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FIG. 1: Profile likelihood projections onto the (m0,m1/2) plane, the (m0, A0) plane, the (m0, tan β) plane, and the
(m1/2, tan β) plane. All results are based on the Planck measurement and assume µ > 0.

In particular the size of the A-funnel region is then defined by the light Higgs mass constraint. Relating the
Higgs mass constraint we need to be a little careful. In Section II we have seen that the relevant trilinear
coupling At mostly scales with m1/2. The main contribution to the light Higgs mass comes from the two top
squarks, so the relatively heavy Higgs mass pushes the preferred physical stop masses to large values. According
to Eq.(1) negative values of A0 will increase |At|, leading to a larger stop mass splitting and hence a smaller
mass of the lighter stop mass eigenstate. Indeed, we find that the different measurements prefer A0 > 0, while
large negative A0 values and low m0 values are disfavored by the Higgs mass constraint.

In the lower panels of Figure 1 we see that large tanβ values are clearly favored, independently of m0. An
exception appears only for large m0 values, where the allowed range in tanβ becomes sizeable. The dark blue
area for 500 ! m0 ! 3000 GeV and tanβ < 35 is disfavored by the Higgs mass measurement. Large values of
tanβ are needed to increase its value, while the stop masses are fairly independent of m0. Dark matter plays
the key role in excluding the white area around m0 ≈ 3.5 TeV.

m0 m1/2 tan β A0 mt −2 logL/dof −2 logL/dof (LHCb)
co-annihilation 442 999 24.6 -1347 174.0 49.0/75 49.0/75
A-funnel 1500 1700 46.5 2231 173.9 48.9/75 49.2/75
h-funnel 4232 135 26.6 -2925 174.2 46.1/75 46.1/75

TABLE II: Illustration of best–fit parameters for the three regions of mSUGRA: A-funnel, h-funnel, and co-annihilation
with µ > 0. The corresponding −2 logL is given in column 7. The last column illustrates the impact on the new LHCb
measurement of BR(Bs → µ+µ−).

Figure 2: Left panel: A display of the electron EDM as a function of m0 (where m0 = MẽL = Mẽ)
for di↵erent ↵µ (the phase of the Higgs mixing parameter µ) with the mixings of the vector like
generation with the regular three generations set to zero. The curves are for the cases ↵µ = �3
(small-dashed, red), ↵µ = �0.5 (solid), ↵µ = 1 (medium-dashed, orange), and ↵µ = 2.5 (long-
dashed, green). The horizontal solid line is the current upper limit on the electron EDM set at
|de| = 8.7 ⇥ 10�29. The other parameters are |µ| = 4.1 ⇥ 102 , |M1| = 2.8 ⇥ 102 , |M2| = 3.4 ⇥

102 , |Ae| = 3 ⇥ 106 , m⌫̃
0 = 4 ⇥ 106 , |A⌫̃

0 | = 5 ⇥ 106 , tan� = 30 . All masses are in GeV, phases
in rad and EDM in ecm.The analysis shows that improvements in the electron EDM constraint can
probe scalar masses in the 100 TeV- 1 PeV region and beyond. Right panel: The same as the left
panel except that the region below the current experiment limit is blown up. The analysis shows
that an improvement by a factor of ten can allow one to probe up to and beyond 1 PeV in mass
scales.

and De diagonalizes the scalar electron mass 2 matrix so that

ẽL = De11ẽ1 +De12ẽ2, ẽR = De21ẽ1 +De22ẽ2 (20)

where ẽ1 and ẽ2 are the selectron mass eigenstates. In Fig. 2 we give a numerical analysis of the

electron EDM as a function of m0. Here one finds that the current constraint on the electron EDM

allows one to probe the m0 region in the tens of TeV while improvement in the sensitivity by a

factor of 10 or more will allow one to extend the range up to 100 TeV - 1 PeV.

3 EDM Analysis by inclusion of a vector generation in MSSM

Next we discuss the case when we include a vectorlike leptonic multiplet which mixes with the

three generations of leptons. In this case the mass eigenstates will be linear combinations of the

three generations plus the vector like generation which includes mirror particles. The details of the

model and its interactions are given in Appendices A-C. Here we discuss the contribution of the

5

(a) µ = M2, mR = 3TeV (b) µ = 2M2, mR = 3TeV

(c) µ = M2/2, mR = 3TeV (d) µ = 2TeV, mR = 1.5mL

Figure 1: Current LHC bounds on the SUSY g − 2 explanations. The orange (yellow)
band shows the region where the SUSY contributions explain the muon g − 2 discrepancy
at the 1σ (2σ) level. The dark gray regions in (a) and (c) are excluded by LEP searches
for the neutralinos and charginos. The regions left to the blue dotted lines are excluded by
the L-search. Assuming the approximate GUT relation for the gaugino masses, the regions
left to the red lines are excluded by the J-search. These exclusions are at 95% CL, and
the theoretical uncertainty of ±30% is included in the hatched regions. The LSP is the
lightest neutralino in the regions above the black thick lines, while the sneutrino is lightest
below them. Sleptons become lighter than neutralinos below the black dashed or dotted
lines (see the text for details).
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Why global �ts?

● In/out cuts based on 95% con,dence 
limits are useful to get a quick heuristic 
picture.

● But ultimately, we want to make valid 
statistical inferences.

● To do this, we must perform full likelihood 
calculations, and sample parameter 
spaces in a statistically valid way.

Ben FarmerOskar Klein Centre, Stockholm University

Cline, Kainulainen, Scott & 
Weniger, PRD, 1306.4710
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Figure 1.11: Feynman diagrams of fundamental lowest order perturbation theory pro-
cesses in a: electromagnetic, b: weak and c: strong interaction.

There is an important difference between the electromagnetic force on one hand, and
the weak and strong force on the other hand. The photon does not carry charge and,
therefore, does not interact with itself. The gluons, however, carry color and do interact
amongst each other. Also, the weak vector bosons carry weak isospin and undergo a
self coupling.

The strength of an interaction is determined by the coupling constant as well as the
mass of the vector boson. Contrary to its name the couplings are not constant, but
vary as a function of energy. At a momentum transfer of 1015 GeV the couplings of
electromagnetic, weak and strong interaction all have the same value. In the quest of
unification it is often assumed that the three forces unify to a grand unification force at
this energy.

Due to the self coupling of the force carriers the running of the coupling constants
of the weak and strong interaction are opposite to that of electromagnetism. Electro-
magnetism becomes weaker at low momentum (i.e. at large distance), the weak and the
strong force become stronger at low momentum or large distance. The strong interac-
tion coupling even diverges at momenta less than a few 100 MeV (the perturbative QCD
description breaks down). This leads to confinement: the existence of colored objects
(i.e. objects with net strong charge) is forbidden.

Finally, the Standard Model includes a, not yet observed, scalar Higgs boson, which
provides mass to the vector bosons and fermions in the Brout-Englert-Higgs mechanism.

Figure 1.12: Running of the coupling constants and possible unification point. On the
left: Standard Model. On the right: Supersymmetric Standard Model.
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• Why: 

• Don’t leave it to others to draw conclusions from our measurements. 

• Strength: present in many relevant experiments, can influence measurements strategy / delivery,  have 
early access;  theory/experiment/statistics expertise ‘in house’ 

• Weakness: not (currently) member of one of the existing 'global combination’ projects 

• Opportunity:  synergy across Nikhef programs, informs future strategy, future combinations will increase 
complexity, playing into our strengths  

• Threat:  many  x  small fraction of FTE = 0 impact
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FIG. 1: Profile likelihood projections onto the (m0,m1/2) plane, the (m0, A0) plane, the (m0, tan β) plane, and the
(m1/2, tan β) plane. All results are based on the Planck measurement and assume µ > 0.

In particular the size of the A-funnel region is then defined by the light Higgs mass constraint. Relating the
Higgs mass constraint we need to be a little careful. In Section II we have seen that the relevant trilinear
coupling At mostly scales with m1/2. The main contribution to the light Higgs mass comes from the two top
squarks, so the relatively heavy Higgs mass pushes the preferred physical stop masses to large values. According
to Eq.(1) negative values of A0 will increase |At|, leading to a larger stop mass splitting and hence a smaller
mass of the lighter stop mass eigenstate. Indeed, we find that the different measurements prefer A0 > 0, while
large negative A0 values and low m0 values are disfavored by the Higgs mass constraint.

In the lower panels of Figure 1 we see that large tanβ values are clearly favored, independently of m0. An
exception appears only for large m0 values, where the allowed range in tanβ becomes sizeable. The dark blue
area for 500 ! m0 ! 3000 GeV and tanβ < 35 is disfavored by the Higgs mass measurement. Large values of
tanβ are needed to increase its value, while the stop masses are fairly independent of m0. Dark matter plays
the key role in excluding the white area around m0 ≈ 3.5 TeV.

m0 m1/2 tan β A0 mt −2 logL/dof −2 logL/dof (LHCb)
co-annihilation 442 999 24.6 -1347 174.0 49.0/75 49.0/75
A-funnel 1500 1700 46.5 2231 173.9 48.9/75 49.2/75
h-funnel 4232 135 26.6 -2925 174.2 46.1/75 46.1/75

TABLE II: Illustration of best–fit parameters for the three regions of mSUGRA: A-funnel, h-funnel, and co-annihilation
with µ > 0. The corresponding −2 logL is given in column 7. The last column illustrates the impact on the new LHCb
measurement of BR(Bs → µ+µ−).

Figure 2: Left panel: A display of the electron EDM as a function of m0 (where m0 = MẽL = Mẽ)
for di↵erent ↵µ (the phase of the Higgs mixing parameter µ) with the mixings of the vector like
generation with the regular three generations set to zero. The curves are for the cases ↵µ = �3
(small-dashed, red), ↵µ = �0.5 (solid), ↵µ = 1 (medium-dashed, orange), and ↵µ = 2.5 (long-
dashed, green). The horizontal solid line is the current upper limit on the electron EDM set at
|de| = 8.7 ⇥ 10�29. The other parameters are |µ| = 4.1 ⇥ 102 , |M1| = 2.8 ⇥ 102 , |M2| = 3.4 ⇥

102 , |Ae| = 3 ⇥ 106 , m⌫̃
0 = 4 ⇥ 106 , |A⌫̃

0 | = 5 ⇥ 106 , tan� = 30 . All masses are in GeV, phases
in rad and EDM in ecm.The analysis shows that improvements in the electron EDM constraint can
probe scalar masses in the 100 TeV- 1 PeV region and beyond. Right panel: The same as the left
panel except that the region below the current experiment limit is blown up. The analysis shows
that an improvement by a factor of ten can allow one to probe up to and beyond 1 PeV in mass
scales.

and De diagonalizes the scalar electron mass 2 matrix so that

ẽL = De11ẽ1 +De12ẽ2, ẽR = De21ẽ1 +De22ẽ2 (20)

where ẽ1 and ẽ2 are the selectron mass eigenstates. In Fig. 2 we give a numerical analysis of the

electron EDM as a function of m0. Here one finds that the current constraint on the electron EDM

allows one to probe the m0 region in the tens of TeV while improvement in the sensitivity by a

factor of 10 or more will allow one to extend the range up to 100 TeV - 1 PeV.

3 EDM Analysis by inclusion of a vector generation in MSSM

Next we discuss the case when we include a vectorlike leptonic multiplet which mixes with the

three generations of leptons. In this case the mass eigenstates will be linear combinations of the

three generations plus the vector like generation which includes mirror particles. The details of the

model and its interactions are given in Appendices A-C. Here we discuss the contribution of the
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(c) µ = M2/2, mR = 3TeV (d) µ = 2TeV, mR = 1.5mL

Figure 1: Current LHC bounds on the SUSY g − 2 explanations. The orange (yellow)
band shows the region where the SUSY contributions explain the muon g − 2 discrepancy
at the 1σ (2σ) level. The dark gray regions in (a) and (c) are excluded by LEP searches
for the neutralinos and charginos. The regions left to the blue dotted lines are excluded by
the L-search. Assuming the approximate GUT relation for the gaugino masses, the regions
left to the red lines are excluded by the J-search. These exclusions are at 95% CL, and
the theoretical uncertainty of ±30% is included in the hatched regions. The LSP is the
lightest neutralino in the regions above the black thick lines, while the sneutrino is lightest
below them. Sleptons become lighter than neutralinos below the black dashed or dotted
lines (see the text for details).
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Examples: 
Cosmology/CMB:      relic density 
Dark Matter:              direct+indirect limits (detection) 
Collider:                     Higgs, (SUSY) Searches,  
SM precision:             sin2θW, MW, alpha_s, delta rho 
Flavour:                      CKM, rare decays 
Dedicated Precision: EDM, g-2
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Figure 1.11: Feynman diagrams of fundamental lowest order perturbation theory pro-
cesses in a: electromagnetic, b: weak and c: strong interaction.

There is an important difference between the electromagnetic force on one hand, and
the weak and strong force on the other hand. The photon does not carry charge and,
therefore, does not interact with itself. The gluons, however, carry color and do interact
amongst each other. Also, the weak vector bosons carry weak isospin and undergo a
self coupling.

The strength of an interaction is determined by the coupling constant as well as the
mass of the vector boson. Contrary to its name the couplings are not constant, but
vary as a function of energy. At a momentum transfer of 1015 GeV the couplings of
electromagnetic, weak and strong interaction all have the same value. In the quest of
unification it is often assumed that the three forces unify to a grand unification force at
this energy.

Due to the self coupling of the force carriers the running of the coupling constants
of the weak and strong interaction are opposite to that of electromagnetism. Electro-
magnetism becomes weaker at low momentum (i.e. at large distance), the weak and the
strong force become stronger at low momentum or large distance. The strong interac-
tion coupling even diverges at momenta less than a few 100 MeV (the perturbative QCD
description breaks down). This leads to confinement: the existence of colored objects
(i.e. objects with net strong charge) is forbidden.

Finally, the Standard Model includes a, not yet observed, scalar Higgs boson, which
provides mass to the vector bosons and fermions in the Brout-Englert-Higgs mechanism.

Figure 1.12: Running of the coupling constants and possible unification point. On the
left: Standard Model. On the right: Supersymmetric Standard Model.Global Fits to HEP Data

“Direct” NP observation?
• Global fits will be the first (only!) 

place to recognize new physics.   
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Beyond the Standard Model 

Large	energy	in	vacuum:	
Cosmological	constant?

Large	quantum	corrections	
Origin	of	Dark	Matter?

Higgs	mass	for	particles:	
Difference	matter-anti-matter?	
Mass	of	neutrino’s?

Higgs	self	coupling:	
Is	our	universum	stable?	

VHiggs = V0 � µ2�†�+ �
�
�†�

�2
+

⇥
 ̄Y  �+ h.c.

⇤
			After	Higgs	-		fundamentally	new	challenges	!								

1. High precision measurements - signal deviations Standard Model 
2. Higher energies - produce new heavier particles 
3. Astroparticle physics - observe (new) particles from universe 

Strategy 
Nikhef
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DIFFERENTIAL DIAGNOSIS

▸ Differential diagnosis is 
the initial set of possible 
diagnoses prior to 
settling on a series of 
tests for a definitive 
diagnosis. 

▸ In the differential, all 
diseases that cause the 
symptoms seen in the 
patient are considered. 

IT’S NEVER LUPUS

https://www.mayoclinic.org/diseases-conditions/lupus/symptoms-causes/syc-20365789
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the initial set of possible 
diagnoses prior to 
settling on a series of 
tests for a definitive 
diagnosis. 

▸ In the differential, all 
diseases that cause the 
symptoms seen in the 
patient are considered. 

IT’S NEVER A SCALAR LEPTOQUARK
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FLAVOR PHYSICS
▸ Niels:  2015… 

▸ Effective Field Theory is 
the ‘lingua fracta’ 
connecting measurements 
& models 

▸ C9 seems to be the 
common deviation 

▸ Is it a Z’?  

▸ Is it a scalar/vector 
leptoquark? 

▸ … tomorrow: Mick

Tensions in flavor physics? 
 
Niels Tuning 
 
12 Dec 2015 

https://indico.nikhef.nl/event/60/session/2/contribution/20/material/slides/0.pdf
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The measurements: R(D*) 
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•  See previous talk by Greg! 

Lepton universality, enshrined within the Standard Model (SM), requires equality of
couplings between the gauge bosons and the three families of leptons. Hints of lepton
non-universal e↵ects in B

+ ! K
+
e
+
e
� and B

+ ! K
+
µ
+
µ
� decays [1] have been seen,

but no definitive observation of a deviation has yet been made. However, a large class of
models that extend the SM contain additional interactions involving enhanced couplings
to the third generation that would violate this principle. Semileptonic decays of b hadrons
(particles containing a b quark) to third generation leptons provide a sensitive probe for
such e↵ects. In particular, the presence of additional charged Higgs bosons, which are
often required in these models, can have a significant e↵ect on the rate of the semitauonic
decay B

0 ! D
⇤+
⌧
�
⌫⌧ [2]. The use of charge-conjugate modes is implied throughout this

Letter.
Semitauonic B meson decays have been observed by the BaBar and Belle col-

laborations [3–7]. Recently BaBar reported updated measurements [6, 7] of the ra-
tios of branching fractions, R(D⇤) ⌘ B(B0 ! D

⇤+
⌧
�
⌫⌧ )/B(B0 ! D

⇤+
µ
�
⌫µ) and

R(D) ⌘ B(B0 ! D
+
⌧
�
⌫⌧ )/B(B0 ! D

+
µ
�
⌫µ), which show deviations of 2.7� and 2.0�,

respectively, from the SM predictions [8, 9]. These ratios have been calculated to high
precision, owing to the cancellation of most of the uncertainties associated with the strong
interaction in the B to D

(⇤) transition. Within the SM they di↵er from unity mainly
because of phase-space e↵ects due to the di↵ering charged lepton masses.

This Letter presents the first measurement of R(D⇤) in hadron collisions using the
data recorded by the LHCb detector at the Large Hadron Collider in 2011–2012. The data
correspond to integrated luminosities of 1.0 fb�1 and 2.0 fb�1, collected at proton-proton
(pp) center-of-mass energies of 7 TeV and 8 TeV, respectively. The B0 ! D

⇤+
⌧
�
⌫⌧ decay

with ⌧
� ! µ

�
⌫µ⌫⌧ (the signal channel) and the B0 ! D

⇤+
µ
�
⌫µ decay (the normalization

channel) produce identical visible final-state topologies; consequently both are selected
by a common reconstruction procedure. The selection identifies semileptonic B

0 decay
candidates containing a muon candidate and a D

⇤+ candidate reconstructed through the
decay chain D

⇤+ ! D
0(! K

�
⇡
+)⇡+. The selected sample contains contributions from

the signal and the normalization channel, as well as several background processes, which
include partially reconstructed B decays and candidates from combinations of unrelated
particles from di↵erent b hadron decays. The kinematic and topological properties of
the various components are exploited to suppress the background contributions. Finally,
the signal, the normalization component and the residual background are statistically
disentangled with a multidimensional fit to the data using template distributions derived
from control samples or from simulation validated against data.

The LHCb detector [10, 11] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < ⌘ < 5, designed for the study of particles containing b or
c quarks. The detector includes a high-precision tracking system consisting of a silicon-
strip vertex detector surrounding the pp interaction region [12], a large-area silicon-strip
detector located upstream of a dipole magnet with a bending power of about 4Tm, and
three stations of silicon-strip detectors and straw drift tubes [13] placed downstream of
the magnet. The tracking system provides a measurement of momentum, p, of charged
particles with a relative uncertainty that varies from 0.5% at low momentum to 1.0%

1

(sys) 012.0(stat) 018.0322.0*)( ±±=DR

ar
X
iv

:1
50
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The measurements: RK 
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•  More lepton-flavor universality violation?  

arXiv:1406.6482 
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Figure 8: The optimised angular observables in bins of q2, determined from a maximum likelihood
fit to the data. The shaded boxes show the SM prediction taken from Ref. [14].
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Lepton universality, enshrined within the Standard Model (SM), requires equality of
couplings between the gauge bosons and the three families of leptons. Hints of lepton
non-universal e↵ects in B

+ ! K
+
e
+
e
� and B

+ ! K
+
µ
+
µ
� decays [1] have been seen,

but no definitive observation of a deviation has yet been made. However, a large class of
models that extend the SM contain additional interactions involving enhanced couplings
to the third generation that would violate this principle. Semileptonic decays of b hadrons
(particles containing a b quark) to third generation leptons provide a sensitive probe for
such e↵ects. In particular, the presence of additional charged Higgs bosons, which are
often required in these models, can have a significant e↵ect on the rate of the semitauonic
decay B

0 ! D
⇤+
⌧
�
⌫⌧ [2]. The use of charge-conjugate modes is implied throughout this

Letter.
Semitauonic B meson decays have been observed by the BaBar and Belle col-

laborations [3–7]. Recently BaBar reported updated measurements [6, 7] of the ra-
tios of branching fractions, R(D⇤) ⌘ B(B0 ! D

⇤+
⌧
�
⌫⌧ )/B(B0 ! D

⇤+
µ
�
⌫µ) and

R(D) ⌘ B(B0 ! D
+
⌧
�
⌫⌧ )/B(B0 ! D

+
µ
�
⌫µ), which show deviations of 2.7� and 2.0�,

respectively, from the SM predictions [8, 9]. These ratios have been calculated to high
precision, owing to the cancellation of most of the uncertainties associated with the strong
interaction in the B to D

(⇤) transition. Within the SM they di↵er from unity mainly
because of phase-space e↵ects due to the di↵ering charged lepton masses.

This Letter presents the first measurement of R(D⇤) in hadron collisions using the
data recorded by the LHCb detector at the Large Hadron Collider in 2011–2012. The data
correspond to integrated luminosities of 1.0 fb�1 and 2.0 fb�1, collected at proton-proton
(pp) center-of-mass energies of 7 TeV and 8 TeV, respectively. The B0 ! D

⇤+
⌧
�
⌫⌧ decay

with ⌧
� ! µ

�
⌫µ⌫⌧ (the signal channel) and the B0 ! D

⇤+
µ
�
⌫µ decay (the normalization

channel) produce identical visible final-state topologies; consequently both are selected
by a common reconstruction procedure. The selection identifies semileptonic B

0 decay
candidates containing a muon candidate and a D

⇤+ candidate reconstructed through the
decay chain D

⇤+ ! D
0(! K

�
⇡
+)⇡+. The selected sample contains contributions from

the signal and the normalization channel, as well as several background processes, which
include partially reconstructed B decays and candidates from combinations of unrelated
particles from di↵erent b hadron decays. The kinematic and topological properties of
the various components are exploited to suppress the background contributions. Finally,
the signal, the normalization component and the residual background are statistically
disentangled with a multidimensional fit to the data using template distributions derived
from control samples or from simulation validated against data.

The LHCb detector [10, 11] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < ⌘ < 5, designed for the study of particles containing b or
c quarks. The detector includes a high-precision tracking system consisting of a silicon-
strip vertex detector surrounding the pp interaction region [12], a large-area silicon-strip
detector located upstream of a dipole magnet with a bending power of about 4Tm, and
three stations of silicon-strip detectors and straw drift tubes [13] placed downstream of
the magnet. The tracking system provides a measurement of momentum, p, of charged
particles with a relative uncertainty that varies from 0.5% at low momentum to 1.0%
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Figure 8: The optimised angular observables in bins of q2, determined from a maximum likelihood
fit to the data. The shaded boxes show the SM prediction taken from Ref. [14].
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Effective couplings 

•  Effective coupling can be of various “kinds” 
–  Vector coupling:   C9 

–  Axial coupling:   C10 

–  Left-handed coupling (V-A): C9-C10 

–  Right-handed (to quarks):  C9’, C10’, … 

–  … 

15 

See e.g. Buras & Fleischer, hep-ph/9704376 

From Buras & Fleischer, hep-ph/9704376 

Furthermore, in inclusive semi–leptonic decays of heavy quarks QCD corrections resulting

from real gluon emission can be calculated perturbatively. These issues are discussed by

Neubert in a separate chapter in this book.

The non–leptonic decays such as K → ππ or B → DK are more complicated to

analyze and to calculate because the factorization of a given matrix element of a four–

fermion operator into the product of current matrix elements is no longer true. Indeed

now the gluons can connect the two quark currents (fig. 10c), and in addition the diagrams

of fig. 10d contribute. The breakdown of factorization in non–leptonic decays is present

both at short and long distances simply because the effects of strong interactions are

felt both at large and small momenta. At large momenta, however, the QCD coupling

constant is small and the non–factorizable contributions can be studied in perturbation

theory. In order to accomplish this task, one has to separate first short distance effects

from long distance effects. This is most elegantly done by means of the operator product

expansion approach (OPE) combined with the renormalization group. In order to discuss

these methods we have to say a few words about the effective field theory picture which

underlies our discussion presented so far.

2.5.2 Effective Field Theory Picture

The basic framework for weak decays of hadrons containing u, d, s, c and b quarks is the

effective field theory relevant for scales µ ≪ MW ,MZ ,mt. This framework, as we have

seen above, brings in local operators which govern “effectively” the transitions in question.

From the point of view of the decaying hadrons containing the lightest five quarks this is

the only correct picture we know and also the most efficient one for studying the presence

of QCD. Furthermore it represents the generalization of the Fermi theory as formulated

by Sudarshan and Marshak [21] and Feynman and Gell-Mann [22] forty years ago.

Indeed the simplest effective Hamiltonian without QCD effects that one would find

from the first diagram of fig. 11 is (see (2.14))

H0
eff =

GF√
2
VcbV

∗
cs(c̄b)V −A(s̄c)V −A , (2.51)

where GF is the Fermi constant, Vij are the relevant CKM factors and

(c̄b)V −A(s̄c)V −A ≡ (c̄γµ(1 − γ5)b)(s̄γµ(1 − γ5)c) = Q2 (2.52)

is a (V −A) · (V −A) current-current local operator usually denoted by Q2. The situation

in the Standard Model is, however, more complicated because of the presence of additional

interactions which effectively generate new operators. These are in particular the gluon,

photon and Z0-boson exchanges and internal top contributions as we have seen above.

Some of the elementary interactions of this type are shown this time for B decays in fig. 11.

Consequently the relevant effective Hamiltonian for B-meson decays involves generally

several operators Qi with various colour and Dirac structures which are different from Q2.

Moreover each operator is multiplied by a calculable coefficient Ci(µ):

Heff =
GF√

2
VCKM

∑

i

Ci(µ)Qi, (2.53)

20

“the true picture of a decaying hadron is more 
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Lepton universality, enshrined within the Standard Model (SM), requires equality of
couplings between the gauge bosons and the three families of leptons. Hints of lepton
non-universal e↵ects in B

+ ! K
+
e
+
e
� and B

+ ! K
+
µ
+
µ
� decays [1] have been seen,

but no definitive observation of a deviation has yet been made. However, a large class of
models that extend the SM contain additional interactions involving enhanced couplings
to the third generation that would violate this principle. Semileptonic decays of b hadrons
(particles containing a b quark) to third generation leptons provide a sensitive probe for
such e↵ects. In particular, the presence of additional charged Higgs bosons, which are
often required in these models, can have a significant e↵ect on the rate of the semitauonic
decay B

0 ! D
⇤+
⌧
�
⌫⌧ [2]. The use of charge-conjugate modes is implied throughout this

Letter.
Semitauonic B meson decays have been observed by the BaBar and Belle col-

laborations [3–7]. Recently BaBar reported updated measurements [6, 7] of the ra-
tios of branching fractions, R(D⇤) ⌘ B(B0 ! D

⇤+
⌧
�
⌫⌧ )/B(B0 ! D

⇤+
µ
�
⌫µ) and

R(D) ⌘ B(B0 ! D
+
⌧
�
⌫⌧ )/B(B0 ! D

+
µ
�
⌫µ), which show deviations of 2.7� and 2.0�,

respectively, from the SM predictions [8, 9]. These ratios have been calculated to high
precision, owing to the cancellation of most of the uncertainties associated with the strong
interaction in the B to D

(⇤) transition. Within the SM they di↵er from unity mainly
because of phase-space e↵ects due to the di↵ering charged lepton masses.

This Letter presents the first measurement of R(D⇤) in hadron collisions using the
data recorded by the LHCb detector at the Large Hadron Collider in 2011–2012. The data
correspond to integrated luminosities of 1.0 fb�1 and 2.0 fb�1, collected at proton-proton
(pp) center-of-mass energies of 7 TeV and 8 TeV, respectively. The B0 ! D

⇤+
⌧
�
⌫⌧ decay

with ⌧
� ! µ

�
⌫µ⌫⌧ (the signal channel) and the B0 ! D

⇤+
µ
�
⌫µ decay (the normalization

channel) produce identical visible final-state topologies; consequently both are selected
by a common reconstruction procedure. The selection identifies semileptonic B

0 decay
candidates containing a muon candidate and a D

⇤+ candidate reconstructed through the
decay chain D

⇤+ ! D
0(! K

�
⇡
+)⇡+. The selected sample contains contributions from

the signal and the normalization channel, as well as several background processes, which
include partially reconstructed B decays and candidates from combinations of unrelated
particles from di↵erent b hadron decays. The kinematic and topological properties of
the various components are exploited to suppress the background contributions. Finally,
the signal, the normalization component and the residual background are statistically
disentangled with a multidimensional fit to the data using template distributions derived
from control samples or from simulation validated against data.

The LHCb detector [10, 11] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < ⌘ < 5, designed for the study of particles containing b or
c quarks. The detector includes a high-precision tracking system consisting of a silicon-
strip vertex detector surrounding the pp interaction region [12], a large-area silicon-strip
detector located upstream of a dipole magnet with a bending power of about 4Tm, and
three stations of silicon-strip detectors and straw drift tubes [13] placed downstream of
the magnet. The tracking system provides a measurement of momentum, p, of charged
particles with a relative uncertainty that varies from 0.5% at low momentum to 1.0%
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Figure 8: The optimised angular observables in bins of q2, determined from a maximum likelihood
fit to the data. The shaded boxes show the SM prediction taken from Ref. [14].
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Furthermore, in inclusive semi–leptonic decays of heavy quarks QCD corrections resulting

from real gluon emission can be calculated perturbatively. These issues are discussed by

Neubert in a separate chapter in this book.

The non–leptonic decays such as K → ππ or B → DK are more complicated to

analyze and to calculate because the factorization of a given matrix element of a four–

fermion operator into the product of current matrix elements is no longer true. Indeed

now the gluons can connect the two quark currents (fig. 10c), and in addition the diagrams

of fig. 10d contribute. The breakdown of factorization in non–leptonic decays is present

both at short and long distances simply because the effects of strong interactions are

felt both at large and small momenta. At large momenta, however, the QCD coupling

constant is small and the non–factorizable contributions can be studied in perturbation

theory. In order to accomplish this task, one has to separate first short distance effects

from long distance effects. This is most elegantly done by means of the operator product

expansion approach (OPE) combined with the renormalization group. In order to discuss

these methods we have to say a few words about the effective field theory picture which

underlies our discussion presented so far.

2.5.2 Effective Field Theory Picture

The basic framework for weak decays of hadrons containing u, d, s, c and b quarks is the

effective field theory relevant for scales µ ≪ MW ,MZ ,mt. This framework, as we have

seen above, brings in local operators which govern “effectively” the transitions in question.

From the point of view of the decaying hadrons containing the lightest five quarks this is

the only correct picture we know and also the most efficient one for studying the presence

of QCD. Furthermore it represents the generalization of the Fermi theory as formulated

by Sudarshan and Marshak [21] and Feynman and Gell-Mann [22] forty years ago.

Indeed the simplest effective Hamiltonian without QCD effects that one would find

from the first diagram of fig. 11 is (see (2.14))

H0
eff =

GF√
2
VcbV

∗
cs(c̄b)V −A(s̄c)V −A , (2.51)

where GF is the Fermi constant, Vij are the relevant CKM factors and

(c̄b)V −A(s̄c)V −A ≡ (c̄γµ(1 − γ5)b)(s̄γµ(1 − γ5)c) = Q2 (2.52)

is a (V −A) · (V −A) current-current local operator usually denoted by Q2. The situation

in the Standard Model is, however, more complicated because of the presence of additional

interactions which effectively generate new operators. These are in particular the gluon,

photon and Z0-boson exchanges and internal top contributions as we have seen above.

Some of the elementary interactions of this type are shown this time for B decays in fig. 11.

Consequently the relevant effective Hamiltonian for B-meson decays involves generally

several operators Qi with various colour and Dirac structures which are different from Q2.

Moreover each operator is multiplied by a calculable coefficient Ci(µ):

Heff =
GF√

2
VCKM

∑

i

Ci(µ)Qi, (2.53)
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DIRECT LEPTOQUARK / Z’ SEARCHES
▸ Atlas LQ search: 

▸ assuming  “some small print” (eg. 100% br to e/μ + 
q;  scalar):   

▸ M(LQ) > ~1.1 (e)/ 1.0 (μ)  TeV @ 95 CL 

▸ Atlas Z’ search 

▸ assuming “some small print” (eg. E6 → SO(10)xU(1),  
SO(10) → SU(4)xSU(2)LxSU(2)R or SU(5)xU(1) ):  

▸ M(Z’χ)>4.1 TeV @ 95%CL 

▸ Assumptions matter when designing/interpreting an 
analysis…

lepton+jet invariant mass
Search for scalar leptoquarks in pp collisions at  = 13 TeV with the ATLAS experiment

J
H
E
P
1
0
(
2
0
1
7
)
1
8
2

90100200 10002000

E
ve

n
ts

-210

-110

1

10

210

310

410

510

610

710 Data
*γZ/

Top Quarks
Diboson
Multi-Jet & W+Jets

 (3 TeV)χZ’
 (4 TeV)χZ’
 (5 TeV)χZ’

ATLAS
-1 = 13 TeV, 36.1 fbs

Dielectron Search Selection

D
a
ta

 /
 B

kg
 

0.6
0.8

1
1.2
1.4

Dielectron Invariant Mass [GeV]
100 200 300 1000 2000

  
(p

o
st

-f
it)

D
a
ta

 /
 B

kg

0.6
0.8

1
1.2
1.4

(a)

E
ve

n
ts

2−10

1−10

1

10

210

310

410

510

610

710 Data

*γZ/

Top Quarks

Diboson

 (3 TeV)χZ’

 (4 TeV)χZ’

 (5 TeV)χZ’

ATLAS
-1 = 13 TeV, 36.1 fbs

Dimuon Search Selection

D
a

ta
 /

 B
kg

0.6
0.8

1
1.2
1.4

Dimuon Invariant Mass [GeV]
100 200 300 1000 2000

  
(p

o
st

-f
it)

D
a

ta
 /

 B
kg

0.6
0.8

1
1.2
1.4

(b)

Figure 1. Distributions of (a) dielectron and (b) dimuon reconstructed invariant mass (mℓℓ)
after selection, for data and the SM background estimates as well as their ratio before and after
marginalisation. Selected Z ′

χ signals with a pole mass of 3, 4 and 5TeV are overlaid. The bin width
of the distributions is constant in log(mℓℓ) and the shaded band in the lower panels illustrates the
total systematic uncertainty, as explained in section 7. The data points are shown together with
their statistical uncertainty. Exact bin edges and contents are provided in table 8 and table 9 in
the appendix.

(MCMC) technique to compute the marginal posterior probability density of the parameter

of interest (so-called “marginalisation”). Limit values obtained using the experimental

data are quoted as observed limits, while median values of the limits obtained from a large

number of simulated experiments, where only SM background is present, are quoted as the

expected limits. The upper limits on σB are interpreted as lower limits on the Z ′ pole

mass using the relationship between the pole mass and the theoretical Z ′ cross-section.

In the context of the Minimal Z ′ model or CI scenarios, limits are set on the parameter

of interest. In the case of the Minimal Z ′ model the parameter of interest is γ′4. For a

CI the parameter of interest is set either to 1/Λ2 or to 1/Λ4 as this corresponds to the

scaling of the CI-SM interference contribution or the pure CI contribution respectively. In

both the Minimal Z ′ and the CI cases, the nominal Poisson expectation in each mℓℓ bin

is expressed as a function of the parameter of interest. As in the context of the Z ′ limit

setting, the Poisson mean is modified by shifts due to systematic uncertainties, but in both

the Minimal Z ′ and the CI cases, these shifts are non-linear functions of the parameter of

interest. A prior uniform in the parameter of interest is used for all limits.

Two complementary approaches are used in the search for a new-physics signal. The

first approach, which does not rely on a specific signal model and therefore is sensitive to a

wide range of new physics, uses the BumpHunter (BH) [54] utility. In this approach, all

– 15 –

Search for new high-mass phenomena in the dilepton final state using 36 fb−1 of proton-
proton collision data at √s = 13 TeV with the ATLAS detector

http://iopscience.iop.org/article/10.1088/1367-2630/18/9/093016
http://iopscience.iop.org/article/10.1088/1367-2630/18/9/093016
https://link.springer.com/content/pdf/10.1007/JHEP10(2017)182.pdf
https://link.springer.com/content/pdf/10.1007/JHEP10(2017)182.pdf
https://link.springer.com/content/pdf/10.1007/JHEP10(2017)182.pdf
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ASSUMPTIONS (CAN BE) REVISITED

▸ Experiments (start to) publish 
more than just the results 

▸ And one can build on top of  
these results 

▸ And investigate more complex 
models…
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Channel Prior

Lower limits on Λ [TeV]

Left-Left Left-Right Right-Left Right-Right

Const Dest Const Dest Const Dest Const Dest

Obs: ee
1/Λ2 37 24 33 26 33 26 33 26

Exp: ee 28 22 26 23 26 23 25 23

Obs: ee
1/Λ4 32 22 29 24 29 24 29 24

Exp: ee 26 20 24 21 24 21 24 21

Obs: µµ
1/Λ2 30 20 28 22 28 22 28 20

Exp: µµ 26 20 24 21 24 21 24 20

Obs: µµ
1/Λ4 27 19 25 21 25 21 25 19

Exp: µµ 24 18 23 20 22 20 22 18

Obs: ℓℓ
1/Λ2 40 25 36 28 35 28 35 28

Exp: ℓℓ 31 23 28 24 28 24 28 24

Obs: ℓℓ
1/Λ4 35 24 32 25 32 25 31 25

Exp: ℓℓ 28 21 26 22 26 23 26 22

Table 7. Observed and expected 95% CL lower limits on Λ for the LL, LR, RL, and RR chiral
coupling scenarios, for both the constructive (const) and destructive (dest) interference cases using
a uniform positive prior in 1/Λ2 or 1/Λ4. The dielectron, dimuon, and combined dilepton channel
limits are shown, rounded to two significant figures.

A Dilepton invariant mass tables

This appendix provides the exact bin edges and contents of the dilepton invariant mass

plots presented in figures 1a, 1b, 3a, and 3b. These correspond to tables 8, 9, 10, and 11,

respectively. Even more detailed information can be found in the Durham HEP database.2
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Lower edge [GeV] Upper edge [GeV] Data [N] Total Background [N]

80 85.549 1176847 1112000

85.549 91.482 6608874 6322000

91.482 97.828 3928394 3756000

97.828 104.61 432217 414400

104.61 111.87 162962 156100

111.87 119.63 93773 90620

119.63 127.93 63446 62270

127.93 136.8 47190 46740

136.8 146.29 36539 36090

146.29 156.43 29267 28990

156.43 167.28 23874 23740

167.28 178.89 19689 19550

178.89 191.29 16548 16400

191.29 204.56 13671 13590

204.56 218.75 11337 11460

218.75 233.92 9358 9499

233.92 250.15 7877 7868

250.15 267.5 6434 6570

267.5 286.05 5500 5427

286.05 305.89 4445 4477

305.89 327.11 3648 3667

327.11 349.79 2981 2995

349.79 374.06 2431 2403

374.06 400 1964 1957

400 427.74 1606 1565

427.74 457.41 1231 1265

457.41 489.14 1013 1008

489.14 523.06 776 805.6

523.06 559.34 622 628.7

559.34 598.14 464 492.3

598.14 639.63 403 392.6

639.63 683.99 300 304.4

683.99 731.43 219 234.3

731.43 782.16 202 183.2

782.16 836.41 133 140.2

836.41 894.43 107 107.1

894.43 956.46 82 85.13

956.46 1022.8 57 63.86

1022.8 1093.7 43 47.9
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1093.7 1169.6 27 38.09

1169.6 1250.7 24 28.7

1250.7 1337.5 12 20.28

1337.5 1430.2 13 14.96

1430.2 1529.4 11 11.16

1529.4 1635.5 3 8.262

1635.5 1749 7 6.003

1749 1870.3 4 4.085

1870.3 2000 0 2.875

2000 2138.7 2 2.05

2138.7 2287.1 1 1.431

2287.1 2445.7 3 0.977

2445.7 2615.3 1 0.655

2615.3 2796.7 0 0.443

2796.7 2990.7 1 0.284

2990.7 3198.1 0 0.183

3198.1 3420 0 0.114

3420 3657.2 0 0.068

3657.2 3910.8 0 0.041

3910.8 4182.1 0 0.023

4182.1 4472.1 0 0.013

4472.1 4782.3 0 0.007

4782.3 5114 0 0.004

5114 5468.7 0 0.002

5468.7 5848 0 0.001

5848 6253.7 0 0

Table 8. Expected and observed event yields in the dielectron channel, directly corresponding to
the non-linear binning presented in figure 1a. The expected yield is given up to at most 4 digit
precision.

Lower edge [GeV] Upper edge [GeV] Data [N] Total Background [N]

80 85.549 826504 786600

85.549 91.482 5730639 5465000

91.482 97.828 4062661 3848000

97.828 104.61 430822 405500

104.61 111.87 149927 141800

111.87 119.63 82971 79230

119.63 127.93 54641 52110

127.93 136.8 39501 37890

136.8 146.29 29742 28940

– 24 –



GLOBAL (BEYOND) STANDARD MODEL ANALYSES

ASSUMPTIONS (CAN BE) REVISITED

▸ Experiments (start to) publish 
more than just the results 

▸ And one can build on top of  
these results 

▸ And investigate more complex 
models…

J
H
E
P
1
0
(
2
0
1
7
)
1
8
2

Channel Prior

Lower limits on Λ [TeV]

Left-Left Left-Right Right-Left Right-Right

Const Dest Const Dest Const Dest Const Dest

Obs: ee
1/Λ2 37 24 33 26 33 26 33 26

Exp: ee 28 22 26 23 26 23 25 23

Obs: ee
1/Λ4 32 22 29 24 29 24 29 24

Exp: ee 26 20 24 21 24 21 24 21

Obs: µµ
1/Λ2 30 20 28 22 28 22 28 20

Exp: µµ 26 20 24 21 24 21 24 20

Obs: µµ
1/Λ4 27 19 25 21 25 21 25 19

Exp: µµ 24 18 23 20 22 20 22 18

Obs: ℓℓ
1/Λ2 40 25 36 28 35 28 35 28

Exp: ℓℓ 31 23 28 24 28 24 28 24

Obs: ℓℓ
1/Λ4 35 24 32 25 32 25 31 25

Exp: ℓℓ 28 21 26 22 26 23 26 22

Table 7. Observed and expected 95% CL lower limits on Λ for the LL, LR, RL, and RR chiral
coupling scenarios, for both the constructive (const) and destructive (dest) interference cases using
a uniform positive prior in 1/Λ2 or 1/Λ4. The dielectron, dimuon, and combined dilepton channel
limits are shown, rounded to two significant figures.

A Dilepton invariant mass tables

This appendix provides the exact bin edges and contents of the dilepton invariant mass

plots presented in figures 1a, 1b, 3a, and 3b. These correspond to tables 8, 9, 10, and 11,

respectively. Even more detailed information can be found in the Durham HEP database.2

– 22 –

J
H
E
P
1
0
(
2
0
1
7
)
1
8
2

Lower edge [GeV] Upper edge [GeV] Data [N] Total Background [N]

80 85.549 1176847 1112000

85.549 91.482 6608874 6322000

91.482 97.828 3928394 3756000

97.828 104.61 432217 414400

104.61 111.87 162962 156100

111.87 119.63 93773 90620

119.63 127.93 63446 62270

127.93 136.8 47190 46740

136.8 146.29 36539 36090

146.29 156.43 29267 28990

156.43 167.28 23874 23740

167.28 178.89 19689 19550

178.89 191.29 16548 16400

191.29 204.56 13671 13590

204.56 218.75 11337 11460

218.75 233.92 9358 9499

233.92 250.15 7877 7868

250.15 267.5 6434 6570

267.5 286.05 5500 5427

286.05 305.89 4445 4477

305.89 327.11 3648 3667

327.11 349.79 2981 2995

349.79 374.06 2431 2403

374.06 400 1964 1957

400 427.74 1606 1565

427.74 457.41 1231 1265

457.41 489.14 1013 1008

489.14 523.06 776 805.6

523.06 559.34 622 628.7

559.34 598.14 464 492.3

598.14 639.63 403 392.6

639.63 683.99 300 304.4

683.99 731.43 219 234.3

731.43 782.16 202 183.2

782.16 836.41 133 140.2

836.41 894.43 107 107.1

894.43 956.46 82 85.13

956.46 1022.8 57 63.86

1022.8 1093.7 43 47.9

– 23 –

J
H
E
P
1
0
(
2
0
1
7
)
1
8
2

1093.7 1169.6 27 38.09

1169.6 1250.7 24 28.7

1250.7 1337.5 12 20.28

1337.5 1430.2 13 14.96

1430.2 1529.4 11 11.16

1529.4 1635.5 3 8.262

1635.5 1749 7 6.003

1749 1870.3 4 4.085

1870.3 2000 0 2.875

2000 2138.7 2 2.05

2138.7 2287.1 1 1.431

2287.1 2445.7 3 0.977

2445.7 2615.3 1 0.655

2615.3 2796.7 0 0.443

2796.7 2990.7 1 0.284

2990.7 3198.1 0 0.183

3198.1 3420 0 0.114

3420 3657.2 0 0.068

3657.2 3910.8 0 0.041

3910.8 4182.1 0 0.023

4182.1 4472.1 0 0.013

4472.1 4782.3 0 0.007

4782.3 5114 0 0.004

5114 5468.7 0 0.002

5468.7 5848 0 0.001

5848 6253.7 0 0

Table 8. Expected and observed event yields in the dielectron channel, directly corresponding to
the non-linear binning presented in figure 1a. The expected yield is given up to at most 4 digit
precision.

Lower edge [GeV] Upper edge [GeV] Data [N] Total Background [N]

80 85.549 826504 786600

85.549 91.482 5730639 5465000

91.482 97.828 4062661 3848000

97.828 104.61 430822 405500

104.61 111.87 149927 141800

111.87 119.63 82971 79230

119.63 127.93 54641 52110

127.93 136.8 39501 37890

136.8 146.29 29742 28940

– 24 –

Preprint typeset in JHEP style - PAPER VERSION

RECAST

Extending the Impact of Existing Analyses

Kyle Cranmer and Itay Yavin

Center for Cosmology and Particle Physics, Department of Physics, New York
University, New York, NY 10003

Abstract: Searches for new physics by experimental collaborations represent a significant

investment in time and resources. Often these searches are sensitive to a broader class of

models than they were originally designed to test. We aim to extend the impact of existing

searches through a technique we call recasting. After considering several examples, which

illustrate the issues and subtleties involved, we present RECAST, a framework designed

to facilitate the usage of this technique.

Website: www.recast.it
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SUSY & E-EDM 

Figure 5: An exhibition of the dependence of |de| on m0  for various 
vector-like masses. The curves  correspond to mN = mE = 150 (dot-
dashed), mN = mE = 200 (solid), mN = mE = 250  (dotted), mN = mE = 300 
(dashed). The parameters are |μ| = 4.1 × 102 , |M1| = 2.8 ×  102 ,|M2|
=3.4×102 ,|A0|=3×106 ,mν ̃ =4×106 ,|Aν ̃|=5×106 ,tanβ=50.The CP phases 00  

are θμ =1,α1 =1.26,α2 =0.94,αA0 =0.94,αAν ̃ =1.88. The f couplings are |f3|= 
3.01× 0 10−5 , |f′| = 8.07×10−6 , |f′′| = 2.06×10−5 , |f4| = 8.13×10−4 , |f′| = 
3.50×10−1 , |f′′| = 6.29× 33 44 10−1 , |f5| = 6.38×10−5 , |f′| = 1.03×10−6 , |f′′| = 
2.44×10−8. Their corresponding CP phases 55 are χ3 =7.91 × 10−1 ,χ′ =7.87 
× 10−1 ,χ′′ =7.78 × 10−1 ,χ4 =7.66 × 10−1 ,χ′ =8.38 × 334  10−1 ,χ′′=8.23×10−1 ,χ5 

=7.57×10−1 ,χ′=7.54×10−1 ,χ′′=7.83×10−1. All masses are 455 in GeV, phases 
in rad, and de in ecm.  

arxiv.org/abs/1406.0083

https://arxiv.org/pdf/1406.0083.pdf
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• Measurement of electron Electric Dipole Moment in BaF 
– Use internal electric field in cold polar molecules to enhance by ~109 
– Decelerator in Groningen developed 
– Reach sensitivity in 2022

High precision electron EDM

New - 2017

10-29 e cm



… a fermionic DM particle produced 
through the exchange of a spin-0 
mediator …   The couplings of the 
mediator to the SM fermions are severely 
restricted by precision flavour 
measurements.  

… except if  Minimal Flavor Violation … 
the interaction between any new neutral 
spin-0  state and SM matter is proportional 
to the fermion masses via Yukawa-type 
couplings

GLOBAL (BEYOND) STANDARD MODEL ANALYSES

DARK MATTER (INSPIRED) SEARCHESEUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

Submitted to: EPJC CERN-EP-2017-229
1st November 2017

Search for dark matter produced in association
with bottom or top quarks in

p
s = 13 TeV pp

collisions with the ATLAS detector

The ATLAS Collaboration

A search for weakly interacting massive particle dark matter produced in association with
bottom or top quarks is presented. Final states containing third-generation quarks and miss-
ing transverse momentum are considered. The analysis uses 36.1 fb�1 of proton–proton
collision data recorded by the ATLAS experiment at

p
s = 13 TeV in 2015 and 2016. No

significant excess of events above the estimated backgrounds is observed. The results are in-
terpreted in the framework of simplified models of spin-0 dark-matter mediators. For colour-
neutral spin-0 mediators produced in association with top quarks and decaying into a pair of
dark-matter particles, mediator masses below 50 GeV are excluded assuming a dark-matter
candidate mass of 1 GeV and unitary couplings. For scalar and pseudoscalar mediators
produced in association with bottom quarks, the search sets limits on the production cross-
section of 300 times the predicted rate for mediators with masses between 10 and 50 GeV
and assuming a dark-matter mass of 1 GeV and unitary coupling. Constraints on colour-
charged scalar simplified models are also presented. Assuming a dark-matter particle mass
of 35 GeV, mediator particles with mass below 1.1 TeV are excluded for couplings yielding
a dark-matter relic density consistent with measurements.

c� 2017 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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1 Introduction

Astrophysical observations have provided compelling evidence for the existence of a non-baryonic dark
component of the universe: dark matter (DM) [1, 2]. The currently most accurate, although somewhat
indirect, determination of DM abundance comes from global fits of cosmological parameters to a variety
of observations [3, 4], while the nature of DM remains largely unknown. One of the candidates for a DM
particle is a weakly interacting massive particle (WIMP) [5]. At the Large Hadron Collider (LHC), one
can search for WIMP DM (�) pair production in pp collisions. WIMP DM would not be detected and its
production leads to signatures with missing transverse momentum. Searches for the production of DM in
association with Standard Model (SM) particles have been performed at the LHC [6–12].

Recently proposed simplified benchmark models for DM production assume the existence of a mediator
particle which couples both to the SM and to the dark sector [13–15]. The searches presented in this paper
focus on the case of a fermionic DM particle produced through the exchange of a spin-0 mediator, which
can be either a colour-neutral scalar or pseudoscalar particle (denoted by � or a, respectively) or a colour-
charged scalar mediator (�b). The couplings of the mediator to the SM fermions are severely restricted
by precision flavour measurements. An ansatz which automatically relaxes these constraints is Minimal
Flavour Violation [16]. This assumption implies that the interaction between any new neutral spin-0
state and SM matter is proportional to the fermion masses via Yukawa-type couplings1. It follows that
colour-neutral mediators would be sizeably produced through loop-induced gluon fusion or in association
with heavy-flavour quarks. The characteristic signature used to search for the former process is a high
transverse momentum jet recoiling against missing transverse momentum [7, 11].

This paper focuses on dark matter produced in association with heavy flavour (top and bottom) quarks.
These final states were addressed by the CMS Collaboration in Ref. [17]. For signatures with two top
quarks (tt̄ +�/a), final states where both W bosons decay into hadrons or both W bosons decay into leptons
are considered in this paper. They are referred to as fully hadronic and dileptonic tt̄ decays, respectively.
Searches in final-state events characterised by fully hadronic or dileptonic top-quark pairs have been
carried out targeting supersymmetric partners of the top quarks [18, 19]. Due to the di↵erent kinematics

1Following Ref. [14], couplings to W and Z bosons, as well as explicit dimension-4 �–h or a–h couplings, are set to zero in
this simplified model. In addition, the coupling of the mediator to the dark sector are not taken to be proportional to the mass of
the DM candidates.
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ine a model where � is a Standard Model (SM) singlet, a Dirac fermion; the
mediating particle, labeled �, is a charged scalar color triplet and the SM parti-
cle is a quark. Such models have been studied in Refs. [?, ?, ?, ?, ?, ?]. However,
these models have not been studied as extensively as others in this Forum.
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Figure 1: Representative Feynman diagram showing the pair production of Dark
Matter particles in association with tt̄ (or bb̄).
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(c)

Figure 1: Representative diagrams at the lowest order for spin-0 mediator associated production with top and bottom
quarks: (a) colour-neutral spin-0 mediator associated production with bottom quarks bb̄ +�/a; (b) colour-neutral
spin-0 mediator associated production with top quarks tt̄ +�/a; (c) colour-charged scalar mediator model decaying
into a bottom quark and a DM particle b-FDM.
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DARK MATTER (INSPIRED) SEARCHES
Hidden-sector bosons in B ! K (⇤)�(µ+µ�

)

B0 ! K
⇤0� [PRL 115 (2015) 161802] / B+ ! K

+� [PRD 95 (2017) 071101 (R)]

Search for hidden-sector bosons � ! µ+µ� in b ! s penguin decays:

Axial-vector portal (� as axion) [LNP 741 (2008) 3]

Scalar (Higgs) portal (� as inflaton) [JHEP 05 (2010) 10]

1st dedicated search (K⇤0�) over such a large mass range:
Pro: K⇤0 ! K+⇡� vertex leads to better ⌧(�) resolution and less background.
Con: B0 ! K⇤0� has smaller branching fraction than the B+ ! K+� mode.

Allow for prompt and detached di-muon candidates – up to 1000 ps (⇠ 30 cm).
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Search for long-lived scalar particles in B + → K + χ ðμ +μ − Þ decays

R. Aaij et al.*

(LHCb Collaboration)
(Received 24 December 2016; published 14 April 2017)

A search for a long-lived scalar particle χ is performed, looking for the decay Bþ → Kþ χ with χ → μþ μ−

in pp collision data corresponding to an integrated luminosity of 3 fb−1, collected by the LHCb experiment
at center-of-mass energies of

ffiffiffi
s

p
¼ 7 and 8 TeV. This new scalar particle, predicted by hidden sector

models, is assumed to have a narrow width. The signal would manifest itself as an excess in the dimuon
invariant mass distribution over the Standard Model background. No significant excess is observed in the
accessible ranges of mass 250 < mðχÞ < 4700 MeV=c2 and lifetime 0.1 < τðχÞ < 1000 ps. Upper limits
on the branching fraction BðBþ → Kþ χðμþ μ−ÞÞ at 95% confidence level are set as a function of mðχÞ and
τðχÞ, varying between 2 × 10−10 and 10−7. These are the most stringent limits to date. The limits are
interpreted in the context of a model with a light inflaton particle.

DOI: 10.1103/PhysRevD.95.071101

In recent years, models with a hidden sector of particles
[1,2] have gathered considerable attention, primarily moti-
vated by an absence of direct dark matter identification.
This class of theories postulates the existence of new
particles that interact very weakly with the particles of
the Standard Model (SM). In this scenario, dark-sector
particles would be gauge-singlet states with respect to the
SM gauge group, and only be able to communicate with
SM particles via weakly interacting mediators through one
of four mechanisms: the vector, axion, Higgs, and neutrino
portals.
In the Higgs portal scenario, the new scalar particle, χ,

can mix with the SM Higgs boson. An example of such a
model is described in Refs. [3,4]. In this theory, the Higgs
portal is mediated by a light particle, namely the inflaton,
associated with the field that generates the inflation of
the early Universe. These models also help to solve the
hierarchy problem and can explain the baryon asymmetry
in the Universe [5,6]. The inflaton mass and lifetime are
weakly constrained; in particular, the mass can be below the
B meson mass, and the decay of Bþ → Kþ χ, with
χ → μþ μ−, is a candidate process in which to look for
such phenomena at LHCb. As illustrated in Fig. 1, in this
scenario the inflaton couples via the Higgs boson to the top
quark that at loop level mediates the Bþ to Kþ transition.
Current limits on the process have been set by

the CHARM experiment [7] and, looking for B0 →
K%0χðμþ μ−Þ decays, the LHCb experiment [8]. This
Letter presents the search for a hypothetical new scalar
particle through the decay Bþ → Kþ χðμþ μ−Þ in the ranges

of mass 250 < mðχÞ < 4700 MeV=c2 and lifetime
0.1 < τðχÞ < 1000 ps. The inclusion of charge-conjugate
decays is implied throughout this Letter. The data sample
used in this analysis corresponds to integrated luminosities
of 1 and 2 fb−1 collected by the LHCb detector in pp
collisions at center-of-mass energies of

ffiffiffi
s

p
¼ 7 and 8 TeV,

respectively.
The LHCb detector [9,10] is a single-arm forward spec-

trometer covering the pseudorapidity range 2 < η < 5,
designed for the study of particles containing b or c quarks.
The detector has a silicon-strip vertex detector as the
first component of a high-precision charged-particle track-
ing system for measuring momenta; two ring-imaging
Cherenkov detectors for distinguishing charged hadrons; a
calorimeter system for identifying photons, electrons, and
hadrons; and a system for identifying muons. The online
event selection is performed by a trigger consisting of a
hardware stage, based on information from the calorimeter
and muon systems, followed by a software stage, which
applies a full event reconstruction.

FIG. 1. Feynman diagram of the decay Bþ → Kþ χðμþ μ−Þ,
where the χ interacts by mixing with the Higgs boson and then
decays to a pair of muons.

*Full author list given at the end of the article.
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limits set by the CHARM [7] and the LHCb [8]
experiments.
In summary, a search for a long-lived scalar particle has

been performed at LHCb using pp collision data corre-
sponding to an integrated luminosity of 3 fb−1. No evi-
dence for a signal over the background-only hypothesis has
been found and upper limits have been placed on
BðBþ → Kþ χÞ × Bðχ → μþ μ−Þ. They are the best upper
limits on this decay to date, improving previous limits by
up to a factor of 20. The results imply stringent constraints
on theories that predict the existence of new light scalar

particles. For the case of the inflaton model studied here, a
large fraction of the theoretically allowed parameter space
has been excluded.
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HIGGS COUPLINGS & EFT
▸ Higgs analysis depends on precise theory 

predictions 

▸ κ framework :  

▸ consider (only!) scalar modifications of 
Higgs coupling 

▸ Differential distributions not fully utilized 

▸ Move towards Effective Field Theory!  

▸ Interpolate distributions by varying 
(combinations of) Wilson coefficients 

▸ A lot of work to do this right/consistent! 

▸ Need proper  ‘EFT matching’ to link to 
eg. LHCb 

▸ Requires influence on the analysis 
procedures 

▸ Blurrs the theory/experiment boundary

Wouter Verkerke, NIKHEF

Interpretation beyond signal strengths – the κ framework

• Parameters κj correspond to LO degrees of freedom 

• Example for ggF production of HàVV 

σggF = (1.06 κt2 + 0.01κb2 -0.07κbκt) σggF(SM) ΓW,Z = κ2W,Z ΓW,Z(SM)

NB: σggF(SM) from NNLO(QCD) + NLO(EW) calculation!
20
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WHY SHOULD WE JOIN THE GAME?

Global “Across Experiment” analyses of precision 
measurements, together with precision theory will be (are!) 
crucial to the next phase of (discoveries in) Particle Physics. 

Nikhef can and  should play a key role:  

‣ We have the necessary expertise ‘in house’:  experiment, 
analysis, statistics, theory  

‣ We can influence the strategy & delivery of measurements 

‣ But to make progress requires a dedicated effort if we aim 
to make a real impact.
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“TIME CHANGES EVERYTHING  — THAT’S WHAT PEOPLE SAY, IT’S 
NOT TRUE:  DOING THINGS CHANGES THINGS;”       HOUSE, M.D.

“ANOMALIES BUG ME.”       HOUSE, M.D.

"THERE'S NOTHING IN THIS UNIVERSE THAT CAN'T BE 
EXPLAINED — EVENTUALLY."      HOUSE, M.D.

“YOU COULD THINK I'M WRONG, BUT THAT'S NO 
REASON TO STOP THINKING.”       HOUSE, M.D.

"IN THIS UNIVERSE EFFECT FOLLOWS CAUSE —
I’VE COMPLAINED ABOUT IT BUT…”      HOUSE, M.D.

WHY SHOULD WE JOIN THE GAME?
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MY BOSS TOLD ME TO HAVE A GOOD DAY…

…SO I WENT HOME.



GLOBAL (BEYOND) STANDARD MODEL ANALYSES

WHY SHOULD WE JOIN THE GAME?
Global “Across Experiment” analyses of precision measurements, 
together with precision theory will be (are!) crucial to the next phase of 
(discoveries in) Particle Physics. 

‣ Strength: present in many relevant experiments, can influence 
measurements strategy / delivery;  have early access;  theory/
experiment/statistics expertise ‘in house’ 

‣ Weakness:   (many)  x  (small fraction of FTE) = 0 impact  

‣ Opportunity:  synergy across Nikhef programs; informs future strategy; 
future combinations will increase complexity, playing into our strengths  

‣ Threat:  —
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Flavored Dark Matter and the Galactic Center Gamma-Ray Excess
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Thermal relic dark matter particles with a mass of 31-40 GeV and that dominantly annihilate
to bottom quarks have been shown to provide an excellent description of the excess gamma rays
observed from the center of the Milky Way. Flavored dark matter provides a well-motivated frame-
work in which the dark matter can dominantly couple to bottom quarks in a flavor-safe manner. We
propose a phenomenologically viable model of bottom flavored dark matter that can account for the
spectral shape and normalization of the gamma-ray excess while naturally suppressing the elastic
scattering cross sections probed by direct detection experiments. This model will be definitively
tested with increased exposure at LUX and with data from the upcoming high-energy run of the
Large Hadron Collider (LHC).

PACS numbers: 95.35.+d, 95.85.Pw; FERMILAB-PUB-14-069-A-T

A robust and wide-ranging experimental e↵ort is cur-
rently underway to observe the non-gravitational inter-
actions of dark matter (DM). A major component of
this program is focused on the indirect detection of DM
through searches for its annihilation products, such as
gamma rays, cosmic rays, and neutrinos. Gamma rays
from the central region of the Milky Way are particularly
interesting in this regard due to the anticipated bright-
ness of the DM annihilation signal and the lack of energy
losses or magnetic deflections associated with the high-
energy photon signature.

Several independent studies of data from the Fermi
Gamma-Ray Space Telescope have uncovered an excess
of gamma rays, peaking at ⇠ 1�3 GeV, originating from
the direction of the Galactic Center [1–10]. After being
subjected to increasing levels of scrutiny, it appears that
this excess cannot be accounted for by any known astro-
physical sources or mechanisms (for example, millisecond
pulsars [11]). In terms of energy spectrum, angular distri-
bution, and rate, this signal is remarkably consistent with
that long expected from annihilating DM particles (for
early predictions, see Ref. [12] and references therein).
In particular, the recent study of Ref. [10] concludes that
the anomalous gamma-ray emission is well described by
a 31-40 GeV DM particle annihilating to bb̄ with a cross
section of �v ' (1.7� 2.3)⇥ 10�26 cm3

/s; in good agree-
ment with that expected for a thermal relic [13]. Here we
take this concordance as an indication that the DM may
couple dominantly to bottom quarks. While we note that
other annihilation modes, such as to light quarks, can
provide a good description of the signal’s spectral shape,
such channels are best fit by annihilation cross sections
that are smaller by an order one factor.

Under the hypothesis that the DM couples preferen-
tially to bottom quarks, we can begin to make inferences
about the underlying particle physics theory. Flavored
Dark Matter (FDM) is a framework that naturally leads

to flavor-specific DM couplings [14, 15]. In FDM theories,
the DM particle is part of a flavor multiplet which trans-
forms under the Standard Model (SM) or dark global
flavor symmetries. Minimal Flavor Violation (MFV) [16]
can be invoked to suppress new sources of flavor chang-
ing neutral currents and simultaneously guarantee the
stability of the DM. The stability in this framework is a
consequence of Flavor Triality, a Z3 discrete symmetry
which is a remnant of the non-Abelian color and quark
flavor symmetries [17]. In various guises, FDM has been
previously investigated on numerous occasions [18–22].

In this work, we propose a model of bottom Flavored
Dark Matter (b-FDM) and demonstrate that it can ac-
count for the Galactic Center gamma-ray excess. The
model contains a Dirac fermion transforming as a flavor
triplet, of which the third component comprises the cos-
mological DM. A flavor singlet, color triplet scalar field
mediates the interactions between the DM and the Stan-
dard Model quarks. An annihilation cross section consis-
tent with the gamma-ray excess can be achieved for per-
turbative values of the couplings while being consistent
with LHC constraints on the colored mediator. For pa-
rameters capable of explaining the anomalous gamma-ray
signal, the model predicts a direct detection cross section
that is consistent with current constraints, but within
the near future reach of LUX. The model will be deci-
sively tested with data from the upcoming high-energy
run at the LHC. For other investigations motivated by
the gamma-ray excess, see Refs. [23–42].

Throughout this letter, we will take the DM to be a
Dirac fermion and a SM gauge singlet, with couplings to
right-handed down-type quarks. We take the couplings
of �b,s,d with quarks to be approximately flavor diagonal,
allowing us to associate each flavor in the dark sector with
a corresponding flavor of quarks. In particular, we take
the lightest of these new particles to be associated with
the b-quark, and assume that the heavier flavors decay
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TEXT Why precision at the LHC?

11Juan Rojo                                                                                                               ICFA 2017 Seminar, Ottawa, 07/11/2017

BSM physics could manifest as subtle deviations wrt to the Standard Model predictions

Even for high-mass resonances, theory uncertainties degrade or limit many BSM searches

The robustness of global stress-tests of the SM (electroweak fit, SM Effective Field Theory 
analysis) relies crucially in high-precision theoretical calculations

BSM physics might very well hiding itself in the tails of distributions

To enhance the discovery potential of new Beyond the Standard Model physics!

Marco Farina, HL/HE LHC workshop

Generic SMEFT expansion

https://meetings.triumf.ca/indico/event/9/session/5/contribution/20/material/slides/0.pdf
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The Famous Blue Band Plot

VIP

Using all available precision measurements a global fit of the most likely

Higgs Boson mass is performed

- The fit yields :

- The yellow band is LEP 95% CL

exclusion (but there is more

information than just a band)

- The 90% Confidence Interval :

- Including LEP limit :

Comparing direct search to indirect measurement

at

The Complete Data
PDG

- Numerous observables

- Numerous experiments (with different

systematics)

- Within experiments numerous analyses

(with different systematics)

But still the Standard Model is

defined by 3 parameters

- Various theoretical inputs


