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b→ s transitions:
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The B→ µµK∗ decay and the P ′5 anomaly
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Direct SearchesDirect Searches

CMS Exotica Physics Group Summary – March, 2014
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Precision Measurements 1973

1987

Sensitive to “New” Physics effects indirectly
When was the Z discovered?

1973 from νN→ νN
1983 at SpS collider?

c quark needed to explain K 0
L→ µ+µ− (GIM)

Third family (b,t) to explain CP violation
(Kobayashi & Maskawa)

4 Estimate masses

t quark from BB mixing
4 Much larger mass coverage than

√
s

4 Get phases of couplings

Half of new parameters
Needed for a full understanding

Look in lepton and flavour sectors

Ü CP asymmetry in the Universe
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Precision Measurements 1973

1987

Hardly any exoplanets have been
observed directly. . . but that’s the next

talk.
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Precision Measurements 1973

1987

Where to look?

Need three ingredients:

1 Precise SM prediction

2 (desirable) Precise beyond-SM
predictions

3 Good experimental precision
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Setting the Scene
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b→ sγ

b→ sγ

No tree diagram Ü suppressed

First penguin ever observed (93)

Experiment (WA):
B = (3.40± 0.21) · 10−4

SM: B = (3.15± 0.23) · 10−4

[Misiak et al., hep-ph/0609232]

Ü Strong constraint on New Physics
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b→ sγ Polarisation

b→ sγ

The photon polarisation is not mea-
sured.

Naively r =
C ′7γ
C7γ

SM' ms
mb

Gluons contribute a few
percent [Ball & Zwicky PLB642:478,2006]

Right-handed operators could
contribute

Ways to measure:

Mixing-induced CP violation
[Atwood et al., PRL79:185, 1997]

Λ0
b baryons

[Hiller & Kagan, PRD65:074038, 2002]

Ü B → γK ∗∗(Kππ)
[Gronau & Pirjol, PRD66 054008, 2002] [Gronau et

al., PRL88:051802, 2002]

Virtual photons (b→ ``s)
[Melikhov et al., PLB442:381-389,1998]

Converted photons
[Grossman et al., JHEP06:29,2000]
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Wu experiment (1956)

The first measurement of
C -parity violation was
performed in 1956 with 60Co
decays

The left-handedness of
the weak interaction is probed
by measuring the direction of
beta-rays

Ü Let’s measure the handedness
of the b→ sγ transition
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Photon polarisation in b→ sγ
[Phys.Rev.Lett. 112, 161801, arXiv:1402.6852]
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The SM predicts the photon in b→ sγ is left-handed.

Corrections O(
m2

b
m2

s
). Polarisation so far unobserved.

Looking for B+→ K +π+π−γ with calorimeter
photons. Very clean selection, essentially only
part.reco. background left. 13 000 signal candidates
in 3 fb−1.

mKππ distribution shows many resonances. No
attempt to disentangle them. K1(1270) dominates.
Bin in 4 regions.
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Photon polarisation in b→ sγ
[Phys.Rev.Lett. 112, 161801, arXiv:1402.6852]

]2c) [MeV/ππM(K
1200 1400 1600 1800

 )2 c
C

an
di

da
te

s 
/ (

 8
 M

eV
/

0

50

100

150

200

250

300

350

LHCb

pπ,slow

pK

pπ,fast
θ

!

pπ,slow x pπ,fast

θcos
-1 -0.5 0 0.5 1

θ
 d

N
/d

co
s

×
1/

N
 

0

0.2

0.4

0.6

0.8

1

LHCb

2c[1.1,1.3] GeV/

θcos
-1 -0.5 0 0.5 1

θ
 d

N
/d

co
s

×
1/

N
 

0

0.2

0.4

0.6

0.8

1

LHCb

2c[1.3,1.4] GeV/

θcos
-1 -0.5 0 0.5 1

θ
 d

N
/d

co
s

×
1/

N
 

0

0.2

0.4

0.6

0.8

1

LHCb

2c[1.4,1.6] GeV/

θcos
-1 -0.5 0 0.5 1

θ
 d

N
/d

co
s

×
1/

N
 

0

0.2

0.4

0.6

0.8

1

LHCb

2c[1.6,1.9] GeV/

The SM predicts the photon in b→ sγ is left-handed.

Compute up-down asymmetry

Aud =

1∫
0

dcosθ dΓ
d cos θ −

0∫
−1

dcosθ dΓ
d cos θ

1∫
−1

dcosθ dΓ
d cos θ

= 6.9± 1.7, 4.9± 2.0, 5.6± 1.8, −4.5± 1.9%

Ü 5.2σ first observation of photon polarisation

Need theory input to determine photon polarisation
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B0
s → µ+µ−

Very rare decay, well described in the SM

B(B0
s → µ+µ−)SM = (3.65± 0.23) · 10−9

[Bobeth, Gorbahn, ermann, Misiak, Stamou, Steinhauser, Phys. Rev. Lett. 112, 101801 (2014), arXiv:1311.0903],
[De Bruyn, Fleischer, Knegjens, PK, Merk, Pellegrino, Tuning, PRL 109, 041801 (2012), arXiv:1204.1737],
[Buras, Acta Phys.Polon.B41:2487-2561,2010, arXiv:1012.1447] . . .

Very sensitive to NP, e.g. Minimal Susy Models:

B(B0
s → µ+µ−)MSSM ∝

m2
bm2

` tan6 β

m4
A
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B0
s → µ+µ− Limits History
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B0
s → µ+µ− at LHCbB0
s → µ+µ− at LHCb
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B0
s → µ+µ− at LHCbB0
s → µ+µ− at LHCb

[Phys. Rev. Lett. 111 (2013) 101805, arXiv:1307.5024]

BDT
0 0.2 0.4 0.6 0.8 1

]
2

c
 [

M
e
V

/
−

µ
+

µ
m

5000

5200

5400

5600

5800

6000

1−
LHCb 3fb

]2
c [MeV/−

µ+µ
m

5000 5500

)
2

c
C

a
n

d
id

a
te

s 
/ 

(4
4

 M
e
V

/

0

2

4

6

8

10

12

14

16

LHCb

BDT>0.7

­13 fb

B0
B0
s

Classify events with a BDT
calibrated on B→ hh and the
µ+µ− mass

All points in mass window are used
in result, but only BDT > 0.7
shown below

Normalise to B0
s → J/ψφ,

B+→ J/ψK , B0→ Kπ

B(B0
s → µ+µ−) = 2.9 + 1.1

− 1.0
+ 0.3
− 0.1 × 10−9

B(B0→ µ+µ−) = 3.7 + 2.4
− 2.1

+ 0.6
− 0.4 × 10−10
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B0
s → µ+µ− at CMSB0
s → µ+µ− at CMS
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B0
s → µ+µ− at CMSB0
s → µ+µ− at CMS

[Phys. Rev. Lett. 111 (2013) 101804, arXiv:1307.5024]
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B(B0
s → µ+µ−) = 3.0 + 1.0
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B(B0→ µ+µ−) = 3.5 + 2.1
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Patrick Koppenburg Rare decays and search for New Physics Rencontres de Blois 2014 [12/30]

http://arxiv.org/abs/1307.5024


B0
s → µ+µ− Combined

[CMS-PAS-BPH-13-007, LHCb-CONF-2013-012]

]
9−

) [10−
µ+µ →s

0
BB(

0 2 4 6 8 10 12 14 16 18 20 22

 preliminary
CMS+LHCb

1−
CMS 25fb

1−
LHCb 3fb

   preliminary

1−
ATLAS 4.9fb

1−
CDF 10fb

1−
D0 10.4fb

SM

]
10−

) [10−
µ+µ →

0
BB(

0 1 2 3 4 5 6 7

 preliminary
CMS+LHCb

1−
CMS 25fb

1−
LHCb 3fb

1−
CDF 10fb SM

B(B0
s → µ+µ−) = (2.9± 0.7)× 10−9

B(B0→ µ+µ−) = (3.6 + 1.6
− 1.4)× 10−10

First observation of B0
s → µ+µ−!

ATLAS: B(B0
s → µ+µ−) < 1.5× 10−8 [ATLAS-CONF-2013-076]
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Constraints
[F.N. Mahmoudi, arXiv:1310.2556]

There are as many exclusion plots as models.

In this CMSSM (MSSM with universality assumptions at the GUT
scale) flavour physics excludes everything at large tanβ (remember
B ∼ tan6 β), while at tanβ ∼ 30 direct searches (black line)
compete with flavour physics

White line: above the Higgs can have a mass larger than
122 GeV/c2

Patrick Koppenburg Rare decays and search for New Physics Rencontres de Blois 2014 [14/30]

http://arxiv.org/abs/1310.2556


Is there any space for new physics left?Is there any space for new physics left?

“The success of the LHCb experiment has so far been
a nightmare for all flavour physicists that were hoping
to see signs of new physics popping up in B0

s –B0
s mixing

and the rare B0
s → µ+µ− decay. This situation might

have changed with the latest measurements [1,2]”

[Gauld, Goertz, Haisch, arXiv:1310.1082]

[1,2] are discussed in the next slides.
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b→ ``s

Start with b→ sγ
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b→ ``s

Start with b→ sγ, pay a factor αEM

Ü Decay the γ into 2 leptons

Add an interfering box diagram
Ü b→ ``s, very rare in the SM
B (B→ ``K∗) = (1.8± 0.2) · 10−6

[Huber et al., Nucl.Phys.B802:40-62,2008]
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b→ ``s

Start with b→ sγ, pay a factor αEM

Ü Decay the γ into 2 leptons
Add an interfering box diagram

Ü b→ ``s, very rare in the SM
B (B→ ``K∗) = (1.8± 0.2) · 10−6

[Huber et al., Nucl.Phys.B802:40-62,2008]
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b→ ``s

Start with b→ sγ, pay a factor αEM

Ü Decay the γ into 2 leptons
Add an interfering box diagram

Ü b→ ``s, very rare in the SM
B (B→ ``K∗) = (1.8± 0.2) · 10−6

[Huber et al., Nucl.Phys.B802:40-62,2008]

Sensitive to Supersymmetry, Any
2HDM, Fourth generation, Extra
dimensions, Axions . . .

4 Ideal place to look for new physics
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b→ ``s

Start with b→ sγ, pay a factor αEM

Ü Decay the γ into 2 leptons
Add an interfering box diagram

Ü b→ ``s, very rare in the SM
B (B→ ``K∗) = (1.8± 0.2) · 10−6

[Huber et al., Nucl.Phys.B802:40-62,2008]

7 But beware of LD effects:

Tree b→ ccs, (cc)→ ``
4 Can be removed by mass cuts

7 4 Interferes elsewhere
(c) Jaeger
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B→ ``K ∗ Angular Distributions

A lot of information in the full θ`, θK and φ distributions

1

Γ

d4Γ

d cos θ` d cos θK dφ̂ dq2
=

9

16π

[
FL cos2 θK +

3

4
(1− FL)(1− cos2 θK ) +

FL cos2 θK (2 cos2 θ` − 1) +

1

4
(1− FL)(1− cos2 θK )(2 cos2 θ` − 1) +

S3(1− cos2 θK )(1− cos2 θ`) cos 2φ̂ +

4

3
AFB(1− cos2 θK ) cos θ` +

S9(1− cos2 θK )(1− cos2 θ`) sin 2φ̂
]

[Altmannshofer et al.,
JHEP 0901:019,2009]
[Krüger & Matias,
Phys.Rev.D71:094009]
[Egede et al., JHEP
0811:032,2008]
[Ali et al.,
Phys.Rev.D61:074024]

Ü Many observables depending on q2 = m2
µµc4
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B→ ``K ∗ Angular Distributions

A lot of information in the full θ`, θK and φ distributions

1
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d cos θ` d cos θK dφ̂ dq2
=
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S3(1− cos2 θK )(1− cos2 θ`) cos 2φ̂ +

4

3
AFB(1− cos2 θK ) cos θ` +

S9(1− cos2 θK )(1− cos2 θ`) sin 2φ̂
]

[Altmannshofer et al.,
JHEP 0901:019,2009]
[Krüger & Matias,
Phys.Rev.D71:094009]
[Egede et al., JHEP
0811:032,2008]
[Ali et al.,
Phys.Rev.D61:074024]

Ü Forward-backward asymmetry S6 = 4
3AFB
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B→ ``K ∗ Angular Distributions

A lot of information in the full θ`, θK and φ distributions
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d cos θ` d cos θK dφ̂ dq2
=

9

16π

[
FL cos2 θK +

3

4
(1− FL)(1− cos2 θK ) +

FL cos2 θK (2 cos2 θ` − 1) +

1

4
(1− FL)(1− cos2 θK )(2 cos2 θ` − 1) +
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4
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AFB(1− cos2 θK ) cos θ` +

S9(1− cos2 θK )(1− cos2 θ`) sin 2φ̂
]

[Altmannshofer et al.,
JHEP 0901:019,2009]
[Krüger & Matias,
Phys.Rev.D71:094009]
[Egede et al., JHEP
0811:032,2008]
[Ali et al.,
Phys.Rev.D61:074024]

Ü Transverse asym. S3 = (1− FL)A
(2)
T (RH)
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B→ µµK ∗ at CMS and ATLAS
[PLB 727 (2013) 77, arXiv:1308.3409] [ATLAS-CONF-2013-038]

Select B0 →K ∗µ+µ−

Take the K -π hypo that gets
closest to the K∗ mass
Cut out J/ψ and ψ(2S)
CMS observe 415± 30 events
in 5.2 fb−1 (2011)
ATLAS 466± 34 in 4.9 fb−1

Bin in q2 = m2
µ+µ− Ü dΓ/dq2

Fit for θK and θ`

Ü FL and AFB

Note the physical boundary
limiting the values of FL and AFB

SM: [Bobeth et al., JHEP 1107:067,2011]
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B→ µµK ∗ at CMS and ATLAS
[PLB 727 (2013) 77, arXiv:1308.3409] [ATLAS-CONF-2013-038]

Select B0 →K ∗µ+µ−

Take the K -π hypo that gets
closest to the K∗ mass
Cut out J/ψ and ψ(2S)
CMS observe 415± 30 events
in 5.2 fb−1 (2011)
ATLAS 466± 34 in 4.9 fb−1

Bin in q2 = m2
µ+µ− Ü dΓ/dq2

Fit for θK and θ`

Ü FL and AFB

Note the physical boundary
limiting the values of FL and AFB
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B→ µµK ∗ at CMS and ATLAS
[PLB 727 (2013) 77, arXiv:1308.3409] [ATLAS-CONF-2013-038]

Select B0 →K ∗µ+µ−

Take the K -π hypo that gets
closest to the K∗ mass
Cut out J/ψ and ψ(2S)
CMS observe 415± 30 events
in 5.2 fb−1 (2011)
ATLAS 466± 34 in 4.9 fb−1

Bin in q2 = m2
µ+µ− Ü dΓ/dq2

Fit for θK and θ`

Ü FL and AFB

All compatible with SM

Note the physical boundary
limiting the values of FL and AFB

SM: [Bobeth et al., JHEP 1107:067,2011]
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B→ µµK ∗ at CMS and ATLAS
[PLB 727 (2013) 77, arXiv:1308.3409] [ATLAS-CONF-2013-038]

Select B0 →K ∗µ+µ−

Bin in q2 = m2
µ+µ− Ü dΓ/dq2

Fit for θK and θ`

Ü FL and AFB

Note the physical boundary
limiting the values of FL and AFB
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B→ µµK ∗ at LHCb (1 fb−1)

[JHEP 08 (2013) 131, arXiv:1304.6325]
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Theory Binned
LHCb

Select B0 →K ∗µ+µ− using a
boosted decision tree

Cut out J/ψ and ψ(2S)
Observe 883± 34 events in 1 fb−1

Bin in q2 = m2
µ+µ− and extract

dΓ/dq2

Fit for θK and θ`

We also measure P ′4,5 =
S4,5√

FL(1−FL)
,

which are largely free from
form-factor uncertainties, [Descotes-Genon

et al., JHEP, 1305:137, 2013]

4 Local discrepancy in P ′5 at 3.7σ
observed. (P = 0.5% with
look-elsewhere effect)

SM: [Bobeth et al., JHEP 1107:067,2011]
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B→ µµK ∗ at LHCb (1 fb−1)

[JHEP 08 (2013) 131, arXiv:1304.6325]
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Select B0 →K ∗µ+µ−

Bin in q2 = m2
µ+µ−

Fit for θK and θ`
Ü FL and AFB

Ü Extract zero crossing point
(4.9± 0.9) GeV2/c4

Ü Extract T-odd S9. And S3,
sensitive to right handed currents

Ü And ARe
T , and A2

T (also
right-handed). . .

All compatible with SM

We also measure P ′4,5 =
S4,5√

FL(1−FL)
,

which are largely free from
form-factor uncertainties, [Descotes-Genon

et al., JHEP, 1305:137, 2013]

4 Local discrepancy in P ′5 at 3.7σ
observed. (P = 0.5% with
look-elsewhere effect)

SM: [Bobeth et al., JHEP 1107:067,2011]
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B→ µµK ∗ at LHCb (1 fb−1)

[JHEP 08 (2013) 131, arXiv:1304.6325]
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µ+µ−

Fit for θK and θ`
Ü FL and AFB

Ü Extract zero crossing point
(4.9± 0.9) GeV2/c4

Ü Extract T-odd S9. And S3,
sensitive to right handed currents

Ü And ARe
T , and A2

T (also
right-handed). . .

All compatible with SM

We also measure P ′4,5 =
S4,5√

FL(1−FL)
,

which are largely free from
form-factor uncertainties, [Descotes-Genon

et al., JHEP, 1305:137, 2013]

4 Local discrepancy in P ′5 at 3.7σ
observed. (P = 0.5% with
look-elsewhere effect)

SM: [Bobeth et al., JHEP 1107:067,2011]

Patrick Koppenburg Rare decays and search for New Physics Rencontres de Blois 2014 [19/30]

http://arxiv.org/abs/1304.6325
http://arxiv.org/abs/1303.5794
http://arxiv.org/abs/1303.5794
http://arxiv.org/abs/1105.0376


Comparison of all Experiments
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LHCb [JHEP 08 (2013) 131] CMS [PLB 727 (2013) 77], ATLAS [ATLAS-CONF-2013-038], Belle [Phys. Rev. Lett. 103
(2009) 171801], Babar [Phys. Rev. D. 73. 092001], CDF [Phys. Rev. Lett. 108 081807]
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B→ µµK ∗ at LHCb (1 fb−1) — 2nd paper

[Phys. Rev. Lett. 111, 191801, arXiv:1308.1707]
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Select B0 →K ∗µ+µ−

We also measure P ′4,5 =
S4,5√

FL(1−FL)
,

which are largely free from
form-factor uncertainties, [Descotes-Genon

et al., JHEP, 1305:137, 2013]

4 Local discrepancy in P ′5 at 3.7σ
observed. (P = 0.5% with
look-elsewhere effect)

SM: [Descotes-Genon et al., JHEP, 1305:137, 2013]
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B→ µµK ∗ at LHCb (1 fb−1) — 2nd paper

[Phys. Rev. Lett. 111, 191801, arXiv:1308.1707]
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Counting S5: blue minus red

Select B0 →K ∗µ+µ−

We also measure P ′4,5 =
S4,5√

FL(1−FL)
,

which are largely free from
form-factor uncertainties, [Descotes-Genon

et al., JHEP, 1305:137, 2013]

4 Local discrepancy in P ′5 at 3.7σ
observed. (P = 0.5% with
look-elsewhere effect)
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What is it?
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What is it? Can a new physics model explain
such a discrepancy while still being compatible
with 50 years of HEP measurements?

Ü 28 theory papers and still counting. Here
are a few:

Descotes-Genon, Matias, Virto fit this and
other measurements and get a 4.5σ discrepancy
with the SM. Their best fit favours a modified
C9 coefficient Ü Non-SM vector current. [Phys. Rev.

D 88, 074002]

Altmannshofer and Straub find three
discrepancies at the 2–3σ level in B→ µµK ∗.
A FCNC Z ′ of O(1) TeV would work. [Eur.Phys.J.C

73:2646]

Gauld, Goertz, Haisch also favour the Z ′

option, but prefer a mass of O(7) TeV. [JHEP 01

(2014) 069]

Mahmoudi et al. show constraints on the
MSSM [arXiv:1401.2145]

Beaujean, Bobeth, van Dyk add hadronic
form factors as nuisance parameters and find the
SM agrees at the 2σ level. [Accepted by EPJC,

arXiv:1310.2478]
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What is it?
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Descotes-Genon, Matias, Virto get a 4.5σ
discrepancy with the SM Ü Non-SM vector
current. [Phys. Rev. D 88, 074002]

Altmannshofer and Straub find three
discrepancies at the 2–3σ level in B→ µµK ∗.
Modified C9 and C ′9 are needed.
The MSSM cannot do that without breaking B0

s

mixing. A FCNC Z ′ of O(1) TeV would work.
[Eur.Phys.J.C 73:2646]

Gauld, Goertz, Haisch also favour the Z ′

option, but prefer a mass of O(7) TeV. [JHEP 01

(2014) 069]

Mahmoudi et al. show constraints on the
MSSM [arXiv:1401.2145]

Beaujean, Bobeth, van Dyk add hadronic
form factors as nuisance parameters and find the
SM agrees at the 2σ level. [Accepted by EPJC,

arXiv:1310.2478]
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What is it?
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Descotes-Genon, Matias, Virto get a 4.5σ
discrepancy with the SM Ü Non-SM vector
current. [Phys. Rev. D 88, 074002]

Altmannshofer and Straub find three
discrepancies at the 2–3σ level in B→ µµK ∗.
A FCNC Z ′ of O(1) TeV would work. [Eur.Phys.J.C

73:2646]

Gauld, Goertz, Haisch also favour the Z ′

option, but prefer a mass of O(7) TeV. They
also predict the cross-section to muons at a
500 GeV linear collider. [JHEP 01 (2014) 069]

Mahmoudi et al. show constraints on the
MSSM [arXiv:1401.2145]

Beaujean, Bobeth, van Dyk add hadronic
form factors as nuisance parameters and find the
SM agrees at the 2σ level. [Accepted by EPJC,

arXiv:1310.2478]
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What is it?
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Descotes-Genon, Matias, Virto get a 4.5σ
discrepancy with the SM Ü Non-SM vector
current. [Phys. Rev. D 88, 074002]

Altmannshofer and Straub find three
discrepancies at the 2–3σ level in B→ µµK ∗.
A FCNC Z ′ of O(1) TeV would work. [Eur.Phys.J.C

73:2646]

Gauld, Goertz, Haisch also favour the Z ′

option, but prefer a mass of O(7) TeV. [JHEP 01

(2014) 069]

Mahmoudi et al. show constraints on the
MSSM [arXiv:1401.2145]

Beaujean, Bobeth, van Dyk add hadronic
form factors as nuisance parameters and find the
SM agrees at the 2σ level. [Accepted by EPJC,

arXiv:1310.2478]
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Other players

Is there something in other decays?
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Angular analysis of B→ Kµ+µ−
[LHCb-PAPER-2014-007, arXiv:1403.8045]
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What about angular distributions
in B→ Kµ+µ−? In the SM
AFB = 0 because of the scalar K .

Only one angle in decay Ü

measure AFB and FH (fraction of
scalar and tensor)

B+→ K +µ+µ− (right) and
B0→ K 0

S µ
+µ− (bottom), where

only FH can be determined.

Everything very SM-like
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B→ ``Xs at Belle
[submitted to PRL, arXiv:1402.7134]

Sum ten self-tagging Xs final states
(K−π+, K−π+π0, K−π+π−π+ (B0), K−,

K−π0, K−π+π−, K−π+π−π0, K0
Sπ
−, K0

Sπ
−π0,

K0
Sπ
−π+π− (B−)) with

mXs < 2.0 GeV/c2, combined with
µ+µ− and e+e−.

Build an asymmetry between
cos θl > 0 (left) and cos θl < 0 (right)
for Xse+e− (top) and Xsµ

+µ−

(bottom)

Ü Result consistent with SM prediction,
though uncertainties are large
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Differential BFs of B → K (∗)µ+µ−
[LHCb-PAPER-204-006, submitted to JHEP, arXiv:1403.8044]
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−µ+µ+K → +B

Reconstruct B+ →K +µ−µ+

B →J/ψK is taken as
normalisation mode.
Removing the charmonia, one
gets the mass plot below
. . . and the differential
cross-section versus q2 = m2

µ−µ+

and B0 →K 0µ−µ+ (K 0 as K 0
S

→π−π+)

The BFs are compatible with the
SM expectation, but on the low
side

The isospin asymmetry is
compatible with zero at the 1.5σ
level

Do the same for B+ →K ∗+µ−µ+

(K ∗+ →K 0
S π

+) wrt B0

→K ∗0µ−µ+

Details on B0 →K∗0µ−µ+ will
come later (needs S-wave)
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Differential BFs of B → K (∗)µ+µ−
[LHCb-PAPER-204-006, submitted to JHEP, arXiv:1403.8044]
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Reconstruct B+ →K +µ−µ+

and B0 →K 0µ−µ+ (K 0 as K 0
S

→π−π+)

7 Much lower statistics due to high
K 0

S lifetime
The theoretical expectation of
dB/dq2 is the same up to
τB0/τB+

The BFs are compatible with the
SM expectation, but on the low
side

The isospin asymmetry is
compatible with zero at the 1.5σ
level

Do the same for B+ →K ∗+µ−µ+

(K ∗+ →K 0
S π

+) wrt B0

→K ∗0µ−µ+

Details on B0 →K∗0µ−µ+ will
come later (needs S-wave)
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Differential BFs of B → K (∗)µ+µ−
[LHCb-PAPER-204-006, submitted to JHEP, arXiv:1403.8044]

]4c/2 [GeV2q
0 5 10 15 20

]2
/G

eV
4 c × 

-8
 [

10
2 q

/d
Bd

0

1

2

3

4

5
−µ+µ 0 K→0B
−µ+µ + K→+B

LHCb

]4c/2 [GeV2q
0 5 10 15 20

I
A

-1

-0.5

0

0.5

1

LHCb −µ+µ K →B 

Reconstruct B+ →K +µ−µ+

and B0 →K 0µ−µ+ (K 0 as K 0
S

→π−π+)

The BFs are compatible with the
SM expectation, but on the low
side

The isospin asymmetry is
compatible with zero at the 1.5σ
level
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(K ∗+ →K 0
S π

+) wrt B0

→K ∗0µ−µ+

Details on B0 →K∗0µ−µ+ will
come later (needs S-wave)
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Differential BFs of B → K (∗)µ+µ−
[LHCb-PAPER-204-006, submitted to JHEP, arXiv:1403.8044]
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and B0 →K 0µ−µ+ (K 0 as K 0
S

→π−π+)

The BFs are compatible with the
SM expectation, but on the low
side

The isospin asymmetry is
compatible with zero at the 1.5σ
level

Do the same for B+ →K ∗+µ−µ+

(K ∗+ →K 0
S π

+) wrt B0

→K ∗0µ−µ+

Details on B0 →K∗0µ−µ+ will
come later (needs S-wave)
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Too low BFs at high q2?

[LHCb-PAPER-204-006, submitted to JHEP, arXiv:1403.8044]
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LHCb B0
s → φµ+µ−

[JHEP 1307 (2013) 084, arXiv:1305.2168]

M.Patel,
Moriond
EW

All LHCb BF measurements are on the low side at high q2

compared to the SM

Something wrong with form factors?

Or C ′9 < 0, which is also indicated by angular anomalies?

Patrick Koppenburg Rare decays and search for New Physics Rencontres de Blois 2014 [27/30]

http://arxiv.org/abs/1403.8044
http://arxiv.org/abs/1305.2168


B→ ``Xs BF at Babar
[accepted by PRL, arXiv:1312.5364]

◦
Sum ten Xs final states (K+,

K+π0, K+π−, K+π−π0, K+π−π+,

K0
S , K0

Sπ
0, K0

Sπ
+, K0

Sπ
+π0, K0

Sπ
+π−)

with mXs < 1.8 GeV/c2,
combined with µ+µ− and
e+e−.

Get dB/dq2 and dB/mXs for
• e+e−, � µ+µ− and
N sum.

Babar get a (non-significant)
enhancement in the last q2

bin, rather than a
suppression.
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Other asymmetries in B→ K (∗)``

Ratio of B → Kµ+µ− and B →
Ke+e− Babar [Phys.Rev.D.86 032012]

Isospin asymmetries: There were some evidences reported by Belle
[Phys.Rev.Lett 103 171801,2009, arXiv:0904.0770], Babar [Phys.Rev.D.86 032012] and LHCb [JHEP 07

(2012) 133]. Now essentially gone [LHCb-PAPER-2014-006]

CP asymmetries: No evidence has even been reported (Most precise:
[Phys. Rev. Lett. 110, 031801] by LHCb)

Lepton universality violation: If
there’s a flavour-changing Z ′, how does
it couple to leptons? All measurements
are consistent with no violation. (Belle
[Phys.Rev.Lett 103 171801,2009], Babar [Phys.Rev.D.86

032012]).

Ü And I don’t mention here B→ Xd``
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The LHC is the new b factory

But the B factories are still producing results

Exploring b →s transitions
B0
s → µ+µ− and b→ sγ do not highlight large SUSY

effects
Interesting deviation from the SM in B→ µµK∗

Ü Are we seeing a heavy Z ′?

Many analyses to be updated to 2012 data

. . . and beyond with LHC’s Run II and Belle II. . .

And I haven’t discussed CP violation and charm
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Backup
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Operators of Interest

Effective Hamiltonian H

A(M → F ) = 〈F |Heff|M〉

Heff = −4GF√
2

Vts
∗Vtb

10∑
i=1

Ci (µ)Oi (µ)

Operators Oi : Long-distance effects

Wilson coefficients Ci : Short-distance
effects(masses above µ are integrated out)

New physics can show up in new operators or mod-
ified Wilson coefficients

Operator

O7γ

O8g

O9V,10A

OS,P
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Operators of Interest

Operator Magnitude Phase Helicity flip O′i

O7γ b→ sγ ACP (b→ sγ)
Λ0

b → Λγ
B→ K∗∗γ
B→ ``K∗

O8g

b→ sγ
b →
{s, u, d}

ACP (b→ sγ)
B → φK

Λ0
b → Λφ

B→ K∗φ

O9V,10A b→ ``s AFB (b→ ``s) B→ ``K∗

OS,P B →µµ B →τ+τ− b →sτ+τ−

Adapted from [G.Hiller,hep-ph/0308180]
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Operators of Interest

All Ci calculated at NLO if not
NNLO in SM

We need to measure all
coefficients

Any discrepancy is a sign of
New Physics

Operator

O7γ

O8g

O9V,10A

OS,P
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B0
s → µ+µ− Strategy

[Phys. Rev. Lett. 111 (2013) 101805, arXiv:1307.5024]

BDT
0 0.2 0.4 0.6 0.8 1

P
D

F

­410

­310

­210

­110

1

Signal

Background

LHCb

B → hh

1 Select B →µ+µ− using a
boosted decision tree (BDT)
tuned on MC but calibrated on
real data B → hh signal and
background from mass
sidebands

2 Mass resolution calibrated on B
→ hh and dimuon resonances:
(23.2± 0.4) MeV/c2

3 Normalise to B0
s → J/ψφ,

B+→ J/ψK , B0→ Kπ

Patrick Koppenburg Rare decays and search for New Physics Rencontres de Blois 2014 [33/30]

http://arxiv.org/abs/1307.5024


B0
s → µ+µ− Strategy

[Phys. Rev. Lett. 111 (2013) 101805, arXiv:1307.5024]

1 Select B →µ+µ− using a
boosted decision tree (BDT)
tuned on MC but calibrated on
real data B → hh signal and
background from mass
sidebands

2 Mass resolution calibrated on B
→ hh and dimuon resonances:
(23.2± 0.4) MeV/c2

3 Normalise to B0
s → J/ψφ,

B+→ J/ψK , B0→ Kπ
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B0
s → µ+µ− Signal window

[Phys. Rev. Lett. 111 (2013) 101805, arXiv:1307.5024]

B0
B0
s

All points in mass window are used in result, but only BDT > 0.7 shown in next slide
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B0 and B0
s → µ+µ− Signal peaks

[Phys. Rev. Lett. 111 (2013) 101805, arXiv:1307.5024]

]2
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µ+µ
m
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LHCb

BDT>0.7

­13 fb

B0 B0
s

• Data points. Background components: B→ hh, B→ πµ+µ−, Combi-
natorial, B→ hµν
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B0
s → µ+µ− Strategy

[Phys. Rev. Lett. 111 (2013) 101805, arXiv:1307.5024]

1 Select B →µ+µ− using a
boosted decision tree (BDT)
tuned on MC but calibrated on
real data B → hh signal and
background from mass
sidebands

2 Mass resolution calibrated on B
→ hh and dimuon resonances:
(23.2± 0.4) MeV/c2

3 Normalise to B0
s → J/ψφ,

B+→ J/ψK , B0→ Kπ
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B→ µ+µ− at LHCb BFs and limits
[Phys. Rev. Lett. 111 (2013) 101805, arXiv:1307.5024]

]
10−

) [10−
µ +µ → 

0
BB(

1 2 3 4 5 6 7 8 9 10

s
C

L

­210

­110

1

1−
3fb

LHCb

)
­µ+µ→s

0
BB(

0 2 4 6 8 10

­9
10×

L
L

∆

0

1

2

3

4

5

6

7

8

9

10

LHCb

B0→ µ+µ− B0
s → µ+µ−

Expected Significance (SM) 5.0σ
Observed Significance 2.0σ 4.0σ

Branching fraction 3.7 + 2.4
− 2.1

+ 0.6
− 0.4 × 10−10 2.9 + 1.1

− 1.0
+ 0.3
− 0.1 × 10−9

Expected limit assuming bkg only (95%) 4.4× 10−10

Expected limit assuming bkg+SM (95%) 5.4× 10−10

Observed limit (95%) 7.4× 10−10
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Resonance in B+→ K+µ+µ− at low recoil
[Phys. Rev. Lett. 111, 112003 (2013), arXiv:1307.7595]

]2c [MeV/−µ+µ+Km

5400 5600

)2 c
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an
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te
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/ (

12
 M
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/

0

200

400
data
total
signal
background

LHCb

mµµK with mµµ > mψ(2S):

1830 candidates with 3 fb−1

We look at B+ →µµK for
mµµ > mψ(2S)

7 Something odd at
4.2 GeV/c2

A free fit gives
m = 4191 + 9

− 8 and

Γ = 65 + 22
− 16.

Could be ψ(4160) (note
m = 4192± 7 from BES)

Fit with Y (4260) is not as
good

Good agreement of
ψ(4160) hypothesis with
free fit

Patrick Koppenburg Rare decays and search for New Physics Rencontres de Blois 2014 [38/30]

http://arxiv.org/abs/1307.7595


Resonance in B+→ K+µ+µ− at low recoil
[Phys. Rev. Lett. 111, 112003 (2013), arXiv:1307.7595]
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− 8 and

Γ = 65 + 22
− 16.

Could be ψ(4160) (note
m = 4192± 7 from BES)

Fit with Y (4260) is not as
good

Good agreement of
ψ(4160) hypothesis with
free fit
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Fit with ψ(2S) included

We look at B+ →µµK for
mµµ > mψ(2S)

7 Something odd at
4.2 GeV/c2

A free fit gives
m = 4191 + 9

− 8 and

Γ = 65 + 22
− 16.

Could be ψ(4160) (note
m = 4192± 7 from BES)

Fit with Y (4260) is not as
good

Good agreement of
ψ(4160) hypothesis with
free fit
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resonance

We look at B+ →µµK for
mµµ > mψ(2S)

7 Something odd at
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A free fit gives
m = 4191 + 9

− 8 and

Γ = 65 + 22
− 16.

Could be ψ(4160) (note
m = 4192± 7 from BES)

Fit with Y (4260) is not as
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Good agreement of
ψ(4160) hypothesis with
free fit
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Resonance in B+→ K+µ+µ− at low recoil
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Fit with ψ(2S), ψ(4040) and ψ(4160)

We look at B+ →µµK for
mµµ > mψ(2S)

7 Something odd at
4.2 GeV/c2

A free fit gives
m = 4191 + 9

− 8 and

Γ = 65 + 22
− 16.

Could be ψ(4160) (note
m = 4192± 7 from BES)

Fit with Y (4260) is not as
good

Good agreement of
ψ(4160) hypothesis with
free fit
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Fit with ψ(2S), Y (4260) and Y (4350)

We look at B+ →µµK for
mµµ > mψ(2S)

7 Something odd at
4.2 GeV/c2

A free fit gives
m = 4191 + 9

− 8 and

Γ = 65 + 22
− 16.

Could be ψ(4160) (note
m = 4192± 7 from BES)

Fit with Y (4260) is not as
good

Good agreement of
ψ(4160) hypothesis with
free fit
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Resonance in B+→ K+µ+µ− at low recoil
[Phys. Rev. Lett. 111, 112003 (2013), arXiv:1307.7595]
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Profile likelihood for mass and width
of a single resonance.

We look at B+ →µµK for
mµµ > mψ(2S)

7 Something odd at
4.2 GeV/c2

A free fit gives
m = 4191 + 9

− 8 and

Γ = 65 + 22
− 16.

Could be ψ(4160) (note
m = 4192± 7 from BES)

Fit with Y (4260) is not as
good

Good agreement of
ψ(4160) hypothesis with
free fit
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Resonance in B+→ K+µ+µ− at low recoil
[Phys. Rev. Lett. 111, 112003 (2013), arXiv:1307.7595]
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Fit with ψ(2S), ψ(4040) and ψ(4160)

This is the first observation
of B+ → ψ(4160)K and of

ψ(4160)→ µµ.

20% of the mµµ > mψ(2S)

yield comes from resonant
and interference terms

This is much larger than
theoretical models.

Theorists take cc
contributions into

account, but not their
resonant structure
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By-product: B0
s →eµ

[Phys. Rev. Lett. 111, 141801 (2013), arXiv:1307.4889]

Repeat the same analysis with eµ final
states

A bit more tricky to get the mass
resolution right due to
Bremsstrahlung

“Forbidden” in the SM

Indeed we see nothing and set limits
(90%)

BR(B0
s → e±µ∓) < 1.1× 10−8

BR(B0 → e±µ∓) < 2.8× 10−9

In the context of the Pati-Salam
leptoquark model, this can be
converted to a limit on leptoquark
masses [Phys.Rev. D10 (1974) 275-289]

Ü Limits of 101 an 135 TeV for LQ
coupling to (bseµ) and (bdeµ),
respectively.
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By-product: B0
s →eµ
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Angular analysis of B→ Kµ+µ−
[LHCb-PAPER-2014-007, arXiv:1403.8045]

Select B+→ K +µ+µ− and
B0→ K 0

S µ
+µ− decays with

K 0
S→ π+π−

Look at angular distribution of θl
φ and θK are not defined, as
there are only 3 particles

Ü No P ′5

B+→ K +µ+µ−: fit AFB and FH

Get projections versus q2

Same for B0→ K 0
S µ

+µ−, except
only FH can be determined.

Everything very SM-like
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Angular analysis of B→ Kµ+µ−
[LHCb-PAPER-2014-007, arXiv:1403.8045]
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Look at angular distribution of θl
φ and θK are not defined, as
there are only 3 particles

Ü No P ′5

B+→ K +µ+µ−: fit AFB and FH

Get projections versus q2
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Angular analysis of B→ Kµ+µ−
[LHCb-PAPER-2014-007, arXiv:1403.8045]

Select B+→ K +µ+µ− and
B0→ K 0

S µ
+µ− decays with

K 0
S→ π+π−

Look at angular distribution of θl
φ and θK are not defined, as
there are only 3 particles

Ü No P ′5

B+→ K +µ+µ−: fit AFB and FH

(fraction of non-vector amplitudes)
in 1.1 < q2 < 6 GeV2c−4 (top) and
15 < q2 < 22 GeV2c−4 (bottom)

Get projections versus q2

Same for B0→ K 0
S µ

+µ−, except
only FH can be determined.

Everything very SM-like
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[LHCb-PAPER-2014-007, arXiv:1403.8045]

Select B+→ K +µ+µ− and
B0→ K 0

S µ
+µ− decays with

K 0
S→ π+π−

Look at angular distribution of θl
φ and θK are not defined, as
there are only 3 particles
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+µ−, except
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