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Why study flavour?

+ Flavour puzzle

e 20 free parameters in the flavour sector

= only 5 to characterize gauge
interaction and boson masses

s why 3 generations?

e what is the origin of their mass
hierarchy?

» Vckm hierarchical and nearly diagonal

Indirect searches in Flavour Physics
* precise measurements of b, ¢ decays
» sensitive to new virtual particles

» probe higher energy scales than
direct searches
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The LHCb detector

LHCb is a forward spectrometer placed at LHC

*x Pseudorapidity range: 2 <n <5

x focused on the study of b and ¢ decays

+ O(10°) bb pairs produced every second

+ o(pp - H,X)=144+1x21 b Inacceptance
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Ideal place for studying b and ¢ decays:

excellent vertex resolution

excellent momentum resolution
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Integrated Recorded Luminosity (1/fb)

Collected datasets

LHCb Integrated Recorded Luminosity in pp, 2010-2018
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2018 (6.5 TeV): 2.19 /fb
2017 (6.5+2.51 TeV): 1.71 /fb + 0.10 /fb
2016 (6.5 TeV): 1.67 /fb
2015 (6.5 TeV): 0.33 /fb
2012 (4.0 TeV): 2.08 /fb
2011 (3.5 TeV): 1.1 /fb
2010 (3.5 TeV): 0.04 /fb
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Runi LHCDb collected 1+2 fb-1
of data in 2011+2012

Run2 LHCb collected 6 fb-1 of
data between 2015 and 2018
(roughly twice b-meson per
fb-1 due to increased V' s)
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Flavour anomalies

NEUTRAL CURRENT
1. b — s£¢ processes

+ Rate and angular distributions of exclusive
b — su*tu~ decays

+ Relative rates of b — su™u~ and b — sete™
decays (Rk®)

2. b— ct U, decays

+ Relative rates of b — ¢, versus decays
with e/u (Rp()
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http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_all.html

Why rare b decays?

* b — s£¢ transitions are powerfull probes of New Physics

+ FCNC proceeding via loop diagrams only (“penguin” or box) s

+ suppressed in the SM, more sensitive to New Physics
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New particles could enhance/suppress decay rates, modify
angular distributions, introduce new sources of CP violation
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Theory formalism

# Low-energy processes (B decays) can be described by an effective theory:

4G
Heps = TFth

Wilson coefficients I I
Local operators

(effective couplings)

# New Physics can contribute to y
different Wilson coefficients

¥
(\f\j\) C+ 2 |

(or introduce new operators) . | ; | }é\\{:

depending on its Lorentz b / w \ S ’ b / S

structure

4

b/\j\;‘)\s b7 S




B, ,— utu~ decays

# One of the golden channel to look for NP

> helicity suppressed

_ 12
> B(BY = utu) « |Cip—Cypl

- Precise SM prediction
C. Bobeth et al. PRL 112, 101801 (2014)

BR(B, = putu)g, = (3.65£0.23) x 107

BR(B® - p*tu)g, = (1.06 £0.09) x 10710

# Latest LHCDb result uses Runl + (Run2) 1.4 fb-!

B(B? - utu)=(3.0406133)x107° 7.80
B(BY = utu ) <3.4x101%at90% CL 1.90

» Compatible with SM prediction
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B, , — utu~ eftective lifetime

# First measurement of the effective lifetime

> provides complementary constraints on NP models

> Terr(BY = utu™) = (2.04 £ 0.44 £+ 0.05) ps

PRL 118 (2017) 191801

LHCb

8
6 —— Effective lifetime fit
4
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Weighted B” — w*u~ candidates / (1 ps)
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Great variety of observables

# QObserve hadronic decay, not the quark-level
transition DIRTY

» b s —» BY — K¢ BY — K'¢¢,

» Branching ratios:
B, — ¢C¢, etc.

large theory uncertainties

# Needs to compute hadronic matrix elements
» Angular observables:

> Non-perturbative QCD,
difficult to compute

g

reduced theory uncertainties

Wj » Lepton Flavour Universality
/ tests (ratio of BR, etc.):

clean, uncertainties cancels

00000000

Vv
CLEAN
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Branching fractions too low inb — su*tu= "

Measured BR are consistently lower than predicted in SM
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though SM suffers from large uncertainties...
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B— K*uu angular analysis

*  Study the angular distribution of the 4 final
state particles (cos 8,,cos O, ¢ ) in B® - KOy

1 d*r+r) 9

Fv: fraction of longitudinal
polarization of the K*

"

* A lot of information
contained in the angular

distributions i
S5 0.1/
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d(I' +T)/dg? dq2dQ 32

l%(l — FL) sin? Ok + Fi, cos? Ok

1
+ Z(l — F1) sin? O cos 20,
— F}, cos? Ok cos 20; + Sz sin? O sin? ; cos 2¢
+ 84 8in 20 sin 26; cos ¢ + S5 sin 20k sin 0; cos ¢

+ gAFB sin? Ok cos 0; + S7sin 20k sin 6; sin ¢

+ Sg sin\20x sin 26; sin ¢ + Sg sin? O sin? 6; sin 2¢

Arg: forward-backward
asymmetry of the
dilepton system
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Form factor “free” observables

Optimized basis Descotes-Genon et al.
| [JHEP 04 (2012) 104]
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e LHCbdata o ATLAS data
= Belledata © CMS data

|| SM from DHMV
— /] SM from ASZB
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BELLE PRL 118 (2017)

ATLAS ATLAS-CONF-2017-023
CMS PLB 781 (2018) 517541
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Theory uncertainty

JHEP 05, 043 (2013)

# Both branching ratios and Ps discrepancies can be PRD 93, 014028 (2016)
explained with a shift in Co (or Cy and Co) JHEP 06, 116 (2016)
T Be aware of long-distance effects
| | /,'______] Angulér C,Sbservatﬁales P)
2 R o Y : ‘ | —
[ ‘ e - W_
| : T b ‘/cb _____ ‘/cs s
k m
[ i,
L O
2o ] O
o L : TN l
i i TN
[ - O
I o
r 1 1 (44
ol = charm-loop !
E N
T T, v removed by mass cuts

Cs" X interferes elsewhere
x difficult to access reliably

# Long debate in the community if these effect can be
interpreted as NP or must be attributed to charm loop
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Fighting the charm loop at experimental level

# Several attempts to disentangle short-distance (WCs) from long-distance (cham loop)

contributions

> Parametrizing charmonia resonances as sum of Breit-Wigner

¢ 1ncluding tails away from resonances, each with magnitude and phases

> Parametrizing charmonia resonances as polynomials

Eur. Phys. J. C (2018) 78: 453

WAl 6

%93: 0

m 93 = n [ flavio v0.20
—+ LHCb

arXiv:1805.06378
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EPJ C77 (2017) 161

Phases 1n B*—K*uu

* Bt — KTuu decays present simpler phenomenology compared to B — K Yuu (K* is a scalar)

+ Fit to m(uu) to determine the interference between “rare mode” and resonances

# 4 solutions equally compatible with data

+ J/y-“rare mode” phase difference 300 T ]
compatible with £7m/2 § 250 LHCb =
. O E —e— data E
+ 1interference far from the 200 F t«;tal . q =
R short-distance E_ ]
pole mass 1s small N 150 F resonances i 3
@\ I interference ! N
:/ 100 :_ background . _:
% - [ ¢t .
5 VF 0oL
* = 0 A:J.Ej ..................... 4—"""‘
e o .
c - : .
< _50 Y SR TR [N SN TN SO TR [N SR TR SR TR NN SR S AL N N S|
Q 1000 2000 3000 4000

s, [MeV/c?]



Lepton Flavour Universality (LFU)
test 1n rare decays

A. Mauri (UZH)
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LFU 1n rare decays

* SM implies Lepton Flavour Universality
+ Daifferent lepton generations couple identically to SM processes

+ Only difference mass — phase space

* Ratios of the form

__SM
=1+0(107%) —»

EPJ C76 (2016) 8 440

Free from QCD
uncertainties

Lepton non-universality would
be a clear sign of NP

A. Mauri (UZH)



Experimental double ratio

ECAL

* Electrons and muons behave very differently in LHCb Magnet

due to large Bremsstrahlung radiation for electrons: ,

+ worse B mass and g2 resolution

+ low reconstruction efficiency Uplf::ffm Dovf,liset;leam
: : : : p
+ selected 1n 3 different trigger categories . J
(electron, hadron, TIS) E,
Air
*  LFU experimentally measured as double ratio:
B(B N K(*),LL e B N K(*) + —) most of the

Ry = systematics

* —|— * +
B(B— K®J/{p(— ptu~ BB—>K( VJ/p(— ete™)) cancel out

*  Current LHCb status (pre-Run2):

Updated with 2015 & 2016 datasets

+ Ry =0.7451002 (stat) £ 0.036 (syst) <«
v (roughly double the statistics)

0.667055 £0.03 for 0.045 < g2 < 1.1 GeV?
+ RK*O - '
0.69108140.05 for 1.1 < g% < 6.0 GeV?

A. Mauri (UZH)
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Efficiency calibration

*  Key ingredients:

+  Yields determined from a fit to the invariant mass

+ Efficiency computed with MC simulation calibrated

on control channels in data

*  Efficiency calibration makes extensive use of
BT - K*Jly(£"¢7) and BT - K wQS)(£*¢7)
decays

resonant and non-resonant modes are
separated 1n g2

however, good overlap in the variables
relevant for detector response

A. Mauri (UZH)

BY o K+J/p(18)(6+)

L/

BT — K*4p(28)(£+07)
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Cross-check #1: 1y,

BB — KXy )

* To ensure efficiencies are under control, check r;,, = 1
RB(B+ - K+J/y(ete™))
> Very stringent check:
> Single ratio —3 direct control of efficiencies
;' Checked compatibility of 1y~
- 7y, = 1.014 £0.035 (stat+syst) for both Runl and Run2, and in
all trigger category

Bt > K" Jly(— utu) BT - K"Jly(— ete)
~ 2010 002l
< 200F LHCb < 9 LHCb
% 180 ﬂ —+ ?atal . > a —+— Data
S 160E :BQtj)J;tw(Mw_)r ﬁ 80 — Total fit Phys. Rev. Lett. 122,
S’/ 140 :_ B+—>J/ w(u+‘u—)n+ N 70 """" ZB;_'_::Z %?z"i:ﬁ][;' 191801 (2019)
: 120 Combinatorial = 60 @ Part. Reco.
% 100 B :‘3 50 Combinatorial
= 80F 5 40
g8 60F 5 30
O 4k g 2

20 © 10
0 Loy NS NS NU . .
5200 5300 5400 5500 5600 0 ' *
+ 4 — 5400 5600
My (K pg) MeV/e?] m,,,(K*ete) [MeV/c?]
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Cross-check #2: differential ry,,

# Cross-check efficiency is well understood in all kinematic region

> Ensure ry,, 1s flat for all variables examined
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Cross-check #2(b): 2D-difterential ry,,

- Cross-check for possible correlated effects in kinematic variables

— 0.30
> i
g 0 25:_ ms L.HCb . Phys. Rev. Lett. 122, 191801 (2019)
o 0% Q\{\\\% simulation R
£ 020f \\\\ 16 S ,,L LHCb
5 [ R N\ ~
0.15F SO0 + _i. + n
i ~ 1.0- ........................................................................................................................
010} 5 + -}—_}, —FH’-]— +—{-+
0.05F ¢ 3
i 0.9_—
().OOT-I----I----I....|. i N RN T N NN NN TN NN SO N N R B
4. 4. . . 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
0 1 > 519- l§ > max(p(l™), p(I")) x a(l*, [") bin number
og, (max(p(l*), p(1)))

Flatness gives confidence that efficiencies are understood 1n the entire phase space!
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Cross-check #3: R,z

# Test double ratio cancellation on BT — Kty (25)(Z1¢~) decays

Phys. Rev. Lett. 122, 191801 (2019)

B(B" — K+¢(2S)(u+u‘))/3(3+ — KTy(25)(e"e”))

Roe$) = BB o K 1000 | BB 5 Kl ere), = 986 % 0013 (stat + syst)

A. Mauri (UZH)
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Rx measurement

# Simultaneous fit to m(Kuu) and m(Kee) to extract Rk Phys. Rev. Lett. 122, 191801 (2019)

BY — K*utu~ (N, ~ 1940) B* — K*ete™ (N, ~ 760)
& 350F &
L LHCb S LHCb
> 300 — Data - 100 — Data
= HsoF- —— Total fit > — Total fit
= o Total Ry =1 S SO TINT i1 Total Ry =1
S 200 R e B*— K utu- Z B Tl e B*— K'eter
f—é - Combinatorial § 60 B B —J/ y(ete )K*
= 10F = B Part. Reco.
) - = 407 . .
S 100 o) 3 Combinatorial
ST S I
50 E_ U 20 __ ““““
5200 5300 5400 5500 5600 5000 5500 6000
m(K*utu~) [MeV/c?] m(K*e*e™) [MeV/c?]
. 6
| Ry = 0.846 t0-060 (gtat) +0.014 (gygt
L K Z0.0s4 (8120 Ty (Sysy
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Rk measurement: overview

& 200
LHCb
# LHCb updated Rk measurement sk
> re-analysing 2011-2012 data ) I
, 1.0
> adding 2015-2016 data JEESIENE
osf | Chele
i ; IL;-;CI; i{d; i + 2015 +2016
0.0l'.'llll'lllllll"'llll
0 5 10 15 20

¢ [GeV?*/c4]

new 0.083 0.017
RZR.. = 0.717 J—r0.071 (stat) J—ro.016 (syst)

—>» R, =0.846 J_f8:8§2 (stat) J_fgzg%g (syst)

Rk gunz = 0.928 0089 (stat) +0020 (syst)

: - Combi 2.5 si
1.9 sigma compatibility between Runl and Run2 ombined 2.5 sigma

from SM prediction

» B(BT — K'e'e™) compatible with SM for all years
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LFU test in B - K*#*¢~decays

# LHCb Run 1: JHEP 08 (2017) 055]

R 0.661 007 £0.03  for 0.045 < g% < 1.1 GeV? P
x0 — and
K 0.691_86; :l: 0.05 fOI‘ 1.1 < qz < 6.0 GeV2 interference Lo?g distance "

contributions from CC

above open charm
threshold

—>q°

» 2.1(2.4) o tension with the SM

2.0
* Belle recently updated measurement of Rxx ¢ | _ L
[arXiv:1904.02440] = L
§ I .I II
1.0 r_—w.! .................................. | I I ............................................................ T .....................
® [LHCb A Belle
M BaBar V Belle2019
0.0 A N N TN N N TN T N N TN M NN NN AN MO N B
0 5 10 15 20

A. Mauri (UZH) ¢* [GeV? /Y] o5



Impact on global fits

After Rk update LFU measurements slightly moved away from common solution

with h— s/l anomalies

» NP universal contribution to Co...?

1.5 4

1.0 4

bspup
Cho

(=)

ot

0.0

—0.5 1

—— Rk & Rk~
— b— sup

global

0.0

—1.5 -1.0

0.5 0.0 0.5
b
Cgsuu

flavio

—1.2 4

_— RK&RK* 30
— b= sup lo

global 1o, 20

T T
—-1.5 -1.0

arXiv:1903.10434

T
—0.5
univ.
Cy

See next talk for theory interpretation...
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What about b —d!l transitions?

* b —dll is Cabibbo suppressed respect to b — s/l
(~25 times smaller)

* - Similar but complementary information
+ allow Vi / Vis measurement
+ test Minimal Flavour Violation hypothesis

*  Very rare processes, on the brink of observation

Evidence for the decay BY — F*O;ﬁu‘

+ equivalentto B — K*utpu~
+ First evidence: 3.40 with 4.6 fb-1

38 + 12 candidates (4200 B® — K*utu™)
+ B=(294+1.0+0.2+0.3) x 1078

Too little data to say anything
about ¢2 or angular distributions

A. Mauri (UZH)

Candidates / ( 10.0 MeV/c?)

4

Y/Z A
a:jfzj\f\*\\e
b/v/w\\;

s (d)

JHEP07(2018)020

LHCb

25 e Data __

I Comb. bkg.

4

5200 5300 5400 5500 5600
m(K~ mtutu”) [MeV/c?]
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Near future for rare decays

Updates of:
» Rk* (+ Run2)
» Rk (+2017 & 2018)

> BY - K*u*u~angular analysis

New measurements:
> New ratios: Rkan), Re, €tc.
> BY - K*eTe~ angular analysis
> non-LFU angular asymmetries AP’

> Direct measurements of Wilson coefficients
(Co & Cy0) from data

> via amplitude analysis of BY — K*u*pu~

A. Mauri (UZH)
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Flavour anomalies

1. b — s£¢ processes

+ Rate and angular distributions of exclusive
b — su*tu~ decays

+ Relative rates of b — su™u~ and b — sete™
decays (Rk®)

2. b— ct U, decays

+ Relative rates of b — c¢t7v, versus decays
with i (Rp())

A. Mauri (UZH)

NEUTRAL CURRENT

CHARGED CURRENT
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http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_all.html

Lepton universality in b—clv decays

T

/:/v‘r
» b — cfv are tree level decays W . ()
— - - -— *
¢ abundant at LHC and B factories B{ - 3 - @0}1 §)<_a }D
» B-factories have cleaner events

E]

» [HCb more statistics

LFU vatio
» Complicated experimentally by missing energy

in the final-state from multiple missing neutrinos B(B — D(*)TV)

B(B — D™ puv)

Rpey =

Theoretically clean (hadronic
uncertainties and |V¢b| cancel)

» RSM = 0.299 + 0.03
» RSM = 0.258 +0.05

PRD 94 (2016) 094008, PRD 85 (2012) 094025
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T reconstruction

#+ Leptonic: Br~17 %
e T — }l V}l A%s

» T—>€VeVr —3 onlyat B factories

R , T i
Signal and D* /\DO——‘T[ D* — i
normalization have the R \K YK
same visible final state Ve N TR 1
‘VT Ve va

'—) Part of the systematic
cancels in the ratio!

# Hadronic

Decay B (%)
N o Y 25.49 £+ 0.09 .
T 1-prong decays, only at B factories
T —> T U 10.82 + 0.05> P & Y Y
T > mmn vy, 9.02 + 0.05

0, 44940 05> 3-prong decays, only at LHCb

T > T

> requires an other decay channel with similar final state, e.g. B - D*nnx

A. Mauri (UZH)

34



“Muonic” VS “hadronic” Rp+

Ruwn | d3+a

wiuonic

" Set of variables

B IELL
3 (]2
P 7722rnjss

Projection in one of
the four g2 bins

PRL 115 (2015) 111803

Candidates / (0.3 GeV/c*)

Pulls

Candidates / (75 MeV)

o
(]
(]
(=]

3000F

2000F

9.35 < ¢ < 12.60 GeV2/c*

935<q2<1260cmjyc4

" LHCb ]

5001000

1500 5000
E,* (MeV)

"~ 2500

R(D*) = 0.336 & 0.027 & 0.030

2.1c greater than SM

A. Mauri (UZH)

hadvownic
. Set of variables | ®F —+paa
50 o ; gotal rgciilel

. ) — TV,
> tT 40 C B— D1t v,

s B — D""D!(X)
> g2 30 EEB— DD'(X)

o B — D" 37X

> BDT output

Projection in one bin
of BDT response

PRD 97 (2018) 072013

10F

20 F

Bl B — D'"D'(X)

E @ Comb. bkg
'y d
2 4 6 8 10

q? [GeV?/c4]

0.5 1.0 1.5 20
t. [ps]

R(D*) =0.291 + 0.019+ 0.026 + 0.013

1o above the SM

35



Rpe combination

# After Moriond 2019 tension with SM 1is reduced from 3.8 to 3.1 ¢

I I I I 1 I I I I 1 I I I I I I I 1 1

R(D¥)

] HFLAV average sz = 1.0 contours

0.4
LHCb15

BaBarl2
0.35

New measurement 30

from Belle! \
0.

LHCb18

— S

[ ——
0.25 — P Bellelg —— ~ Bellel5
B Bellel7
0.2 — + Average of SM predictions HFLAV
B R(D)=10.299 £0.003 pring 2019 | —
B R(D*) =0.258 +0.005 P(x?) =27% B
1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 1 1
0.2 0.3 0.4 0.5
R(D)

A. Mauri (UZH)



More measurement

# What about B. decays?

» test of LFU in b —» ¢£v decays with different spectator quark

 B(B. — J/irv)M
Ry = BB, o) 0.25,0.28]

|

LHCb

Ryjy = 0.71+0.17 £ 0.18

Large interval due to form
factor uncertainties

PRD 120 (2018) 121801
26 above the SM

Near future —3% several measurement 1n the pipeline:

> Simultaneous measurements of R(D*) & R(D?%) and R(D*) & R(D")

> New measurement of R(A.), R(Dy), etc.

» Updates with Run2

A. Mauri (UZH)
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LHCb Upgrades
(.;53:2‘3;';}
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New era of precision measurements

# Projected sensitivity for various LFU ratios for LHCb future upgrades

0.12

0.10

Projected uncertainty
o o
(] o
D (0:¢]

=
o
=~

0.02

0.00

Belle — III Rp
Belle — II Rp-
LHCb Rp

LHCb Rp-

LHCb Ry, H
LHCb Rp,
LHCb Ry,

2015

2035

A. Mauri (UZH)

Scenario 11

’ ! ! I 1 T T |
LHCb Upgrade II - ;fK [1,21
Scenario I - « [1,6]

— R, [16]
LHCb Upgrade II -

LHCb Upgrade 11
Scenario III

LHCb Upgrade 11
Scenario IV

LHCb Run 1

0.4 0.6

Physics of the HL-LHC, WG4
Flavour [arXiv:1812.07638]

1.2
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New era of precision measurements

Ruwn 3 U?gvac\e (" Precise (unbinned)
determination of angular
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. SM 0.75 - . SM (—/ observables
I scenario II I scenario II
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‘ \ [ 0.7 407
—0.75 |-
1|0 1|2 ~1.00 (I) é zlt é é 1|0 1|2
q* [GeV?]
so 2 . : - 2 : Right-handed
Qish o E C15E  somnarion E Wilson coefficients
~ E —— scenario lll 7 ~ E —— scenario lll E
. : 7 7
5 Scenario Cq 10
g SM 0 0
] Il +0.3 +0.3
1 IV +0.3 -0.3
-1.5F E ~1.5F -
5 | | Ll = ot | | L
-2 -1 0 1 2 -2 -1 0 :
Rec'(g“) ReC'(g“) Physics of the HL-LHC, WG4

Flavour [arXiv:1812.07638]

A. Mauri (UZH)



Belle II and LHCb Upgrades

Time dependent B, physics
— CPVinB,— JAp ¢, B,— ¢¢

B, —uu”

LHCD
B
&<
Sl
D

<O

Belle II

CKM angle y

CPVin B,

B — X, ¢*¢ (exclusive) 2 LFU
B — X, v (exclusive)

Charm physics

Semileptonic B decays
B—-Dtv,B—>D'tv

Dark matter

t - physics: LFV

B->tv,B—>uvwv
B— K*vv,B— vv

B — X, ¢*¢ (inclusive)
B — X, v (inclusive)

J. Albrecht Portoroz 2019

A. Mauri (UZH)

By &
charged
tracks”

Important
overlap:
sporty
competition!

“Inclusive &
neutrals ”

41



Conclusion

Intriguing pattern of anomalies in neutral and charged currents transitions
# measurements by LHCb, Babar and Belle

# still need larger statistics to understand if these anomalies are genuine sign of
physics beyond the SM

# more results will come from LHCb Run2 analyses

Thank you!

A. Mauri (UZH)
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