1Un|yer5|ty I ] 3 &
/ ! & N, .,' P
4..\ B '-" o
Warwick EPP semmar '
9ecember 3rd, 2015




s’ g Introduction .
.< Rare Decays as probes for New Physics

Rare decays: Flavour changing neutral currents (FCNCs)

b — q decays with ¢ = s,d quark

In the SM: FCNCs forbidden at tree-level, only W changes flavour
but: higher order penguin processes are possible

SM penguin diagram
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Loop-suppression — rare processes with B typically 1075 ...10~10
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Introduction

Rare Decays as probes for New Physics

Rare decays: Flavour changing neutral currents (FCNCs)

b — q decays with ¢ = s,d quark

In the SM: FCNCs forbidden at tree-level, only W changes flavour
but: higher order penguin processes are possible

SM penguin diagram NP penguin diagram
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Loop-suppression — rare processes with B typically 1075 ...10~10

New heavy particles beyond the SM can significantly contribute

NP does not need to be produced on-shell

— masses up to O(100TeV) accessible [5:5%s 00615
] = =

o&&22  C. Langenbruch (Warwick), Warwick EPP 2015 Rare b-hadron decays


http://arxiv.org/abs/1505.00618

2 Introduction
g

i Effective field theory

FCNCs a multi-scale problem:
Anp > mw > my > AQCD

7?2 1TeV 80 GeV 5GeV 0.2 GeV
In effective field theory: Operator product expansion [\ %g06:71]
4G .
He = _W‘/tb‘/tq Z C:0; +C;O;

Left—ﬁanded Right-handed, :Z—i suppressed
)

Wilson coeff. Ci(') encode short-distance physics, O, corr. operators
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Introduction

Effective field theory

FCNCs a multi-scale problem:
Anp > mw > my > AQCD

7?2 1TeV 80 GeV 5 GeV 0.2GeV
In effective field theory: Operator product expansion [\ %g06:71]
4G .
He = _Wthth Z C:0; +C;O;

Left—ﬁanded Right-handed, :Z—i suppressed
)

Wilson coeff. Ci(') encode short-distance physics, O, corr. operators

Well known analogon: 3 decay

d ~ U d U
. GF -

W= "\ < e~ e
Ve Ve

Hett = % cos Oc [y, (1 — vs5)d x ey (1 — vs)ve)
Integrate out heavy DoF — Contact interaction with effective coupling G
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Introduction

Operators

b—sy B—uu b—qll

photon penguin
\é’y Ogl) = g%mb(EUWPR(L)b)FW v v
b £ electroweak penguin
>Q< Oy = & (57 Po(yb) (i7" 1) v
s ¢ 053 = §(§’YAPL(R)5)(/17“’Y5M) v v
b 0

(pseudo)scalar penguin

x Oé’) = %zmb(EPR(L)b)(ﬁH)
o(/) . e? -
s £

P = 16.2b(5Pg1)b) (A510)

AN
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2 b— sv
%E Operators

b—sy| B—uu b—qll

photon penguin

O;I) = g%mb(§UWPR(L)b)F“” v v

b ¢ electroweak penguin
>( 0y = —z(swPLm)b)(W“’M) v
s ¢ O = S(FWPrrb) (" 511) v v

¢ (pseudo)scalar penguin
x Q(gf) = %mb(EPR(L)b)(ﬂM)
Q) e? = =
s ¢ O

P = 162Mw(5Pr(r)b) (s 1)

NS
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b — sv

Photon polarisation A\, with B — K n~n7y

— 0.
Bt 7 Ktata— 2\ pi
B . - 5 W= pix p2 _)/4—’:'—) p1
y ', Pl

In SM, photons from b — sy decays left-handed (C%/C7 ~ ms/my)
Can probe A, with BT — K+7r+7r_'y decays [pRS%’g?Eo%tz)’omog]
f dcosf -4 f dcosf 5

dcos6

+1 dF
S} deosf35 -

Up-down asymmetry A,q = Geoss x Ay
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2 b— sv

S " . .
.; Composition of K77~ final

MARIE CURIE
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04500 5000 5500 6000 6500 000 w0 1600 1800

M(KTmy) [MeV/c?] M(KTm) [MeV/c?]

Signal yield Nk, = 13876 & 153

Final state consists of several resonances:
K1(1270)", K1(1400)7,. ..

Different res. hard to separate, perform analysis in four m g, bins
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First observation polarisation

MARIE CURIE
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[1.1,1.3] Gev/c? [1.3,1.4] Gev/c2 L i

1 05 0 05 1 1 05 0 05 1 oF .

cosh cosh o 1

T T F I ]

1 B | r -

§ o § 08 LHCb ] 0.05 C I ]

2o ERL AN A -0.1f =

04| 04f 1 4 r ‘ ‘ 1
% pagewie 1 T peigowie | 1200 1400 1600 1800

-1 05 0 05 ot 1 05 0 05 ot M (KTU'[) [M eV/CZ]

Perform angular fit of cos 8 distribution to determine A.q

Combination results in first obs. of non-zero photon polarisation at
5.2¢ [PRL 112, 161801 (2014)]

To determine precise value for A, resonance structure of final state
needs to be resolved
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B — uu

Operators
b—sy |B—=uu| b— qll
photon penguin
O;I) = g%mb(§UWPR(L)b)F“” v v
b ¢ electroweak penguin
x oy = —E(S’YMPL(R)b)(ﬁV“M) v
s ¢ O = S(FWPrrb) (" 511) v v
b ¢ (pseudo)scalar penguin
>Q< OF) = s5amy(5Pre)b) (n) v
7 Ve 0F) = qeami(SPruyb) (i) /
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B — un

; The very rare decay B/,

Loop and additionally helicity suppressed

Purely leptonic final state: Theoretically and experimentally very clean
Very sensitive to NP

Possible scalar and pseudoscalar enhanced wrt. SM axialvector
B o< [VisVigl2[(1 = 70 Cs — P + [(C = Cp) + 22 (Cro — Clo)P)
SM prediction (accountmg for AT # 0) [Fri952" 5180

PRL 112, 101801 (2014)}

= (3.66 £ 0.23) x 107°
= (1.06 £ 0.09) x 10710

B(B) = p*pu”)
B(B"— pp7)

A C. Langenbruch (Warwick), Warwick EPP 2015
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B — uu

First observation of BY— uu

CMS and LHCb (LHC run I)

¢ F T T T T T 7 3
3 600 —4— Data —
s —— Signal and background 7
S s0fF B ww -
< F [Ty 3
5  E -+ = Combinatorial bkg. 3
g 40 A B By o | Semileptonic bkg. -
- F = — Peaking bkg. =
Q C -
E 80 =
[=2) = -
e r 3
320 3
om r I
& F .
= 10 —

(%] E =

—_ e e e ~aseea) I
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Combined analysis of LHCb and CMS Run 1 data, sharing signal and
nuisance parameters [Nature 522 (2015) pp. 68-72]

First obs. of B?— uTu~ with 6.2 0 significance (expected 7.2 )

B(BY— ptp~) = (2.8797) x 107° compatible with SM at 1.2 ¢

First evidence for B® — T~ with 3.0 o significance (expected 0.8 o)

B(B®— ptp~) = (3.977%) x 10710 compatible with SM at 2.2 ¢
=] (=) = E £ DA
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B — uu

he ratio
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and LHC‘b (LHC run 1) ;

R = % tests MFV hypothesis

Rem = 0.0295+9:9028

R = 0.147008 compatible at 2.3
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b — alt

Operators
b—=sy B—uu |b—qll
photon penguin
O;I) = g%mb(§UWPR(L)b)F“” v v
b ¢ electroweak penguin
x oy = —E(S’YMPL(R)b)(ﬁV“M) v
s ¢ O = S(FWPrrb) (" 511) v v
b ¢ (pseudo)scalar penguin
>Q< OF) = s5amy(5Pre)b) (n) v
7 Ve 0F) = qeami(SPruyb) (i) v
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b — alt

5b — s(d)l¢ decays

MARIE CURIE

SM penguin diagram SM box diagram
t
b Y s(d)
\“ \“ W
W as
\“ VH
\q g_

b — s(d)¢¢ decays proceed via penguin and box diagrams
hel. supp. Qem.
B(BY = pu) < B(b— stl) ~ 1076 <" B(b — s7)
Plenty of decays due to choice of ¢ = s, d, lepton, hadronic resonance:
b— S B+—) K+/J 7 [f;ul:ii)ogsz} [(J;'oﬁs)olgn] [3%515’;’1633] Bt — K*+N+:U'7 [(JZHDEIF;)01633]
Bt — K+77+7r7,u+#7 [#5‘0%5)1864] BY— KOM+#7 [é;‘oﬁa)oosgz] [6;055)0{133},
BYS KOt (SRR B = gt [558%e] BY — mtm pt i (G )
A)— Ayt~ [ %e]
b—dpp BT — atptps [B55%] B — atrptpm (B84
b— see Bt — Ktete™ [fz%hl)l%msol] BY— K*0cte~ HzHoEl';)ggét]
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all

— V00 differential branching fraction

2 b—
9

< 5]
N

MARIE CURII

)
$(25)

Cé/) and C1(8

Long distance
contributions from CC
above open charm
threshold

interference

4m(p))?

q®> = m?(£T¢7) provides separation power between C; — bin in ¢?

Regions where J/i) and ¢(2S) dominate are vetoed — control decays
typically 8 < ¢? < 11 GeV?/c* and 12.5 < ¢% < 15GeV?/c*

(=)
C. Langenbruch (Warwick), Warwick EPP 2015

Rare b-hadron decays



b — alt

2
t Complication in

MARIE CURII

Hadronic meson in initial and final state
— Predictions require non-perturbative calculation of form factors

Predictions of BB and angular obs. affected by form factor uncertainty

Ideally measure clean observables where form factors (largely) cancel

App — DB K p ) -T(BY K ) Ay = DB Ky ) DB K )
CP = T(B~—K - ptp ) +T(BT—>KFpfpu~) I = T(BSKOuF p= )+ T(BT=K Tt =)
. . + +,+t,— . .
Lepton universality, Rx = %’;Te% Ratios of angular obs., PZ-(/) basis
Recent improvements from lattice (high ¢?) and LCSR (low ¢?)
Bharucha et al., Horgan et al., Horgan et al., Du et al.,
S 0308534] | PRG 80 (2014) 004501| | Posc{Lattice3014) 372) |ariiv:1810.02340]

] = =

i
!
S
o
i)
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b—att | B K*%utpu—

: Golden mode B — K*'|— KTn~|utu~

Fully described by three helicity angles & = (6, 0, ¢) and ¢2 = mz,

Differential decay rate given by

d'T(BY— K*0u*pu™) 9 o R
= =—)> I (2

A dg o7 EZ (@) fi(SY)
PTBO= KOt ) 9 = o =
? = S ARG

A dg 321 2 (q°) £i(Q)

I;(¢%) and I;(¢*) combinations of K* spin amplitudes
depending on Wilson coefficients C’él), Cél), Cfg and form factors

A C. Langenbruch (Warwick), Warwick EPP 2015 Rare b-hadron decays



b—att | B K*%utpu—

: Angular observables in B® — K*0;t -~

MARIE CURIE

Access to CP-averages S; and CP-asymmetries A; |2 51705566018 |

. dr’ dr
S = (Iﬂrfz‘)/(dq +d7q2>

A= (Iz—fz)/((%;-i—(%;>
CP-averaged angular distribution in bins of ¢?
1 Br+1) 9
AT +T1)/dg®2 40 327
%(1 —F) sin? O cos 20, — FY, cos® O cos 20,
+ S5 sin? O sin® O, cos 2¢ + S4 sin 20 sin 26 cos ¢

[%(1 — FL) Sil’l2 9[( + FL COS2 GK

+ S5 sin 20 sin Oy cos ¢ + %AFB sin? O cos 6,
+ S7sin 20 sin Oy sin ¢ + Sy sin 20 sin 20, sin ¢
+ Sgsin? Ok sin? O, sin 2(;5]
Longitudinal polarisation fraction Fy,, Forward-backward asymmetry App

Perform ratios of angular obs. where form factors cancel at leading order

S. Descotes-Genon et al.,

Example: P} = N [JHEP, 05 (2013) 137 }
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b—att | B K*%utpu—

B — K*%u* 1~ selection

MARIE CURII

~ [LHCb-PAPER-2015-051]

f 4

& LHCb 10°
s ‘- preliminary

S - :

&

10

] - :_ L

.§‘ I ‘. L -. M| \- P L W

54 55 5.6 5.7
m(K 1) [GeV/e]

1

BDT to suppress combinatorial background
Input variables: PID, kinematic and geometric quantities, isolation variables

Veto of BY — J/p K*° and BY — 1(2S)K*Y (important control decays)
and peaking backgrounds using kinematic variables and PID

Signal clearly visible as vertical band after the full selection
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b—att | B K*%utpu—

; Mass model and B’ — K*0u "~ signal yield

URIE

[LHCb-PAPER-2015-051]

K LHCb 1% LHCb
% L preliminary | % 10t preliminary i
%_ 100? BY — K*Ouu signal | ozr, B> Jp K*° 7
ot 1.1 < ¢?> <6.0GeV¥ct { 2 control decay
a [ 1 2 10 5
: 18" |
& 50 12 :
1 107
m(K"rr ) [MeV/ce?) m(K*n ) [Mevic?)

Signal mass model from high statistics B — J/i) K*°
Correction factor from simulation to account for ¢ dep. resolution
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Events/ 5.3 MeV/c?

Events/ 5.3 MeV/c?

b—att | B K*%utpu—

Mass model and B? — K*Ou*u~ signal yield

[LHCb-PAPER-2015-051]

[0.1,0.98]GeV?/c*  [1.1,25] GeVZ/c! [2.5,4.0]GeV?/c*  [4.0,6.0] GeV?/c*
ity 3 AT g edminery 3, prdmirry |
g o ] % B % 20 B

10F

i i e o e
[6.0,8.0] GeV?/c*  [11.0,12.5] GeV?/c*  [15.0,17.0] GeV*/c*  [17.0,19.0] GeV?/c*

LHCb LHCb
preliminary preliminary |

052(1] 5400 5600 0
m(K ) [Mevie?

LHCb. -
preliminary

LHCb.
preliminary

Events/ 5.3 MeV/c?
Events/ 5.3 MeV/c?
Events/ 5.3 MeV/c?

Signal mass model from high statistics B — J/i) K*°

Correction factor from simulation to account for ¢ dep. resolution
Finer ¢? binning to allow more flexible use in theory

Significant signal yield in all bins, ¢ integrated Ny, = 2398 & 57
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b—att | B K*%utpu—

< Acceptance effect

MARIE CURII

[LHCb-PAPER-2015-051]

g § 3
S 1 5 S N
= = = = e
g & o AR e e
0.5 05— —
LHCh LHCb
simulation simulation
L L o . s
0 05 1 05 0 05 2 0 2
cos 6, ]

Trigger, reconstruction and selection distorts decay angles and ¢2 distribution

Parametrize 4D efficiency using Legendre polynomials Py

g(cos by, cos Ok, @, q2) = Z Chimn Pr(cos 0y) P (cos GK)Pm(¢)Pn(q2)
klmn
Chkimn from moments analysis of B® — K*u* 1~ phase-space MC

Crosscheck acceptance using B® — J/i) K*° control decay
o I - : 9vace

Rare b-hadron decays
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b—att | B K*%utpu—

; Control decay B’ — J/i) K**

MARIE CURII

o muil(w)! T N T
o LHCb | =) LHCb
3 preliminary o preliminary
= 1 2
™
3 2
- r w
2 5
5]
0 L
w
5400 5600 05 1=
m(K* Tt ) [Mevic cos 6, g
1
] Y9}
] LHCh. 1 B LHCo. —
2 preliminary | 5 preliminary o
& 18 S
5 S o
i 5 L
45 o
o <
m o
1
0
O
T
=

0.5 1 - 0 2
cos 6, plrad

black line: full fit, blue: signal component, red: bkg. part
Angular observables successfully reproduced [PRD 88, 052002 (2013)]
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b—att | B K*%utpu—

31: S-wave pollution

MARIE CURIE

S-wave: K7~ not from K*°(892) but in spin 0 configuration
Introduces two add. decay amplitudes resulting in six add. observables

1 A3 +1T) —(1- ) 1 d3(C+T)
AT +T)/d¢* dQ  |gip dC+T)/d¢>  ad  |p

3
+ —Fysin®8, + S-P interference
167

Fyg scales P-wave observables, needs to be determined precisely

[LHCb-PAPER-2015-051]

Perform simultaneous m g o] ‘ L'jé‘q? 7
fit to constrain Fg 2 preminey 1
o
P-wave described by rel. Breit-Wigner oo
5

S-wave described by LASS model &
crosschecked using Isobar param.

0.9 0.95
m(K*7r) [GeV/c?]
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2 b—>aqtt | BY— K*%utu~

3 B — K0t~ Likelihood fit

MARIE CURIE

Full 3fb=! allows first simultaneous determination of all eight
CP-averaged observables in a single fit

Allows to quote correlation matrix to include in global fit

Perform maximum likelihood fit to the decay angles and m g, in 7
bins, simultaneously fitting m g, to constrain Fg

10g£ Zlog |: Q q fs1g s1g(Q)Psig(mK7ruu)

+ (1 - fsig)fpbkg(ﬁ)lpbkg(ml(wp,u)}
+ Z log [fsigpsig(mKw) +(1- fsig),Pbkg(mKTr)}

. 1 d®(r+1)
Psig(Q) given by d(T+T)/dg®> 4G S4+P

Pk (©2) modelled with 274 order Chebychev polynomials.
Feldman-Cousins method [G. Feldman et al., PRD 57 3873-3889)]
to ensure correct coverage at low statistics
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gbﬁau\BAA“ﬂ 25 / 48
u : B"— K*0u* 1~ likelihood projections [1.1,6.0] GeV?/c*

MARIE cuwuz

T
LHCb
preliminary

T
LHCb
preliminary

Events/ 0.1
Events/ 0.1

8
Events/0.1 71

2
@[rad]
3
k) Re) C

k) ® LHCh
% preliminary % preliminary 3
s s =t
& g
2 g + @
b b i
] W so o
<
o
3 - JI:
% X 09 0.9 v
n(K W) [MeV/cZ] m(K*7r) [GeV/c] 5

Efficiency corrected distributions show good agreement
with overlaid projections of the probability density function
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¢ 2 b—aqtt | B> K*%utpu—

85 B° — K*0u* 1~ systematic uncertainties

MARIE CURIE

Source FL 53—59 A3—A9 Pl—Pé

Acceptance stat. uncertainty < 0.01 <001 <001 <0.01
Acceptance polynomial order < 0.01 <0.02 <0.02 <0.04
Data-simulation differences | 0.01-0.02 < 0.01 < 0.01 <0.01
Acceptance variation with ¢ | < 0.01 < 0.01 <0.01 <0.01
m(K+t7~) model < 0.01 <001 <0.01 <0.03
Background model < 0.01 <0.01 <001 <0.02

Peaking backgrounds < 0.01 <0.01 <0.01 <o0.01
m(KTm~ptp~) model | <0.01 <001 <001 <0.02

Det. and prod. asymmetries - - <0.01 <0.02

Systematic uncertainties determined using high statistics toys

[Measurement is statistically dominated (and will still be in Run 2)|

&&22  C. Langenbruch (Warwick), Warwick EPP 2015 Rare b-hadron decays



b—att | B K*uty

B? — K*%u* 1~ Results: Fy, Ss, Si, S5

T T T T T T
] P o -
08 LHCD prelim. + LHCD prelim. i
L B SM from ABSZ ] [ B SM from ABSZ
0.6 _+__+_ [1503.05534][1411.31611] L [1503.05534][1411.3161]
B C 1 1
04 _ Ty 1
. : 4+ ke
02 3 i |
] 0.5 -
C 1 1 1 1 1
0 5 10 15 0 5 10 15
Q2 [GeV?/cd q? [GeV?/cd
T T T T T T
0.5 1 9 o -
F LHCb prelim. 1 F LHCb prelim. 1
I I SM from ABSZ ; I SM from ABSZ
=+_ [1503.05534][1411.3161] L i I [1503.05534][1411.3161]
e 1
-0.5F - 0.5 -
1 1 1 1 1 1
0 5 10 15 0 5 10 15
q? [GeVFcd q? [GeVH ]

Rare b-hadron decays
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b—att | B K*%utpu—

B'— [§7*0M+[L_ Results: Arg, S7, Ss, Sy

o T T T UY o0l T T T i
F + F LHCb prelim. g
0?!_*— - oA +—T—' f' —
: LHCb prelim. : : + :
i I SM fromABSZ i 1
-0.5— [1503.05534][1411.3161H -0.5( —
0 5 10 15 0 5 10 15
@ [GevZc @ [Gevaicd]
T T T T T T
0.5 - 0.5 -
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i B'— K*%utp~ CP asymmetries: Az, A
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) K*ut = OP asymmetries: A7, A

T T T o T T T

A,

05 4 < og- 4=

+ LHCD prelim. E + LHCD prelim. 19

L 4 L 4 0

—

i 1 I 18

ol e ! ] I 4 — o

T T T 12

| | | 1 <

o

i ] I 1.4

. 1 ! {0

0.5 - -0.51 45
0 5 10 15 0 5 10 15

Q2 [GeV?/cd o? [GeVF

C. Langenbruch , Warwick EPP 2015 Rare b-hadron decays



[LHCb-PAPER-2015-051]

-D_LD 77 T ]

b LHCb prelim. E

0.5 _

} [ SM from DHMV 1

L [1407.8526] ]

C— -

05 + ]

L +
R 0 1

o [GeVIcA

Tension seen in P} in [PRL 111, 191801 (2013)] confirmed
[4.0,6.0] and [6.0,8.0] GeV?/c* local deviations of 2.80 and 3.0
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80 b — gt | B> K*%%uTu™

[LHCb-PAPER-2015-051]
I —

LH Cb prelim.

[1407.8526]

[ SM from DHMV A

&S

T,
T

o [GeVIcA

Tension seen in P} in [PRL 111, 191801 (2013)] confirmed
[4.0,6.0] and [6.0,8.0] GeV?/c* local deviations of 2.80 and 3.0

Compatible with 1fb~! measurement
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b—att | B K*%utpu—

i Compatibility with the SM

N>< N T d
g T 1=
L 1
15~ 7 12
—
B 1 ©
g ]«
10~ 45
I 1 oo
i 1<
C 1e
5, | O
- LHCb 1 %
n prelim. 4 =
P L L P R TR
03 35 4 45
Re(C,)

Perform X2 fit of measured .S; observables using [EOS] software

F. Beaujean et al.

Varying Re(Cg) and incl. nuisances according |£55¢ 47554 5s07]
ARe(Cy) = —1.04 £+ 0.25 with global significance of 3.4

] = =
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0 9, 14
Bs t ¢ o, 12
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| ] 10
SN ' 8-'-'
Te-- - 6f
ZO>'Y g 4=
ut of,
o=

b—atl | BY— éuTu"

The rare decay B? — ¢[— K™K~ |u*p

(KK ) [GeV/e?]

Dominant b — st~ decay for BY, analogous to B®— K*0u*pu~

KTK~p"p~ final state not self-tagging
— reduced number of angular observables: Fi,, S347, A56.8,9

s B¢ K+ K~
Signal yield lower due to }( 71' % = %

Clean selection due to narrow ¢ resonance, S-wave negligible
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% BY— ¢utu~ mass model

MARIE CURIE

[JHEP 09 (2015) 179]

LHCb ]
B~ Jy o]

£

Events/ 10 MeV/c?
1

Events/ 10 MeV/c?
T

5300

5400 _ 5500 -
MK K ) [MeV/c?

5400 _ 5500
MK*K ) [MeVic?

Signal mass model (double CB) taken from BY— J/) ¢
¢? dep. resolution accounted for with scale factor from simulation

Background described using Exponential
Signal yield N, = 432 £ 24 (¢*-integrated)
B — J/ ¢ yield N4 = 62033 £ 260
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. BY— ¢ty differential branching fraction

E CURIE

[JHEP 09 (2015) 179]

® ® % ®

3 LHCb 2 wf LHCb 24 LHCh 3 ®F LHCb 3
z 1< <2Gevict H 2<<5Geviict =% 5<qeaceict = 1< < 125 Gevact

5 e E EEE E
3 % 3 of 1 3

B 10 1 B 1wof ] g

2 H 2 oF ER

sb

o

KK ) [Mevie] KK ) [Mevie?]

K3 2 K] K3
3 LHCh 3 1] 3 2| LHCb 39
= 200 se@emoeic o 2 z 1<F<6GeVct 2
s = 10 = ol s
H E H £
@ 5| @ 19 @

B

_ 5500 5500
KK ) Mevie] MK ) Mevic)

BY— J/ ¢ used for normalisation

Differential branching fraction:

dB(BY = ¢t ) 1 Nows  Comn . .
= X x —PH 5 B(BY— Jhp o) x B(Jjp — ™
dg? Gax. — T, Nowo oo ( 1) x B — )

€ . . . .
% from (corrected) simulation, many effects cancel in ratio
=] =) = = E DA
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BY?— ¢~ differential branching fraction

S

- Data (wide

-||||T||||||||||||||

5

o §'
s =
O —~~

0 Lo
= —
= o
& —+— o
= o)}
~

2 <
< o
= {smracn g W
0 N ==
S o
2

o)

S}

I 10 — I 15 I
¢ [GeV¥/eH

In 1< ¢% < 6GeV?/c* diff. B more than 3 below SM prediction
Confirming deviation seen in 1fb~! analysis [JHEP 07 (2013) 084]
Most precise measurement of relative and total branching fraction
B(B)— ¢utp~)
B(BY— Jj¢)

B(BY— ¢utp) = (7.977945 £0.22 £ 0.23 + 0.60) xﬁ10—7l

= (7417042 £0.20 £ 0.21) x 1074,
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b—atl | BY— éuTu"

Y— ¢uTp~ angular analysis

Non-flavour specific final state — reduced number of accessible
observables 4 C'P averages, 4 C'P asymmetries

1 BT+T
(C+1) 9 [%(1 — F) sin? 0 + Fy, cos® 0 + i(l —FL) sin? O cos 26,

dC+T)/d¢>2 a4 32«
— F}, cos? O cos 20y + S5 sin’ O sin® 6, cos 2¢
+ Sy sin 20 sin 26, cos ¢ + As sin 20k sin 0y cos ¢
+ Ag sin? O cos 8y + S7 sin 20 sin 6, sin 10}
+ Agsin 20 sin 20, sin ¢ + Ag sin? 0 sin® 6, sin 2¢}
ub. ML fit in m(K+t K~ p* ™) and {cos 6y, cos Ok, ¢} in bins of ¢?
Angular background modelled with 2"¢ order Chebyshev polynomials

Same acceptance method used as for BY — J/ip K*°
cross-checked using B — J/p ¢

Feldman-Cousins method due to very limited statistics
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b—atl | BY— éuTu"

o1 B — ¢utpu~ angular analysis

[JHEP 09 (2015) 179]

- . «1.0F : .
LHCb] @ ¢ LHCb 1
1 ost T,
1 ook o
1 -0.5F E
5 10 15 -1.0 5 10 15
¢* [GeV?/c4] ¢? [GeV¥/c4]
- ; 1 :
g LHCb] & LHCD ]
:‘:E . 0.5 ]
E 1 Oi_l_ [ 1 _'}_ll_“_’
#L_f_ E | 1
-+ o ,
5 015 t 5 10 15
¢ [GeV¥c4] o [GeVAcA|

Good agreement of angular obs. with SM predictions
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BY— ¢uTp~ angular analysis

. . [JHEP 09 (2015) 179]
< LHChb] < | | LHCD |
0.5 1 os -
O 0_}_*** e
05 1 05 .
-1 5 10 15 -1 5 10 15
P [GeVA/cH| o [GeVA/cH
< I oo ] < 7 LHCD |
0.5 1 og E
oE—1— | Ol [ =
- U _1_ Qe a8
0.5 1 o5 E
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Good agreement of angular obs. with SM predictions
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Number of signal events in full 3fb™" data sample

BY - KduTp~

Neig 176 + 17

Bt - Ktutpy BY = KO0utu~

4746 £+ 81 2361 + 56

BY S Kt
162+ 16

Normalise with respect to B® — J/ip K3(K*°) and BT — J KT (K*)

Differential branching fractions
| CSR Lamce +Data — | CSR Lattice -e-Data
< . : 19« ; : : ARBPORSRE
E T (%5 B~ Koy
= 4 LHCb 4 ¥ 4 LHCb 4
o 13O ]
X 3 3 8 X 3
% + +. 1= %
3 + T+ “ 1o g 2 _+__+_
io
% 1] CL % 1 +
a ) ) i @ ) )
° % 5 10 I ° % 5 10 15 20
q2 [Gev2/c4] R [GeVIcd]

Compatible with but lower than SM predictions

Light cone sum rules (LCSR): {
R. Horgan et al. ] [C

Lattice: [PRD 89 (2014) 094501
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P. Ball et al.,
PRD 71 (2005) 014029

Bouchard et al.

PRD 88 (2013) 054509]

A

Khodjamirian et al.,
JHEP 09 (2010) 089

]
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http://arxiv.org/abs/1403.8044
http://arxiv.org/abs/1403.8044
http://arxiv.org/abs/hep-ph/0412079
http://arxiv.org/abs/1006.4945
http://arxiv.org/abs/1310.3722
http://arxiv.org/abs/1306.2384

~ branching fractions

B — K™ u*u~ branching fraction measure

MARIE CURIE

Number of signal events in full 3fb™" data sample
BY —» Kyutp~ BY = Ktufp BY— K%Fu~ BY - K utu~
Nyig 176 + 17 4746 + 81 2361 + 56 162 + 16

Normalise with respect to B® — J/ip K3(K*°) and BT — J KT (K*)

Differential branching fractions

— 2 -LC'SR L::n‘rice +D'ata . ; ﬁ‘ . _._m%ory =Binned rg-
3 B - K™ty ] — '% LHCb 1~
Q LHCb 15 9 0t -1
L 1= M - K —- —
o 10 N 18 % 8
o [ -+- 11— ;:—-' ~—
=t 1 © 8 05 [}
& 5 4 & —+— o
- 1 o
S 1o ]la
m 0- 1 1 1 1 ] m m
© % 5 10 15 T % s m 20 L
R[GeVyc] — "R cevic] .
Compatible with but lower than SM predictions
. P. Ball et al., hod tal.,
Light cone sum rules (LCSR): {PRD3716(23005) 014029] [JHEP%QJB(?('H?B 089 ]
. [RH ¢ al., C. Bouchard et al.
Lattice: [PRDOé%aFQOElf) 094501] [PRDO§§ (%13)%54509]

dB(B° — K*Out ;) /dg? with 3fb~" in preparation
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8¢ Global b — s fits

£' 0
£53% Global fits to b — s data

MARIE CURIE

W. Altmannshofer et al., S. Descotes-Genon et al.,
EPJC 75 (2015) 382 [arXiv:1510.04239 }
. .| Branching Ratios ]
2r ol Angular Observables (P;) 1
All 4 ]
1r ]
1f ]
o ]
2 0 25 o
] © \ ]
x ‘ : ]
-1 -1p / 1
Ang'ular observables -2r - 1
-2 Branching fractions
Combined
. | n L _af, ‘ ‘ ‘ ‘ ]
-3 2 -1 NF? ! 2 -3 -2 0 1 2 3
Re(Cq) cy®

9
Combine exp. information from rare b — s processes in global fit of C;
b= sy, BBY—ptum), Ang(B°— K*utp~), Ang+B(BS— ¢ptp~), B(BOT — KO+ utym),
B-fact. LHCb+CMS LHCb 3fb~* LHCb 1fb~" (3fb™") LHCb 3fb~" (1fb™")

Tension can be reduced with ARe(Cy) ~ —1, significances around 4 o
Consistency between angular observables and branching fractions
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9 Global b — s fits

t NP or hadronic effect?

E CURIE

Possible NP

o>~
V)

Possible explanations for shift in Cgy
NP e.g' Z/ {Gauld et al] [Buras et al.] Leptoquarks [Hiller et al.] [Biswas et al.]

Altmannshofer et al.] [Crivellin et al.] [Buras et al.] [Gripaios et al.]

hadronic charm loop contributions
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Global b — s fits

&8 NP or hadronic effect?

[W. Altmannshofer et al.,]
arXiv:1503.06199

[S. Descotes-Genon et al.,}
arXiv:1510.04239

. e I,
3 [ © Gova Fi
-2 R
-3
4 ‘ ‘ ‘
0 5 10 15
q° [GeV’]

Possible explanations for shift in Cgy

1 [Gauld et al] [Buras et al.]
NP e.g' Z [au et al uras et al

Hiller et al.] [Biswas et al
Aimamenofer ot o1] [Civelin o] LE€Ptoquarks {Bureaseetaa\]] [[Gf\p:iso: o all]
hadronic charm loop contributions

q? dependence: cé loops rise towards .J /1), NP ¢*-independent

] = =
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The b — du™p~ decay BT — ™
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[JHEP 10 (2015) 034]
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u u S ook LHCb E
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b : ; d N | B
“ I' § BU:D(E:V
WL . 5 B
- L S B
ZO’,}/ 1§ -~~~ Combinatorial 3
. LR TR
H 0 5200 5400 5600 5800 6000

mrepp) (Mev/c?)

2
b — dptp~ transition in SM sup. by ‘%ﬁ‘ ~ 9= wrt. b — sptpT
Measure diff. branching fraction and Acp (O(—0.1) in the SM)
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BT ntutu~™

The b — du™p~ decay BT — ™

[JHEP 10 (2015) 034]

B E

u u 3 50 LHCb E

+ _ + s 3
Bt 7 _F S o Bk
b . d — B L KX 3

' 1 300 - -~ Combinatorial

,°
’,
=
1
v+
RN
/</
=
+ |
Candidates/ (
= n
S 8

=
o

R0
mK ') (Mev/c?)
2
b — dptp~ transition in SM sup. by ‘%ﬁ‘ ~ 9= wrt. b — sptpT
Measure diff. branching fraction and Acp (O(—0.1) in the SM)

Assuming SM, measure |Viq/Vis|, |Via|, |Vis| using Bt — Kt putpu~
B(B™- +,,+ B(BT—=K+tutu—
Vil = ZErtr ) and Vi = AL

1
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X Bt — ﬂ*;ﬁ,u diff. B, Acp and CKM matrix elements

MARIE cumz

a
2

[JHEP 10 (2015) 034]

*LHCb APRI13 # HKR15 & FNAL/MILC15

= ~ 10
KON R
s, LHCb T o LHCb
U o
2 8 6L ]
gt E St
g 8 F ;
g N
O oL |[ l 1 1 [ lll [ [
0.2 0.4 0.6 0.8 1
q2 (GeVZ/C4) q2 (GeV2/c4)

Good agreement with but slightly lower than SM predictions
APR13 [PRD 89 (2014) 094021] HKR15 [PRD 92 (2015) 074020] FNAL/MILC15 [PRL 115 (2015) 152002]

B = (1.83+0.24£0.05) x 107 and Acp = —0.11 4 0.12 +0.01
|Vt | = 0.247008, [Via| = 7.270:% x 1072 and |Vi| = 3.270:1 x 1072

New lattice predictions from MILC collaboration [958 /0340
— CKM elements from RDs competitive with By oscillation meas.
— Combined 2o tension of B(B* — K*(77)ut ™) with SM prediction
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g BT ntutu~™

4 Test of lepton universality in BT — K+¢t¢~

R = % =14 O(1073) in the SM, not affected by c¢ loops

Bt — K'*'/[*,u_ . Bt —» Ktete™ —
g T T T B % 2| T T T T | 103 S
N & LHCb (b) ) v o
3 0= 2 S
9 9, —
3
& 10° & 1?3
!
2
107 10| R
10 2
10 —
1
, : ‘ x
1 0 = 1 &
4300 5000 5200 5400 5600

m(K* ") [MeV/c? m(K*e*e’) [MeV/cy]

Experimental challenges for BT — Ktete™ mode
Trigger Bremsstrahlung

Use double ratio to cancel systematic uncertainties
Ry = (NKWW*) (NJ/w<e+e*>K+ ) <€K+g+e— ) <€J/w(u+u*)x+)
Nictetem Nopp (ut =y r+ xtptu— €ap(ete ) KT

Use B* — J/p KT as cross-check

C. Langenbruch (Warwick), Warwick EPP 2015 Rare b-hadron decays


http://arxiv.org/abs/1406.6482

9 BT ntutu~™
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4 Test of lepton universality in BT — K¢/~

MARIE CURIE

x1¢ BT = J(—ete )KT BT - Ktete
I LHch ] 2 =
g (@) g @ 1
% 5 riggered on e P triggered on =
B B -
o ° >
5 5 10 2
3 ] 3 5
O 1 1 1 o 0 lﬂ‘

5000 5200 5400 5600 5000 5200 5400 5600
m(K*ete) [MeV/c?] m(K*ete’) [MeV/c?]
-o-LHCb -m-BaBar -aBelle
& ‘g ' ' ' LHICb ] Use theoretically and experimentally
18- ] favoured ¢ region € [1,6] GeV?
e } - | © Ri = 0.7457007 (stat.) = 0.036(syst.),
S compatible with SM at 2.60
0'52_ B Bq2€[1,6] Gev?2 (B+ — K+€+6_) =
: . . . L] +0.194-0.06 -7
% 5 10 15 20 (15620115 0.04) % 10
o? [GeVZcd]
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Lepton universality

4 Lepton universality and lepton flavour violation

Due to the cleanness of the SM prediction, Ry received a lot of attention

Glashow et al. Hiller et al. Crivellin et al.
PRL 114 (2015) 091801 PRD 90 (2014) 054014 PRL 114 (2015) 151801

Including Ry in global fits increases tension with SM hypothesis

0 *0 0 + ., —
Naturally motivates Ry« = ZM—*OHH and R, = %

Also motivates searches for lepton flavour violation [5&i"%Y: (5its) 091801]

“Lepton non-universality generally implies lepton flavour violation”

B(B— K™ pu*eT) [B(B— K p*77)] could be O(10~8) [0(1079)]

: One Leptoquark to Rule Them All: A Minimal Explanation
Other anomalies {for Rp.«, Ri and (g — 2),, M. Bauer et al., arXiv:1511.01900}

Rk, Rpy and B~ — 17 1

E>7<plain Rk and h — pr

& mo=mriy L
" o o
[[] B mixing o . . .
P2 Nonperturbative
iliale} =
=5 :
= %
: oS ) s
£ ~5 <
2 3 Ry &3z
2 22 3 > &g
: = e Borv|of
I ) 52
T a 2
L g 2
- = 1 . =
B
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L
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¢ 9 Conclusions

5 Conclusions

MARIE CURIE

Rare B decays are an excellent laboratory to search for BSM effects
LHCb an ideal environment to study these decays

Most measurements in good agreement with SM predictions,
setting strong constraints on NP

However, several interesting tensions in rare b — sf{ decays:
Plin BO— K*0utu=, B(BY— ¢u*tu~), Rk
Consistent NP explanations exist

But unexpectedly large hadronic effects
can not yet be excluded

Looking forward to the additional
data from Run 2

5-6fb~! at /5 = 13 TeV expected
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Backup

g The LHC as heavy flavour factory

MARIE CURII

£

AL HCAL
ECAL Ms
SPD/PS M3 M

Magnet RICH2 Mz
A

LHCb MC

1 \ 4 o, [rad]
! |

bb produced correlated predominantly in forward (backward) direction
— single arm forward spectrometer (2 < 1 < 5)

Large bb production cross section
oy = (75.3 £ 14.1) ub [Phys.Lett. B694 (2010)] in acceptance

~ 1 x 10" produced bb pairs in 2011, excellent environment to study
BY — K*0u% 1~ and other rare decays
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Backup

%The LHCb detector: Tracking

MARIE CURII

/ ’// Tracking system

Vertex

de}/,et; or
a y ,LL+ T
L~7mmSV L
PV BY.-- Kt
7 p * ) p
P
I '

Excellent Impact Parameter (IP) resolution (20 pm)

— ldentify secondary vertices from heavy flavour decays
Proper time resolution ~ 45 fs

— Good separation of primary and secondary vertices

Excellent momentum (dp/p ~ 0.5 — 1.0%) and inv. mass resolution
— Low combinatorial background
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t The LHCb detector: Particle identification and Trigger

<
MARIE CURIE

Muon system

[arxiv:1211.6759]

By T T T T
c o O ALYK-%)>0
5 12 LHCD E
S \s=7TeV Data o mALLK-R>5
E b 3
w7 R o,
8 ., e, 0 00 o]
o { KK e
0.9 - E
0.4* e o
RS
o2f 1K I
Eoee, a0’ &

20 40 60 80 100
Momentum (MeV/c)

Excellent Muon identification €, ~ 97% Ersp ™~ 1-3%

Good K separation via RICH detectors e .k ~ 95% €k ~ 5%
— Reject peaking backgrounds

High trigger efficiencies, low momentum thresholds

Muons: pp > 1.76 GeV at LO, pp > 1.0 GeV at HLT1

B — ,u,uX: €Trigger ™~ 90%
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Data taken by LHCb

M
3}

2012: 4+ 4 TeV
" « Delivered Luminosity 2.21 fo™'
—— Recorded Luminosity 2.08 fb'

2F 2011: 3.5 + 3.5 TeV
. Delivered Luminosity 1.21 fb”'
—— Recorded Luminosity 1.10 fb'
2010: 3.5 + 3.5 TeV
15k . Delivered Luminosity 0.04 fo!

Recorded Luminosity 0.04 fb!

o
53]
T

Integrated Luminosity by year [fb ]
o
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Moments analysis

MARIE CURII

[LHCb-PAPER-2015-051]

"
w2 T T T

T T T 1 a

AFE

LHCb prelim.

élx{): % ! [ SM from DHMV
’%“ 4 * Likelihood fit

o Method of moments

0.5

0- = = 0:5%3 ]
F LHCDb prelim. ] r :
[ ’%‘ B SM fromABSZ ak Tg '
-0.5( * Likelihood fit J F ]
- o Method of moments | [ :

0 5 10 15 2 5
7 [GeVHcd P [GeVZ/ 4

Angular terms f;($3) are orthogonal
— can determine obs. via their moments M; = ﬁ > wefi( Q)

10-30% less sensitive than Maximum Likelihood fit [5:5%7 55,5 1010
but allows narrow 1 GeV?/c* wide ¢ bins

Consistency of the results checked using toys
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t Amplitude fit and Zero-crossing points

[LHCb-PAPER-2015-051]

LHCb prelim.

B Amplitude fit
o Likelihood fit
o Method of moments

-0.5] -

-0.5-

LHCb prelim.
= Amplitude fit

e Likelihood fit
o Method of moments

2 3 4 5 6
7 [GeVHcd

5 6
? [GeVHc|

Zero-crossing points sensitive tests of SM, form factor uncertainties cancel

Perform ¢? dependent amplitude fit with Ansatz
Ayt = a4 Bq® + 72 in the region 1.1 < ¢* < 6 GeV?/c*

0,1, L

Resulting zero crossing points in good agreement with SM predictions

g2 (Arg) € [3.40,4.87) GeV?/c* @ 68% CL,

g3 (S4) < 2.65GeV%/ct @ 95% CL,
a2 (S5) € [2.49,3.95] GeV?/ct @ 68% CL
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Search for hidden sector boson in BY — K*Oput i~

MARIE CURII

[PRL 115 (2015) 161802]

. ) Iy W(ESH(ETT0)
ooz B ‘ A
x < z Dot 3
B _ =] = ___ Displ E
[ 1 ;m' WE. LHCD isplaces E
Ve m Vis T E E
b § -§ 10, =
p s . :
wl |
d d 200 1000 2000 3000

4000
m( i) [MeV]

Search for hidden sector boson in B® — K*Oy with x — putpu~
Scan m(pp™) distribution for an excess of x signal candidates
Search for prompt and displaced (7(u"p™) > 30, (,+,-)) X vertices
Narrow resonances (w, ¢, J/v, ¥(25), ¢(3770)) are vetoed
Normalisation to B — K*Outu~ in 1.1 < ¢% < 6.0 GeV?/ct
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Backup

; Search for hidden sector boson in BY — K™y "y~

[PRL 115 (2015) 161802]

-

ut v E e _LHCb — 107
8 k= r=1000ps - = -
X B - . : g
t e I S|dwE ©
Calkn E = =
i ‘/tb/-‘\\‘/ts i = E 1008 3
b $ Tt Trl\.- £
|, [ =
B0 )7,‘/\1;1/\;:15 oo Bt 107 B Sigpe Ty =
o E
& =
, .
d d 1000 2000 3000

4000
m( () [MeV]

Search for hidden sector boson in B® — K*Oy with x — putpu~

Scan m(pp™) distribution for an excess of x signal candidates

Search for prompt and displaced (7(u"p™) > 30, (,+,-)) X vertices
Narrow resonances (w, ¢, J/v, ¥(25), ¢(3770)) are vetoed
Normalisation to B — K*Outu~ in 1.1 < ¢% < 6.0 GeV?/ct

No excess — Upper limits on B(B® — K*9x(— utp™)) set at 95% CL

C. Langenbruch (Warwick), Warwick EPP 2015 Rare b-hadron decays


http://arxiv.org/abs/1508.04094

Backup

Exclusion limits for specific models

[PRL 115 (2015) 161802]

E) B B(x - hadrons) =0 LHCb 5 1

o B B(x - hadrons) =0.99 §

< L=

E z

g = 10°

05

= 12

B it

8 5

B 3

- 3000 w00 < 800 1000

m(u* ) [MeV] m(u* ) [MeV]

Resulting 95% CL exclusion limits for specific models

Axion model [M. Freytsis et al.,, PRD 81 (2010) 034001]
Exclusion regions for large tan /3, large m(h)

Inflaton model [F. Bezrukov et al., PLB 736 (2014) 494]
Constraints on mixing angle 6 between Higgs and inflaton fields

i
!
S
o
i)

] = =
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Backup

B — K%yt~ isospin

B(BO— K0t p=) =70 BB KOt )
B(B— K0t p=)+ 7 B(BT - KOy )

SM prediction for Ay is O(1%)

Isospin asymmetry A; =

1 ; ; T : 1 ; ; ; T ™
< b lHob B Ky < b LHop B K + 12
05F . 0sf 4 —
- ] - 1 =

[ ] [ ]
| M AR S | 2
ol S S et I 2 RO S
-0.5::+_ . 051 1 ©
; - 1 o

L ! ! ! 1 ! ! ! 1 L
T 5 10 15 20 T 5 10 15 20 T
R [GeVZcy R[GeVyc] —

Results with 3fb~! consistent with SM
p-value for deviation of Aj(B — Kppu) from 0is 11% (1.50)
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Reminder: B — K*0u* i~ angular observables (1fb™!)

Theory EEBinned Theory HEBinned
-e-LHCb ___—®-LHCb
LL—‘ E J-_ T T T ]
< L ]
[ LHCb ]
0sp 7
[ ¢ ]
[ 1 —— b
0
o.5F .
0 1 1 1 ] L 1 1 1
[¢] 5 10 0 5 10

15 20
92 [GeVc4]

[JHEP 08 (2013) 131]

15 20
g2 [GeV?/cY

Angular observables in good agreement with
SM prediction [C. Bobeth et al. JHEP 07 (2011) 067]

Zero crossing point of Apg free from FF uncertainties
Result g2 = 4.9 + 0.9 GeV? consistent with SM prediction

03 s = 4.3610:33 GeV? [EPJ C41 (2005) 173-188]
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Backup

Less form factor dependent observables P/ (1fb™ 1)

MARIE CURII

Less FF dependent observables P/ introduced in [JHEP 05 (2013) 137]

K2

For P 5 = Si5/v/Fr(1 — FL) leading FF uncertainties cancel for all ¢°

3.70 local deviation from SM prediction [JHEP 05 (2013) 137] in P}

4 T T T T

- 4 T T T T s
o o8

R

B SM Predictions
0.6 =

— 0.6 —
= 0.4~ —+— Data -
— 0.2 —

22;‘5 o +
Oﬁ* ————————————————— 7 02_— ——————— Fe——— == 7

-0.8

0 5 10 15 2 0 5 10 15
q? [GeVZcH

20
g2 [GeVZ/cH

[PRL 111, 191801 (2013)]
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Backup

']
2z
[
F
0
q
e

Study of rare B}, — m"n~ ptp~ decays |

s d d
Bg ~ i fO BO B 7 7/70
b r : 5 b r - d
\\‘ Wj»‘, . - \\ Wf_, . -

zoﬂ,léﬁa< ! zo?h< !
ut ut

Contributions from

BY — foutu~: b— s transition similar to B® — K*Oy+pu~

B — p°utpu~: b — d transition, |Viq/Vis|? suppressed in SM
SM predictions show large variation

Bsm(B? — fouTu=) =0.6x107% - 5.2 x 1077

[PRD 79 014013], [PRD 81 074001], [PRD 80 016009]

Bsm(B® — p°utp=)=(5-9) x 1078

[PRD 56 5452-5465], [Eur.Phys.J.C 41 173-188]
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Backup

: Study of rare BY,, — 7w~ putp~ decays |l

MARIE CURIE

Resonant decay Signal decay

< f By < a0F e Bt o
e I an M L 40 T <
% 103k . :°_> m K+(892)° % Eeo By —
= L BY - Jiy ¢ s B KA(892)" pt i Ts)
S B o 30r B —
g B K 8 = Combinatora I
.g B iy wT g r — Total fit ~
o — Total fit o 20 o™
@ i N
m

i 10 —
10¢ 1 ) =

n P I L I T
5.2 5.4 5.6 5.8 5.2 5.4 5.6 5.8
M) [GeV/c?] M(m ) [GeV/c?]

Observation of BY — 7F7~pu*pu~ with 7.60

Evidence for B® — ntn~utu~ with 4.80

Branching fractions compatible with SM predictions
B(BY? — 771 i) = (8.6 + 1.5gar. + 0.7syst. £ 0.7n0m.) x 1078
B(B? — 77~ pt ™) = (2.11 £ 0.51gpat. & 0.154yst. £ 0.16000m.) x 1078

Motivated work in theory [Wang et al., arxiv:1502.05104], [arxiv:1502.05483]
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Backup

he rare decay

MARIE CURIE

1
J/(18)
A
d d , »(28)
BO _ K*0 Cq
_ t _ ar
b T T S dq®
v 1
WA t ol ) e Cff
Sl '0 e~ interference Long distance B
ntributions from €
ANl Shove open charm ©
threshold
+
e

A[m(0)]?

Analyse B? — K*0cTe™ at very low ¢%: [0.0004, 1.0] GeV?/c*,
accessible due to tiny e mass

Determine angular observables F7,, Ag), ARe AITm
sensitive to C7 and C%,
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: The rare decay BY — K*e¢te~

MARIE CURIE

[arxiv:1501.03038]

e ——— e
RO - M 8- Koee LHCb 7
3 E B B - (KX)e'e E
d d S s Combinatorial B
Bo ; K 8 ¢ ]
b T - s g F ]
. i ) 3 5 3
W s} 1
Te-- '0 e S 10 =
Z )Y Sl 3
s et |
e+

oo 5000 5200 5400
mK'Ttete) [MeVic!

Analyse B? — K*0cTe™ at very low ¢%: [0.0004, 1.0] GeV?/c*,
accessible due to tiny e mass

Determine angular observables F7,, A(T2), ARe AITm
sensitive to C7 and C%,

Experimental challenges: Trigger and Bremsstrahlung

] = =

i
!
S
o
i)
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Candidates / (0.2)

of B - K*%te~ decays

Candidates / (0.2)

5
cos 6

[arxiv:1501.03038]

obs. result

F,  +0.16£0.06 £ 0.03
AP —023+0.2340.05
ARe 4+0.10£0.18 £0.05
Alm +0.14 £0.22 £ 0.05

1
cos6y

Candidates / (0.1mrad)

[JHEP 05 (2013) 043]

obs. SM prediction
A, +0.107005
Ag) +0.037008
Ap® —0.152 03
Alm (—0.2712) x 1074

Results are in good agreement with SM predictions

Constraints on Cél) competitive with radiative decays
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Backup

: B — K*0u% 1~ angular observables

Four-differential decay rate for B® — K*Op*p~
d'T(B° — K*utp~)
dg2dcosbydcosbr dp 321 [

+ (I3 sin® 0 + IS cos? Ok ) cos 26,

+ Iy sin® O sin? 0, cos 2¢ + I sin 20k sin 26, cos ¢

+ I sin 20 sin Oy cos ¢

+ (I sin? 0 + I cos? Ox) cos Oy + Ir sin 20k sin B, sin ¢
+ Ig sin 26 sin 26, sin ¢ + Io sin? O sin? 0, sin 2¢>]

I sin? O + I{ cos 20k

I;(¢?) combinations of K*° spin amplitudes sensitive to e, eV, C(/)

CP-averages S; = (I; + I; )/d(FJrF) CP-asymmetries A; = (I; — Il)/d(FJrF)
For my, = 0: 8 CP averages S;, 8 CP-asymmetries A;
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BY — K*%u* 1~ angular observables

MARIE CURIE

Four-differential decay rate for B® — K*Op*p~
d'T(B° — K*%utp~)
dg?2dcosbydcosbi dp 321 [

+ (I3 sin® 0 + IS cos? Ok ) cos 26,

+ Iy sin? O sin® 0, cos 2¢) + W

+ I sin 20y sirflycos ¢

+ (I§ sin? 0 + IS cos? ) cos Oy +W
+ W + Iy sin? fc sin® 6, sin 23]

I;(¢?) combinations of K*° spin amplitudes sensitive to e, eV, C(/)

I sin? O + I§ cos 20k

CP-averages S; = (I; + I; )/d(FJrF) CP-asymmetries A; = (I; — Il)/d(FJrF)

For my, = 0: 8 CP averages S;, 8 CP-asymmetries A;

Simultaneous fit of 8 observables not possible with the 2011 data set
— Angular folding ¢ — ¢ + 7 for ¢ < 0 cancels terms  sin ¢, cos ¢
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9 Backup
g

I;(q?) depend on K*0 spin amplitudes A", AN,

2
o (2+6)

L2 4m;zm L AR L 4 R¥
AL+ AP+ (L = RB)] + 2 ATAL + A4
= |AF)2+ AR + 4—2“[|At|2 + 2R(AF A

ﬁZ
I = @A\+M| @aRﬁ
i -s{afe + o )

,82
L= {MAQ\AF @»Rﬁ

,32
I - J{(MA> w»m}
Is = \/iﬂu{%(AéAT) -(L— R)}

For completeness

o =25, {ROAFAL) ~ (L 1)}

i = Va8, {StabaR) - (L - )}

Iy = %{%(AgAﬁ*) + (L — R)}

Iy = 55{3(%&4&) +(L— R)}




Backup

i K*0 spin amplitudes A", A%, AL

MARIE cumz

n
n
()
a
(0]
P
[0
'_|
o,
=]
(@]
O
[
O
[y

2
Vi(g®) 4 2772lb<cefr+c/eﬁ)Tl }
mp + Mg+

Ai(R Nr{ [(Ceff+c/eﬁ' ¥<C§g+c/eﬁ")]

Ai(q?) 2mb

L(R)
AP = oy — i { (€5 - €5 (058 - o) 21
B Mg+

(G - CFM)Ta(q >}

N Az(q?)
AKR) _ { ceff _ ceff Ceff _ qreff 2 2. DA 22
0 ER— [(c§ s ) F (Cio T [0nE — miee — @) (mp + mg-) A1 (q?) mB+mK*]
A
2O = CF) [l + 3 — ) Tala?) — 2 Ta(a?)] |
B e

Wilson coefficients C§)9 10

Seven form factors (FF) V(qQ), A0’172(q2), T172,3(q2)

encode hadronic effects and require non-perturbative calculation
Low ¢2 < 6 GeV?

— &1 )| (soft form factors)

Large ¢> > 14 GeV?

— f1,,0 (helicity form factors)

Theory uncertainties:

FF from non-perturbative calculations

A/my, corrections (“subleading corrections”)
] = =
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£ g Backup
E Analysis strategy

T

—
Resonant decays 10t

Jhp,1p(2S) band

m(u*u’) [MeVic?]

Signal band

10

1 " " 1

0 5200l l l5400 l5600l
m(K' T ) [MeV/c?]
Veto of BY — J/ip K*¥ and BY — 4 (28)K*? (valuable control channels!)

Suppression of peaking backgrounds with PID
Rejection of combinatorial background with BDT

Determine the differential branching fraction in ¢? bins

Determine angular observables in multidimensional likelihood fit
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% B — K*9u 1~ signal yield (2011)

- T T o T T T - T T
) ) )
3 LHCb 3 LHCb 3 LHCb
= 0.1<q’ <2GeVct = 2 < <4.3GeVict = 43 <q’ <868 GeV/ch
s S S
= 40 -1 = 40| -1 = 40
g Osignal = =
2 2 2
£ [ Combinatorial bkg 2 2
35 g 3
3 2 W Peaking bkg S 20 1 g2
< < <
o o o
5200 5400 5600 5200 5400 5600 5200 5400 5600
MK T ) [MeVic?] MK TERR) [Mevie?] MK ) [MeVic?)
= T T = T T T = T T T
) b )
3 LHCb 3 LHCb 3 LHCb
= 10.09 < ¢? < 12.86 GeVZ/c* = 14.18 < ¢ < 16 GeV?/c* = 16 < ¢ < 19 GeVZ/c*
S a0 4 2= 2
P 2 2
4 4 4
s = k]
= h=J =]
T 20 k=] k=l
2 2 2
& & &
o o o

5200 5400 5200 5400 5200 5400

5600 5600 5600
mKTTt) [MeVvic?] mK T p*) [MeV/c?] mKTTt) [MeVic?]

Fit of Ngg in g bins
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g

Candidates / ( 10 MeV/c? )

Candidates / ( 10 MeV/c?)

9 Backup
g

& B — K*%u* i~ differential decay rate

—
Vic?)

Theory HEEBinned
—o—LHCb

L
n

N

b

LHCb
43 <q’ <868 GeV/ch

5400 5600
mK'TT) [Mevic?]

——— e
LHCb
16 < ¢ < 19 GeVZ/c*

- T T T
'> -
3 LHCDb ]
< -
o
0 5200 5400 ’\x __
n ‘o i
= J
60, Nc_ -
LHch T 05 E ' h—
1009 < % ]
40|
1 1 1 ]
2° % 5 10 15 20
4ot [JHEP 08 (2013) 131] q2 [GeV?/cY]
0 5200 5400 5200 5400 5200

5600 5600
mKTTt) [MeVvic?] mK ') [MeV/ic?]

Fit of Ngg in ¢* bins
Use BY — J/i K*9 as normalisation channel
SM prediction [C. Bobeth et al. JHEP 07 (2011) 067]

5400 5600
mKTTt) [MeVic?]

Data somewhat low but large theory uncertainties due to FF
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Backup

: B — K*0u% 1~ angular observables |

MARIE cumz

Theory HEEEBinned Theory HEBinned
—8-LHCb —&-LHCb
- 1y T T T ] E 4 T T T
w ] <«
LHCb ] LHCb
E 0.5F .
] ——
+ bl B
1 0|
3 05F .
o L L L 4l L L L
0 5 10 15 20 0 5 10 15 20
a?[GeVZ/c4l a2 [GeVZ/c4l
Theory HEEEBinned
—8-LHCb —8—LHCb
o T T T T T T
) ] <
0.4 < 0.4 <
LHCb E LHCb
02F 3 02F .
b = 4 ] o —L— T
0.2F I l *# 3 0.2F I ]
-0.4F 3 -0.4F -
1 1 1 ] 1 1 1
0 5 10 15 20 0 5 10 15 20
q2 [GeVZcY] q2 [GeV?/c4]

Results [JHEP 08 (2013) 131] in good agreement with
SM prediction [C. Bobeth et al. JHEP 07 (2011) 067]
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Backup

<A ular analysis of Bt — K*u™pu~ and

MARIE CURII

Bt — K+u+,u_ B® — KQutu~
~ 500 —~ T T T
u(d) u(d) é’ ) 11<q2<60 eVt LHCh % (© 11< <60 Gevict LHCh
B t s S a0 S
‘\\W+ . . g 200| §
~-- ”7 = =
ZOTL:,"II‘< E 100 §
ut

m(K‘u‘u’meV/czl 0 e mKg u’u')sﬁ)/loewﬂ
[JHEP 05 (2014) 082]

Nptitptp- = 4746 £ 81 and Npo_, go,+,~ = 176 £ 17 in 3fb™"

Experimental challenge: Kg reconstruction

Differential decay rate for BY — K+tutu~

1dI(B* Ktutp~ 3 1
M = 1(1 — Fy)(1 — cos® ;) + iFH + App cos 6y

T dcos by

LdT(B® — KOutpu~) 3 ,
S8 TS ) 2~ Fy)(1— | cosf I
r d| cos 0| 2( 1)(1 = |cos6e) + Fu

Flat parameter Fyy sensitive to (Pseudo)scalar contributions, small in SM

Forward backward asymmetry Agp zero in SM - _

i
!
S
o
i)
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s’ g Backup
. Angular analysis of Bt — K*puTp~ and B — Koup~

72 / 48

T E 02_ T T T T
N LHCb < LHCb ]
o4t Bt — Ktut o1 L B+ — Ktutu
0 J.I}_II I HEI :
{T WT .
10 15 20 '0'20- 5 10 15 20 :
P [GevZcd P [Gev¥cy
T LHCb
B *Kg’ﬁ’f_ 2D fit in cos 0y and m(Ku*p™)
[JHEP 05 (2014) 082] in good
- agreement with SM prediction
10 15 20
2 [GevZcd o> <3 E = 9ac
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Backup

Bt - Ktntn u*pu and BT — oKt~

BY 5 Ktntn—putpu~ BY 5 oKVt~
N/-\ ||||||||||||||||| (/\‘\1II|IIII|IIII|IIII|IIII
2 2 2
S LHCb 1.00< ¢?2<6.00 S — +(a?
s s - uu
o o
) )
8 B
8 ko)
o i)
© e]
& &
O 5300 5400 5500 O 5200 5300 5400 5500 5600
m(K*mmut ) [Mevic? m(eK* ) [MeV/c?]

[JHEP 10 (2014) 064]

First observation of these modes with
Nuig(BT — Ktrtr—put ™) = 367733 and Nag(BT — oK putp™) = 252789
Normalise to BT — ¢(2S)(— Jpn 7w~ )K+ and Bt — Jhp oK™+
Determine branching fractions
B(BT — KTntn™ ™) = (4.36 1037 (stat) £ 0.20 (syst) £ 0.18 (norm)) x 107"
9
7

B(BT = oKt utp™) = (0.82 1017 (stat) 4 0.04 (syst) + 0.27 (norm)) x 1077
o S =, <> T 9aC

C. Langenbruch (Warwick), Warwick EPP 2015 Rare b-hadron decays


http://arxiv.org/abs/1408.1137

£

<
MARIE CURIE

dB/dg? (x10°® GeV-%c?)
PN o B ol D =] 00

Backup

BT — K™ntnutpu~ cont.
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[JHEP 10 (2014) 064]

Performed measurement of dB(BT — KTntn~ptu™)/dg?
Significant contribution from B+ — K (1270)u* ™~ expected

Low statistics — no attempt to resolve contributions to K7+ 7~ final state
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CP-asymmetry Acp

BT —> Ktptu~ prehm B~ —> K utu~ prehm
) — L1
© 20 LHCb (a) 4 Losof LHCb (b) -
3 3
= 200 3 = 200f —j
© © F ]
(=] o
2150 N
4 3
B :
g i

0 5200 5400 5200 5400
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[JHEP 09 (2014) 177]
Direct CP-Asymmetry Acp
I(B— KWptp~) —T(B = KW putp)
I(B = K& ptp=) +T(B — K& ptp~)
Acp tiny O(1073) in the SM
Correct for detection and production asymmetry using B — J/i) K*)
A = Acp + Ader + Filprod, Acp = A — ALLKT

Traw

Acp =
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4; CP-asymmetry Acp cont.
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[JHEP 09 (2014) 177]

Measured Acp in good agreement with SM prediction
Acp(BT — K1t ™) =0.012 £ 0.017(stat.) & 0.001(syst.)
Acp(B® = K*ut ™) = —0.035 + 0.024(stat.) = 0.003(syst.)

Most precise measurement
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( Prospects for rare decays in 2018 and beyond

MARIE CURII

Type Observable LHC Run 1 LHCb 2018 LHCb upgrade  Theory
BY mixing 8,(BY — J0 ) (rad) 0.049 0.025 0.009 ~0.003
&s(B] = Jf fo(980)) (rad) 0.068 0.035 0.012 ~0.01
Aa(BY) (10%) 2.8 1.4 0.5 0.03
Gluonic T (BY— ¢¢) (rad) 0.15 0.10 0.018 0.02
penguin ¢<7(BY — K*K*°) (rad) 0.19 0.13 0.023 <0.02
28(B® — ¢K?2) (rad) 0.30 0.20 0.036 0.02
Right-handed .;‘El' (BT — ¢) (rad) 0.20 0.13 0.025 <0.01

T
@ AFE(ED - K‘u*u )

A(Kptp—;1 < ¢* < 6GeVYY) 0.09 0.05 0.017 ~ 0.02
B(B* — w+utu) /B(B* — K+ptu-) 14% 7% 2.4% ~ 10%
Higgs B(B? — ptp) (1077) 1.0 0.5 0.19
penguin B(B — ptp~)/B(BY = ptu~) 220% 110% 40%
nitarity y(B — ) i T 000 neghgible
triangle v(BY - DFK#) 17 11° 2.0° negligible
angles B(BY = J/¢ K2) 1.7° 0.8° 0.31° negligible
Charm AD"S KK ) (109 34 22 0.4 =
CP violation AAcp (107%) 0.8 0.5 0.1 -
=i = = = = Dac
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