response contains interference between operators O1 and142

O3, operators O11 and O12, and operators O11 and O15.143

The strength of an EFT interaction is governed by nu-144

merical coe⌃cients associated with each of the operators,145

one for each operator and isospin. These coe⌃cients are146

here labeled c�i with i indicating operator number and147

� = 0 or 1 indicating isoscalar (cp = cn) and isovector148

(cp = �cn), respectively. They are generalized versions149

of fn and fp and can take on any value, positive or neg-150

ative. The coe⌃cients appear as c�i c
� 0

j in the interaction,151

indicating that operators interfere at most pair-wise.152

This paper discusses the Fitzpatrick et al. e⌅ective field153

theory in the context of current and proposed direct de-154

tection experiments. We present exclusion limits on EFT155

operator coe⌃cients using the optimum interval method.156

We discuss the di⌅erences in energy spectra that arise for157

arbitrary EFT interactions and examine how this energy158

dependence may a⌅ect future experiments if WIMP can-159

didate events are observed. We also consider the vari-160

ation in interaction strength across the elements com-161

monly used as direct detection targets and discuss pos-162

sible ways of exploring interference using experimental163

results. Finally, we discuss the implications of this e⌅ec-164

tive field theory for the G2 direct detection experiments.165

EXCLUSION LIMITS ON A SET OF EFT166

OPERATORS167

The strength of the interaction in the EFT frame-168

work is governed by a set of 28 numerical coe⌃cients169

corresponding to the 14 operators, one for each isospin.170

Other work has attempted to find global fits in this many-171

dimensional EFT parameter space using combined data172

from many direct detection experiments [21]. However,173

since the parameter space is large and relatively uncon-174

strained by current experiments, we choose to calculate175

exclusion limits on the coe⌃cients for individual EFT176

operator for three di⌅erent target elements: germanium177

(SuperCDMS LT and CDMS-II), silicon (CDMS-II), and178

xenon (LUX). This is the first EFT experimental result179

that includes all three target elements that will be used180

in the G2 experiments. In addition, the optimum inter-181

val method provides a more accurate calculation of the182

limits since it includes information about the candidate183

event energies and energy-dependent detection e⌃ciency184

that is lost in likelihood methods that consider a single185
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Other work has attempted to find global fits in this many-171

dimensional EFT parameter space using combined data172

from many direct detection experiments [21]. However,173

since the parameter space is large and relatively uncon-174

strained by current experiments, we choose to calculate175

exclusion limits on the coe⌃cients for individual EFT176

operator for three di⌅erent target elements: germanium177

(SuperCDMS LT and CDMS-II), silicon (CDMS-II), and178

xenon (LUX). This is the first EFT experimental result179

that includes all three target elements that will be used180

in the G2 experiments. In addition, the optimum inter-181

val method provides a more accurate calculation of the182

limits since it includes information about the candidate183

event energies and energy-dependent detection e⌃ciency184

that is lost in likelihood methods that consider a single185

The most general effective Lagrangian contains up to 14 (x2) different operators 
that induce six types of response functions and two new interference terms 

Haxton, Fitzpatrick 2012-2014 

Spin-Indep. 

Spin-Dep. 

Angular  
momentum 
of unpaired  
nucleon 

Angular  
momentum 
and spin 

30"

These are extremely sensitive to the choice of target material, being crucial in the 
design phase of new experiments.    

Some targets have 
enhanced 
sensitivities for a 
given set of 
operators 

cf. effort taking 
place for Higgs 

physics

Cerdeño
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inflaton radia-
tion

dark matter dark energy

Ensslin

Inflation

Pφ(k) ≃ h̄

(

H

2π

)2
PR ≃

h̄

4π2

(

H4

φ̇2

)2

k=aH

Ph ≃

2h̄

π2

(

H

mPl

)2

k=aH

scalar

tensor

• Solves the flatness/horizon problems if the early universe inflates by factor 

~1030. 

• Cosmological perturbations arise from quantum fluctuations, evolve 

classically.

• Don’t know the dynamics of inflation: parameterize weakly scale-dependent 

functions with a few numbers to pin down observationally. 

Ph(k) � At

�
k

k0

⇥nt

PR(k) � As

�
k

k0

⇥ns�1

r =
Ph(k0)
PR(k0)

Peiris



Some Planck results
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Enßlin



BB power spectrum & gravitational imprint
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Zeeshan Ahmed Recontres de Blois 2015

• Correlation of 150 GHz and 353 GHz B-modes is detected with high 
signal-to-noise.

• Scaling the cross-frequency spectrum by the expected brightness 
ratio (x25) of dust (right y-axis) indicates that dust contribution is 
comparable in magnitude to BICEP2+Keck excess over ΛCDM.

21

BB Spectra

BB perturbations are 
there, but what’s their 

origin?  
Primordial gravity 

waves or dust?

Ahmed: BICEP/Keck

Frequency dependence of Galactic foregrounds

BICEP2/Keck (2014): 
150 GHz

Planck sensitive to dust 
polarisation: 353 GHz

polarisation temperature

  

Polarized emission of galactic dust
by Planck



BB power spectrum & gravitational imprint
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no strong evidence yet 
for primordial 

gravitational waves in 
CMB 

Planck + BICEP/Keck

Constraints on slow roll models: !
ns-r parameterization

Planck TT+lowP:
(95% CL)

�2

0.95 0.96 0.97 0.98 0.99 1.00

ns

0.00

0.05

0.10

0.15

0.20

0.25

r 0
.0

02

N
=

50
N
=

60

ConvexConcave

�

Planck TT+lowP

Planck TT+lowP+BKP

+lensing+ext

BICEP/Keck+Planck (BKP) 
direct limit from BB: 

V 00 < 0

(95% CL)r0.05 < 0.12

Planck TT+lowP+BKP 
combined limit:
r0.002 < 0.08 (95% CL)

ns = 0.9655± 0.0062 (5.6�) r0.002 < 0.11

Enßlin, Peiris, Ahmed
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Inflation: score-card

A period of accelerated expansion

ds2 = −dt2 + e2Htdx2 H ≃ const

•Solves: 

‣horizon problem 

‣flatness problem (flatness tested at <1% level!) 

‣monopole problem 

i.e. explains why the Universe is so large, so flat, and so empty 

!
•Predicts: 

‣scalar fluctuations in the CMB temperature 

✓nearly but not exactly scale-invariant (>5σ!) 

✓approximately Gaussian (at the 10-4 level!) 

? primordial tensor fluctuations (gravitational waves)

Peiris



Dark energy equation of state
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Cosmology using Type Ia Supernovae

17

µ(z
; H

2
0
hLSN

i⌦,
w)

µ(z
; H

2
0
hLSN

i)

Betoule et al. 2014

CMBSNe Ia

Constraining the Dark Energy Properties Ωm = 0    ; ΩΛ = 1

Ωm = 1   ; ΩΛ = 0

Ωm = 0.295 ; ΩΛ = 0.705

BAO

M. RIGAULT 27th Rencontres de Blois — 2015

The Expanding Universe   equation of states

3

scale factor

Geometrical variations 
of the Universe

Composition of the Universe

∝a-4 ∝a-3

∝a-3(1+w)

∝a0 |w=-1

M. RIGAULT 27th Rencontres de Blois — 2015

The Expanding Universe   equation of states

3

scale factor

Geometrical variations 
of the Universe

Composition of the Universe

∝a-4 ∝a-3

∝a-3(1+w)

∝a0 |w=-1

M. RIGAULT 27th Rencontres de Blois — 2015

The Expanding Universe   equation of states

3

scale factor

Geometrical variations 
of the Universe

Composition of the Universe

∝a-4 ∝a-3

∝a-3(1+w)

∝a0 |w=-1

· · ·



Tension in Hubble const.?
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M. RIGAULT 27th Rencontres de Blois — 2015 31

~2.5σ

~1σ

Tension in the ΛCDM model

Directe
z~0 ; SNe IaIndirecte

(z~1000 ; ΛCDM)

Remark — Inverse distance ladder of SNe Ia (BAO), gives H0~68

M. RIGAULT 27th Rencontres de Blois — 2015

A Confirmed Star Formation Bias

SNe Ia from Star Forming Environments are 
Significantly Fainter (confidence level 4σ)

26

Rigault et al. 2015

SNe: CONSTITUTION
~100 SNe 0.03<z<0.1

SFPassives

Independent 
sample

M. RIGAULT 27th Rencontres de Blois — 2015

Distance Measurement in Cosmology

7

STANDARD CANDLES STANDARD RULERS

Rigault



Imagery
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the ancient Universe
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Dust Intensity & Polarization



old representations of old
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Mul$%boson*
produc$on*at*the*
LHC*

Alexander)Oh)
University)of)Manchester)

On)behalf)of)the))
ATLAS)and)CMS)collabora;ons)

3rd)June)2015) Mul;Cboson)produc;on)at)the)LHC,)Blois)2015) 1)

Oh

CP violation and rare decays

Tim Gershon
University of Warwick

Blois2015: 27th Rencontres de Blois on "Particle Physics and Cosmology"

4th June 2015
Tim Gershon

CPV and rare decays
Tim Gershon

CPV and rare decays

Gershon



new representations of old
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young or old?
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old-testament ancient
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Asai
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Divining / crystal balls
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Papaefstathiou

A. Papaefstathiou

phenomenological  
projections

7

• search for hh at LHC14 in final states:

hh ! (bb̄)(⌧+⌧�)

hh ! (bb̄)(��)

hh ! (bb̄)(W+W�)

hh ! (bb̄)(bb̄)

(+) (-)
low bkgs, large BR τ-tagging

v. low bkgs, mγγ low σ and j-to-γ 

leptons+Emiss tt̄

highest BR (~1/3) QCD

• discovery of SM signal at high-lumi LHC (3000 fb-1) 
seems very likely!



XYZ castles

100

Olsen



Fauna
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Rafael Lang: Direct Dark Matter Detection 8 

WIMP Search Basics 

Cerdeño

Lang

Taxidermy (Phenomenology-driven) 

Identify some basic 
features from a 
positive 
observation 

Perform a 
complementary 
measurement with 
other search 
technique 

Gradually identify 
properties of the 
DM particle 

©"Esteban"Seimandi"
""""Animalia"ExsCnta"

Natural?



Staircase to heaven
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Overview)

3rd)June)2015) Mul;Cboson)produc;on)at)the)LHC,)Blois)2015) 3)
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CMS PreliminaryMar 2015

All results at: http://cern.ch/go/pNj7
W Z γW γZ WW WZ ZZ WW

→γγ
qqll
EW γWV tt t-cht tW s-cht γtt ttZ

σ∆ in exp. Hσ∆Th. 
ggH qqH

VBF VH ttH

CMS 95%CL limit

)-1 5.0 fb≤7 TeV CMS measurement (L 
)-1 19.6 fb≤8 TeV CMS measurement (L 

7 TeV Theory prediction
8 TeV Theory prediction

But only if your first script was Arabic, Hebrew, N’ko, etc.



Two routes to heaven
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  3

Two routes to heaven
for quark flavour physics

SM

NP

CP violation
(extra sources must exist)

But
● No guarantee of the scale
● No guarantee of effects in 

the quark sector
● Realistic prospects for 

CPV measurement in νs 
due to large θ

13

Rare decays
(strong theoretical arguments)

But
● How high is the NP scale?
● Why have FCNC effects not 

been seen? 

Absence of NP signals at 
ATLAS/CMS → argument for 

searches via rare decays strongerTim Gershon
CPV and rare decays



Concluding remarks
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❖ We have puzzles that clearly need solving, e.g. dark matter, 
hierarchy of scales, baryon asymmetry 

❖ Lack of clues about them, whether in the sky or in 
colliders, is frustrating. 

❖ But powerful, well-executed experiments (and theory 
calculations) mean we’re learning things fast: 
cosmological parameters, (ν)SM parameters, Higgs 
properties — amazing progress on many of these fronts. 

❖ Treasure the day-to-day excitement that accompanies this 
progress, progress that is a prerequisite for the bigger 
revolutions that we hope to see, sooner or later.



Finally
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A big thank you to the organizers for 
putting together such a stimulating 
and smoothly run workshop in this 

beautiful location.



Backup slides

107



108

Top Higgs

20 years old 3 years old

0.4% on mass? 0.2% on mass



Wednesday: start of LHC Run 2
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