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Überblick

‣ Typischer Aufbau einer Analyse 

‣ Datenauswahl (event selection I)
‣ Objektdefinition (object definition/preselection)
‣ Auflösen von Mehrdeutigkeiten (overlap removal)
‣ Objektselektion (object selection)
‣ Berechnung kinematischer Observablen (kinematic observables)
‣ Datenauswahl (event selection II)
‣ Kontroll-, Validierungs- und Signalregionen
‣ Statistische Analyse
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Beispielanalyse I:

Search for electroweak production of 
supersymmetric particles in sqrt(s) = 8 TeV pp 
collisions with the ATLAS detector

http://arxiv.org/abs/1509.07152

Beispielanalyse II: 

Search for heavy long-lived charged R-hadrons 
with the ATLAS detector in 3.2/fb of proton-
proton collision data at sqrt(s) = 13 TeV

http://arxiv.org/abs/1606.05129 

Reihenfolge 
kann sich z.T. 

ändern
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Beispielanalyse III:

Difference in direct charge-parity violation 
between charged and neutral B meson decays

comp19/docs/nature06827.pdf

Reihenfolge 
kann sich z.T. 

ändern
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Typischer Aufbau einer Analyse

‣ Datenauswahl (event selection I) 

‣ ATLAS und CMS sind Vielzweck-Detektoren
‣ Daten werde für eine Vielzahl verschiedener Messungen/Analysen gesammelt
‣ je nach Analyse können unterschiedliche Ereignisse interessant sein

‣ Belle war spezialisiert auf B-Physik

‣ Abfrage eines geeigneten Triggers
‣ i.d.R. anhand markanter/signifikanter Objekte im Ereignis

‣ Abfrage notwendiger Detektorkomponenten
‣ Good Runs List (GRL)

‣ Abfrage grundlegender Ereignisparameter
‣ z.B. gibt es einen klar rekonstruierten primären Vertex
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> 99,999%
fliegt raus
am LHC
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> 99,999%
fliegt raus
am LHC

Search for electroweak production of supersymmetric particles in 
sqrt(s) = 8 TeV pp collisions with the ATLAS detector

“Events recorded during stable data-taking 
conditions are analyzed if the reconstructed primary 
vertex has five or more tracks with transverse 
momentum pT > 400 MeV associated with it. The 
primary vertex of an event is identified as the vertex 
with the highest ΣpT2 of associated tracks.”

“After the application of beam, detector and data-
quality requirements …”  

Search for heavy long-lived charged R-hadrons with the ATLAS 
detector in 3.2/fb of proton-proton collision data at sqrt(s) = 13 TeV

“Events are selected online via a trigger based on 
the magnitude of the missing transverse 
momentum …”

“… offline event selection requires all relevant 
detector components to be fully operational …”

“… primary vertex (PV) built from at least two well-
reconstructed charged-particle tracks, each with a 
transverse momentum, pT, above 400 MeV …”
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> 99,999%
fliegt raus
am LHC

Difference in direct charge-parity violation between charged and 
neutral B meson decays

nicht explizit erwähnt, aber auch hier wird der 
Detektorstatus (GRL) abgefragt und ein Trigger 
verlangt – Y(4S) Trigger mit ~ 100% Effizienz

zur Erinnerung KEKB lief mit 8 GeV Elektronen und 
3,5 GeV Positronen mit einer Schwerpunktsenergie 
von 10,58 GeV, gleich der Y(4S)-Mesons-Masse
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‣ Objektdefinition (object definition / preselection) 

‣ Rohdaten werden zu physikalischen Objekten

‣ Objektidentifikation (object identification)
‣ Vielzahl verschiedener Objekte
‣ Leptonen
‣ Jets
‣ Fehlende transversale Energie
‣ …

‣ Objektrekonstruktion (object reconstruction)
‣ verschiedene Algorithmen zur Rekonstruktion eines Objekts vorhanden
‣ Jetalgorithmen (anti-kt, kt, Cambridge-Aachen, …)
‣ Myonen (combined, stand-alone, extrapolated, …)
‣ …

‣ verschiedene Qualitätsklassen (baseline, loose, medium, tight, …)
‣ definieren wie gut ein Objekt rekonstruiert ist und wie frei von Überlagerungen es ist

Typischer Aufbau einer Analyse
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e
μ τ

jetSearch for electroweak production of supersymmetric particles in 
sqrt(s) = 8 TeV pp collisions with the ATLAS detector

“Electrons must satisfy “medium” identification 
criteria …”

“Muon candidates are reconstructed by combining 
tracks in the ID and tracks in the MS …”  

“Jets are reconstructed with the anti-kt algorithm … 
Three-dimensional calorimeter energy clusters are 
used as input to the jet reconstruction. The clusters 
are calibrated using the local hadronic calibration …
The final jet energy calibration corrects the 
calorimeter response to the particle-level jet energy 
… Corrections for in-time and out-of-time pileup are 
also applied based on the jet area method …”

…

Search for heavy long-lived charged R-hadrons with the ATLAS 
detector in 3.2/fb of proton-proton collision data at sqrt(s) = 13 TeV

“… reconstructed using the anti-kt jet algorithm …”

spezielle Analyse sucht nach besonderen Tracks
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e
μ τ

jetDifference in direct charge-parity violation between charged and 
neutral B meson decays

“Charged tracks are required to originate from the 
interaction point.”

“Charged kaons and pions are identified using  
dE/dx information provided by the central drift 
chamber and Cherenkov light yields in the aerogel 
threshold Cherenkov counters. The dE/dx and 
aerogel threshold Cherenkov counter information 
are combined to form a  K–π likelihood ratio, R(Kπ)  
[..]. Charged tracks with R(Kπ) > 0.6 are regarded 
as kaons and tracks with R(Kπ) < 0.4 as pions.” 

“The electron identification uses E/p and dE/dx, 
shower shape, track matching χ2, and aerogel 
threshold Cherenkov counter light yields.”

Photonen sind nicht explizit erwähnt, werden aber 
über Cluster im elektromagnetischen Kalorimeter – 
mit Energien über dem Rauschlevel – mit fehlender 
Spur im Spurdetektor definiert

Bachelor-Einführungskurs - 22.04.2020
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Typischer Aufbau einer Analyse

‣ Auflösen von Mehrdeutigkeiten (overlap removal) 

‣ unterschiedliche Objekte können auf der selben Detektorinformation basieren
‣ Unterobjekte werden als eigenständige Objekte fehlidentifiziert (z.B. Myonen in b-Jets)
‣ Sekundäreffekte führen zu falschen Objekte (Jets basierend auf Brems/Punch-through von Leptonen)

‣ Objekte unterschiedlichem Typs nach Rekonstruktionsqualität gegeneinander 
ausgespielt (mehr oder weniger)
‣ z.B. Jet rekonstruiert nahe Elektron nicht als solches betrachtet (Brems/punch-through/…)

‣ Objekte gleichen Typs bei zu großem Überlapp gegeneinander priorisiert
‣ z.B. Vernachlässigung des niederenergetischen Elektrons bei (nahezu) Überlapp der Objekte
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Search for electroweak production of supersymmetric particles in 
sqrt(s) = 8 TeV pp collisions with the ATLAS detector

“To avoid potential ambiguities among objects, 
“tagged” leptons are candidate leptons separated 
from each other and from jets in the following order:
1. If two electron candidates are reconstructed with 

∆R < 0.1, the lower energy candidate is 
discarded.

2. Jets within ∆R = 0.2 of an electron candidate, 
and τhad candidates within ∆R = 0.2 of an 
electron or muon, are discarded.

3. Electron and muon candidates are discarded if 
found within ∆R = 0.4 of a remaining jet to 
suppress leptons from semileptonic decays of c- 
and b-hadrons.

4. To reject bremsstrahlung from muons, eµ (µµ) 
pairs are discarded if the two leptons are within 
∆R = 0.01 (0.05) of one another. 

5. Jets found within ∆R = 0.2 of a “signal” τ lepton 
(see below) are discarded”

Search for heavy long-lived charged R-hadrons with the ATLAS 
detector in 3.2/fb of proton-proton collision data at sqrt(s) = 13 TeV

“Candidates must not be within ∆R = 0.3 of any jet 
with pT > 50 GeV … must not have any additional 
nearby (∆R < 0.2) tracks with pT > 10 GeV.”
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Difference in direct charge-parity violation between charged and 
neutral B meson decays

“Furthermore, charged tracks that are positively 
identified as electrons are rejected.”

nicht ganz in Analogie zu ATLAS/CMS, aber für die 
B→Kπ Rekonstruktion werden alle möglichen
Kombinationen von K- und π-Kandidaten 
herangezogen. Nur genau eine (beste) – Best 
Candidate Selection (BCS), z.B. basierend auf
Vertexfit-Qualität – ist ‘richtig’, der Rest ist 
kombinatorischer Untergrund.
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Typischer Aufbau einer Analyse

‣ Objektselektion (object selection)

‣ Auswahl von Objekten mit bestimmten kinematischen Eigenschaften
‣ minimaler transversaler Impuls
‣ bestimmter Detektorbereich (z.B. zentral in Pseudorapidität)
‣ physik-motivierte Anforderung an Isolation
‣ …
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Search for electroweak production of supersymmetric particles in 
sqrt(s) = 8 TeV pp collisions with the ATLAS detector

“Electron candidates are required to have |η| < 2.47 
and pT > 7 GeV …”

“Muon candidates … are required to have |η| < 2.5 
and pT > 5 GeV.”

“… jets must have |η| < 2.4 and pT > 20 GeV …”

…

Search for heavy long-lived charged R-hadrons with the ATLAS 
detector in 3.2/fb of proton-proton collision data at sqrt(s) = 13 TeV

“… candidates are based on ID tracks with pT > 50 
GeV and |η| < 1.65 …”

“Candidates with |z0PV sin(θ)| > 0.5 mm or |d0| > 2.0 
mm are removed …”

…
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Difference in direct charge-parity violation between charged and 
neutral B meson decays

“Each photon is required to have a minimum energy 
of 50 MeV in the barrel region [..] or 100 MeV in the 
end-cap region [..]”

da auf der Y(4S)-Masse gearbeitet wird gibt es im 
Vergleich zu ATLAS/CMS weniger kinematische 
Anforderungen an die Objekte, Energien und 
Impulse gehen eher direkt/indirekt in finale 
Observablen ein
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Typischer Aufbau einer Analyse

‣ Berechnung kinematischer Observablen (kinematic observables)

‣ mit Hilfe der selektierten Objekt Ereignis-Observablen bauen
‣ invariante Masse
‣ fehlende transversale Masse (ggf. neu berechnet)
‣ ΣpT (skalare Summe aller transversalen Impulse)
‣ HT (skalare Summe aller transversalen Impulse und Energieablagerungen)
‣ mT (transversale Masse mT = sqrt(|pT,1| |pT,2| (1 - cos φ12)) )
‣ mT2 ('stransverse mass')
‣ …

17

event variable used to bound the 
masses of an unseen pair of particles 
which are presumed to have decayed 
semi-invisibly into particles which were 
seen. it is a function of the momenta of 

two visible particles and missing 
transverse momentum
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event variable used to bound the 
masses of an unseen pair of particles 
which are presumed to have decayed 
semi-invisibly into particles which were 
seen. it is a function of the momenta of 

two visible particles and missing 
transverse momentum

Search for electroweak production of supersymmetric particles in 
sqrt(s) = 8 TeV pp collisions with the ATLAS detector

“… ∆φ(ETmiss,ℓ) … |∆ηjj| … ETmiss … ETmiss,rel … pTℓℓ 
… HT … mT … mSFOS … mSFOSmin … mℓℓℓ … mττ … 
mT2 … meff … R2 …”

Analyse nutzt viele Observablen in multivariater 
Methode

Search for heavy long-lived charged R-hadrons with the ATLAS 
detector in 3.2/fb of proton-proton collision data at sqrt(s) = 13 TeV

Observables können auch offline kalibriert werden

“A series of calibration techniques is applied to 
achieve optimal performance …”

Bachelor-Einführungskurs - 22.04.2020



Sascha Mehlhase - LMU

Typischer Aufbau einer Analyse

‣ Berechnung kinematischer Observablen (kinematic observables)
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event variable used to bound the 
masses of an unseen pair of particles 
which are presumed to have decayed 
semi-invisibly into particles which were 
seen. it is a function of the momenta of 

two visible particles and missing 
transverse momentum

Difference in direct charge-parity violation between charged and 
neutral B meson decays

“the beam-energy constrained mass 
Mbc = (Ebeam2 –PB2)½, and the energy difference 
ΔE = EB – Ebeam … mγγ = mπ0”

Analyse nutzt Observablen in multivariater Methode
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Typischer Aufbau einer Analyse

‣ Datenauswahl (event selection II)

‣ Auswahl von Signalereignissen basierend auf erwarteter Topologie
‣ Anforderung an Anzahl bestimmter Objekte (Multiplizität)
‣ Mindestwerte für einzelne kinematischen Ereignisgrößen

‣ Optimierung der Auswahl auf bestmögliches Signal-zu-Untergrund-Verhältnis
‣ beste Signifikanz (S/B, S/sqrt(B), S/(S+B), …)
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Typischer Aufbau einer Analyse

‣ Datenauswahl (event selection II)

‣ Auswahl von Signalereignissen basierend auf erwarteter Topologie
‣ Anforderung an Anzahl bestimmter Objekte (Multiplizität)
‣ Mindestwerte für einzelne kinematischen Ereignisgrößen

‣ Optimierung der Auswahl auf bestmögliches Signal-zu-Untergrund-Verhältnis
‣ beste Signifikanz (S/B, S/sqrt(B), S/(S+B), …)
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Search for electroweak production of supersymmetric particles in 
sqrt(s) = 8 TeV pp collisions with the ATLAS detector

“if taus form an SFOS pair with mSFOS < 12 GeV, the 
event is rejected. Events with exactly two 
hadronically decaying tau candidates are selected, 
… required to have opposite-sign (OS) charge. … 
To suppress events from Z boson decays, events 
are rejected if the invariant mass of the tau pair lies 
within ±10 GeV of the peak value of 81 GeV for Z 
boson candidates. To suppress background from 
events containing a top quark, events with b-tagged 
jets are vetoed. To further select SUSY events from 
direct stau production and suppress WW and 
tt¯production, mT2 is calculated using the two taus 
and the E miss T in the event. The additional 
requirement of mT2 > 30 GeV is applied to select 
events for the training and optimization of the 
multivariate analysis …”

Beispiel für eine der Topologien, es existieren 
mehrere Signalregionen

…

Search for heavy long-lived charged R-hadrons with the ATLAS 
detector in 3.2/fb of proton-proton collision data at sqrt(s) = 13 TeV

“… at least one R-hadron candidate track that 
meets the criteria specified …”

implizite Voraussetzung an ETmiss durch 
entsprechen Trigger (normalerweise Offline-
Anforderung im Plateau)

“… candidates … are rejected if an oppositely-
charged track with almost specular direction … is 
identified on the opposite side of the detector.”

…
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Typischer Aufbau einer Analyse

‣ Datenauswahl (event selection II)

‣ Auswahl von Signalereignissen basierend auf erwarteter Topologie
‣ Anforderung an Anzahl bestimmter Objekte (Multiplizität)
‣ Mindestwerte für einzelne kinematischen Ereignisgrößen

‣ Optimierung der Auswahl auf bestmögliches Signal-zu-Untergrund-Verhältnis
‣ beste Signifikanz (S/B, S/sqrt(B), S/(S+B), …)
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Difference in direct charge-parity violation between charged and 
neutral B meson decays

im speziellen Beispiel nicht ganz ein Analogen zu 
ATLAS/CMS-Ansätzen vorhanden, am ehestes 
noch Best Candidate Selection (BCS)
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Typischer Aufbau einer Analyse

‣ Kontroll-, Validierungs- und Signalregionen 

‣ Signalregion(en)
‣ reich an Signal, arm an Untergründen (so gut wie möglich)
‣ beste Signifikanz (S/B, S/sqrt(B), S/(S+B), …)

‣ Kontrollregion(en) zur datenbasierten Abschätzung von Untergründen
‣ arm an Signal, reich an Untergründen (ggf. eine Region pro Untergrund)
‣ orthogonal zu Signalregionen

‣ Validierungsregion(en) zur Kontrolle der Abschätzungen
‣ nah an Signalregionen, wenig Signal (idealerweise)
‣ orthogonal zu Kontroll- und Signalregionen
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Typischer Aufbau einer Analyse

‣ Kontroll-, Validierungs- und Signalregionen 

‣ Signalregion(en)
‣ reich an Signal, arm an Untergründen (so gut wie möglich)
‣ beste Signifikanz (S/B, S/sqrt(B), S/(S+B), …)

‣ Kontrollregion(en) zur datenbasierten Abschätzung von Untergründen
‣ arm an Signal, reich an Untergründen (ggf. eine Region pro Untergrund)
‣ orthogonal zu Signalregionen

‣ Validierungsregion(en) zur Kontrolle der Abschätzungen
‣ nah an Signalregionen, wenig Signal (idealerweise)
‣ orthogonal zu Kontroll- und Signalregionen
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Search for heavy long-lived charged R-hadrons with the ATLAS 
detector in 3.2/fb of proton-proton collision data at sqrt(s) = 13 TeV

…

Search for electroweak production of supersymmetric particles in 
sqrt(s) = 8 TeV pp collisions with the ATLAS detector

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

…  
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Typischer Aufbau einer Analyse

‣ Kontroll-, Validierungs- und Signalregionen 

‣ Signalregion(en)
‣ reich an Signal, arm an Untergründen (so gut wie möglich)
‣ beste Signifikanz (S/B, S/sqrt(B), S/(S+B), …)

‣ Kontrollregion(en) zur datenbasierten Abschätzung von Untergründen
‣ arm an Signal, reich an Untergründen (ggf. eine Region pro Untergrund)
‣ orthogonal zu Signalregionen

‣ Validierungsregion(en) zur Kontrolle der Abschätzungen
‣ nah an Signalregionen, wenig Signal (idealerweise)
‣ orthogonal zu Kontroll- und Signalregionen

25

Difference in direct charge-parity violation between charged and 
neutral B meson decays

“The K/π identification efficiencies and 
misidentification rates are determined from a 
sample of kinematically identified D*+→D0π+,
D0→K–π+ decays, where the kaon and pion from the 
D decay are selected in the same kinematic region 
as in the B0→K+π– decay.”

nicht speziell in dieser Analyse aber allgemein 
werden oft auch Seitenbänder in Verteilungen der 
invarianten Masse zur Untergrundabschätzung 
herangezogen
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Typischer Aufbau einer Analyse

‣ Statistische Analyse 

‣ Zählen der erwarteten und beobachteten Ereignisse in einer Signalregion
‣ ‘single-bin cut-and-count’

‣ analog mit mehreren Signalregionen
‣ ‘multi-bin cut-and-count’

‣ Verteilungs-Fits in einer oder mehreren Signalregionen
‣ ‘shape fit’ (effektiv ein ‘multi-bin’-Fit der jeden Bin einer Verteilung berücksichtigt)

‣ analog mit Normalisierung der Untergründe als Teil des Fits
‣ ‘multi-bin shape fit including control and validation regions’
‣ ggf. werden nur ausgewählte Untergründe in Fits (durch Daten) normalisiert 

und andere direkt aus Monte-Carlo-Simulationen entnommen

‣ …
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Berechnung von 
Limits bzw. 

Signifikanz einer 

möglichen 

Entdeckung gibt’s 

später im Kurs
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Typischer Aufbau einer Analyse

‣ Statistische Analyse 

‣ Zählen der erwarteten und beobachteten Ereignisse in einer Signalregion
‣ ‘single-bin cut-and-count’

‣ analog mit mehreren Signalregionen
‣ ‘multi-bin cut-and-count’

‣ Verteilungs-Fits in einer oder mehreren Signalregionen
‣ ‘shape fit’ (effektiv ein ‘multi-bin’-Fit der jeden Bin einer Verteilung berücksichtigt)

‣ analog mit Normalisierung der Untergründe als Teil des Fits
‣ ‘multi-bin shape fit including control and validation regions’
‣ ggf. werden nur ausgewählte Untergründe in Fits (durch Daten) normalisiert 

und andere direkt aus Monte-Carlo-Simulationen entnommen

‣ …
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Search for electroweak production of supersymmetric particles in 
sqrt(s) = 8 TeV pp collisions with the ATLAS detector

“The HistFitter … framework is used in all analyses 
for constraining the background normalizations and 
the statistical interpretation of the results.”

Search for heavy long-lived charged R-hadrons with the ATLAS 
detector in 3.2/fb of proton-proton collision data at sqrt(s) = 13 TeV

“… limits are obtained from the expected signal and 
the estimated background in the signal region and 
using a one-bin counting experiment applying the 
CLs prescription …”
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Typischer Aufbau einer Analyse

‣ Statistische Analyse 

‣ Zählen der erwarteten und beobachteten Ereignisse in einer Signalregion
‣ ‘single-bin cut-and-count’

‣ analog mit mehreren Signalregionen
‣ ‘multi-bin cut-and-count’

‣ Verteilungs-Fits in einer oder mehreren Signalregionen
‣ ‘shape fit’ (effektiv ein ‘multi-bin’-Fit der jeden Bin einer Verteilung berücksichtigt)

‣ analog mit Normalisierung der Untergründe als Teil des Fits
‣ ‘multi-bin shape fit including control and validation regions’
‣ ggf. werden nur ausgewählte Untergründe in Fits (durch Daten) normalisiert 

und andere direkt aus Monte-Carlo-Simulationen entnommen

‣ …
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Difference in direct charge-parity violation between charged and 
neutral B meson decays

“[..] the number of signal B mesons and CP 
asymmetry are extracted by performing an 
unbinned maximum-likelihood fit to the Mbc – ΔE 
distribution with expected signal and background 
shapes”

in anderen (selteneren) Fällen werden auch 
Ereignisse in einer (Signal)Region gezählt

“The direct CP-violating decay rate asymmetry, 
A(K±π0) [..] is measured to be about +7% [..]" 

“[..] the asymmetry A(K±π∓) [..] is at the -10% level. 
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Candidate B mesons are reconstructed by pairing a charged kaon
or pion with another pion of opposite charge or with a neutral pion.
Two variables are used to identify B candidates: the beam-energy

constrained mass, Mbc~
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2

beam{P2
B

q
, and the energy difference,

DE 5 EB 2 Ebeam, where Ebeam is the e6 beam energy and EB and PB

are the reconstructed energy and momentum of the B candidate in
the e1e2 centre-of-mass frame. Real B meson events give
Mbc > 5.28 GeV/c2 and DE > 0 GeV while background events are dis-
tributed differently. Using a continuum suppression7 method to
reduce background arising from eze{?q!qq (where q 5 u, d, s and
c quarks), the number of signal B mesons and CP asymmetry are
extracted by performing an unbinned maximum-likelihood fit to
the Mbc2DE distribution with expected signal and background
shapes (as illustrated in Fig. 2 for Mbc).

Figure 2a and b shows the Mbc projections for the BRK6p7 can-
didates. In 535 million B!BB pairs, we observe 2,241 6 57 K1p2 and
1,856 6 52 K2p1 signal events. The CP-violating asymmetry in
BRK6p7 is measured to be:

AK+p+:
N !BB0?K{pzð Þ{N B0{K zp{ð Þ
N !BB0?K{pzð ÞzN B0?K zp{ð Þ

~{0:094+0:018+0:008, ð1Þ

where N !BB0?K{pzð Þ is the yield obtained for the !BB0?K{pz decay
and N(B0RK1p2) denotes the yield of the antiparticle mode. The
first error in the measurement is statistical, while the second is the
systematic error from fitting and bias due to detector response (as it is
made from matter, not antimatter). The latter is investigated using a
large sample of tagged DRK6p7 decays (with K and p momenta in
the same kinematic region as B decays), where no CP-violating asym-
metry is expected. No obvious bias is observed. Furthermore, the
obtained background asymmetry of 20.005 6 0.003 from the fit to
the B candidates is consistent with zero, implying that detector bias is
small. Equation (1) corresponds to a significance of 4.8s, or a prob-
ability for no asymmetry of less than 1.8 3 1026. The result is con-
sistent with the measurements by the BaBar8,13 and CDF14

collaborations, as well as with our previous measurement7, which
used 275 million B!BB pairs. The observed sign and strength of
AK+p+ were anticipated by the perturbative QCD factorization

approach15, while the QCD factorization approach16 predicted the
opposite sign.

For the decay final states with a p0, a similar procedure gives
1,600z57

{55 K6p0 and 735z44
{43 p6p0 signal events, with the associated

asymmetries of:

AK+p0~z0:07+0:03+0:01, ð2Þ

Ap+p0~z0:07+0:06+0:01: ð3Þ

In the Mbc projection plots of Fig. 2c and d, slightly more B2 signal
events compared with B1 events are apparent, in contrast to the
behaviour in Fig. 2a compared to Fig. 2b. Equations (2) and (3) are
also in agreement with previous measurements7,17, but more precise.
With our new measurements of AK+p+ and AK+p0 , the difference
between direct CP violation in charged and neutral B meson decays
into Kp is:

DA:AK+p0{AK+p+~z0:164+0:037, ð4Þ
which is now established at the 4.4s level; the probability for no
difference is less than 9.3 3 1026. We note that in our previous mea-
surement7, based on 275 million B!BB pairs, the significance of the
difference was only 2.4s (1.9 3 1022 null probability), a statistically
marginal effect that could have disappeared by adding an equivalent
amount of data (but did not in our case).

What is the interpretation of the difference between AK+p+ and
AK+p0 ? For the decay B6Rp6p0, the contribution from the penguin
diagram of Fig. 1b vanishes by isospin symmetry. With Fig. 1a as the
single dominant amplitude, the CP-violating asymmetry is expected
to be very small. Given the current errors, our measurement ofAp+p0

is consistent with this expectation. On the other hand, both Fig. 1a
and b contribute to BRK6p7 and B6RK6p0 and we would
expect15,16 AK+p+ and AK+p0 to be rather close to each other.
However, we find not only a significant difference in magnitude
but also a sign difference between the central values of equation (2)
and equation (1). There are several theoretical conjectures that try
to explain this Kp asymmetry puzzle: enhancement of the colour-
suppressed tree amplitude18,19 (Fig. 1c), electroweak penguin contri-
butions20 (Fig. 1d, which is Fig. 1b with the gluon g replaced by Z), or
both21. If this effect were to be explained solely by enhancement of the
colour-suppressed tree amplitude (which is also proportional to
Vub), its amplitude would have to be larger than21,22 the colour-
allowed tree amplitude (Fig. 1a), while maintaining the large value
of AK+p+ . The electroweak penguin diagram of Fig. 1d violates
isospin, and so might be suspected as a source of the asymmetry.
In the standard model, this diagram has a negligible CP violating
phase, and cannot affect DA by much. However, as a loop amplitude,
it can pick up a CP violating phase from new physics. If the electro-
weak penguin explains the effect, this would indicate new physics
beyond the standard model20–22.

A more detailed theoretical calculation23 indeed supports an
enhancement of the colour-suppressed tree contribution, but not
to the extent of overpowering the colour-allowed tree contribution.
Dominance of the colour-suppressed tree contribution over the col-
our-allowed tree contribution, though possible from the data, would
indicate a breakdown of our theoretical understanding. It could also
exacerbate23 another puzzle arising in related B decays. Mixing-
dependent CP violation in B0RJ/yK0 decay has been measured pre-
cisely3,4. Similar measurements have been performed on B0 decays to
charmless final states dominated by penguin diagrams analogous to
Fig. 1b, such as B0RK0p0. Although the experimental errors are still
large, the average value24 over all penguin dominated modes is 2.5s
smaller than the value from B0RJ/yK0. In fact, almost all measure-
ments of penguin dominated modes give values of CP violation that
are below the value found in the B0RJ/yK0 mode. This negative
deviation, in contrast to theoretical calculations that suggest25,26 a
slightly positive deviation within the standard model, is called the
DS puzzle. At present there is no theory within the standard model
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Figure 2 | Mbc projections for K2p1 (a), K1p2 (b), K2p0 (c) and
K1p0 (d). Histograms are data, solid blue lines are the fit projections, point-
dashed lines are the signal components, dashed lines are the continuum
background, and grey dotted lines are the p6p signals that are misidentified
as K6p. The Mbc projections are made by requiring |DE | , 0.06 GeV for
K6p7 and 20.14 ,DE , 0.06 GeV for K6p0.
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𝒜K±π0 ≡
N(B− → K−π0) − N(B+ → K+π0)
N(B− → K−π0) + N(B+ → K+π0)

= + 0.07 ± 0.03 ± 0,01


