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Some historical facts about flavour physics

In the past, flavour physics lead to several «indirect» discoveries:

= 1970: Kaon semileptonic branching fractions

N
W u W a 0 9
BR(K® >y u™) 7x10° <108

K+ W+ not a ZO BR(K+ —> lLl+V,u) 064

allowed /\ forbldden
u / S

Glashow, lliopoulos, Maiani (GIM) proposed a solution | |
= No flavor changing neutral current (FCNC) W l Y w
= FCNC are suppressed by loop diagrams ! ',
— charm quark prediction

Observed in 1973 | <0 - 1)
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Some historical facts about flavour physics

In the past, flavour physics lead to several «indirect» discoveries:

= 1964: observation of CP violation in kaons. In 1973 Kobayashi and Maskawa
show that this can be explained if there are 3 generations

= prediction of the third family, directly observed in 1977

= 1987: B meson mixing

V., \A AR AW
b g - Cl:t.‘é u - > d b - ; W . - d
W : L W q=t’c,u q=t,c’u
3 =t,C, ~ _ _
d - V\k 1 - - V - b d - B W -} b
qd gb \/qd \/qb

2
Argus measured  Am, ~0.00002- ( j -
Ge /C First hint of high quark top

~0.5ps™ mass, discovered in 1995
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Some historical facts about flavour physics

= 2000-2010 : B mesons extensively studied by the B factories

e*e” | Cross section

m/K, detector - (nb)
EM calorimeter R X ot uu 1,39
dd 0,35
SS 0,35
cc 1,30
bb 1,10
>1ab™!
On resonance :
Y(58): 121 b~
Y(48): 711 fb™*
Y(38): 3!
Drift Chamber Y(28): 25 !
Y{1s): 6 fb"
Off reson./scan:
I ~100 B!
600 -
[ ~ 550 fb™*
25 400 - On resonance:
Y(18) t Y(4S): 433 b !
2 5 " 200 | . Y(3S): 30 rh'l
= 0 _ _ : ; _ ¥(2S): 14 fb
2 .‘ i. _/-/ Off resonance:
s i ol ]
? 10l ' + Y(?S) v 1998/1 2000/1 2002/1 2004/1 2006/1 2008/1 2010/1 2012/1
oo |ty YOS Y(48)
o5l w0 :
B T TV S ST 771M + 463M bb pairs accumulated

a2 046 1001002 1034 1037 1054 10.58 10.62 Only Bd and Bu prOdUCEd, but Very Clean events

Mass (GeV/c?)
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The Nobel Prize in
Physics 2008

L] —

m -

B factories produced a lot
of results (~1000
publications), and a
Nobel prize!

TD : PEFI/B“B“ .\_(oi—cjl'ii_ro Nambu \ Toshlhlde ;\)I;skawa
and KE’(B/B‘”“ Prize share: 1/2 Prize share: 1/4 Prize share: 1/4

The Nobel Prize in Physics 2008 was divided, one half awarded to Yoichiro
Nambu “for the discovery of the mechanism of spontaneous broken
symmetry in subatomic physics”, the other half jointly to Makoto
Kobayashi and Toshihide Maskawa “for the discovery of the origin of the

broken symmetry which predicts the existence of at least three families of
quarks in nature”.
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LHCDb

Forward spectrometer optimised for heavy
flavour physics at the LHC

« Large acceptance 2<n<5
« Large boost : B mesons flight ~1cm

gcaL HCAL
SPD/PS

Magnet RICH2
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The LHCDb Collaboration
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LHCDb data taking

Instantaneous Luminosity Updated: 21:04:50

= Running at a constant luminosity of
4.10%? cm st thanks to the
luminosity leveling

This is twice the design luminosity!

Luminosity [/ 1e30 cm-2s-1

= Number of interactions per bunch
crossing: ~1.5

T T I 1 I 1
10:00 1200 14:00 16:00 18:00 20:00

This is four times more than design! — AUCE — s — e
- 2.5
= Delivered / Recorded Luminosit . .
2 221208 2012 2012 - = |ntegrated luminosity of 3 fb-!
2 L 122/1M [, in20M | AT T )
£ 0041004 15, in 201 7 during Run 1, corresponds to ~300
g L // billions of bb pairs produced in
- S 20m LHCb
= f Wi -~ .
- = /;;::'?J“ = Recorded 0.32 fb'l in 2015 (13TeV)
: j,‘:f‘/ = The main consequence of the LHC
oo / higher energy is an increased bb
- v 2010 i
0'1 e J,—M_ﬂi{ L ke L vl itk ) [ CrOSS SeCtlon

I
Apr May May Jun Jul Aug Sep Oct Nov
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LHCD trigger

pp— | Cross section at = Atrigger is needed to select only
14TeV (mb) Interesting events and maintain
Inelastic 80 manageable data rates
cc 3.5 = Handles high p; signals and displaced
bb 9.5 vertices

LHCDb 2012 Trigger Diagram

40 MHz bunch crossing rate

~~ < >

LO Hardware Trigger : 1 MHz
readout, high Et/Pr signatures

400 kHz 150 kHz
D W Due to technical stops
x> . and gaps between LHC
[ Defer 20% to disk | mm——————) = fills, software trigger runs
T 7 20% of time
[ Software High Level Trigger h — In 2012; mtrOdUCGd- a
29000 Logical CPU cores deferral that temporarily
3fﬂine ret'::on.sttruction tuned to trigger store ~20% Of the LO
Mixture of exclusive and inclusive tnggered events and

\__Selection aigorithms _ process them after the fill

> L+ >

5 kHz Rate to storage
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LHCD trigger

« 2015 goal: have online trigger selection as close as possible to offline

LHCb 2012 Trigger Diagram LHCb 2015 Trigger Diagram

40 MHz bunch crossing rate 40 MHz bunch crossing rate

<+ b I ~ <> r

LO Hardware Trigger : 1 MHz LO Hardware Trigger : 1 MHz
readout, high Er/Pr signatures readout, high E1/Pr signatures

. Software High Level Trigger

)
\.

Defer 20% to disk
Partial event reconstruction; select

Q [ displaced tracks/vertices and dimuons
[ software High Level Trigger h
Buffer events to disk, perform online

29000 Logical CPU cores
Offline reconstruction tuned to trigger detsctor calibration and alighment

time constraints

Mixture of exclusive and inclusive Full offline-like event selection, mixture
\___selection algorithms J of inclusive and exclusive triggers

T I I I T

12.5 kHz Rate to storage

5 kHz Rate to storage

» Allow to boost physics reach for channels that were limited at trigger level
(prescaled) : efficiency of B* —D% passed from 75% to > 90%
» Enable lifetime unbiased trigger for hadronic final states
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LHCDb versus B factories

Statistics ® ©
Cleanness © ®
heavy flavour hadrons  B*, B, dedicated run for  B*, BY, B, B, baryons,
produced B., charm and lot of charm
neutrino modes © ®
Trigger bias © ®

(This is a very simplistic table)

Some measurements can only be done by B factories OR LHCb
= necessary to have both!
Cross-check and competition for common measurements
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Search for new physics with flavour

= NP contribution can be expressed as a perturbation to the SM lagrangian

NP coupling

Lesr = Lsu A2

™~ NP scale

= |f NP particles are discovered at the LHC, we are able to study the flavour
structure of the NP

= Flavour physics can probe very high energy scale (even beyond the LHC
reach)

= Considering the present experimental constraints in flavour physics:
« ifC=1, A~ 0O(100TeV)
« If A~1TeV (quantum stabilization of electroweak scale), C ~ O(107)
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Search for new physics with flavour

= Sensitivity to new physics through virtual particles that can appear in loop
diagrams

» Method: measure observables precisely predicted in the SM

Mixing, CP violation Rare decays

ﬁm:;
e,
=g
E
=
|
—_—
=
vp
=
+
[=d
| =

—

b f/’lfa_h“r\ 5 b < H+ M
Bl [ J h? 5 |\ 0 N P 0 U HJ_;&J._I'{J _
< N | o Wi L > H
N
J
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Which rare decays ?

= Different type of decays give access to different observables sensitive to
different new physics contributions

» The correlations between the observables allows to identify the type of new
physics involved = important to measure all possible observables

» The usual suspects:

Lepton Lepton flavor ~ Bsg—=HW Other

universality test  violation B—K ity
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Test of lepton universality
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Test of lepton universality: Ry

R, — N(BT—=Ktutp™)
K — T(BTSKTtete)

= Inthe SM Ry is predicted to be 1, but this could change in presence of new
scalar or pseudo scalar interaction (e.g. Z' with different coupling to e and )

» Measured using double ratio to minimize uncertainties

N € 1t vt =i+
ut e JileTe ) KT Extote Jip(pT K
Rk = (Nﬁ:+ )(NJ;W—P—H— )(Efﬁ + )(EJ;'u'-fe—E_]K— )

U 40f ] 1E :

S + LHCb § S

= 30 1 & =

T 0 1 < i 200

- 20k - - |

5 | | E 5 100}

= 10 1 @ ST

= ] 2 _'é L

0 | H S 0 =
5000 5200 5400 5600 8 5200 5400 5600

m(K ete™) [MeV/c] m(K uu) [MeV/e?]
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Test of lepton universality: Ry

PRL 113 (2014) 151601

LHCb measurement using 3fb! in region 1<g?< 6 GeV?/c* (broad

charmonium resonances may affect the high g2 region)

- 1 =+0.090 ; \ D \
Ry = 0.7457 -, (stat) 2= 0.036(syst)
e LHCh g BaBar 4 Belle
I e B A
= 0 LHCb
1.5~ : 0 B
IF '} :
- SM .
0.5 =
( NN | A B R B
]ﬂ 5 10 15 20

= 2.6 0fromSM

q* [GeV?¥ 4]

g% = m(l)?

= electron mode is in agreement with SM = deficit of muon mode
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Test of lepton universality: R(D*)

= Lepton universality — expect similar branching ratio, except for phase space
and helicity suppression

= Precise SM prediction : R(D*)=0.252 £ 0.003 (PRD 85 (2012) 094025)

= Some tension found in the past by Babar and Belle

Belle 2007 | | S —
BABAR 2008 | = - p——

Belle 2009 H = E = o
Belle 2010 —_ —+—e
BABAR 2012 H——+ H—e—H
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Test of lepton universality: R(D*)

= LHCDb perform the first measurement of R(D*) at a hadronic collider, using
T—>uvv : same final state for signal and normalization

= Exploit distinct kinematic in signal and normalization decay (3 neutrinos vs 1)

= Use isolation criteria to reject background (B — D**uv) with additional
charged tracks

= Separate signal from background fitting m,;ss* = (Pg - Pp+ - PR)?% 9°=(Pg - Pp+)
and E,, Fit result in the most sensitive g bin:

T T

4000

L R PR F e O P B U Sy SRR IR prI
K - ‘ 12 C > .

> C . C 1 - Daa

e - - -~ -

! - 1 = C ] B - D*H,(— WX
S 2000f =4 £ 2000F 4 B DHE MK
> - 1 3 - 1 mEB-D"

3 » 1 3 C . y
5 1000F 3 £ 1000f 4 EmB-Dw
S - i © C x Combinatorial
S 2 : L 5 A Misdenfied

£ - TR T T RS T T T P

-2 0 2 4 6 8 10 500 1000 1500 2000 2500
2, 4 h
m?2. (GeV/c™) E,* (MeV)
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Test of lepton universality: R(D*)

PRL 115, 111803 (2015)
= Resultusing 3fb1l: R(D*) =0.336 + 0.027(stat) + 0.030(syst)

2.10 higher than SM prediction, confirming the tension

= Systematic dominated by the size of MC sample (so reducible)

~ 05— - ]
E [ = BaBar, PRL109,101802(2012) sz =10 -
E 045 = Belle, arXiv:1507.03233 —]
N LHCb. arXiv:1506.08614 N
B m— Average ]
Average of R(D) and R(D*) is 3.90  04[ =
away from SM F ]
0.35— -
03= =
0251 = E
i SM prediction P(y2) = 55.5% _
U. B 1 | 1 L L L | L L 1 1 | 1 1 L L
%.2 0.3 0.4 0.5 0.6
R(D)
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Prospects for test of lepton universality

= Expand physics program to more modes with electrons and taus

= Notonly Ry = (B — Kee/B —Kpy) but similar ratios with different hadronic
systems (K*, ¢, A,...)

= Not only D* tv but also Dtv, D tv, A tv, ...

= Use tau hadronic decay: different background (B —D*DX..) but allow to
reconstruct the tau decay vertex

= And also e/u channel (as suggested by Ry) :

Beauty B(B+—‘}' ﬁD,{L—I—U“) ) ( )C'harm . B(DU — K_#.‘F;;“)
poe B(B+— DO%tr,) e T B(D" - K-efr,)

R(D)
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(charged) Lepton Flavour Violation
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= Forbidden in the SM, contributions from neutrino oscillations well below
experimental reach

= In presence of NP, predictions vary by 8 order of magnitude depending on the
model

= Limits on D*— nep and D.—Kep suggest B(D’—ep) < 107 — 10-8 (Chin. Phys.
C38 (2014) 123101, Int. J. Mod. Phys. A29 (2014) 1450169,
arXiv:1510.00311)

= Previous world best limit by Belle B(D°—en) <2.6 x10-7 at 90%CL

Rare decays @ LHCb



arxXiv 1512.00322
= Select D from D™ —D° n+ decays

= Separate signal from background with a BDT
based on geometric and isolation variables

= Fit simultaneously m(D°) and Am = m(D™)-
m(D°) in 3 bins of BDT

Total
D%— nt bkg
signal

Candidates / [1.7 MeV /¢

1820 1830 1840 1850 1860 1870 1880 1890 1900 1910

m(ew) MeVic] Upper limit set from the CLs method using
DO — Kr as normalization channel

B(D® — e*u¥) = 22 x B(D® — K~ )

W/EKW

World’s best limit obtained:
B(D°—epn) < 1.3 x 108 at 90%CL

Candidates / [0.27 MeV/c’]

140 142 144 146 148 150 152 154
m(eun) - m(ep) [MeV/c?)

Rare decays @ LHCb



PRL 111 (2013) 141801

= Analysis performed on 1 fb! (update to 3 fb! ongoing)
 Fit the ep invariant mass in bins of a BDT

= : — — 6000 : : ——
5 IF 3 =

‘_E ;—O—' LHCb % 5800 . ~ LHCb =

= N 2 [H * ]

FE 10" ?—*———-—'—'_'—'— 3 25600 st .

s} E - Sv g

107 —— - LR . :

: —o— § RN .3 Wy

- ; : - e .. v.:-.....E.a ..... LA, ?.... ..... e 2 eeeed]

]O_J E_ " Slgnal i _; - ;‘;" ] . y .oy ; . -...'- '. :..- .

L © Background ] 3y AL A W I T B

10* . : 08 1

0 0.5 1 BDT

BDT
= New world best limits (95% CL): B® = efu* <3.7x 107° By —» e*tpt < 1.4 x 1078
Improvement by a factor ~20 with respect to previous CDF results

b e
= Constraint on Pati-Salam leptoquark masses:
(Improved by a factor ~2 )
LQ
myg(Bs = etp—) > 107(101) TeV/c? @ 90(95)%CL,
myo(Bg — etp—) > 135(126) TeV/c? @ 90(95)%CL
5 '
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T lepton flavour and baryon number violation

= Use t produced in decays of B and D mesons. Inclusive cross section ~85 ub
at 7 TeV (mostly from the D.— tv)

= Normalization to the D.— @(— pu)n channel

. T u+u'p' (3 fbl) T N ﬁu'u‘* and t— iy (l fbl)

= Current best limit from Belle at = both decays have A(B-L)=0, as
2.1 X_10'8- BSM scenarios required by SM and most of its
predicts BR up to 108, extension

= Fit the invariant mass in bins = No previous results. Limits on
of two classifiers (geometrical 1— Ah at ~107 set by Babar

variables and PID) and Belle

» Fit the invariant mass in bins of
classifiers based on geometrical

. - variables
HY A0 ™ ¢
B
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T Lepton flavour and baryon number violation

JHEP 02 (2015) 121 PLB 724 (2013) 36

Bt —p i) [x 107]

BR(T™— p ut 1) [x 10 BR(T™— p i 1) [x 10°%]
Channel Expected (90% CL) Observed (90% CL)
T~ >yt 5.0 x 1078 4.6x 1078
T > putuT 4.6x 1077 3.3x 1077
T~ = puU- U~ 54%x 1077 4.4x 1077

= First t LFV results at a hadron collider
* 17— pfuu getting close to B factories sensitivity

Rare decays @ LHCb



Summary of t LVF results

o 10°F 3
8 - by Ih g hA - |Summer 2014
@ B |
yo)
o | }
> - B
LL v M
_l ¥
'y
- v
o 107 R v —
- - A Y v
ﬂ — v v v =
é : ; v v A 4 ™ . :
= I ¢ v s 4 M v|v . . | v BaBar
Pr A v “ I 4 v A
8 L 4 v i B + Belle
a . . T4 = LHCb
:? 8 A HFAG
i 107 -
@) u N
2 T T T T N N A O O NN N I I O Y O Y A B RN
8 = ERPYL LY Y kT T 88 0o xlalo oz < k<K
=y 4 0o 2 o 'z o =2 % LT o =0 v 4Ly s oh B OB XY ¥
v 2 g lale =

LHCb can also be competitive for channels with muons with Run 2 data
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Other LFV channels studied at LHCDb

« Ratio of cross section PP Z 70 _ 093 + 009 JHEPO1(2013) 111

o(pp = Z — uu)

= Searches for heavy Majorana neutrinos :
(world best measurements)

Bt*— Kutu* 5.4x108 PRL 108 (2012) 101601
Limits also set
B+—) Tc_p+“+ 40 X 10_9 PRL 112 (2014) 131802 as function Of
+ e 7 neutrino mass
o By & 0 and lifetime
+ *-p 1+t -6
&= A G s PRD 85 (2012) 112004
B*— D p*u* 5.8 x 10”7
B*— DOrptu* 1.5x 10°
D' mptp? 2.5x 108 (1.4 x 107) PLB 724 (2013) 203-212

» Other D LVF: D(s)+_> Truu < 8.3 X 108 (4.8 X 10'7)
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Prospect for LFV decays

= QOther B studies ongoing: B— 1y, B— hey, B— hty, B,— ¢ep ... where h = K=

= Search for decays of type D *— h*f where h = K,r and { = e, (28 channels
in total)

* D= h*t*f are suppressed in the SM
* Others are lepton number/flavour violating
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FCNC
(Flavour changing neutral current)
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5%

Flavour changing neutral current and helicity suppressed decays

~

L3

+
b + 1 b W

A

w
A
3
Y

Precise SM prediction (PRL 112 (2014) 101801)
* BR(B,—u*w) = (3.66+0.23) x10°
* BR(By— u*w) =(1.06+£0.09) x10-10

Possible new particles in the loops

b i

< +
h \H 0 040
Ex:2HDM th S HAH _
s ~ £

Very good place to look for physics beyond SM, intensively
searched for over 30 years!

v

24%
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LHCb, 3fbt PRL 111 (2013) 101805 :

BR(B: — 1 17) = (2.977 5 (stat) 23 (syst)) x10™°
BR(B® — ") = (3.7*53(stat) 3% (syst)) x10~*°

= CMS obtained similar results with 25 fb- PRL 111 (2613) 101804
= Combination Nature 522 (2015) 68 .

First observation
(at 6.2 o) for B,
and first evidence
(at 3.2 o) for B

S/(S+B) weighted cand. / (40 MeV/c?)

o
(=]

[55)
(=]

.
=]

MS and LHCb (LHC run [)
T | T T T | T T T

= 1B — Tty
e LHCb ERS K_u+
-2 BDT>0.7 4 Ps > WH'V
§ 3 ! 1B O+ 1TO/+LJ.|.J.
v ] +l-
o 3 Bys — h*h
E 1Bsoutw
S 1 BO—pf
l l l l 1 Total
5500
M [MeV/e?]
| M
—#— Data
= Signal and background ]
[Ty
Bt C
= = Combinatorial bkg. 1
02 04 0B 08

==== Semileptonic bkg.
= == Peaking bkg.

5400 5800 5800
My [MeVIc?]

<
<110

@

=) n ES @

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

SM and MFV

01

B(B" =y ur) [10°9)

I
0.2 03

Results compatible with SM predictions at 1.2 o for B, , 2.2 o for B; and

2.3 o for the ratio

I
04 05
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Publicity plot adapted from Straub, arXiv:1205.6094

2.0 T T T T T T T T T T T T T T T T T T T T T T

m|I_|

o

i, !
15 | MSSM-LL

VN |

|

3

+ I

10 |

o

~ 05

«Q

30 40

20
B(B? — putp~) [1079

Interest of measuring the ratio BR(B—pu*u) / BR(Bi—u*w) : test MFV
hypothesis
Long term prospect: effective lifetime measurement, also sensitive to NP
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Angular analysis of B,—K*u*u

= B,—K*Ou*u- provides excellent laboratory to search
for new physics in FCNC processes

* Rates, angular distributions and asymmetries sensitive
to NP

« Experimentally clean signature

« Many kinematic variables with clean theoretical
predictions

= Decay described by 3 angles and di-muon invariant
mass squared g2

1 d* T+ T) 0 ., Ly D .3 1 SN
AT+ T)/ag % = 3o [IH — F1)sin” 0 + F1cos” kg + 7(1 — FL)sin” fx cos 26;

. 2 o . D : :
— I, cos” Ok cos 26 + S5 sin® Ok sin” 0 cos 2¢
+ 54 sin 20 sin 26 cos @ + S5 sin 20 sin g cos ¢
+ %.’1}.‘13 sin® @y cos @y + S: sin 20k sin 6, sin ¢
_|_

Sg sin 20 sin 20 sin ¢ + Sy sin? 6 sin® ¢ sin 2@]
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Angular observables of B,—K*Ou*u

arXiv:1512.04442

=  Analysis updated with the 3fb-! recorded

i " LHCb
. . > L 0 0 by~
during Run 1 : ~2400 signal events 2 600 B — Ky
2 4001 Update with
= Angular observables extracted from - 3ka)) 1 ]
likelihood fit in decay angles and my.,, in 2 Ll B
. . <
g2 bins. Also performed with method of o, ]
moments. oSS
o _ 5200 5400 ~ 5600
= K1 S-wave contribution taken into m(K*m" i) [MeV/c?]
account by fitting simultaneously the K1t
mass
s LHCb ~
= Example in the bin 1.1<g?< 6.0 GeV? E o
& T | FR . T O 5
L [ LHCb i
% 1501 1.1 < ¢2<6.0GeV¥c* = L R o
= i ] = 8o 11<@<60GeVYe |
o | - ]
> 100} % 60: + -l—_
-:§ U 40i ] Ef BU; | %E?llﬁnﬁw%ﬁ B
e [ . e
E 0t & S + | ]
t o 05 o 05 1 2 4l
(=DM NI NN cos 8, E .
0.8 0.85 0.9 0.95 S B
m(K*7") [GeV/c?] _OOSOtdGy
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Angular observables of B,—K*Ou*u

1 E | | ! | ! ! '
LLT] [ | | T q: 05_ —_
0.8F LHCb 1 i 4 —
- Il SM from ABSZ - R A
e T A R .. -

- —+- : 0 i
0.4 | - .
.y E _ LHCb _
- ] i B SM from ABSZ ]|
- 0.5 -
0 5 10 15

2 2y 4
7 1GeVic] ¢ [GeV/c?]

Theory prediction from arXiv:1503.6634,

arXiv:1411.3161 Eof T ' T
1 New! rHcb
= A systematically below SM prediction i
= Zero crossing point evaluated with a direct fit to or
the decay amplitudes, compatible with SM
prediction (3.9-4.4 GeV?) ! ]
-0.5F -
o2 €[3.40, 4.87] GeV?2
g [GeV/c4]
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Angular observables of B,—K*Ou*u

I

|
e
a

I

|
<
n
I

|

0.5 :
i LHCb . - LHCb . - LHCb

BN SM from ABSZ | I B SM from ABSZ | # I BN SM from ABSZ |

- T
At —t— $¥+ ] e 1
03¢ P S N R ] -0.5 — -0.5 —
0 > 10 13 T T T R T R o T
2 2y 4
q [Gev /e ] q;_l [Gevz/c4] q2 [Gevz/c4]
- ————_ T 23 S .
“ sk | 0.5 b 050 T T T ]
- LHCb - [ LHCb ] - LHCb :
A= —+ L S
P 1 ICAREESS
e — _0.5__ __ ,0_5-_ _-
0 5 10 15 e O S e e T T T T
¢ [GeV/ct] 0 ; Y e Gevie &[GV
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Angular observables of B,—K*Ou*u

Theory from JHEP 1412 (2014) 125

i ig , :_ : T T T 1 _:
; LHCb :
1 SM from DHMYV
M- ]
e -
-1 'T‘ 2
o E
: ] | 1 x 1 | ] 1 L L | 1 :

0 5 10 15
g* [GeV?/c4

Discrepancy in P’; still there at 2.8 and 3 o level in these two bins
(compatible with 1 fb-I measurement) . Lot of discussion with theory
community on the interpretation of this discrepancy.
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Other FCNCs

JHEP 04 (2015) 064

T T T | T T
+ Data m—— "
—_— Model B’ K0
B B —(K0X)e%e

Combinatorial

= Angular analysis of B,—K*%e*e- at
small g2 values (sensitive to photon
polarization)

LHCb

Candidates / (30 MeV/¢c?)
]
=)

= Full angular analysis of B, — ¢p*p- 15
10 IE
= A,— Autp too few events for a full 5‘ N3
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b — spp branching fractions vs g2

JHEP 06 (2014) 133
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Search for hidden sector boson in B—K*Outu-

» Lack of evidence for dark matter and various cosmic rays anomalies renewed
interest in “hidden sector theories”

= Search for B—>K*0y with y— p*u R S v, ]
« access to masses 2m(u) < m(y) < m(B)-m(K*) . ’ ) -

« Can search for long lived y, giving displaced p*u

= Scan m(up) distribution for an excess of signal candidates (veto resonances)

o o Jhy Y(2S)+y(3770)
% E 1 I 1 I :
S = —— Prompt =
= - —— Displaced -
- — LHCb -
& b -
= — -
o N -
= 10 ]
= | —
O | =
Shi -
| |
:fl | L0000 & 11070 I'Iﬂ.|| P HI'JIHI 0 .1 Nl 1
200 1000 2000 3000 4000

m(utu) [MeV]
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Search for hidden sector boson in B—K*Outu-

=  Upper limits on B—>K*0y(— p*u) at 95%CL:

PRL 115 (2015) 161802
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How to interpret SM deviation ?

» b — s ¥ decays can theoretically be described by effective hamiltonian

4(‘;}7 ) ) , f ?:1,2 Tree -
Heg = ———Vy 1’}.2 Z (C;0; + C Oi) i=3-6,8 gluon penguin
\/E . i=7 photon penguin
t ? '\ i=9,10 electroweak penguin
left-handed part  right-handed part  i= S,P Scalar, Pseudo scalar penguin
suppressed in SM

Operators O, depends on hadronic form factors, which usually dominate theoretical
uncertainties

= Wilson coefficient C, describe short distance effects, they are sensitive to NP

{
J/¥(18)
4
(25)
dar_ *
*" N ‘ - ) u B—)K ££C7C9C10
ccf) Cs” ana Cig :
interferer;ce Long distance _ " B - 22 - ClO CS CP
contributions from CC
::r:;:::;en charm u B —> XS y . C7

4 [m(u)]? 72
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Theoretical interpretation

Global model-independent fit of the Wilson coefficients using 88 measurements from
ATLAS, CMS, LHCb (Altmannshofer et al, EPJC 75 (2015) 382)

Re(CYT)

Re(Cy)

angular observables

Consistency between angular observables and branching fractions
The fit prefers CyNP~-1, with significance of ~4o

Same conclusion from S. Descotes-Genon et al (arXiv:1510.04239)

Rare decays @ LHCb




Theoretical interpretation

= Could be duetoaZ’ : Gauld et al., JHEP 1401 (2014) 069, Buras et al, JHEP
1402 (2014) 112, Altmannshofer et al. PRD 89 (2014) 095033

= Or leptoquark : Hiller et al, PRD 90 054014, Buras et al, arXiv: 1409.4557,
Biswas et al, JHEPO2 (2015)142

=  Or not well understood hadronic effects..

Possible NP

Z.r' ,u._

b
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What's next: LHCb upgrade

» |dea: read the entire detector at 4A0MHz (remove the hardware trigger)
» |nstalled during LS2 (2019-2020)
= Goal is to accumulated 50fb-! in ~2028
= Expected sensitivity :

Type Observable LHC Run 1 LHCb 2018 | LHCb upgrade  Theory
B{ mixing ¢s( B! — Jh)¢) (rad) 0.05 0.025 0.009 ~ 0.003
ds(BY — Jhp f0(980)) (rad) 0.09 0.05 0.016 ~ 0.01
Ay(BY) (107%) 2.8 1.4 0.5 0.03
Gluonic o*M(BY — ¢¢) (rad) 0.18 0.12 0.026 0.02
penguin ¢ (BY — K*OK*) (rad) 0.19 0.13 0.029 < 0.02
28M(BY — ¢K%) (rad) 0.30 0.20 0.04 0.02
Right-handed oM (BY — ¢ry) 0.20 0.13 0.030 < 0.01
currents (B! — ¢v) /R0 5% 3.2% 0.8% 0.2%
Electroweak  S3(B" — K*%utu=;1 < ¢* < 6 GeV?/c?) 0.04 0.020 0.007 0.02
penguin g3 App(B" — K*'u* ™) 10% 5% 1.9% ~ Th
Af(Kptp ;1 < ¢* < 6GeVY et 0.14 0.07 0.024 ~ 0.02
BB — a#tputu ) /B(BT — Ktutu™) 14% % 2.4% ~ 10%
Higgs B(BY — putp~) (107%) 1.0 0.5 0.19 0.3
penguin B(B" — ptp™)/B(B) — ptu) 220% 110% 40% ~ 5%
Unitarity v(B — DWK®) 7° 4° 1.1° negligible
triangle v(BY = DFK*) 17° 11° 2.4° negligible
angles B(BY — J/¢ K2) 1.7° 0.8° 0.31° negligible
Charm Ap(DY — KT K—) (107%) 3.4 2.2 0.5
CP violation AAcp (1073) 0.8 0.5 0.12

Rare decays @ LHCb




= LHCb obtained a lot of interesting results from Run 1 data
« Mainly using muonic decays but electrons and taus are coming!
« Modes with neutrinos, previously thought to be impossible
* (+ many not shown here..)

» Rare decays show several hints of beyond SM effects:
« global analysis shows that a lower value of C is prefered over SM at > 3 o
« P¢in By—K*Ou*tu

+ By — U
° /\b_) /\ u+u—
* Ry R(D*)

Run 2 data will help
understanding them!

Rare decays @ LHCb
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Want more ?
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The main observables

From Buras arXiv:1306.3775

Correlations
Lattice ‘ between
observables

Towards

B> X v ' AF=2 :
oo 3 1 NewSM 3 |observapies| CAN CONSrain
\.In 12 Steps NP models
_ a. q B, —pu
‘ K = nvy I & 5 B, =1
B X1I'I

B"—=1t'v
B— K'(K)I'l B Xy ‘ !
B=aK vy
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dT[BY — K% ]
= Differential decay rate: dg2 dS}

g P | -+
=s5= 2 Lia(¢")f5(D) and

Jls.c)
d'T[B"— K*%u* ]
dg? e

9 _ g =
=55= 2 lica(@) () .

Jis.c)

= CP average observables:

.T ) dr  dr

= S wave:
1 d*(I+1) 1 d*(C+1)
— o] — - — rl - FE{) B = A 5 — -
d(I'+ 1) /dg*  dQ  |g,p AT +0)/dg> dad |p
3 5 .
— Fﬁ, sin” #; + S-P interference
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LHCb
SM from DHMV

* Run | analysis
8 2011 analysis

T T ]
LHCb
SM from DHMV

* Likelihood fit
o Method of moments

P e T
T

[ —

Method of moment less sensitive than likelihood fit

q* [GeV* 4]

15
q* [GeV¥cH]
T T T I T T T T I T T T
0.5 E é —g
0
- LHCb J
N ‘{}‘ I SM from ABSZ _
0.5+ * Likelihood fit —]
N 0 Method of moments
I

=

(10-30%) but allows narrower bin of 1GeV2
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- LHCb .
i £ Amplitude fit i
B # Likelihood fit
F o Method of moments -
0
—_—
-0.5— —
] ] L ]

Rare decays @ LHCb

LHCb .

= Amplitude fit
# Likelihood fit
o Method of moments

4 5 6 -0.5\ ]
2 27 .4 PR | L | -
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g* [GeV?/ 4
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Normalization channel:Ay— J/YA

Peaking background A,— J/'PKs

C

104

L]
'
——
>
=
= 10
=
2.
o
L
=]
—
=
=

wil
L |
0O
Q.

-

—
M(Aup) [MeV/c?]

1 1 1 1 ] 1
5400 5600 5800

q° interval [GeV?/¢!] Total signal yield Significance

Signal yield N— A 0.1-2.0 16.0+5.3 1.4
2.0-4.0 4.8 +4.7 1.2
4.0-6.0 0.9+2.3 0.5
f.0-8.0 11.4+5.3 2.7
11.0-12.5 60 + 12 6.5
15.0-16.0 57T +9 8.7
16.0-18.0 118 +£13 13
18.0-20.0 100 £ 11 14
1.1-6.0 94+6.3 1.7
15.0-20.0 276 + 20 21
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Rare decays @ LHCb

3
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Search for Majorana neutrinos in B-—m

= Lepton number violating decay

forbidden in the SM

= Can probe Majorana neutrino with any
mass in m(m)+m(u) < m(N) <5 GeV

=  The lifetime of N is unknown, we search
for N with a lifetime up to 1000 ps

= Experimental status:

CLEO

BR(B"—T* ) < 1.4 x10 at 90%, PRD65:111102 (2002)

Babar

BR(B—T* ) < 10.7 x108 at 90%, PRD85:071103 (2012)

LHCb (0.41fb-)

BR(B—T*ww) < 1.3 x108at 95%, PRD 85:112004 (2012)

Here we present an update based on the 3fb recorded

Rare decays @ LHCb
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Analysis strategy

arXiv:1401.5361
2 selections :

« Assuming N has zero lifetime, B vertex formed by Ty
« Detached neutrino: first vertex for "y, attached to the second p~ to form

the B candidate sof e ]

= :

Normalization to B*— J/W¥ K* = r B

- Find ~280 000 events %zwoo} ;
e

5100 52IOO 53:00 54IOO 5500
m(JAp K7) [MeV]

Ratio of efficiencies taken from MC or data driven methods

Extended maximum likelihood fit to the Tm*u u sidebands to determine the
combinatorial background

Peaking background shape taken from MC, yields constrained to B*— J/¥ K*

Limits obtained with the CLs method

Rare decays @ LHCb Justine Serrano



B-— 1" uu, short neutrino lifetime

15----|':--'||r-"|-'--

5400 5500
m(rttuu’) [MeV]

= Peaking background : B*— J/¥Y K*(11*), B*— WY(2S) K*
= No signal found, BR(B—1"up) < 4.0 x10° at 95% CL

= Limit as function of neutrino mass:

« Scan over neutrino mass with 5 MeV

step up to 5000 MeV

« At each point, fit m(mr*u) ina 3o
window, o being the neutrino mass
resolution evaluated from MC

Rare decays @ LHCb

arXiv:1401.5361

in the 'IT u W S|gnal reglon (5239 5320 MeV)

Candidates /
(50 MeV)
LI L I | DL L L

%

LHCb

1000

debflpre ]
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4 (@)}
T 1T ] T T 1

Upper limit (107
[\

LHCb

Justine Serrano
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B-— 1 uu, long neutrino lifetime

++HH

5300
m( ) [MeV]

Peaking background : B*— J/W
K*(1r*), B*— W(2S) K*

No signal found, limit as function
of neutrino mass and lifetime

Rare decays @ LHCb

arXiv:1401.5361

in the Tm*uu signal region (5239-5320 MeV)
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Bsmumu lifetime

= Experimental observable is the time integrated 5

1 (0 0)
BB = flexp =5 | (M(B(®) ~ Pt
0

» Theoretical definition for the prediction:

TB£<I—vBOt_) >|
(B > Y _

B(Bs(') - f)theo =

= Time integrated prediction:

_ _ 1+ Aary
BF(BY — Wi ey = BF(BY(6) = i i im0 X — =5
S
f [(Bsy — f)—T(Bs. — ) [ — Iy
— = == . + .
Ane = T T Ve = o = 0.0615 + 0.0085

inthe SM: Agr =1 B(B? — mu—)‘;’; = (3.56 +0.30) x 1072

De Bruyn et al., PRL 109, 041801(2012), uses ys from HFAG

Bs2MuMu @ LHCb Justine Serrano



Angular analysis of B,—K*%e*e-

JHEP 1504 (2015) 064

= Angular analysis of B,—K*%e*e- at small g2 $ wf ' Pwa ok | [LHCH 3
values is sensitive to photon polarization, > -ﬂ—>{f~"'ﬂw ]
which is predominantly left-handed in the = % compinatoria E
SM ~ =

= Measurement of F| , A{ A{(M A_(Re) in the % E
g2 region [0.004,1.0] GeV?, using 124 o ]
signal candidates SN

4%00 5000 5200 | | | Era‘l-l}l}
m(K*n ete’) [MeVic?]
Result: Jaeger et al. JTHEP 05 (2013) 043

obs. result obs. SM prediction
Fi, +0.16 £ 0.06 = 0.03 I, +0.1070 3%
AP —023+0.23+0.05 AP +0.03%0 04
ARe +0.10£0.18 £0.05 Afe —0. 1~+g gg
AP 40144022 £0.05 Alm (—0.2713) x 1074

Results consistent with SM, sensitivity to photon polarization comparable to time-
dependent analysis of B — K, 11° y by B factories (PRD 78 071102, PRD 74 111104)
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JHEP 09 (2015) 179

= Very similar to B,—K*Ou*u-, but not self-tagged ¢, — —— ————
> B LHCb 1
L — 0 +
s s S 100: Bi—=ou'u ]
BS ; @ = K ]
& o II ﬁ [ i
S s 5 b b
T | .';: B At . Al ; :
< t - 5300 5400 5500

m(K'K utu) [MeV/c?]

= Update with full Runl data : 432 + 24 signal events

I 5 10 15 I
G* |GeV</c4)

1, 9B -
= Full angular analysis performed T sk LHCb 3
2 7B SM pred.3
o = =
= 6E } Data =
$ e
. . = E =
Branching fraction also shows Z ¢ = +
tension with SM prediction at —= F —}— E
< 2F 3
low g2 TE E
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A
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All angular observables consistent with SM predictions
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All angular observables consistent with SM predictions
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= Baryonic system provides sensitivity to

additional observables

= Measurement of the BR in 8 g2 bins

= Rate still too low to perform a full angular
analysis but forward-backward asymmetries
are measured fitting one dimensional angular
distributions
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Similar tension with SM prediction for branching fraction at low g2
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