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Flavour and CP violation in the Standard Model 
SU(3) × SU(2) × U(1)Y 

Flavour physics fundamentally related to the Higgs mechanism, but what are 
implications of the Higgs boson discovery to flavour physics? 

Three terms in renormalisable part of Largrangian: freedom in field definition used to move 
flavour changing currents from Higgs to gauge bosons after EW symmetry breaking 

•  Only charged flavour-changing current  

•  Only physical degree of freedom: neutral Higgs boson, no FCNC associated with it 

•  Seems there is little direct impact of Higgs discovery (known mass) on flavour physics  
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+ possible D=5 
terms related to 
neutrino masses 
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Flavour and CP violation in the Standard Model 
SU(3) × SU(2) × U(1)Y 

Flavour physics fundamentally related to the Higgs mechanism, but what are 
implications of the Higgs boson discovery to flavour physics? 

Three terms in renormalisable part of Largrangian: freedom in field definition used to move 
flavour changing currents from Higgs to gauge bosons after EW symmetry breaking 

•  Only charged flavour-changing current  

•  Only physical degree of freedom: neutral Higgs boson, no FCNC associated with it 

•  Seems there is little direct impact of Higgs discovery (known mass) on flavour physics  

Field content and 
gauge charges:  

Flavour physics and CP violation naturally embedded into predictive SM 

•  What is the origin of the observed flavour hierarchies? 

•  Did we see everything? If not, why not? 
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+ possible D=5 
terms related to 
neutrino masses 
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Flavour and CP violation in the Standard Model 
The gauge hierarchy flavour problem 

SM expected to be valid only below some scale Λ 

•  Scalar mass term is only dimensionful parameter in renormalisable part of LSM 

•  This sets the EW scale 

•  Scalar mass term receives large quantum corrections if there is another scale Λ  

•  Electroweak physics requires Λ ≤ MW /g ≈ few hundred GeV 

•  But flavour physics restricts the scale of dimension-6 ΔF = 2 operators to  

L
SM
= L

dim4
−
Λ2

2
φ †φ +

1
Λ2

i

∑ qqqq( )
i
+…

Λ > 104−5  TeV (sd)(sd) Λ > 103,2  TeV (bd,s)(bd,s)

unless it is special (weak coupling, loop suppression, CKM-like suppressions) 
Generic scale far beyond reach of LHC! 

Difficult to construct natural models, if naturalness is a good concept 
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Flavour and CP violation in the Standard Model 
Experimental probes 

A) The usual suspects 

•  Kaon and B-meson precision measurements at e+e- factories 

•  Rare decay and CP violation studies 

•  Measurements at hadron colliders (most notably LHCb, but also ATLAS, CMS, CDF, D0) 
cover Bs physics, loop (“penguin”) phenomena, precise γ measurements, charm physics 

B) New channels in LHC era 

•  Top flavour (ATLAS, CMS, Tevatron) 

•  Higgs flavour measurements (mainly ATLAS, CMS) 

•  Search for direct production of new fermions (ATLAS, CMS) 

Relation between direct and indirect searches via BSM physics only  
Specific models needed  
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Some experimental highlights of quark flavour physics 
“Classical” flavour physics 
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We believe that flavour physics is the 
key to understanding the matter-
antimatter asymmetry in the universe 

•  Quark sector 
proven (purpose?) 

•  Lepton sector not 
yet proven, but 
thought of with 
great hopes for 
purpose  

•  Strong CP problem 
still unsolved 
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Flavour Physics 
SM consists of up to 24 elementary matter particles and 3 forces with total of 26 parameters 
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magnetic force 

Higgs boson 
Higgs field breaks electroweak 
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and fermion masses 

Fe
rm

io
ns

 
Bo

so
ns

  g 8 ×

22 of the 26 
parameters related 
to flavour — some 
may appear tuned… 

•  3 gauge couplings 
•  2 Higgs sector parameters 

•  6 quark masses 
•  3 quark mixing angles + 1 phase  
•  6 lepton masses 
•  3 lepton mixing angles + 1 phase (+ 2 Majorana phases?)  
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Quark Flavour Physics 
Came a long way since the discovery of strange particles by Rochester, Butler in 1946/47  

Unitary 3-generation quark mixing matrix — small CPV, top has ∼unity Yukawa coupling  
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Quark Flavour Physics 
Came a long way since the discovery of strange particles by Rochester, Butler in 1946/47  

Quark mixing matrix consistent with three-generation unitarity 
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•  Several anomalies appeared and disappeared or became implausible                             
(eg, CPV in “penguin” decays, B → τν, di-muon asymmetry As

SL, |Vub| discrepancy?)  

•  Precision constraints led to Minimal Flavour Violation (MFV) paradigm for new physics 

•  Many more measurements available in quark-flavour sector… 
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Quark Flavour Physics 
Some hope to find hints for new physics in “Penguin modes”  

Sensitive to same (or similar) CKM 
angle as B0 → J/ψ Ks 
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Quark Flavour Physics 

LHC enters the game: Bs physics — CP violation and rare decays   

The most expected flavour measurements at LHC: phase φs and Bs → µµ 

•  φs	
  =	
  –2βs	
  = 0.00 ± 0.07 [ HFAG, SM: –0.036 ± 0.002 ] 

•  BTW: LHCb also measured sin(2βψKs):	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
0.73 ± 0.07 ± 0.04 [B-factories WA: 0.665 ± 0.024]  

]
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FIG. 1: Examples of Feynman diagrams for FCNC decays:
(a) box diagram, (b) penguin diagram.

ticles as well as particles from the extended Higgs sector.
This extended contribution becomes larger if the value
of tan β, the ratio of the vacuum expectation values of
the two neutral Higgs fields, is large [5–10]. Similarly,
in some supersymmetric models with R -parity violating
couplings [11], this enhancement can be present even in
the regime ofl ow tanβ. Improved limits on the branch-
ing fraction of this decay can be used to set limits on
the parameter space of supersymmetric models and other
new theories. Since the predicted rate for this process
in the SM is beyond the current experimental sensitiv-
ity at the Tevatron, the observation of this decay would
necessarily imply physics beyond the SM. Similar anni-
hilation topologies have also been studied for B 0 and B +

decays [12–16].
In this Letter, we report on a search for the rare decay

B 0
s � µ+ µ− using 6.1 fb− 1 ofi ntegrated luminosity col-

lected by the D0 detector. Presently, the best experimen-
tal bound for the branching fraction of B (B 0

s � µ+ µ− ) <
5.8× 10− 8 at the 95% C.L. is given by the CDF Collabo-
ration [16]. Our previous result for this search was based
on 1.3 fb− 1 ofi ntegrated luminosity and set a bound for
the branching fraction B (B 0

s � µ+ µ− ) < 1.2 × 10− 7 at
the 95% C.L. [17].

The D0 detector [18] has a central tracking system,
consisting of a silicon microstrip tracker (SMT) [19] and a
central fiber tracker (CFT), both located within a 2 T su-
perconducting solenoidal magnet, with designs optimized
for tracking and vertexing at pseudorapidities |η| 3 and
|η| 2.5, respectively, where η = − ln [tan ( θ/2)], and θ
is the polar angle with respect to the proton beam direc-
tion. An outer muon system, covering |η| 2, consists
of a layer of tracking detectors and scintillation trigger

counters in front of 1.8 T toroids, followed by two similar
layers after the toroids [20]. The trigger and data ac-
quisition systems are designed to accommodate the high
instantaneous luminosity of the Tevatron Run II that
started in 2001. In summer 2006, the SMT detector was
upgraded by inserting an additional layer of silicon mi-
crostrip detectors, Layer 0 [21], close to the beampipe.
The data-taking period before the Layer 0 installation
is referred to as Run IIa, and the period afterwords is
referred to as Run IIb. The two data sets are analyzed
separately.

All data collected up to June 2009 are included in this
analysis. The integrated luminosities for the Run IIa
and Run IIb data sets are 1 .3 fb− 1 and 4.8 fb− 1 , respec-
tively. Events are recorded using a set of single muon
triggers, dimuon triggers, and triggers that select pp̄ in-
teractions based on energy depositions in the calorimeter.
B 0

s � µ+ µ− candidates are formed from pairs of oppo-
sitely charged muons identified by extrapolating tracks
reconstructed in the central tracking detectors to the
muon detectors, and matching them with information
from the muon system. The muon selection has been
updated with respect to the previous analysis [17], yield-
ing 10% higher acceptance while keeping the fraction of
misidentified muons below 0.5%. Each muon is required
to have a transverse momentum pµT ≥ 1.5 GeV, and to
have hits in at least two layers of both the CFT and
the SMT. The B 0

s candidate is required to have a recon-
structed three-dimensional (3D) decay vertex displaced
from the interaction point with a transverse decay length
significance L T /σ L T ≥ 3 to reduce prompt dimuon back-
ground, where L T = lT · B

T / |
B
T |. The vectors lT and B

T
are, respectively, the vector from the interaction point
to the decay point and the transverse momentum vector
of the B 0

s meson in the transverse plane. The pp̄ inter-
action vertex is found for each event using a beam-spot
constrained fit as described in [22]. Events are selected
if the reconstructed invariant dimuon mass, mµµ , is be-
tween 4.0 GeV and 7 .0 GeV.

To further suppress the background we use the follow-
ing discriminating variables: the transverse momentum
of the B 0

s candidate pBT , the pointing angle, L T /σ L T , the
decay vertex fit χ 2 , the smaller impact parameter sig-
nificance (δ/σδ) of the two muons, min( δ/σδ), and the
smaller pµT of the two muons, min(pµT ). The pointing an-
gle is defined to be the 3D opening angle between the
B 0

s meson momentum vector and the displacement vec-
tor from the interaction to the dimuon vertex. The im-
pact parameter δ is defined to be the distance of clos-
est approach of the track to the interaction point in
the transverse plane, and σδ is its uncertainty. We use
a Bayesian Neural Network (BNN) [23, 24] multivari-
ate classifier with the above variables to distinguish sig-
nal events from background. The BNN is trained us-
ing background events sampled from the sideband re-
gions (4.5 GeV ≤ mµµ ≤ 5.0 GeV and 5 .8 GeV ≤

Penguin SM diagram, adds to box 
Helicity-suppressed in SM  
Flavour probe of EW and Higgs sector   

h, H, A ? 
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Figure 2: Left, scan of the ratio of the joint likelihood for B(B0
s ! µ+µ�) and B(B0 ! µ+µ�).
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Quark Flavour Physics  

Bs → µµ history 
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FIG. 1: Examples of Feynman diagrams for FCNC decays:
(a) box diagram, (b) penguin diagram.

ticles as well as particles from the extended Higgs sector.
This extended contribution becomes larger if the value
of tan β, the ratio of the vacuum expectation values of
the two neutral Higgs fields, is large [5–10]. Similarly,
in some supersymmetric models with R -parity violating
couplings [11], this enhancement can be present even in
the regime ofl ow tanβ. Improved limits on the branch-
ing fraction of this decay can be used to set limits on
the parameter space of supersymmetric models and other
new theories. Since the predicted rate for this process
in the SM is beyond the current experimental sensitiv-
ity at the Tevatron, the observation of this decay would
necessarily imply physics beyond the SM. Similar anni-
hilation topologies have also been studied for B 0 and B +

decays [12–16].
In this Letter, we report on a search for the rare decay

B 0
s � µ+ µ− using 6.1 fb− 1 ofi ntegrated luminosity col-

lected by the D0 detector. Presently, the best experimen-
tal bound for the branching fraction of B (B 0

s � µ+ µ− ) <
5.8× 10− 8 at the 95% C.L. is given by the CDF Collabo-
ration [16]. Our previous result for this search was based
on 1.3 fb− 1 ofi ntegrated luminosity and set a bound for
the branching fraction B (B 0

s � µ+ µ− ) < 1.2 × 10− 7 at
the 95% C.L. [17].

The D0 detector [18] has a central tracking system,
consisting of a silicon microstrip tracker (SMT) [19] and a
central fiber tracker (CFT), both located within a 2 T su-
perconducting solenoidal magnet, with designs optimized
for tracking and vertexing at pseudorapidities |η| 3 and
|η| 2.5, respectively, where η = − ln [tan ( θ/2)], and θ
is the polar angle with respect to the proton beam direc-
tion. An outer muon system, covering |η| 2, consists
of a layer of tracking detectors and scintillation trigger

counters in front of 1.8 T toroids, followed by two similar
layers after the toroids [20]. The trigger and data ac-
quisition systems are designed to accommodate the high
instantaneous luminosity of the Tevatron Run II that
started in 2001. In summer 2006, the SMT detector was
upgraded by inserting an additional layer of silicon mi-
crostrip detectors, Layer 0 [21], close to the beampipe.
The data-taking period before the Layer 0 installation
is referred to as Run IIa, and the period afterwords is
referred to as Run IIb. The two data sets are analyzed
separately.

All data collected up to June 2009 are included in this
analysis. The integrated luminosities for the Run IIa
and Run IIb data sets are 1 .3 fb− 1 and 4.8 fb− 1 , respec-
tively. Events are recorded using a set of single muon
triggers, dimuon triggers, and triggers that select pp̄ in-
teractions based on energy depositions in the calorimeter.
B 0

s � µ+ µ− candidates are formed from pairs of oppo-
sitely charged muons identified by extrapolating tracks
reconstructed in the central tracking detectors to the
muon detectors, and matching them with information
from the muon system. The muon selection has been
updated with respect to the previous analysis [17], yield-
ing 10% higher acceptance while keeping the fraction of
misidentified muons below 0.5%. Each muon is required
to have a transverse momentum pµT ≥ 1.5 GeV, and to
have hits in at least two layers of both the CFT and
the SMT. The B 0

s candidate is required to have a recon-
structed three-dimensional (3D) decay vertex displaced
from the interaction point with a transverse decay length
significance L T /σ L T ≥ 3 to reduce prompt dimuon back-
ground, where L T = lT · B

T / |
B
T |. The vectors lT and B

T
are, respectively, the vector from the interaction point
to the decay point and the transverse momentum vector
of the B 0

s meson in the transverse plane. The pp̄ inter-
action vertex is found for each event using a beam-spot
constrained fit as described in [22]. Events are selected
if the reconstructed invariant dimuon mass, mµµ , is be-
tween 4.0 GeV and 7 .0 GeV.

To further suppress the background we use the follow-
ing discriminating variables: the transverse momentum
of the B 0

s candidate pBT , the pointing angle, L T /σ L T , the
decay vertex fit χ 2 , the smaller impact parameter sig-
nificance (δ/σδ) of the two muons, min( δ/σδ), and the
smaller pµT of the two muons, min(pµT ). The pointing an-
gle is defined to be the 3D opening angle between the
B 0

s meson momentum vector and the displacement vec-
tor from the interaction to the dimuon vertex. The im-
pact parameter δ is defined to be the distance of clos-
est approach of the track to the interaction point in
the transverse plane, and σδ is its uncertainty. We use
a Bayesian Neural Network (BNN) [23, 24] multivari-
ate classifier with the above variables to distinguish sig-
nal events from background. The BNN is trained us-
ing background events sampled from the sideband re-
gions (4.5 GeV ≤ mµµ ≤ 5.0 GeV and 5 .8 GeV ≤

14	
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Electroweak penguin decays (FCNC) 

Anomaly in LHCb B0 → K*0µ+µ– angular analysis 

•  Fluctuation in P5’ (local 3.7σ, global 2.8σ)? Non-perturbative effect (Λ/mb)?  

•  New physics in C9 Wilson coefficient (NNLO)? [ C7: b → sγ, C10: B → µµ are constrained ] 
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P4/5’ : form-factor independent angular observable, theoretically clean at large recoil (low q2 = m2
µµ) 
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[ LHCb: 1308.1707, 3 fb-1 announced to come soon 
SM: Déscotes-Genon et al.1303.5794] 
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Quark Flavour Physics  
Rare charm decays  

Very rare FCNC decay D0 → µµ also searched for  
(Short distance: BRSM ∼ 10–18, GIM & helicity suppressed, possible long-distance enhancement)  

LHCb Collaboration / Physics Letters B 725 (2013) 15–24 19

Table 2
PDF components describing mµ+µ− and !mµ+µ− distributions in the signal and corresponding freely varying and Gaussian constrained fit parameters. The coefficients of
the exponential (EXP) function used to describe both the D∗+ → D0(K −π+)π+ and D∗+ → D0(π−µ+νµ)π+ backgrounds are γKπ and γπµν while f Kπ and fπµν are
the normalisation factors to the D∗+ → D0(π+π−)π+ events. The symbols ⟨!mµ+µ− ⟩η , η = i, j and k represent the mean values and (σ!

1 )η the narrower width of the
double Gaussian (DG) PDF describing D∗+ → D0(π+π−)π+ , D∗+ → D0(K −π+)π+ and D∗+ → D0(K −µ+νµ)π+ distributions (for D∗+ → D0(K −π+)π+ a single Gaussian
(SG) PDF is used). The normalisation for the D∗+ → D0(π+π−)π+ event yield is obtained from the procedure described in Section 5. The function fm is a constant. The
parameters ω, µ and σ of the Crystal Ball function describing the D∗+ → D0(π+π−)π+ events are described in Section 4.

Fit component mµ+µ− !mµ+µ− Free Constrained

Combinatorial fm f! yield,
a, b, c

D∗+ → D0(π+π−)π+ CB DG α, εππ→µµ , ω, µ, σ ,
⟨!mµ+µ− ⟩i , (σ!

1 )i

D∗+ → D0(K −π+)π+ EXP SG γKπ , f Kπ , ⟨!mµ+µ− ⟩ j , (σ!) j

D∗+ → D0(π−µ+νµ)π+ EXP DG γπµν , fπµν , ⟨!mµ+µ− ⟩k , (σ!
1 )k

D∗+ → D0(µ+µ−)π+ CB DG yield

of the misidentification probabilities of the two D0 daughters.
The kaon to muon misidentification probability is measured with
D∗+ → D0(K −π+)π+ decays, triggered by spectator particles with
respect to the kaon, and is found to be (6.3 ± 0.6) × 10−4. This
very small value is achieved using the kaon veto based on the
RICH detectors, as described in Section 3. The estimated yield of
D∗+ → D0(π+π−)π+ is compatible with that obtained from the
method described above, though with a larger uncertainty.

6. Results

The search for the D0 → µ+µ− decay is performed us-
ing an unbinned extended maximum likelihood fit to the two-
dimensional distribution of !mµ+µ− and mµ+µ− . The five different
fit components are the signal D∗+ → D0(µ+µ−)π+ , the combina-
torial background and the background from D∗+ → D0(π+π−)π+ ,
D∗+ → D0(K −π+)π+ and D∗+ → D0(π−µ+νµ)π+ decays.

The PDF shapes are chosen as detailed in Table 2. The param-
eter input values are determined from the simulation of the in-
dividual channels, except for the combinatorial background, which
is assumed to have a smooth distribution across the whole invari-
ant mass difference !mµ+µ− and invariant mass mµ+µ− ranges,
as in the D∗+ → D0(π+π−)π+ fit of Section 4. The table also
shows the corresponding fit parameters that are allowed to vary,
both freely and with Gaussian constraints. Other fit parameters,
not included in the table, are fixed to the values obtained from the
simulation. It is explicitly checked that the final result is insensi-
tive to the variation of these parameters.

The width of the CB function describing the D∗+ →
D0(π+π−)π+ background in the mµ+µ− distribution and the
narrower width of the double Gaussian shape describing the
D∗+ → D0(π+π−)π+ background in the !mµ+µ− distribution are
corrected for the broader mass distribution observed in data; the
widths are increased by about 40% in !mµ+µ− and 25% in mµ+µ− .
The CB slope parameter is fixed to the mean value obtained from
simulation. Varying this value within its uncertainty leads to a
negligible change in the final result.

The D∗+ → D0(K −π+)π+ and D∗+ → D0(π−µ+νµ)π+ yields
are normalised to the D∗+ → D0(π+π−)π+ yields based on their
relative branching fractions, on the number of generated events
and on the pion to muon and kaon to muon misidentification
probabilities, as measured from data. To take into account discrep-
ancies between data and simulation for these two latter quantities,
a conservative uncertainty of 50% and 30% is assigned, respectively.

The signal PDFs are parametrised as in the D∗+ →
D0(π+π−)π+ fit of Section 4 and the shape parameters are fixed
to the D∗+ → D0(π+π−)π+ output fit values. A variation of these
parameters within their uncertainties give a negligible effect on
the final value for B(D0 → µ+µ−).

Fig. 4. (a) Invariant mass difference !mµ+µ− , with mµ+µ− in the range
1820–1885 MeV/c2 and (b) invariant mass mµ+µ− , with !mµ+µ− in the range
144–147 MeV/c2 for D∗+ → D0(µ+µ−)π+ candidates. The projections of the two-
dimensional unbinned extended maximum likelihood fit are overlaid. The curves
represent the total distribution (solid black), the D∗+ → D0(π+π−)π+ (dashed
red), the combinatorial background (dashed yellow), the D∗+ → D0(K −π+)π+

(dash-dotted blue), the D∗+ → D0(π−µ+νµ)π+ (dash-dotted purple) and the sig-
nal D∗+ → D0(µ+µ−)π+ (solid green) contribution. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of
this Letter.)

The systematic uncertainties related to both the normalisation,
through α, and the background shapes and yields, are included in
the fit as Gaussian constraints to the parameters.

After the fit, all constrained parameters converged to the input
values within a few percent but εππ→µµ and ω, which changed by
about +16% and −20%, respectively, though remaining consistent
with the fit input values, within the uncertainty.

Fig. 4 shows the !mµ+µ− and mµ+µ− distributions, together
with the one-dimensional binned projections of the two-dimen-
sional fit overlaid. The χ2/ndf of the fit projections are 1.0 and 1.3,
corresponding to probabilities of 44% and 19%, respectively. The
data are consistent with the expected backgrounds. In particular,

•  BR(D0 → µµ) < 6.2 · 10–9 

[ Phys. Lett. B725 (2013) 15, theory: Burdman et al. hep-ph/0112235 ] 

D0	
  → µµ 
D*+	
  → D0(→ π+π–)π+ 

16	
  

c u

Z

!c !u
×
!g

FCNC c → u transition in SUSY 



Flavour	
  of	
  Higgs	
  —	
  Experimental	
  introduc8on,	
  A.	
  Hoecker,	
  23	
  June	
  2014	
  

Quark Flavour Physics  
Charm mixing 

Neutral charm mesons mix much slower than neutral K and B mesons  
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For each fit, 104 WS-to-RS ratio data points are used,
corresponding to 13 ranges of decay time, distinguishing

D!þ from D!# decays, TOS from TOS decays, and 2011
data from 2012 data. The consistencywith the hypothesis of
CP symmetry is determined from the change in!2 between
the fit without and with CP violation, taking into account
the difference in number of degrees of freedom. The result-
ingp value, for the fitwith direct and indirect (indirect only)

CP violation allowed, is 91% (81%), showing that the data
are compatible with CP symmetry.
The uncertainties incorporate both statistical and sys-

tematic contributions, since all relevant systematic effects
depend on the true values of the mixing parameters, and are
thus incorporated into the fit !2. These include the uncer-
tainty in the fraction of charm mesons from b-hadron
decays, and their bias on the observed decay time, the
uncertainty in the fraction of peaking background, and
the uncertainty in the determination of the instrumental
asymmetry. The statistical uncertainty is determined in a
separate fit and used to calculate the systematic component
by subtraction in quadrature.
Direct CP violation would produce a nonzero inter-

cept at t ¼ 0 in the efficiency-corrected difference of
WS-to-RS yield ratios between D0 and !D0 mesons shown
in Fig. 2(c). It is parametrized by the asymmetry measured
in the first fit AD % ðRþ

D # R#
DÞ=ðRþ

D þ R#
DÞ ¼ ð#0:7(

1:9Þ%. Indirect CP violation results in a time dependence
of the efficiency-corrected difference of yield ratios. The
slope observed in Fig. 2(c) is about 5% of the individual
slopes of Figs. 2(a) and 2(b) and is consistent with zero.
From the results of the fit allowing for direct and indirect
CP violation, a likelihood for jq=pj is constructed using
the relations x0( ¼ jq=pj(1ðx0 cos"( y0 sin"Þ and y0( ¼
jq=pj(1ðy0 cos") x0 sin"Þ. Confidence intervals are deri-
ved with a likelihood-ratio ordering and assuming that
the correlations are independent of the true values of the
mixing parameters. The magnitude of q=p is determined
to be 0:75< jq=pj< 1:24 and 0:67< jq=pj< 1:52 at
the 68.3% and 95.5% confidence levels, respectively.
Significantly more stringent bounds on jq=pj and addi-
tional information on " are available by combining the
present results with other measurements [10], in particular,
when also using theoretical constraints, such as the rela-
tionship tan" ¼ xð1# jq=pj2Þ=yð1þ jq=pj2Þ [25,26],

TABLE I. Results of fits to the data for different hypotheses on
the CP symmetry [27]. The reported uncertainties are statistical
and systematic, respectively; ndf indicates the number of degrees
of freedom.

Parameter Value

Direct and indirect CP violation
Rþ
D (10#3) 3:545( 0:082( 0:048

y0þ (10#3) 5:1( 1:2( 0:7
x02þ (10#5) 4:9( 6:0( 3:6
R#
D (10#3) 3:591( 0:081( 0:048

y0# (10#3) 4:5( 1:2( 0:7
x02# (10#5) 6:0( 5:8( 3:6
!2=ndf 85:9=98

No direct CP violation
RD (10#3) 3:568( 0:058( 0:033
y0þ (10#3) 4:8( 0:9( 0:6
x02þ (10#5) 6:4( 4:7( 3:0
y0# (10#3) 4:8( 0:9( 0:6
x02# (10#5) 4:6( 4:6( 3:0
!2=ndf 86:0=99

No CP violation
RD (10#3) 3:568( 0:058( 0:033
y0 (10#3) 4:8( 0:8( 0:5
x02 (10#5) 5:5( 4:2( 2:6
!2=ndf 86:4=101
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FIG. 3 (color online). Two-dimensional confidence regions in the ðx02; y0Þ plane obtained (a) without any restriction on CP violation,
(b) assuming no direct CP violation, and (c) assuming CP conservation. The dashed (solid) curves in (a) and (b) indicate the contours
of the mixing parameters associated with !D0 (D0 ) decays. The best-fit value for !D0 (D0 ) decays is shown with an open (filled) point.
The solid, dashed, and dotted curves in (c) indicate the contours of CP -averaged mixing parameters at 68.3%, 95.5%, and 99.7%
confidence level (CL), respectively. The best-fit value is shown with a point.
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D!þ from D!# decays, TOS from TOS decays, and 2011
data from 2012 data. The consistencywith the hypothesis of
CP symmetry is determined from the change in!2 between
the fit without and with CP violation, taking into account
the difference in number of degrees of freedom. The result-
ingp value, for the fitwith direct and indirect (indirect only)

CP violation allowed, is 91% (81%), showing that the data
are compatible with CP symmetry.
The uncertainties incorporate both statistical and sys-

tematic contributions, since all relevant systematic effects
depend on the true values of the mixing parameters, and are
thus incorporated into the fit !2. These include the uncer-
tainty in the fraction of charm mesons from b-hadron
decays, and their bias on the observed decay time, the
uncertainty in the fraction of peaking background, and
the uncertainty in the determination of the instrumental
asymmetry. The statistical uncertainty is determined in a
separate fit and used to calculate the systematic component
by subtraction in quadrature.
Direct CP violation would produce a nonzero inter-

cept at t ¼ 0 in the efficiency-corrected difference of
WS-to-RS yield ratios between D0 and !D0 mesons shown
in Fig. 2(c). It is parametrized by the asymmetry measured
in the first fit AD % ðRþ
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DÞ ¼ ð#0:7(

1:9Þ%. Indirect CP violation results in a time dependence
of the efficiency-corrected difference of yield ratios. The
slope observed in Fig. 2(c) is about 5% of the individual
slopes of Figs. 2(a) and 2(b) and is consistent with zero.
From the results of the fit allowing for direct and indirect
CP violation, a likelihood for jq=pj is constructed using
the relations x0( ¼ jq=pj(1ðx0 cos"( y0 sin"Þ and y0( ¼
jq=pj(1ðy0 cos") x0 sin"Þ. Confidence intervals are deri-
ved with a likelihood-ratio ordering and assuming that
the correlations are independent of the true values of the
mixing parameters. The magnitude of q=p is determined
to be 0:75< jq=pj< 1:24 and 0:67< jq=pj< 1:52 at
the 68.3% and 95.5% confidence levels, respectively.
Significantly more stringent bounds on jq=pj and addi-
tional information on " are available by combining the
present results with other measurements [10], in particular,
when also using theoretical constraints, such as the rela-
tionship tan" ¼ xð1# jq=pj2Þ=yð1þ jq=pj2Þ [25,26],

TABLE I. Results of fits to the data for different hypotheses on
the CP symmetry [27]. The reported uncertainties are statistical
and systematic, respectively; ndf indicates the number of degrees
of freedom.

Parameter Value

Direct and indirect CP violation
Rþ
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of the mixing parameters associated with !D0 (D0 ) decays. The best-fit value for !D0 (D0 ) decays is shown with an open (filled) point.
The solid, dashed, and dotted curves in (c) indicate the contours of CP -averaged mixing parameters at 68.3%, 95.5%, and 99.7%
confidence level (CL), respectively. The best-fit value is shown with a point.
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•  Charm mixing discovered in 2007 by B-factories,                                
huge statistics & tiny effect → high precision measurement  

•  Confirmed and improved in 2012+2013 by LHCb, CDF 

•  No indication of CP violation (in agreement with SM) 

•  Direct CPV: ΔACP(D0→K+K–) — ΔACP(D0→π+π–)                                            
= —0.82 ± 0.21 ± 0.11 % (3.5σ)  à +0.14 ± 0.16 ± 0.08 % 

y’	
  [10–3]	
  

x’2	
  [10–3]	
  

LHCb	
  

u

c u

cd,s,b

W −W +D0 D0

d ,s,b
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Quark Flavour Physics  
Direct CP violation 

Direct CPV is expected in the SM, but usually small as it requires interference 
amplitudes with strong and weak phase difference 

18	
  

First observed in K 
0 → ππ 

system (NA48 & KTeV, 1999):                           
Re(ε’/ε) = (1.65 ± 0.26) · 10−3  

Later in B 
0 → K+π— system 

(BABAR, Belle, 2004):             
AKπ = −0.082 ± 0.006  

And (!) in Bs → K—π+ system 
(LHCb 2013):                                     
As

Kπ = 0.27 ± 0.04  

CPV is direct if the partial decay-
width of a particle into a final 
state differs from the width of 
the corresponding antiparticle 
into the CP-conjugate final state 

[ LHCb: 1304.6173 ] 

Although the existence of direct 
CPV is no surprise in the SM, its 
quantitative prediction is hard…  
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Some experimental highlights of charged lepton flavour physics 
“Classical” flavour physics 
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Lepton Flavour Physics  
Charged lepton sector: LFV 
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Figure 1
Record of selected lepton flavor violation searches.

cascade down to 1S orbitals. There, they can undergo (a) ordinary decaywith a rate of 5× 105 s− 1,
(b) weak capture, µ − p νµn (which exceeds the ordinary decay rate for nuclei with Z > 6), or
(c) coherent flavor changing conversion, µ − N e− N . The last of these reactions has already
been significantly constrained using various targets. Indeed, the ratio of conversions to capture,

Table 1 A sample of various charged lepton flavor violating reactions

Reaction Current bound Reference Expected Possible
B (µ+ e+ γ ) < 1.2 × 10− 11 28 2 × 10− 13 2 × 10− 14

B (µ± e± e+ e− ) < 1.0 × 10− 12 37 – 10− 14

B (µ± e± γ γ ) < 7.2 × 10− 11 92 – –
R (µ− Au e− Au) < 7 × 10− 13 15 – –
R (µ− Al e− Al) – 10− 16 10− 18

B (τ ± µ± γ ) < 5.9 × 10− 8 Table 2 O (10− 9)
B (τ ± e± γ ) < 8.5 × 10− 8 Table 2 O (10− 9)
B (τ ± µ± µ+ µ− ) < 2.0 × 10− 8 Table 2 O (10− 10)
B (τ ± e± e+ e− ) < 2.6 × 10− 8 Table 2 O (10− 10)
Z 0 e± µ < 1.7 × 10− 6 90
Z0 e± τ < 9.8 × 10− 6 90
Z0 µ± τ < 1.2 × 10− 5 91
K 0
L e± µ < 4.7 × 10− 12 74 10− 13

D0 e± µ < 8.1 × 10− 7 78 10− 8

B 0 e± µ < 9.2 × 10− 8 79 10− 9

Data from current experimental bounds, expected improvements from existing or funded
experiments, and possible long-term advances.

318 Marciano · Mori · Roney
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Negligible in SM à signal would be NP 
Only null observation to date 

MEG 2013 

SINDRUM-II 

BABAR / Belle 

… 

MEGA 

Mu2e / COMET 

Super-B (50 ab–1) 

Spectacular 
perspective ! 

µ− e−

γ
  !µR

  !eR

×
!χ1
0

< 5.7 · 10—13 
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Lepton Flavour Physics  
Charged lepton sector: LFV 
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Figure 7
B (µ+ e+ γ ) versus B (τ ± µ± γ ) in a constrained minimal supersymmetric model (MSSM) with three
right-handed massive neutrinos for three values of the heaviest right-handed neutrino,mN3 and four values
of θ13, for a particular choice of model parameters (48). Used with permission of the authors.

been collecting data at the (4S) since 1999. PEP-II ceased operations in 2008, whereas KEKB’s
operations will pause for three or four years beginning in 2009 or later in order to implement
an upgrade to higher luminosity. The time-dependent B meson CP violation studies require the
beams to have different energies in order to introduce a time dilation from the Lorentz boost. This
does not affect themeasurements involving theτ , but it is an effect that must be taken into account
in the analyses. The BaBar (49) and Belle (50) detectors are remarkably similar; the only major
difference pertains to the technology used to identify charged particles. Belle uses a threshold
Cherenkov detector together with time of flight and tracker dE/dx (see Figure 8 for a schematic),
whereas BaBar mainly relies on a ring-imaging Cherenkov detector augmented by dE/dx in the
trackers. With more than 1 ab − 1 of data currently being collected between the two experiments
and the e+ e− τ + τ − cross section being 0.919 nb (51), the world sample of τ leptons produced
at the e+ e− colliders now exceeds 109, which allows for experimental probing of LFV processes
at theO (10− 7) to O (10− 8) levels.

The general approach of the analyses is to select τ pair events with the appropriate charged-
particle topology, removing non-τ events with as minimal an impact as possible on the signal
efficiency. This is accomplished by dividing the candidate event into hemispheres in the center of
mass, where each hemisphere contains either theτ + or the τ − decay products. Each hemisphere
is then considered a possible candidate for the LFV decay under consideration. This can be seen
in the BaBar detector’s display of a simulated e+ e− τ + τ − ; τ + e+ ν̄τ νe; τ − µ − γ event
(depicted in Figure 9 ). Unlike standard model τ decays, which have at least one neutrino, the
LFV decay products have a combined energy E X equal to the energy of the τ . This energy is
approximately equal to the beam energy in the center of mass,

√
s/2, and the decay products’

mass (m X ) is equal to that of the τ . A two-dimensional signal region in the m X versus E plane

330 Marciano · Mori · Roney
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Lepton Flavour Physics  
Charged lepton sector: LFV 

Neutrinoless conversion: µ–N → e–N  
Principle:  

1.   Stopped muon captured by atom  
2.   There: decay or capture or µ—e conversion  
3.   Conversion gives single, distinctive monoenergetic electron (104.96 / 95.56 MeV for Al / Au)  

New physics sensitivity compared to µ → eγ for generic dipole dominance 
models ~390 times lower for Al target 
 

à   BR(µ → eγ) < 10—13 requires Rµe(Al) < 3×10—16 

 

Forthcoming experiments: Mu2e @ FNAL, COMET @ J-PARC  
Goal: sensitivity down to ~2×10—17 with data-taking by 2018 

[ Requires 5×1019 muons – approaching #grains of sand on earth… (R. Bernstein, Pittsburgh 2011) ] 

µ− e−

 q  q

  !χ
0

 !µ   !e

γ
×

~ αQED 
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Lepton Flavour Physics  
Muon anomalous magnetic moment γ 

µ ? 

Difference: experiment — SM 

aµ 
exp  –  aµ 

SM = (28.8 ± 8.0) × 10 
–10 

     Æ  3.6 ”standard deviations“ (e+e–) 

     Æ  2.4 ”standard deviations“ (τ) 

BNL E821 (2006):  aµ
exp = 11 659 180.3 ± 0.1EW ± 4.2LO-had ± 2.6NLO-had

 

SM (DHMZ e-based):  aµ
exp = 11 659 209.1 ± 5.4stat ± 3.3syst

 

PDG 2013, Status: summer 2013 (published results shown only) 

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

aµ  –  aµ    exp × 10–11

BN
L-E821 2004

JN 09 (e+e–-based)

DHMZ 10 (o-based)

DHMZ 10 (e+e–)

HLMNT 11 (e+e–)

BNL-E821 (world average)

–301 ± 65

–197 ± 54

–289 ± 49

–263 ± 49

0 ± 63

[ in units of 10 
–10 ] 

23	
  



Flavour	
  of	
  Higgs	
  —	
  Experimental	
  introduc8on,	
  A.	
  Hoecker,	
  23	
  June	
  2014	
   24	
  

Some experimental highlights of top flavour physics 
Top entering the scene with Tevatron and LHC 

Top has O(1) coupling to Higgs (yt = √2mt/υ ≈ 1), profound effect on EW and flavour physics 
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Top Flavour Physics  
Electroweak top production 

Measurements of |Vtb| via single top production as test of CKM unitarity 
(Precision, however, far below that of B-meson mixing) 

|Vtb| = 0.998 ± 0.038exp ± 0.016theo  [ CMS: 1403.7366 ]  | CKM unitarity: 1—|Vtb| = (8.80 ± 0.36)·10—4 

 [TeV]s
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 MSTW2008 NNLO PDF
 = 172.5 GeVt NLO+NNLL at m

stat. uncertainty

PLB 717 (2012) 330 -1t-channel 1.04 fb
ATLAS-CONF-2014-007 -1t-channel 20.3 fb

PLB 716 (2012) 142 -1Wt 2.05 fb
ATLAS-CONF-2013-100 -1Wt 20.3 fb

ATLAS-CONF-2011-118 -1 s-channel 95% C.L. limit 0.7 fb

ATLAS Preliminary March 2014

single top-quark production

All	
  cross	
  secNons	
  in	
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Top Flavour Physics  
FCNC in top decay 

FCNC top decays are suppressed in SM  
(Only at loop level, there CKM suppressed: BR(t → cZ) ∼ 10—14) 

•  Current limit (CMS): BR(t → cZ) < 0.21%  [CMS: 1208.0957, 7 TeV]  

•  Prospective (CMS): 

References 5

Table 5: Upper limits at the 95% CL for B(t ! Zq), including the results obtained in 8 TeV
data, which corresponds to an integrated luminosity of 19.5 fb�1 and the projections made for
14 TeV with an integrated luminosity up to 3000 fb�1 using DELPHES samples.

B(t ! Zq) 19.5 fb�1 @ 8 TeV 300 fb�1 @ 14 TeV 3000 fb�1 @ 14 TeV
Exp. bkg. yield 3.2 26.8 268
Expected limit < 0.10% < 0.027% < 0.010%
1 s range 0.06 � 0.13% 0.018 � 0.038% 0.007 � 0.014%
2 s range 0.05 � 0.20% 0.013 � 0.051% 0.005 � 0.020%

luminosities up to 3000 fb�1 are considered. These events are compatible with a pp ! tt !
Zq + Wb ! ``q + `0nb (` = e, µ) topology. Assuming no excess of events over the SM back-
ground is observed, a branching fraction B(t ! Zq) larger than 0.010% could be excluded at
the 95% confidence level.
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•  Other FCNC processes involve, eg, qg coupling: qg → t → W(→lν)b (additional jet veto) 

ATLAS limit: BR(t → cg) < 0.027 % at 95% CL 
[ ATLAS: 1203.0529, 7 TeV ]  
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Top Flavour Physics  
FCNC in top decay 

FCNC top decays are suppressed in SM  
(Only at loop level, there CKM suppressed: BR(t → cH) ∼ 3·10—15) 

•  Search in t → qH(→ γγ) channel 

H 
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•  Branching fraction limit: BR(t → qH) ∼ (assumed) BR(t → cH) < 0.79 % at 95% CL 

•  CMS combined multilepton + diphoton to: BR(t → cH) < 0.56 % at 95% CL  [ CMS-PAS-HIG-13-034 ] 

[ ATLAS: 1403.6293, 7+8 TeV ]  



Flavour	
  of	
  Higgs	
  —	
  Experimental	
  introduc8on,	
  A.	
  Hoecker,	
  23	
  June	
  2014	
  

Top Flavour Physics  
AFB = (N(∆ytt > 0) − N(∆ytt < 0)) / ∑ 
 

Top-antitop forward-backward asymmetry at Tevatron  
(AFB = 0 at LO, but asymmetry in SM at NLO) 
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Asymmetry of t /̄t production
We describe whether t quark was
produced more forward than t̄ by:

AFB =
N(�ytt̄ > 0)� N(�ytt̄ < 0)
N(�ytt̄ > 0) + N(�ytt̄ < 0)

(�ytt̄ ⌘ yt � yt̄ )

t

t̄

p̄p

yt � yt̄ > 0

“forward”

t

t̄

p̄p

yt � yt̄ < 0

“backward”

At Leading Order, symmetry is expected. But with NLO interference...

� )

t

t̄

p̄p

yt � yt̄ > 0

higher mtt̄

� )

t

t̄

p̄p

yt � yt̄ < 0

higher jet
multiplicity,

larger pT(t t̄)

The total asymmetry depends on the phase space of the final state.

G. Petrillo (for CDF and DØ) Top properties at Tevatron LHCP, June 5th , 2014 9 / 22

•  NLO QCD +EW:  AFB = +(5.0−8.8)% (δNNLO ∼ ±2%) [ Bernreuther-Si, PRD 86, 034026 (2012) ]  

•  CDF:    AFB = +(16.4 ± 4.5)% on 9.4 fb−1 [ CDF, PRD 87, 092002 (2013) ] 

•  D0 (2011):   AFB = +(19.6 ± 6.5)% on 5.4 fb−1 [ D0, PRD 84, 112005 (2011) ] 

•  D0 (newest):  AFB = +(10.6 ± 3.0)% on 9.7 fb−1 [ D0, 1405.0421 (May 2014) ] 

AFB results
From 9.7 fb�1 of DØ data we measure AFB = 10.6 ± 3.0 (in percent)

Differential in �ytt̄ :
slope: (15.4 ± 4.3)·10�2�ytt̄
(MC@NLO: 8.0, negligible uncertainty)
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dominant systematic from background model (±1% on AFB(�y))
in between MC@NLO prediction and CDF measurement
compatible with both

G. Petrillo (for CDF and DØ) Top properties at Tevatron LHCP, June 5th , 2014 12 / 22

Not 
conclusive… 
 
Theory 
progress 
would 
require 
NNLO 
calculation 
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Higgs boson flavour physics 
What do the data tell us about the flavour structure of the Higgs ? 

Brief review of H → di-fermion decays, but production also sensitive to flavour  

H 
t g 

g t 

t H 

t 

t 

t 

t 

g 

g 
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Higgs and Flavour Physics 
The non-Higgs SM at the LHC — impressive understanding 
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bb!
56.9%!

cc!
2.87%!

ττ!
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µµ!
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WW*!
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gg!
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γγ!
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Higgs and Flavour Physics 
125.5 GeV Higgs boson — SM properties 

Cross sections and branching fractions precisely predicted (mH = 125.5 GeV) 
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Uncertainties 3∼12% 

[ LHCPhysics/CrossSections ] 
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Higgs and Flavour Physics 
Higgs mass	



SM predictions can (so far) live without a precision 
mH measurement, but as experimentalists we 
want to do the best possible job 
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•  Recent final Run-1 result be ATLAS after 
improvement of detector material description and 
recalibration using all SM candles (Z, W, J/ψ, Υ) 

•  Compatible in value and uncertainty with CMS 
result from 4-lepton channel:          [ CMS: 1312.5353 ] 
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Table 4: Principal systematic uncertainties on the combined mass. Each uncertainty is determined from the change in the 68% CL range for mH
when the corresponding nuisance parameter is removed (fixed to its best fit value), and is calculated by subtracting this reduced uncertainty from
the original uncertainty in quadrature.

Systematic Uncertainty on mH [MeV]
LAr syst on material before presampler (barrel) 70
LAr syst on material after presampler (barrel) 20
LAr cell non-linearity (layer 2) 60
LAr cell non-linearity (layer 1) 30
LAr layer calibration (barrel) 50
Lateral shower shape (conv) 50
Lateral shower shape (unconv) 40
Presampler energy scale (barrel) 20
ID material model (|⌘| < 1.1) 50
H ! �� background model (unconv rest low pTt) 40
Z ! ee calibration 50
Primary vertex e↵ect on mass scale 20
Muon momentum scale 10
Remaining systematic uncertainties 70
Total 180

In order to assess the compatibility of the mass measurements from the two channels a dedicated test statistic that
takes into account correlations between the two measurements is used, as described in Sec. 6. A value of

�mH = 1.47 ± 0.67 (stat) ± 0.28 (syst) GeV
= 1.47 ± 0.72 GeV

(8)

is derived. From the value of �2 ln⇤ at �mH = 0, a compatibility of 4.8%, equivalent to 1.98�, is estimated under the
asymptotic assumption. This probability was cross-checked using Monte Carlo ensemble tests. With this approach a
compatibility of 4.9% is obtained, corresponding to 1.97�.

As an additional cross-check, some of the systematic uncertainties related to the photon energy scale, namely the
inner detector material uncertainty and the uncertainty in the modeling of the photon lateral leakage, were modeled
using a “box-like” PDF defined as a double Fermi–Dirac function. This choice is compatible with the fact that for
these uncertainties the data does not suggest a preferred value within the systematic error range. In this case the
compatibility between the two masses increases to 7.5%, equivalent to 1.8�. The compatibility between the two
measurements increases to 11% (1.6�) if the two signal strengths are set to the SM value of one, instead of being
treated as free parameters.

With respect to the value published in Ref. [15], the compatibility between the measurements from the individual
channels has changed from 2.5� to 2.0�.

8. Conclusions

An improved measurement of the mass of the Higgs boson has been derived from a combined fit to the invariant
mass spectra of the decay channels H ! �� and H!ZZ⇤! 4`. These measurements are based on the pp collision
data sample recorded by the ATLAS experiment at the CERN Large Hadron Collider at center-of-mass energies ofp

s=7 TeV and
p

s=8 TeV, corresponding to an integrated luminosity of 25 fb�1. As shown in Table 5, the measured
values of the Higgs boson mass for the H ! �� and H!ZZ⇤! 4` channels are 125.98± 0.42 (stat)± 0.28 (syst) GeV
and 124.51 ± 0.52 (stat) ± 0.06 (syst) GeV respectively. The compatibility between the mass measurements from the
two individual channels is at the level of 2.0� corresponding to a probability of 4.8%.

From the combination of these two channels, the value of mH = 125.36 ± 0.37 (stat) ± 0.18 (syst) GeV is ob-
tained. These results are based on improved calibrations for photons, electrons and muons and on improved analysis
techniques with respect to Ref. [15], and supersede the previous results.

Table 5: Summary of Higgs boson mass measurements.

Channel Mass measurement [GeV]

H ! �� 125.98 ± 0.42 (stat) ± 0.28 (syst) = 125.98 ± 0.50

H!ZZ⇤! 4` 124.51 ± 0.52 (stat) ± 0.06 (syst) = 124.51 ± 0.52

Combined 125.36 ± 0.37 (stat) ± 0.18 (syst) = 125.36 ± 0.41

23
[ ATLAS: 1406.3827 ] 
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Higgs and Flavour Physics 
Higgs spin and CP — Higgs boson appears to be SM-like: JP = 0+ 
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•  0- excluded at 3.6σ; CP-odd fraction in decay amplitude: fa3 < 0.51 (95% CL) 

•  Spin-1, 2 hypotheses excluded >> 95% CL 

[ CMS: 1312.5353 ] 

SM Higgs hypothesis 

Alternative hypothesis 

DiscriminaNon	
  	
  	
  	
  
is	
  based	
  on	
  2D	
  
PDFs	
  (Dbkg,	
  DJP)	
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Figure 8: Illustration of the production and decay of a particle H, gg(qq) ! H ! ZZ ! 4`,
with the two production angles q⇤ and F1 shown in the H rest frame and three decay angles
q1, q2, and F shown in the Z1, Z2, and H rest frames, respectively.

anism. Only the dominant qq ! ZZ background is considered in the probability parame-
terization. For the reducible backgrounds, empirical templates derived from the data control
samples defined in Sec. 9.2 are used to model the probability density functions of the kinematic
discriminants, as described in Sec. 12.

For the alternative signal hypotheses, nine models have been tested, following the notations
from Refs. [41, 42]. The most general decay amplitude for a spin-0 boson decaying to two
vector bosons can be defined as:

A(H ! ZZ) = v�1
⇣

a1m2
Ze⇤1e⇤2 + a2 f ⇤(1)µn f ⇤(2),µn + a3 f ⇤(1)µn f̃ ⇤(2),µn

⌘
, (6)

where f (i),µn = e
µ
i qn

i � en
i qµ

i is the field-strength tensor of a gauge boson with momentum qi

and polarization vector ei, f̃ (i)µn = 1/2eµnab f (i),ab = eµnabea
i qb

i is the conjugate field strength
tensor, f ⇤ denotes the complex conjugate field strength tensor, and v is the vacuum expectation
value of the SM Higgs field. eµnab is the Levi-Civita completely antisymmetric tensor. The ai
coefficients generally depend on q2

i . In this analysis, we consider the lowest-dimension opera-
tors in the effective Lagrangian corresponding to each of the three unique Lorentz structures,
therefore taking ai to be constant for the relevant range q2

i = m2
Zi

< m2
H. The SM Higgs boson

decay is dominated by the tree-level coupling a1. The 0� model corresponds to a pseudoscalar
(dominated by the a3 coupling), while 0+h is a scalar (dominated by the a2 coupling) not partic-
ipating in the electroweak symmetry breaking, where h refers to higher-dimensional operators
in Eq. (6) with respect to the SM Higgs boson. The spin-0 signal models are simulated for the
gluon fusion production process, and their kinematics in the boson center-of-mass frame is
independent of the production mechanism.

The 1� and 1+ hypotheses represent a vector and a pseudovector decaying to two Z bosons.
The spin-1 resonance models are simulated via the quark-antiquark production mechanism,
as the gluon fusion production of such resonances is expected to be strongly suppressed. The
spin-1 hypotheses are considered under the assumption that the resonance decaying into 4` is
not necessarily the same resonance observed in the H ! gg channel [19, 20], as J = 1 in the
latter case is prohibited by the Landau-Yang theorem [124, 125]. This also provides a test of the
spin-1 hypothesis in an independent way.
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Higgs and Flavour Physics 
SM Higgs to fermions — ττ	



Higgs to fermion analyses all very challenging (or too low BR) 
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•  Di-tau reconstructed in all lep/had topologies and jets: 0, 1 (boosted or not), 2 (VBF, VH) 

•  BDT-based tau identification, Higgs discrimination based on mττ 

•  Likelihood-based calculator to estimate mττ, σ(mττ) = 13% ~ 20%, best for boosted τ	



•  Background dominated by Z → ττ (use “τ embedded” Z → µµ), also top & fakes important 

[ ATLAS-CONF-2013-108, CMS: 1401.5041 ] 
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Higgs and Flavour Physics 
SM Higgs to fermions — µµ 

Low branching fraction (ten times smaller than γγ), mainly data-driven fit akin to H → γγ	
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[ ATLAS-CONF-2013-010, CMS-PAS-HIG-13-007 ] 

•  Slight complication due to sum of dominant DY and sub-dominant tt, WW backgrounds 

•  Separation of jet (gluon fusion, VBF), and S/B (central, non-central) categories 

At 125 GeV: 
 

ATLAS (8 TeV):  
   µ < 9.8 (8.2 exp.)  
    (95% CL) 
 

CMS (7+8 TeV): 
   µ < 7.4 (5.1 exp.)  
   (95% CL) 
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Upper limit on H → µµ is sufficient to 
exclude universal Higgs coupling to leptons	
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•  Poor man’s LHC averages (don’t quote me!):                
µττ = 0.94 ± 0.23 together with µµµ < 7.4 (95% CL) 

•  µµµ / µττ < ≈15, but for universal couplings       
would expect: µµµ / µττ = (mτ / mµ)2 ≈ 282 

Digression 
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Higgs and Flavour Physics 
SM Higgs to fermions — W(→ l(CMS: τhad)ν)/Z(→ ll,νν) + H(→ bb) 

Large branching fraction, but very challenging channel due to large backgrounds	
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[ATLAS-CONF-2013-079, CMS: 1310.3687, 1401.6527 ] 

•  Require 2 b-tags and distinguish 0, 1, 2 lepton channels, where 0-lepton uses ET
miss trigger 

•  Higgs discrimination based on mbb, resolution of ∼16%, improved by including muons 
•  Categories in pT(V) & jets + topol. and kin. variables (reduced background for boosted Higgs)  
•  CMS uses classification BDT and MV regression to improve m(bb) resolution 
•  Dominant backgrounds (form CRs): 0L: Zbb, tt, some Wbb; 1L: tt, Wbb; 2L: Zbb, some tt  
•  Dominant systematics: tt modeling, c-tag efficiency, multijet (1L), signal acceptance 

At 125 GeV: 
 

ATLAS (7+8 TeV):  
   µ = 0.2 ± 0.6  
   µ < 1.5 (1.4 exp.)  
   

CMS (7+8 TeV): 
   µ = 1.0 ± 0.5  
   µ < 1.9 (1.0 exp.)  

bb + ττ combined: 
   A: µ = 1.09 ± 0.34 (3.7σ) 
   C: µ = 0.83 ± 0.24 (3.8σ) 
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Challenging channel, requires constraining model uncertainties from data 

Higgs and Flavour Physics 
SM Higgs to fermions — tt + H(→ bb): direct test of yt 
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[ ATLAS-CONF-2014-011, CMS: 1303.0763 ] 

•  Reconstruct in 1, 2 lepton channels (fully had. channel in principle also accessible, b-jet triggers) 

•  Categories in jets (2–6) and b-tags (2–4), MVAs (NN) used for signal extraction  
•  Main backgrounds: tt+bb, tt+cc, tt+light  
•  Global fit of all categories allows to constrain backgrounds and nuisance parameters 

At 125 GeV: 
 

ATLAS (8 TeV):  
   µ = 1.7 ± 1.4  
   µ < 4.1 (2.6 exp.)  
    (95% CL) 
 

CMS (7+8 TeV): 
   µ < 5.8 (5.2 exp.)  
   (95% CL) 
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Higgs and Flavour Physics 
SM Higgs to fermions — tt + H 

CMS produced preliminary tt + H(→ bb, ττ, multilepton, γγ) combination  
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[ CMSPublic/ttHCombinationTWiki ] 

•  bb, multilepton (incl. same-sign leptons) provide best expected sensitivity 
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Higgs and Flavour Physics 
Higgs couplings — the big picture: agreement with SM 
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[ ATLAS-CONF-2014-009, CMS: CMSPublic/PhysicsResultsHIG] 

7% compatibility with µ = 1 
4.6σ VBF significance 
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Higgs and Flavour Physics 
Higgs couplings — the big picture: agreement with SM 
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Fits of effective LO couplings: κF = κt,b,τ,g vs. κV = κW,Z > 0|convention , where κγ(κF,κV)  

[ ATLAS-CONF-2014-009 ] 
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Higgs and Flavour Physics 
BSM Higgs decays to invisible particles: H → χχ (DM) 
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[ ATLAS: 1402.3244, CMS: 1404.1344 ] 

Powerful experimental 
methods to detect invisible 
decays of the Higgs 

No experiment finds significant excess 

Assuming SM production rates 95% CL upper 
limits on BR(H → invisible) can be set 

ATLAS:  BR < 0.75, ZH(→ ll) 

CMS:   BR < 0.58, combining ZH + VBF 
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Higgs and Flavour Physics 
BSM Higgs decays to invisible particles: H → χχ (DM) 
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[ ATLAS-CONF-2014-010, CMS: 1404.1344 ] 

Within “Higgs portal” models, these direct searches can be combined in a model-
dependent way with the global Higgs coupling fit achieving a stronger constraint 
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•  Assume SM-like tree Higgs couplings, but allow new physics in H → γγ, gg loop couplings 

•  Comparison of limits with direct DM searches assuming EFT validity 

BR(H → invisible) < 0.37 (95% CL)   

BR(H → invisible) 



Flavour	
  of	
  Higgs	
  —	
  Experimental	
  introduc8on,	
  A.	
  Hoecker,	
  23	
  June	
  2014	
  

Higgs and Flavour Physics 
Let’s recapitulate… 
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Great measurements —
the overall picture is as 
expected in the SM 
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CMS Preliminary -1 19.6 fb≤ = 8 TeV, L s  -1 5.1 fb≤ = 7 TeV, L s

[ CMS-PAS-HIG-13-005 ] 

Status: Apr 2013 
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Charged Higgs boson flavour physics 
As an example for flavour-related BSM Higgs physics (much more exists!) 
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Summary
• Active searches cover a 

large range of BSM Higgs 
boson signatures 

• We’re ready to find 
something in LHC Run 2!

48

h1h2h3 a2 a1H+H- h
BSM Higgs zoo 

[ Will Davey, LHCP 2014 ] 
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BSM Higgs and Flavour Physics 
In BSM models, a charged Higgs boson would compete with W current 

In principle, any tree or loop processes mediated by W and involving heavy 
fermions may receive charged Higgs contributions → modification of SM flavour  
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BSM Higgs and Flavour Physics 
Direct charged Higgs searches at the LHC 
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[ ATLAS-CONF-2013-090, CMS: 1205.5736 ] 
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BSM Higgs and Flavour Physics 
Direct charged Higgs searches at the LHC 

[ ATLAS-CONF-2013-090, CMS: 1205.5736 ] 

Interpreting the limits obtained in the (so-called) MSSM mh
max scenario, one finds: 
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→ Little room left for light H+, much room for heavy H+ (expts. also search for H+ → tb)  
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Higgs boson flavour physics 
Pulling it together — constraining BSM Higgs-LFV Yukawa terms 
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Higgs and Flavour Physics 
Lepton flavour violating Higgs couplings 

In LYukawa we had assumed the SM and 
removed flavour-violating terms in Y 

l
 

τ
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τµ
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µ
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µτPL + YτµPR Y ∗
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τ → µγ LFV via yτµ 

(g – 2)µ via yτµ 

Though in all generality it would look like this: 

Upper limits (LHC) 

H → ττ (∼mτ/υ) measured (LHC) 

Y ℓ =

y
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Limits from LF  
measurements 

[Yotam Soreq: LHCP 2014, Harnik-Kopp-Zupan: 1209.1397 ] 

Many more: µ→e conversion, electron EDM (limits on complex couplings), muonium oscillation, … 
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D=5 penguin diagrams: 
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Higgs and Flavour Physics 
Lepton flavour violating Higgs couplings 
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In LYukawa we had assumed the SM and 
removed flavour-violating terms in Y 

l
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Though in all generality it would look like this: 

Upper limits (LHC) 

H → ττ measured (LHC) 
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Higgs and Flavour Physics 
Quark flavour violating Higgs couplings 

Diagonal elements of Yukawa matrix from Higgs-to-quark-pair couplings 

H → bb to be 
measured (LHC) 
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[Yotam Soreq: LHCP 2014, Harnik-Kopp-Zupan: 1209.1397 ] 

ttH to be 
measured (LHC) 

Y ℓ =

y
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Limits from t → qH 
and single-top 
production (LHC) 

y
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2
+ y
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2
< 0.17 [ ATLAS: 1403.6293 ] 

Also limit on Im(ut·tu) from neutron EDM 
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Higgs and Flavour Physics 
Quark flavour violating Higgs couplings 

Tight limits (10-6 … 10-12) on off-diagonal elements from neutral meson mixing  
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[Yotam Soreq: LHCP 2014, Harnik-Kopp-Zupan: 1209.1397 ] 

Limits on |uc|2, |cu|2  from D0—D0 mixing  
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Figure 7: Two representative diagrams through which flavor violating Higgs Yukawa couplings can

contribute to neutral meson mixing.

weak Hamiltonian, which for Bd � B̄d mixing is

H
e↵

= Cdb
2

(b̄RdL)
2 + C̃db

2

(b̄LdR)
2 + Cdb

4

(b̄LdR)(b̄RdL) . (28)

Here we use the same notation for the Wilson coe�cients as in [48] and display only nonzero

contributions, which are

Cdb
2

= �(Y ⇤
db)

2

2m2

h
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= �(Y 2

bd)
2

2m2

h

, Cdb
4

= �YbdY ⇤
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h

. (29)

The results for Bs�B̄s, K0�K̄0 and D0�D̄0 mixing are obtained in the same way with the

obvious quark flavor replacements. We can now translate the bounds on the above Wilson

coe�cients obtained in [48] into constraints on the combinations of flavor violating Higgs

couplings as summarized in Table II. We see that all Yukawa couplings involving only u,

d, s, c, or b quarks have to be tiny. The weakest constraints are those in the b–s sector,

where flavor violating Yukawa couplings . 10�3 are still allowed. This would correspond to

BR(h ! bs) ⇠ 2 ⇥ 10�3, which is still far too small to be observed at the LHC because of

the large QCD backgrounds.

B. Higgs decays through o↵-shell top and top decays to Higgs

Among the flavor violating Higgs couplings to quarks, the most promising place for new

physics to hide are processes involving top quarks, such as the 3-body decay h ! (t⇤ !
Wb)q. Here, q denotes either a charm quark or an up quark. The corresponding FV Yukawa

19

— 

Examples of flavour 
violating diagrams 
contributing to neutral 
meson mixing 
[1209.1397 ] 
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Higgs @ Run-2 and the HL-LHC 
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Fabiola Gianotti at LHCP 2014:  

Full exploitation of LHC project with HL-LHC (√s = 14 TeV, 3000 fb-1) is MANDATORY  
(Europe’s top priority per European Strategy, US highest-priority near-term large project per P5) 

New LHC / HL-LHC Plan 
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Higgs @ Run-2 and the HL-LHC 
Extrapolations of signal strength measurements  
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Higgs @ Run-2 and the HL-LHC 
Extrapolations of coupling measurements  
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[ ATLAS: ATL-PHYS-PUB-2013-014, ATL-PHYS-PUB-2014-006] 
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Generic fit without 
assumptions 

New ATLAS HL-LHC study on pp → H → Zγ  

← Dashed: theory uncertainty 

Improved in 
new study 

Expect: 3.9σ (2.3σ) with 3000 (300) fb−1  
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Higgs @ Run-2 and the HL-LHC 
Extrapolations of coupling measurements  

57	
  

[ ATLAS: ATL-PHYS-PUB-2013-014, ATL-PHYS-PUB-2014-006] 
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New ATLAS study on pp → H → Zγ  

Expect: 3.9σ (2.3σ) with 3000 (300) fb−1  

Improved in 
new study 

Main conclusions: 

•  3000 fb-1: typical precision 2-10 % per experiment                      
(except rare modes) 

•  1.5-2 × better than with 300 fb-1 

•  Crucial to also reduce theory uncertainties 
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Cross section ratios 
Hugely increased potential for discovery of heavy particles at 13~14 TeV 
But life can become harder for states lighter than tt 
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Cross section ratios: 14 (13) TeV / 8 TeV 

(for 13 TeV / 8 TeV: 8.4) 

(for 13 TeV / 8 TeV: 12) 

(for 13 TeV / 8 TeV: 46) 

(13 / 8: 2700) 

And: pp → H±(500) + X: 14 TeV/8 TeV ~ 7   
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Conclusions 
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•  Flavour	
  physics	
  is	
  precisely	
  predicted	
  in	
  the	
  SM	
  and	
  allows	
  experimentalists	
  to	
  
study	
  a	
  large	
  variety	
  of	
  very	
  different	
  phenomena,	
  some	
  reaching	
  out	
  to	
  very	
  
high	
  mass	
  scales	
  

•  The	
  LHC	
  added	
  crucial	
  new	
  areas:	
  precision	
  Higgs,	
  top	
  and	
  Bs	
  physics	
  

•  Mined	
  from	
  all	
  sides	
  flavour	
  physics	
  appears	
  ever	
  more	
  SM	
  like	
  

•  Matching	
  the	
  picture	
  that	
  emerges	
  from	
  the	
  LHC	
  Run-­‐1	
  new	
  physics	
  searches	
  

•  Success	
  of	
  CKM	
  paradigm	
  is	
  puzzling	
  in	
  light	
  of	
  EW	
  hierarchy	
  problem	
  

•  In	
  lack	
  of	
  guidance	
  from	
  new	
  physics,	
  flavour	
  physics	
  must	
  remain	
  as	
  broad	
  as	
  
possible	
  and	
  constraints	
  from	
  it	
  become	
  even	
  more	
  important	
  

•  New	
  tools	
  are	
  ahead:	
  LHC	
  Run	
  2,	
  HL-­‐LHC,	
  Super-­‐KEKB/Belle-­‐2,	
  NA62,	
  KOTO,	
  
Mu2e,	
  new	
  g-­‐2,	
  and	
  more	
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Spare slides … 
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Constraints on flavour violating Higgs couplings to                         
quarks (left) and leptons (right)  
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[ Harnik-Kopp-Zupan: 1209.1397 ] 

Channel Coupling Bound

µ ! e�
p|Yµe|2 + |Yeµ|2 < 3.6⇥ 10�6

µ ! 3e
p|Yµe|2 + |Yeµ|2 . 3.1⇥ 10�5

electron g � 2 Re(YeµYµe) �0.019 . . . 0.026

electron EDM |Im(YeµYµe)| < 9.8⇥ 10�8

µ ! e conversion
p|Yµe|2 + |Yeµ|2 < 4.6⇥ 10�5

M -M̄ oscillations |Yµe + Y ⇤
eµ| < 0.079

⌧ ! e�
p|Y⌧e|2 + |Ye⌧ |2 < 0.014

⌧ ! 3e
p|Y⌧e|2 + |Ye⌧ |2 . 0.12

electron g � 2 Re(Ye⌧Y⌧e) [�2.1 . . . 2.9]⇥ 10�3

electron EDM |Im(Ye⌧Y⌧e)| < 1.1⇥ 10�8

⌧ ! µ�
p|Y⌧µ|2 + |Yµ⌧ |2 0.016

⌧ ! 3µ
q

|Y 2

⌧µ + |Yµ⌧ |2 . 0.25

muon g � 2 Re(Yµ⌧Y⌧µ) (2.7± 0.75)⇥ 10�3

muon EDM Im(Yµ⌧Y⌧µ) �0.8 . . . 1.0

µ ! e�
�|Y⌧µY⌧e|2 + |Yµ⌧Ye⌧ |2

�

1/4
< 3.4⇥ 10�4

Table I: Constraints on flavor violating Higgs couplings to e, µ, ⌧ for a Higgs mass mh = 125 GeV

and assuming that the flavor diagonal Yukawa couplings equal the SM values (see text for details).

For the muon magnetic dipole moment we show the value of the couplings required to explain the

observed �aµ (if this is used only as an upper bound one has
p

Re(Yµ⌧Y⌧µ) < 0.065 at 95%CL).

diagrams, see Fig. 12 in Appendix A. The complete one loop and two loop expressions are

given in Appendix A.

In the approximation Yµµ ⌧ Y⌧⌧ , only the first of the one-loop diagrams in Fig. 1 is

relevant (in addition to the 2-loop diagrams). Using also mµ ⌧ m⌧ ⌧ mh and assuming

Yµµ, Y⌧⌧ to be real, the expressions for the one-loop Wilson coe�cients cL and cR simplify

to (this agrees with [24])

c1loopL ' 1

12m2

h

Y⌧⌧Y
⇤
⌧µ

✓

� 4 + 3 log
m2

h

m2

⌧

◆

, c1loopR ' 1

12m2

h

Yµ⌧Y⌧⌧

✓

� 4 + 3 log
m2

h

m2

⌧

◆

. (13)

8

Technique Coupling Constraint

D0 oscillations [48]
|Yuc|2, |Ycu|2 < 5.0⇥ 10�9

|YucYcu| < 7.5⇥ 10�10

B0

d oscillations [48]
|Ydb|2, |Ybd|2 < 2.3⇥ 10�8

|YdbYbd| < 3.3⇥ 10�9

B0

s oscillations [48]
|Ysb|2, |Ybs|2 < 1.8⇥ 10�6

|YsbYbs| < 2.5⇥ 10�7

K0 oscillations [48]

Re(Y 2

ds), Re(Y
2

sd) [�5.9 . . . 5.6]⇥ 10�10

Im(Y 2

ds), Im(Y 2

sd) [�2.9 . . . 1.6]⇥ 10�12

Re(Y ⇤
dsYsd) [�5.6 . . . 5.6]⇥ 10�11

Im(Y ⇤
dsYsd) [�1.4 . . . 2.8]⇥ 10�13

single-top production [49]

p

|Y 2

tc|+ |Yct|2 < 3.7
p

|Y 2

tu|+ |Yut|2 < 1.6

t ! hj [50]

p

|Y 2

tc|+ |Yct|2 < 0.34
p

|Y 2

tu|+ |Yut|2 < 0.34

D0 oscillations [48]

|YutYct|, |YtuYtc| < 7.6⇥ 10�3

|YtuYct|, |YutYtc| < 2.2⇥ 10�3

|YutYtuYctYtc|1/2 < 0.9⇥ 10�3

neutron EDM [37] Im(YutYtu) < 4.4⇥ 10�8

Table II: Constraints on flavor violating Higgs couplings to quarks. We have assumed a Higgs mass

mh = 125 GeV, and we have taken the diagonal Yukawa couplings at their SM values.

by an o↵-shell top, h ! t̄⇤c ! Wb̄c and h ! t̄⇤u ! Wb̄u as well as FV top decays to t ! ch

and t ! uh. Our limits are summarized in Table II.

A. Flavor violating Higgs decays into light quarks

Flavor violating Higgs couplings to quarks can generate flavor changing neutral currents

(FCNCs) at tree level, see Fig. 7 (a), and are thus well constrained by the measured Bd,s �
B̄d,s, K0 � K̄0 and D0 � D̄0 mixing rates. Integrating out the Higgs generates an e↵ective

18
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BSM Higgs and Flavour Physics 
Direct charged Higgs searches at the LHC 

Cross section and branching fractions for charged Higgs 

N
o

t
r
e
v

i
e
w

e
d

,
f
o

r
i
n

t
e
r
n

a
l

c
i
r
c
u

l
a
t
i
o

n
o

n
l
y

January 28, 2014 – 14 : 58 DRAFT 4

  [GeV]+HM
200 250 300 350 400 450 500 550 600

 [
p

b
]

+
 t
H

→
p
p
 

σ

-210

-110

=8 TeVs

=30βtan 

NLO, matched

L
H

C
 H

IG
G

S
 X

S
 W

G
 2

0
1
3

matched

4FS

5FS

  [GeV]+HM
200 250 300 350 400 450 500 550 600

 [
p

b
]

+
 t
H

→
p
p
 

σ

-210

-110

Figure 2: Production cross section for the heavy charged Higgs boson (i.e. resulting from the associated

production with a top quark), as a function of mH+ and tan β in a type-II 2HDM. The predictions are

shown for the central (4FS) and right-hand side (5FS) diagrams of Fig. 1, as well as for their combination,

in which case the cross section is computed according to Santander-matching rules [8]. This plot is from

Ref. [9] and its updates.
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Figure 3: Branching fractions of the charged Higgs boson as a function of mH+ , for a tan β value of (a) 1

or (b) 35. For the high values of tan β (e.g. tan β = 35), the decays to hW and AW are negligible in the

mmax
h

scenario of the MSSM and not shown in the right-hand plot. These figures are from Ref. [10].

BR(t → bH+) at the level of 0.24–2.1% for 90 GeV < mH+ < 160 GeV, and on the production cross121

section in the range 0.017–0.9 pb for 180 GeV < mH+ < 600 GeV [18].122

The recent discovery of a particle with a mass close to 125 GeV at the LHC, with the properties of123

a Higgs boson [19, 20] opens the question of whether this new particle is the SM Higgs boson or one124

physical state of an extended Higgs sector. In fact, the recently observed particle can be compatible with125

one of MSSM neutral Higgs bosons [21].126

This note describes a model independent search for charged Higgs bosons produced in association127

with a top-(bottom) quark with the topology shown in Fig.1 (right), using data from proton-proton col-128

lisions at
√
s = 8 TeV, collected in 2012 with the ATLAS experiment [22] at the LHC. The analysis129
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in which case the cross section is computed according to Santander-matching rules [8]. This plot is from
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a Higgs boson [19, 20] opens the question of whether this new particle is the SM Higgs boson or one124

physical state of an extended Higgs sector. In fact, the recently observed particle can be compatible with125

one of MSSM neutral Higgs bosons [21].126

This note describes a model independent search for charged Higgs bosons produced in association127
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Higgs processes at the LHC 
Direct charged Higgs searches at the LHC 

Higgs processes at the LHC

Higgs bosons couple proportional to particle masses:

∝ MWH

W, Z

W, Z

∝ mfH

f̄

f

⇒ Higgs production via couplings to W/Z bosons or top-quarks
Processes at hadron colliders (pp̄/pp):

H

t

t

t
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q

q
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W, Z
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t

t̄

t

t

Decay channels of the Higgs boson:
b, τ−

H

b̄, τ+

t
g

H t

t
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γ

H t, W

γ

W, Z
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W, Z

Stefan Dittmaier, Higgs Theory LHCP 2014, New York, June, 2014 – 6

[ Stefan Dittmaier, LHCP 2014 ] 


