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TeV territory

We like Moriond EW (not because the skying, food,…) 
because we believe that physics around the EW scale  
can unravel something fundamental in particle physics

… exploration of the energy frontier has brought a lot of discoveries in the past!



As Rencontres Moriond, little by little 
particle physics has amazingly evolved from 1966 to 2016

But the situation has changed from the old days 
 (at least for theorists)…

Pre-Higgs era:

Post-Higgs era:

We were building up the theory
discovery guaranteed:

…, top, Higgs

We now have the theory:

A (quantum field) theory SM+GR 
that can consistently give us the physics up to ~ MP



Powerful theory that can predict 
the gravitational waves from a binary BH merger

see Alessandro Nagar’s talk

A. Nagar - 18 March 2016 - La Thuile 
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So, why should be new phenomena at the TeV?

In particular, we want to understand the origin of the EW scale 
(hierarchy problem): 

Not because the present theory is inconsistent!

Why mW ≪ MP ~1019 GeV ?

This is today the main motivation to explore the TeV frontier

We have the theory, 
but now we’d like to understand why it is like it is

 origin of the Higgs potential 
                 why the Higgs is so light?

 but success not guaranteed… see later



TeV territory

The TeV frontier must be attacked from several fronts



TeV territory

The TeV frontier must be attacked from several fronts

Role of theorist: Provide the necessary tools & routes to TeV physics 
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Calculating the SM predictions:

Role of Theorists I

We know the theory (SM+GR),
but we do not know its predictions!

Long ongoing project on how to to deal with QCD



Non-Perturbative calculations: Lattice
Crucial as now most flavor observables are close to the SM value
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A few words about Lattice QCD

Therefore, in principle, for a given number of flavour Nf

Input: bare parameters of QCD Lagrangian (g , mi = mu ,md ,ms , . . .)
#

#
Output: Hadronic quantities, Masses, Decay constants, . . .

Nicolas Garron (Plymouth University) Weak Matrix Elements from Lattice QCD 5 / 32

Standard model prediction for "0/"

"0/" can be computed from

Re("0/") = Re

⇢

i! exp(i�2 � �0)p
2"



Im(A2)

ReA2
� ImA0

ReA0

��

Combining our new value of ImA0 and �0 with

our continuum value for ImA2

the experimental value for ReA0, ReA2 and their ratio !

we find
Re("0/") = 1.38(5.15)(4.43) ⇥ 10�4

whereas the experimental value is
Re("0/") = 16.6(2.3) ⇥ 10�4

⇠ 2.1�

[ Buras et al.’16, Buras and Gerard] combines our results with some large N computation of Q6 and Q8 and finds a
⇠ 2.9� e↵ect.

Our errors are large, but are expected to dectrease rapidly

Nicolas Garron (Plymouth University) Weak Matrix Elements from Lattice QCD 21 / 32

Toward an quantitative understanding of the �I = 1/2 rule

ReA0 is also dominated by the tree level operators

Dominant contribution to Qlat
2 is / ( 2 2� � 1� ) ) Enhancement in ReA0

ReA0

ReA2
⇠ 2 2� � 1�

1� + 2�
With this unphysical computation (kinematics, masses) we find

ReA0

ReA2
= 9.1(2.1) for mK = 878 MeV m⇡ = 422 MeV

= 12.0(1.7) for mK = 662 MeV m⇡ = 329 MeV

Nicolas Garron (Plymouth University) Weak Matrix Elements from Lattice QCD 24 / 32
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experimentally: 22

In Lattice we trust

hK|(q̄�µq)2|⇡⇡i

Alternative methods:
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B➞K*μμ at high q2:

Summary

– High q2 region in semileptonic rare |�b| = |�s| = 1 decays is
inhabited by wider charm resonances.

– Using a local model against the OPE provides a data-driven
method to test the binning and limitations of the OPE.

– Further tests include Null tests of the angular distribution.

– SM fits on B ! K⇤µµ at low recoil are consistent with the SM,
however, large BSM effects �C9 ⇠ �1 are also allowed.

- -We look forward to future data.

G.Hiller Moriond EWK 2016

From quarks & gluons to hadrons (physical objects):



QCD at hadron machines 
Perturbative calculations:    From LO→…→N3LO

Giulia Zanderighi:

Accept it, they are the 8th wonder of the world!G. Zanderighi - CERN & Oxford University / 40

N3LO Higgs production

6

Only collider process known to this accuracy: O(107) phase space 
integrals, O(105) interference diagrams, O(103) three-loop master 
integrals. A truly amazing technical achievement 
And a result that really matters for future Higgs physics 

Generic reaction: WOW! How did they do it? 

Wednesday, March 16, 16

G. Zanderighi - CERN & Oxford University / 40

Some spectacular achievements

5

Generic reaction: WOW! How did they do it? 

Wednesday, March 16, 16

G. Zanderighi - CERN & Oxford University / 40

8 TeV data vs theory

...

10

Wednesday, March 16, 16

Gave glimpses of these beauties:

G. Zanderighi - CERN & Oxford University / 40

Another amazing achievement

11

H + 1 jet at NNLO

• new techniques developed to achieve cancellations of 
intermediate divergences 

• large K-factor (≈1.15-1.20)
• useful comparison between independent calculations

1505.03892
1504.07922

Boughezal, Caola, Melnikov, Petriello, Schulze ’15
Boughezal, Focke, Giele, Liu, Petriello ’15

Chen, Gehrmann, Glover, Jacquier ’15

Wednesday, March 16, 16

from inclusive σH at N3LO… … to H+jet  diff. cross-section, 
crucial to extract more on the Higgs’s nature



Extraction of the top mass:

168 169 170 171 172 173 174 175
168

169

170

171

172

173

174

175

mMC [GeV]

mSR(1GeV) [GeV]

51st Recontre de Moriond, EW Session, La Thuile, March 12-19, 2016 

Peak Fits 
Γt=1.4 GeV,               tunes 1, 3, 7,  
Ω1,smear=1.5, 2.0, 2.5, 3.0, 3.5 GeV, 
Q={700, 1000, 1400} GeV,          peak fit (60/80)%   
mt

Pythia=170,171, 172, 173, 174, 175 GeV    
NLL: 177 scan survivors,  NNLL: 254 scan survivors  

First serious run: 

NLL 
NNLL 

•  Many more cross checks to be 
done.  

•  Calibration error: 0.5 GeV seems 
feasible at NNLL ! 

André H. Hoang's proposal:

mt

51st Recontre de Moriond, EW Session, La Thuile, March 12-19, 2016 

Top Mass Measurements Methods 

� High top mass sensitivity 
� Precision of MC ? 
� Meaning of mt

MC ?  

� pQCD calculations dominate 
� Control of mass scheme 
� Lower top mass sensitivity 
� High sensitivity to norm errors 

Indirect Mass Fit:  

LHC+Tevatron  

Direct Reconstruction:  

kinematic mass 
determination 

global mass 
dependence 

Future Linear Collider:  

Top Pair Threshold:  

� High top mass sensitivity 
� pQCD calculations dominate 
� Control of mass scheme 

Δ mt ~ 200 MeV (projection) 

kinematic mass 
determination 
perturbative 

toponium 
Δ mt ~ 100 MeV  

Δ mt ~ 1-2 GeV Total cross section tt+jet invariant mass 

Δ mt ~ 0.5 GeV 

51st Recontre de Moriond, EW Session, La Thuile, March 12-19, 2016 

Conclusions & Outlook 
•  First serious precise MC top quark mass calibration based on                    

e+e-  2-jettiness: preliminary results.  

•  NNLL+NLO QCD calculations based on an extension of the SCET 
approach concerning massive quark effects (all large logs incl. Ln(m)’s 
summed systematically). 

•  The Monte Carlo top mass calibration in terms of MSR mass with 
perturbative error O(500 MeV) appears feasible at NNLL+NLO 

•  Intrinsic MC error seems O(100 MeV).   

•  Full verified error analysis @  NNLL+NLO on the way 
•  Calibration for other MC generators  
•  Heavy jet mass, C-parameter (NNLL), pp-2 jettiness analysis (NLL) w.i.p. 
•  NNNLL+NNLO (2jettiness)  w.i.p 
•  Mass (+ Yukawa coupling) conversions w. QCD + electroweak  

Outlook: 

useful for 
precision tests 

of the SM!



Routes to BSM

Role of Theorists II
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Clean paths to BSM…

Motivation: Not the baryon-antibaryon asymmetry of the universe!

We do not expect that BSM will share these “accidents” as 
these are theories with more structure, so we expect them  

to give large effects to these observables

Lepton number, flavor-symmetries up to small Yukawas,
CP-conservation unless 3 family concurrence  

e.g.  supersymmetry, composite Higgs

Provide observables that receive small SM contributions  
due to the “accidental” symmetries of the SM:



 Electric Dipole Moments (EDM)

dn extremely small ~ 10-32 e*cm

Relatively “cheap” experiment, but as competitive as the LHC!!

assuming θ=0
from an axion! 

experimentally: dn < 2.9×10-26 e*cm

“Selection rules”

Best example:

γ

n nΣ−

π+

g
u, d u, d

s d
c, t c, t

W

Fig. 6. A leading contribution to the neutron EDM in the Standard Model, arising
via a four-quark operator generated by a strong penguin, and then a subsequent
enhancement via a chiral π+ loop.

• quark and nucleon EDMs

The necessity of four electroweak vertices requires that any diagram capable
of inducing a quark EDM have at least two loops. Moreover, it turns out
that all EDMs and color EDMs of quarks vanish exactly at the two-loop level
[83], and only three-loop diagrams survive [84,82], as in Fig. 5. A leading-log
calculation of the three-loop amplitude for the EDM of the d-quark produces
the following result [82],

dd = e
mdm2

cαsG2
F JCP

108π5
ln2(m2

b/m
2
c) ln(M2

W/m2
b). (4.74)

Upon the inclusion of the other contributions, it produces a numerical estimate

dKM
d ≃ 10−34e cm. (4.75)

The only relevant operator that is not zero at two-loop order is the Weinberg
operator [85], but its numerical value also turns out to be extremely small.
Indeed the largest Standard Model contributon to dn comes not from quark
EDMs and CEDMs, but instead from a four-quark operator generated by a
so-called “strong penguin” diagram shown in Fig. 6. This is enhanced by long
distance effects, namely the pion loop, and it has been estimated that this
mechanism could lead to a KM-generated EDM of the neutron of order [86],

dKM
n ≃ 10−32e cm. (4.76)

However, this is still six to seven orders of magnitude smaller than the current
experimental limit.

37

CP 

V12

V23

V13

3rd family

2nd family

1st family

CP-violating phases in BSM are ubiquitous  ☛  larger contributions

In the SM must 
involve the 3 family quarks

e.g.  neutron EDM

A

t̃

γ

γ

e

d

A

d d

Fig. 9. Additional corrections to the EDMs. On the left two-loop Barr-Zee type
graphs mediated by a stop-loop and a pseudoscalar Higgs, while on the right
we have a Higgs-mediated electron-quark interaction Cde with CP violation at
the Higgs-quark vertex. There is a second diagram with CP -violation at the
Higgs-electron vertex mediated by H.

dTl

[dTl]exp
≃

tan3 β

330

(
100GeV

mA

)2 [
sin θµ + 0.04 sin(θµ + θA)

]
. (4.92)

Notice that this result does not scale to zero as MSUSY → ∞. Although just
an O(10−3 − 10−2) correction for tanβ ∼ O(1), these Higgs–exchange contri-
butions become very large for tanβ ∼ O(50) [100,101,81] (see also [102]).

4.2.1 The SUSY CP problem

Figure 8 exemplifies the so-called SUSY CP problem: either the CP -violating
phases are small, or the scale of the soft-breaking masses is significantly larger
than 1TeV, or schematically,

δCP ×
(

1TeV

MSUSY

)2

< 1. (4.93)

The need to provide a plausible explanation to the SUSY CP problem has
spawned a sizable literature, and the following modifications to the SUSY
spectrum have been discussed.

• Heavy superpartners. If the masses of the supersymmetric partners exhibit
certain hierarchy patterns the SUSY CP problem can be alleviated. One
of the more actively discussed possibilities is an inverted hierarchy among
the slepton and squark masses, i.e. with the squarks of the first two genera-
tions being much heavier than the stops, sbottoms and staus, ie. (M2

S)ij ≫
(M2

S)i3, (M2
S)33, where i, j = 1, 2 is the generation index [103]. It is prefer-

able to have masses of the third generation sfermions under the TeV scale
because they enter into radiative corrections to the Higgs potential, and

47
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Flavor Physics
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Map of Quark FCNC transitions and type of loop processes: 

b!s (|VtbVts|��2) b!d (|VtbVtd|��3) s!d (|VtsVtd|��5) c!u (|VcbVub|��5) 
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EW Penguin B!K(*)ll, B!Xs� B!πll,  B!X� K!π0ll, K±!π±�� D!Xull 

Higgs Penguin Bs! B! K! D! 
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becoming a mature field 
with plenty of new observables

constraining different BSM physics
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Lost opportunities: Observables with small SM 
contributions (expected large BSM effects!) are 

measured at the level of the SM predictions
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We have now to dig into the details of the SM contributions



New physics in b ! s``

SM and NP particles induce an effective bs̄µ+µ� coupling

O(0)
9 =

↵

4⇡
[s̄�µPL(R)b][µ̄�µµ]

O(0)
10 =

↵

4⇡
[s̄�µPL(R)b][µ̄�µ�5µ]

+ scalar operators
(not relevant for this talk)

O(0)
7 =

↵

4⇡
mb[s̄�µ⌫PR(L)b]F

µ⌫

processes C(0)
7 C(0)

9 C(0)
10

B ! Xs�, B ! K⇤� X
B ! Xsµ

+µ� X X X
Bs ! µ+µ� X

B ! K(⇤)µ+µ�, Bs ! �µ+µ� X X X

La
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Even the SM seems to show some tension with the 
experimental values…  see later

BSM model builders must now be sure to satisfy constraints from 
ΔF=1 observables (to be added to the ΔF=2): 



The TeV frontier must be attacked from several fronts

Looking for deviations  
in SM couplings

TeV territory
WIMP 
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new particles



The expected most sensitive SM particle to BSM:

Higgs EFT (quite develop in the last years) useful for parametrizing 
deformations form the SM Higgs  

The Higgs ≣ BEH it must be blamed 
for the hierarchy problem!

Aneesh  Manohar Higgs ~ coordinates of a d=4 space
deformations can have a simple geometrical interpretation

HEFT: risk of democratizing the BSM effects (not all are equally important):

Effective Field Theory: Motivation

Generalize SM by constructing EFT generalizations. Add
all possible non-renormalizable higher dimension
operators d > 4 with arbitrary coefficients and power
suppressions 1/⇤d�4. Use experiment to bound these new
interactions. Effectively probes low-energy E < ⇤
consequences of fundamental high energy theory with new
particles of mass ⇠ ⇤.

L = LSM +
1

⇤d�4

X

i

CiO
(d)
i

Any fundamental high energy theory with new particles of
mass ⇤ yields EFT description at E < ⇤. Analysis is model
independent.

pseudoNGB Higgs:

Elizabeth  Jenkins

hff , hVV , h3

Aurora Meronishown in a weakly-coupled calculable model



Still few interesting Higgs couplings 
to be measured:  

hee coupling:  too small for the LHC

2)   Flavor-violating couplings

proposal for looking at atomic physics:
Higgs-Yukawa int. shift atomic freq.:  ghee≲0.1

Cedric  Delaunay

 1)    h3 , hZγ
Parameter value

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

BSMBR

γκ

gκ

bκ

τκ

tκ

Wκ

Zκ

 Run 1LHC
 PreliminaryCMS  and ATLAS

 1≤ Vκ
=0BSMBR

σ 1±
σ 2±

Lidia Dell’Asta
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LA

S+
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Coupling modifiers have been proposed to interpret the LHC data using specific modifications of 
the Higgs boson couplings related to new physics beyond the SM.
“k-framework”:

assuming exactly same coupling structure as SM,
modify couplings with LO degrees of freedom.

18

�i = 2
i · �i(SM)

�f = 2
f · �f (SM)

Changes in the couplings will result in a 
variation of the Higgs boson width. 

Assume no BSM contribution or allow 
additional BSM contribution to the width.

µf
i =

�i ·BRf

�i(SM) ·BRf (SM)
=

2
i · 2

f

�H/�H(SM)

Two scenarios considered:
BR(BSM) = 0
kV≤1 and BR(BSM) free

upper limit of 0.34 at 95% CL is 
obtained for BR(BSM).

FCNC t–h couplings

u, c h

b

W

h

ū, c̄

W

b

t t

t̄

g g

g u, c h

b

W

h

ū, c̄

W

b

t t

t̄

g g

g

t ! hq decay

Relevant for tuh and tch couplings
(no PDF suppression)

`+ 2� or up to 5`

single top + h production

Only relevant for tuh couplings
(PDF suppression for charm)

`+ 2� or up to 5`

Greljo Kamenik JK, arXiv:1404.1278

Joachim Kopp Flavor Violation in the Scalar Sector 12
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Most important 
couplings have been measured,

showing reasonable 
agreement with the SM  

Higgs physics is maturing:

3)   Couplings to light fermions:
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Motivation for WIMPs:

Realistic candidate for DM
WIMP “miracle”!stable remnant

TeV new physics
for the hierarchy problem



Motivation for WIMPs:

Realistic candidate for DM
WIMP “miracle”!stable remnant

TeV new physics
for the hierarchy problem

CDM Type I

• TC Baryon1 

• TC Meson2 

• Millicharged Comp. DM3 

• Stealth DM4 

• Solitons/Little Higgs5 

• ….

CDM

SM

Type I

1Nussinov 85  & Barr, Chivukula, Farhi 90 
2Gudnason, Kouvaris, Sannino ph-0603014, 0608055 
3Kouvaris 1304.7476 
4Appelquist et al. 1503.04203 
5Gillioz, 1103.5990

Not only in susy 
(neutralino),

but also in strongly-
coupled solutions to
the hierarchy problem
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Motivation for WIMPs:

Realistic candidate for DM
WIMP “miracle”!stable remnant

TeV new physics
for the hierarchy problem

Finding a WIMP will reinforce the whole TeV-collider program!
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Motivation for WIMPs:

Realistic candidate for DM
WIMP “miracle”!stable remnant

TeV new physics
for the hierarchy problem

If  no TeV physics explaining 
the origin of EW

The motivation for  
WIMPs falls

DM classification 
At some early cosmological epoch of hot Universe, with temperature      
T >> DM mass, the abundance of these particles relative to a species of 
SM (e.g. photons) was"

Normal: Sizable interaction rates ensure thermal equilibrium,        NDM/Nγ =1. 
Stability of particles on the scale tUniverse is required. Freeze-out calculation gives the 
required annihilation cross section for DM --> SM of order ~ 1 pbn, which points 
towards weak scale. These are WIMPs. Asymmetric DM is also in this category."

Very small: Very tiny interaction rates (e.g. 10-10 couplings from WIMPs). Never in 
thermal equilibrium. Populated by thermal leakage of SM fields with sub-Hubble rate 
(freeze-in) or by decays of parent WIMPs. [Gravitinos, sterile neutrinos, and other 
“feeble” creatures – call them super-WIMPs] "

Huge: Almost non-interacting light, m< eV, particles with huge occupation numbers 
of lowest momentum states, e.g.  NDM/Nγ ~1010. “Super-cool DM”. Must be bosonic. 
Axions, or other very light scalar fields – call them super-cold DM. ""
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Many other 
possibilites 

for DM beyond  
WIMPs are there:



● WIMPs searches a mature field → see experimental summary

● Theorists prepare to interpret 
any excess (in one day!)

● Also quite developed are LHC searches for DM:
                           Missing ET  vs  Direct Mediator searches
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Dark Matter Overview     -                                                                                                              Farinaldo Queiroz - MPIK 

8

Is the GeV gamma-ray excess excluded by Dwarf Galaxies Data?

Fermi-LAT Observations of High-Energy Gamma-Ray Emission Toward the Galactic Center 

“After subtracting the interstellar emission and point-source contributions from the data a residual is found 
that is a sub-dominant fraction of the total flux”.

Fermi-LAT,  1511.02938

Goodenough, Hooper, 0910.2998

First Observation: Possible Evidence for Dark Matter Annihilation In The Inner Milky Way

The best-fit regions can move 
downwards by a factor of two-three

With the recent discovery of several
 dwarf galaxies Fermi-LAT limit 

will improve

The GeV excess will probably
be settled in the next 3-5 years.

 Dark Matter Overview     -                                                                                                             Farinaldo Queiroz - MPIK

Take home message 2

    There are two excesses related to indirect dark matter detection:
i) gamma-rays in the GeV range (annihilation) ; ii) in x-rays in the KeV range (decay)

Dark Matter Olympics: GeV gamma-ray excess search

Hooper,Linden,Abazajian 
et al (US)

Cholis et al (Greece)  Weniger et al (Germany) 

Gordon et al (South Africa)
Calore et al (Italy)

Space available

+49 01737324407

Borrowed from Cirelli

1st Olympic Games: 
Best fit to the GeV γ-ray excess 

Susanne Westhoffexample: neutralino-like models



The TeV frontier must be attacked from several fronts

Looking for deviations  
in SM couplings

TeV territory
WIMP 

searches

Looking for new  
CP-violating & flavor 

 transitions

Searches for  
new particles



…



…

 no new ideas in collider physics?
                               all moved to anomaly chasing? 



Some remark:
7-8 TeV → 13 TeV

Who is keeping the Higgs light?

Not yet sign of the partners of the top (Golden BSM modes):

     Motivation 

Pieter Everaerts             March 17, 2013       2 Searches with 3rd generation quarks 

• Top quark radiative corrections to Higgs mass can be 
canceled by new particles: 
– Top squarks in supersymmetry 
– Vector-like quarks in Composite Higgs Models 

 
 
 
 

• Those particles would decay into Standard Model (SM) top 
and bottom quarks 

• Other new physics theories suggest that new gauge 
interactions with enhanced couplings to third generation 
quarks 
– W’, Z’, axigluons, pseudoscalar Higgs bosons,... 
– Searched for resonances in tt   or tb invariant mass 

 
 
 
 
 

 Search for top partners with charge 5/3 

Pieter Everaerts             March 17, 2013       26 Searches with 3rd generation quarks 

• Check the background modeling in 
DR(ℓ,2nd jet)<1 sideband 
– V+jets CR: 0 b-tagged jets 
– tt CR: at least 1 b-tagged jet 
– Derive systematic uncertainties on 

data-MC agreement 

• Fit the M(l,b) mass spectrum 
• No excess observed 

 
 

CMS-B2G-15-006 

Combined Same-sign 2l 

See Clint’s talk 

1l+jets right- 
handed 

right- 
handed 

right- 
handed 

   

   Stop decaying to top+LSP 

Pieter Everaerts             March 17, 2013       10 Searches with 3rd generation quarks 

• Model where both legs decay: 𝑡 → 𝑡c1
0  

• Excluded up to 790 GeV 𝑡  masses for 0 GeV 
c1
0 mass and 250 GeV c1

0 mass for a 600 GeV 𝑡  
 

 
 
 
 
 

• Additional results for models with both top decay modes (CMS) and 
gluino-induced stop production (ATLAS) 

 
 
 
 
 

ATLAS-CONF-2016-007 
CMS-SUS-16-002 
CMS-SUS-16-007 

m(̃t, b̃) & 700� 800 GeV

m(X5/3) > 960 GeV
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NEUTRINOS:

Neutrino mass origin probably 
has to do with physics at scales much larger than  TeV:

Not a necessity:

Michele Lucente

Possible origin could also be at the TeV (if y≪1)

● Possible scenarios with testable baryogengesis

ν0 ββ decay ☛ crucial future experiment

●  Left-Right models proposal for neutrinos 

The Majorana (see-saw) idea fits nicely and explains 
why neutrinos are much much lighter

than the other SM fermions

JoAnne  Hewett

m⌫ ⇠ y2

g2

m2
W

M
1015 GeV?



Level of Agreement So Far

Significant spread.
And all the models
could be missing
important physics.

Uncertainty hard
to quantify.

More computing power and new many-body methods
responsible for major recent progress in ab initio theory.

Theorists are organizing; should be able to improve all the
models above and connect them to ab initio work, reducing
and quantifying uncertainty.

Jonathan Engel

Crucial the ν-exchange nuclear matrix element: M0ν

Nuclear-Structure Methods in One Slide

Density Functional Theory & Related Techniques:
Mean-field-like theory plus relatively simple corrections in very
large single-particle space with phenomenological (perhaps
density-dependent) interaction.

Shell Model: Partly phenomenological interaction in a small
single-particle space — a few orbitals near nuclear Fermi
surface — but with arbitrarily complex correlations.

Ab Initio Calculations: Start from a well justified
two-nucleon + three-nucleon Hamiltonian, then solve full
many-body Schrödinger equation to good accuracy in space
large enough to include all important correlations. At present,
works pretty well in systems near closed shells up to A ⇡ 50.

Interacting Boson Model: Model for collective states (as
bosonic excitations).

...

New!

Has potential to combine and ground virtues of
shell model and density functional theory.

New approach:

Finally. . .

Existence of topical collaboration will speed progress in next
few years on this and other fronts:

gA problem

Uncertainty quantification

Other mechanisms for �� decay, short-range physics
...

Goal is accurate matrix elements with quantified uncertainty
by end of collaboration (5 years from now).

That’s all; thanks
for listening.



reason for the 5% reduction of the reactor antineutrino 
observed flux? Probably nuclear?

Presence of ν-sterile?
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Boris Kayser“Background” for determining CP-violating phases

If true, real breakthrough, although its origin will not likely have a 
connection with the EW scale
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8 th talks out of 28! 4
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FIG. 1. Cumulative number of papers on a particle physics topic as a function of time, using model 1. The points show raw

data extracted from the citation counts of papers in Table III. The red line is the fit for the Poisson mean µ(T ) in Eq. (6). The

bands represent the one and two Poisson standard deviations, i.e.
p

µ(T ).

as it was otherwise di�cult to determine the date of the

publication in an automated fashion. I expect that these

approximations will result in systematic errors of O(10)

papers in total (per data set) and will hence typically be

smaller than the statistical error.

For each data set, the date on which the result respon-

sible for the cycle of ambulance chasing is announced

can be established as the “zero time.” The choice is not

unique as one could easily repeat the exercise by consider-

ing, say, the date of the first preprint as the starting date

in each data set. Note, however, that none of the general

conclusions in this paper are a↵ected by the choice of the

reference date, as the choice of zero only shifts the data

sets and does not a↵ect any functional forms.

Result Announcement Date arXiv number

ATLAS �� [1] 15 Dec. 2015 N/A

ATLAS V V [2] 2 Jun. 2015 1506.00962

BICEP2 [3] 17 Mar. 2014 1403.3985

Fermi 130 GeV [4] 12 Apr. 2012 1204.2797

OPERA [5] 22 Sep. 2011 1109.4897

CDF W + 2j [6] 4 Apr. 2011 1104.0699

AFB [7] 30 Dec. 2010 1101.0034

PAMELA e+[8] 8 Oct. 2008 0810.4995

Unparticles [9] 23 Mar. 2007 0703260

TABLE I. Recent instances of ambulance chasing in particle

physics.

Table III shows a summary of the data sets consid-

ered in this paper, together with the dates of appearance
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Anomalies can even captivate very good people



Reinhold Messner (considered by the wiki
“the greatest mountaineer of all time”): 

Anomalies can even captivate very good people



>5 Sigmas

Reinhold Messner (considered by the wiki
“the greatest mountaineer of all time”): 

“In a solo climb in Tibet, Reinhold Messner 
confronted a large unidentifiable creature that 

moved upright with astonishing agility. 
Convinced that he had found living proof of a 

legend, Messner began a quest for a mystery that 
has haunted the imagination for generations”

Anomalies can even captivate very good people
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Reinhold Messner (considered by the wiki
“the greatest mountaineer of all time”): 

Anomalies can even captivate very good people

Got funds for a Yeti-Tibet solo expedition (1988)

“In a solo climb in Tibet, Reinhold Messner 
confronted a large unidentifiable creature that 

moved upright with astonishing agility. 
Convinced that he had found living proof of a 

legend, Messner began a quest for a mystery that 
has haunted the imagination for generations”



>5 Sigmas

Reinhold Messner (considered by the wiki
“the greatest mountaineer of all time”): 

Anomalies can even captivate very good people

 Anomalies:  Are a very passional thing!

Got funds for a Yeti-Tibet solo expedition (1988)

“In a solo climb in Tibet, Reinhold Messner 
confronted a large unidentifiable creature that 

moved upright with astonishing agility. 
Convinced that he had found living proof of a 

legend, Messner began a quest for a mystery that 
has haunted the imagination for generations”
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•  Experimental error?

•  Statistical fluctuation?

•  SM contributions under control?

•  Reasonable BSM could explain it?

Rational approach to anomalies:
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Clean observables? Not having the SM "breathing behind”?

B ! Kµ+µ� and RK

B+ ! K+µ+µ�

107 ⇥ BR Theory (SM) Experiment Pull

[0.1, 0.98] 0.31± 0.09 0.29± 0.02 +0.2
[1.1, 2] 0.32± 0.10 0.21± 0.02 +1.1
[2, 3] 0.35± 0.11 0.28± 0.02 +0.6
[3, 4] 0.35± 0.11 0.25± 0.02 +0.8
[4, 5] 0.35± 0.11 0.22± 0.02 +1.1
[5, 6] 0.34± 0.12 0.23± 0.02 +0.9
[6, 7] 0.34± 0.12 0.25± 0.02 +0.8
[7, 8] 0.34± 0.13 0.23± 0.02 +0.8

B0 ! K0µ+µ�

107 ⇥ BR Theory (SM) Experiment Pull

[0.1, 2] 0.62± 0.19 0.23± 0.11 +1.8
[2, 4] 0.65± 0.21 0.37± 0.11 +1.2
[4, 6] 0.64± 0.22 0.35± 0.10 +1.2
[6, 8] 0.63± 0.23 0.54± 0.12 +0.4

I Agreement between theory and experiment at ⇠ 1 �

I but: experiment systematically lower than theory prediction
for all available FF parametrizations:

I LCSR FFs from KMPW[Khodjamirian et al.] and BZ[Ball,Zwicky]

I lattice QCD[Bouchard et al.]

I R(K) = Br(B ! Kµ+µ�)/Br(B ! Ke+e�)

exp.
= 0.75

+0.09
�0.07 ± 0.04

2.6 sigma deviation from clean SM prediction R(K) = 1 La
rs
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B-physics anomalies:



Clean observables? 

 Needs extra BSM contribution to
       quarks➞leptons,  so… leptoquarks!
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N. Košnik, Moriond EW, March 13, ‘16Lepton flavor nonuniversality in b→sℓ+ℓ− processes 19

Conclusions & Outlook

• RK measurement is very clean observable, it shows a hint of 
LFU violation 

• Test in additional LFU ratios: RK at high q2, RK*, RΦ, RK*/RK,… 

• (Axial)-vector O9(’), O10(’) operators are the simplest solution, 
consistency with global b→sμμ data requires O9 

• Z’ or light leptoquarks naturally realize these operators 

• Each model offers additional specific predictions 

• Lepton flavour violation expected but not guaranteed
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Martin Jung 

Introduction The U(1)0BGL Model Phenomenology Conclusions

Conclusions
LHCb anomalies persist:

• Require large CNP
9 , non-universal couplings

• Z’ models possible explanations

Interplay of flavour-observables and direct searches

U(1)0BGL viable, predictive model:

• Starting point: 2HDM solving FCNC problem

No FCNCs for up-quarks

Controlled FCNCs on tree-level for down-quarks

All flavour-changing interactions determined by CKM

• Gauging symmetry yields LNU, but no LFV

• Z 0 sector depends only on g 0/MZ 0 and MZ 0

Will be further tested soon

B-physics anomalies:
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Conclusions & Outlook

• RK measurement is very clean observable, it shows a hint of 
LFU violation 

• Test in additional LFU ratios: RK at high q2, RK*, RΦ, RK*/RK,… 

• (Axial)-vector O9(’), O10(’) operators are the simplest solution, 
consistency with global b→sμμ data requires O9 

• Z’ or light leptoquarks naturally realize these operators 

• Each model offers additional specific predictions 

• Lepton flavour violation expected but not guaranteed
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No clear connection with any BSM explaining the EW scale !

I.I.RABI

Martin Jung 

Introduction The U(1)0BGL Model Phenomenology Conclusions

Conclusions
LHCb anomalies persist:

• Require large CNP
9 , non-universal couplings

• Z’ models possible explanations

Interplay of flavour-observables and direct searches

U(1)0BGL viable, predictive model:

• Starting point: 2HDM solving FCNC problem

No FCNCs for up-quarks

Controlled FCNCs on tree-level for down-quarks

All flavour-changing interactions determined by CKM

• Gauging symmetry yields LNU, but no LFV

• Z 0 sector depends only on g 0/MZ 0 and MZ 0

Will be further tested soon

B-physics anomalies:
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OPERA:  𝜐 faster than light     (~6 σ)
CDF:    W+2j     (3.2 σ)
CDF:    top  AFB  (3.4 σ)

CMS

pardoned by ATLAS?

After M.Pierini’s talk

It will be a pity 
since it was a signal predicted from:

 Composite Higgs models:
spin=1 resonance ~ techni-ρ ~ WKK

or extra scalar resonance η’

 Left-Right Models

II) Z(+jet)+missing ET excess:    

JoAnne  Hewett

Not a crazy signal: expected from susy:

q̃ ! B̃ ! H̃

 jet  Z ↘︎ LSP: missing ET
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Thomas  Rizzo



Bumps are in principle clean observables
III) Di-photon excess:    
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Results

Marco Delmastro Diphoton searches in ATLAS 10

2878 events (mγγ > 200 GeV)

SPIN-0 ANALYSIS SPIN-2 ANALYSIS

5066 events (mγγ > 200 GeV)

background-only fit background-only fit

17/03/2016 High mass diphoton resonances at CMS - P. Musella (ETH) 30

SummarySummary
Showed an update on searches for diphoton resonances
in the mass range above 500GeV at 8 and 13TeV.

Used simple and robust analysis strategy.

Used improved detector calibration and
analyzed dataset recorded at 0T.

Compared to previous results, 13TeV analysis 
improved sensitivity by more than 20%.

Results interpreted in terms of scalar 
resonances and RS gravitons production 
of diRerent widths.

Observation generally consistent with 
SM expectations.

Modest excess of events observed at 
m

X
 = 750(760)GeV for the 8+13TeV(13TeV) 

dataset.

Local signi5cance is 3.4(2.9)s, reduced to 1.6(<1)s after accounting 
for look-elsewhere-eRect. 

17/03/2016 High mass diphoton resonances at CMS - P. Musella (ETH) 25

Breaking-down the contributions Breaking-down the contributions 

Excess at 760GeV comes mostly from EBEB categories.

Driven by 3.8T category.
(where the observed excess is ~unchanged w.r.t. the previous results).

Observed one event in the 0T dataset compatible with 3.8T excess.

suggested to
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VolksModell (the everybody’s model)

The Sgg and S�� operators can be generated if S couples to charged particles

SQ̄f(yf + i y5f�5)Qf + SAsQ̃⇤
sQ̃s

g

g

Q

S

Q

g

g

Extra fermions Q or scalars Q̃ needed

SM loop excluded: the tree level decay would be too large e.g.
�tt̄

���
⇡ 105.

A. Strumia

 Simple theory interpretation:



2)  Add the minimal extension to the SM that explain it !    

Strumia’s “modus operandi”: 

1) Fit it !

What points to?

Global fits, S $ gg, ��, X

Regions that fit �(pp ! ��)8,13, the width � and that satisfy all bounds:
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Large width needs �(S ! ��)/M >⇠ 10�5: it’s big!
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SQ̄f(yf + i y5f�5)Qf + SAsQ̃⇤
sQ̃s
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Extra fermions Q or scalars Q̃ needed

SM loop excluded: the tree level decay would be too large e.g.
�tt̄

���
⇡ 105.

Why is this around the EW scale?

But this does not answer any fundamental question:

Was expected? What else we can expect?
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VolksModell (the everybody’s model)

The Sgg and S�� operators can be generated if S couples to charged particles

SQ̄f(yf + i y5f�5)Qf + SAsQ̃⇤
sQ̃s
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Extra fermions Q or scalars Q̃ needed

SM loop excluded: the tree level decay would be too large e.g.
�tt̄

���
⇡ 105.

The width of S is crucial:

                      strong dynamics 
        A possibility already proposed to explain the EW scale 

Was predicted? Not… but yes. 
Not essential, but present in QCD-like theories: η, η’   

                          even susy could accommodate it
                      But why so much extra matter there? Not expected!

If large    ☛

If small    ☛



Two possible scenarios 
we can imagine in the future



In August is confirmed…

New Revolution in particle physics!
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Theory 
colleagues

… avalanche of theory papers



In August is not confirmed…



New-Physics at the TeV

Pros Cons

No new particles seen, 
no new flavor-violations seen,

no deviations on Higgs couplings seen, 
no deviations on Z/W couplings seen, 

no WIMP detected,
no EDMs seen,

Origin of the EW scale

In August is not confirmed…
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New-Physics at the TeV

Pros Cons

No new particles seen, 
no new flavor-violations seen,

no deviations on Higgs couplings seen, 
no deviations on Z/W couplings seen, 

no WIMP detected,
no EDMs seen,

Origin of the EW scale

In August is not confirmed…

Null results from well-motivated experiments 
(as Michelson-Morley experiment) give a motivation for 

a change of paradigm!

This is not "The end of History"

I The Moriond meetings will continue

I MANY HAPPY RETURNS

J. IIiopoulos



1) Relaxion:

Can explain why mW ≪ MP without new-physics at the TeV

P.W. Graham, D.E. Kaplan, S.Rajendran
arXiv:1504.07551 
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1) Relaxion:

We thought was not possible!

Can explain why mW ≪ MP without new-physics at the TeV

P.W. Graham, D.E. Kaplan, S.Rajendran
arXiv:1504.07551 

Field-dependent Higgs massHiggs-mass parameter

m2
H(�)|H|2m2

H |H|2

History  
is important!  
𝟇 was stabilized

long ago
at very small

 values !



We must go back to the low-energy & explore  
better the weakly-coupled regime

see for example, 
J.R.Espinosa,C.Grojean,G.Panico,A.P., 

O.Pujolàs,G.Servant 15
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New physics scale can be 
pushed up naturally to  

at least 109 GeV

Main prediction: 
'’s:  very light & extremely 
weakly-coupled states (axion-like)m+ ~ sub-GeV

must be searched in different type of experiments: 
Astro (γ-rays, pulsar timing, …), CMB, 

table-top (fifth-force searches, EPV),  …

MODELS
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Very important motivation to connect with already ongoing searches:

��

Search for dark photons, Snowmass study, 2013  
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FIG. 6. Parameter space for dark photons (A⇥) with mass mA0 > 1 MeV (see Fig. 7 for

mA0 < 1 MeV). Shown are existing 90% confidence level limits from the SLAC and Fermilab

beam dump experiments E137, E141, and E774 [116–119] the electron and muon anomalous mag-

netic moment aµ [120–122], KLOE [123] (see also [124]), WASA-at-COSY [125], the test run results

reported by APEX [126] and MAMI [127], an estimate using a BaBar result [116, 128, 129], and a

constraint from supernova cooling [116, 130, 131]. In the green band, the A⇥ can explain the ob-

served discrepancy between the calculated and measured muon anomalous magnetic moment [120]

at 90% confidence level. On the right, we show in more detail the parameter space for larger values

of �. This parameter space can be probed by several proposed experiments, including APEX [132],

HPS [133], DarkLight [134], VEPP-3 [135, 136], MAMI, and MESA [137]. Existing and future

e+e� colliders such as BABAR, BELLE, KLOE, SuperB, BELLE-2, and KLOE-2 can also probe

large parts of the parameter space for � > 10�4 � 10�3; their reach is not explicitly shown.

string theory constructions can generate much smaller �. While there is no clear minimum

for �, values in the 10�12 � 10�3 range have been predicted in the literature [140–143].

A dark sector consisting of particles that do not couple to any of the known forces and

containing an A⇥ is commonplace in many new physics scenarios. Such hidden sectors can

have a rich structure, consisting of, for example, fermions and many other gauge bosons.

The photon coupling to the A⇥ could provide the only non-gravitational window into their

existence. Hidden sectors are generic, for example, in string theory constructions [144–147].

and recent studies have drawn a very clear picture of the di�erent possibilities obtainable in

type-II compactifications (see dotted contours in Fig. 7). Several portals beyond the kinetic

21

Dark photon models with mass under 1 GeV, and mixing angles ~ 10-3 
represent a “window of opportunity” for the high-intensity experiments, 
not least because of the tantalizing positive ~ (α/π)ε2 correction to the 
muon g - 2. 

“bumps in mll”  

���

“Super-WIMP” DM absorption signal 

 
 
 
An, MP, 
Pradler, Ritz,  
PRD 2015 
 
 
 
 
 
 
Large DM experiments can compete with stellar constraints and have 
sensitivity to mixing angles down to ε ~10-15. (unfortunately, ε = 0 is 
also ok) 
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FIG. 1. A summary of constraints on the dark photon kinetic mixing parameter κ as a function of vector mass mV (see Secs. 2 and 3
for the details). The thick lines exclude the region above for dark photons with dark matter relic density. The solid (dashed) line is from
XENON10 (XENON100); the limit from XMASS is taken from [21]. The dash-dotted lines show our newly derived constraints on the
diffuse γ-ray flux from V → 3γ decays, assuming that decays contribute 100% (thick line) or 10% (thin line) to the observed flux. The
thick dotted line is the corresponding constraint from CMB energy injection. Shaded regions depict (previously considered) astrophysical
constraints that are independent of the dark photon relic density. The limits from anomalous energy loss in the sun (sun), horizontal
branch stars (HB), and red giant stars (RG) are labeled. The shaded region that is mostly inside the solar constraint is the XENON10
limit derived from the solar flux [27].

careful analysis of the ‘ionization-only’ signal available
to a variety of DM experiments. Many experiments have
already reported relevant analyses [14–21].
The rest of this work is organized as follows. In Sec. 2

we introduce the dark photon model in some more detail,
describe existing constraints, and reconsider indirect lim-
its. In Sec. 3 we compile the relevant formulæ for direct
detection, confront the model with existing direct detec-
tion results and derive constraints on the mixing angle
κ. The results are summarized in Fig. 1, which shows
the new direct detection limits in comparison to various
astrophysical constraints. In Sec. 4, we provide a gen-
eral discussion of super-weakly coupled DM, and possi-
ble improvements in sensitivity to (sub-)keV-scale DM
particles.

2. DARK PHOTON DARK MATTER

It has been well-known since 1980s that the SM allows
for a natural UV-complete extension by a new massive or
massless U(1)′ field, coupled to the SM hypercharge U(1)
via the kinetic mixing term [22]. Below the electroweak
scale, the effective kinetic mixing of strength κ between
the dark photon (V ) and photon (A) with respective field

strengths Vµν and Fµν is the most relevant,

L = −
1

4
F 2
µν −

1

4
V 2
µν −

κ

2
FµνV

µν +
m2

V

2
VµV

µ + eJµ
emAµ,

(1)

where Jµ
em is the electromagnetic current and mV is the

dark photon mass. This model has been under signif-
icant scrutiny over the last few years, as the minimal
realization of one the few UV-complete extensions of the
SM (portals) that allows for the existence of light weakly
coupled particles [23]. For simplicity, we will consider
the Stückelberg version of this vector portal, in which
mV can be added by hand, rather than being induced
via the Higgs mechanism.

2.1. Cosmological abundance

Light vector particles with mV < 2me have multi-
ple contributions to their cosmological abundance, such
as (a) production through scattering or annihilation,
γe± → V e± and e+e− → V γ, possibly with sub-Hubble
rates, (b) resonant photon-dark photon conversion, or
(c) production from an initial dark photon condensate,
as could be seeded by inflationary perturbations. Notice
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2) Forget to explain the EW scale!

Split-MSSM:  Part of the spectrum heavy, other light:
 2 Higgs doublet model?

Accept it is tuned:  mW ≪ MP 

and look for another reasons for the smallness of the EW scale:

DM, gauge-coupling unification,  “Anthropic” (Multiverse)

• triplet Higgs partner T (like RH sbottom in SUSY)

f = 10TeV

T ! tbSS

f > 10 TeV = long-lived decay
}

can produce a displaced vertex!

dimension-6 term

Collider searches:

f = 10TeV

• top companions �

future 100 TeV collider

12Wednesday, 16 March 16
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Split-Composite Higgs: 
             Most of the spectrum is heavy 
             Signal: Long-lived triplet scalar:
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It was the winter of despair
A Tale of Two Cities

We could discover plenty, 
we could discover nothing…

● After the Higgs, we start a very different phase in particle physics:
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It was the worst of times,

…
It was the spring of hope,

It was the winter of despair
A Tale of Two Cities

We could discover plenty, 
we could discover nothing…

● After the Higgs, we start a very different phase in particle physics:

● Several anomalies give some hope   e.g. S(750 GeV)

● Most important fronts are covered to explore TeV territory

(hope is not another Yeti)

● While waiting experimentalists to tell us what is there at the TeV,
we continue our program of computing the SM predictions, 

        & also profiting from our vivid imagination to find new routes to BSM

Thank you!  
and to all that made possible another successful Moriond!


