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. Standard Model of Elementary Particles
Introduction

SESES|e|
. . u charm to, luon Higgs
 The Standard Model has 3 generations of pairs St Ty EoLER )
of quarks and leptons, differing only in mass dsbJ iono ' JL Y
. . . . own strange ttom photon
Their study is the topic of Flavour Physics : —
: o @2
 Many of open questions of the Standard Model electron l muonJ|  tau J[zmmu 2
lie in the flavour sector: é !’J” &J th E
i | gectron || oo, J|_neitng | [ Wooson | 2

— Why are there 3 generations? Related to
being minimum required for CP violation?

— What determines the extreme hierarchy of
fermion masses and the CKM quark-mixing
matrix elements?

— How can the observed matter/antimatter 7 6op “Daw ] o

. . 2 ek — Fit =

asymmetry of the Universe be explained = 0 M Backgrownd |

(Standard Model CP violation insufficient)? S 4 =

% 30f 2

* The LHCb experiment is dedicated to flavour %’ 205 e

physics at the LHC, has the largest samples of & 10} g
beauty and charm hadrons ever produced T

M (D) [GeV/e?]
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Rare decays

* The bulk of hadron decays proceed via tree diagrams
Rare decays involve loop diagrams:

* New Physics (i.e. beyond the SM) involves new particles,
which could also participate in such loops via virtual
quantum fluctuations - noticeable effects on decays,
in particular since they are suppressed in the SM

e Such “indirect”
discovery of new
physics via precision
measurements has
a long and illustrious
history

N. Tuning, ICHEP2018
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Currently no clear signs of new physics from direct searches at the LHC,

but there are a number of hints of non-SM behaviour in b-hadron decays
—the so-called Flavour Anomalies
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1. The LHCb experiment
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Spectrometer

* Forward-peaked production of b-hadrons at the LHC:
— LHCb is a forward spectrometer (in collider mode)

* bb cross-section =154.3+ 1.5 + 14.3 ub at Vs = 13 TeV
— ~100,000 bb pairs produced/second (10*x B factories)
and all species of b hadron: B*, B%, B2, B_*, A,°...

uark content: bu, bd, bs, bc, bud —
Q ?“’ PYTHIA
e Charm production ~20x higher  PRrL118(2017) 052002
A / \
y i / /// - M4 M5 \\ )
Sm —/ / SPDIPS i M2 -- ‘?\}'\ \
B %A
/|

Vertex
Locator _ |
e

JINST 3:508005 (2008)

NY
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D ete Cto r CO m p O n e ntS Int. J. Mod. Phys. A 30 (2015) 1530022

(L) ~ 97%. e(m>u) ~ 1-3%

VELO RICH system (RICH1, RICH2) Muon system
Vertex locator Particle identification =g W identification

;

Tracking system (TT, OT) L Calorimeters (ECAL, HCAL)
momentum resolution Dipole magnet e/y identification

Ap/p = 0.5-1.0% (5-100 GeV/c) [BdL=4Tm AE/E = 1% @ 10%/VE(GeV)

Roger Forty Rare Decays and Flavour Anomalies 6




- Vacuum tank

ui'm

VELO

Surrounds the interaction point for
precision vertex detection

Silicon microstrips that close around the
beam, approaching to 8 mm

* 20 um spatial resolution, corresponds to
45 fs: sufficient to resolve B.-B, oscillations

cb geometry:

o

B,-B, oscillations

3 o Tagged mixed
g i o Tagged unmixed
5 400 —— Fit mixed
8 [ —— Fit unmixed
©
K] &
\ T
\ = 200"
@
S L
E-3 B
) N P P AP AP S BT
0 1 2 3 4

decay time [ps]
J. Phys. 15 (2013) 053021
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RICH detectors

* Ring-imaging Cherenkov detectors for particle ID

Separating charged hadrons (m, K, p) essential for

flavour physics, to suppress background

limited in ATLAS/CMS since lack RICH detectors

Magnetic
shielding

Reconstructed ring
image (single photons)

Aerogel

Photon
Detectors

""" Spherical
Mirror

: Beam pipe

> Track

Mirror

RICH1

Roger Forty
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Efficiency

Carbon fibre
mirrors

K-1t separation
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Data taking

e LHCb luminosity levelled at 4 x 1032 cm?s!

e Chosen to maximize trigger vyield, gives
pile-up ~ 1 and limits radiation damage

* 8.5 fb! of integrated luminosity to date
Results shown mostly from Run1 (3 fb?)

design  today

40 MHz bunch crossing rate

24! '

& v
i ]
o
v t [ ] /
2 O, 2 25 (VB U ¥
S : ]
LO Hardware Trigger : 1 MHz 3 TS ﬁ* ":7 ,'-/
2 & ® o |AB—
readout, high Er/Pr signatures g " e sani //:
450 kHz 400 kHz 150 kHz O : P e
h#* H/up e/y : .
1
. Software High Level Trigger :
: []
Partial event reconstruction, select :
displaced tracks/vertices and dimuons 1 15 2 25 3 35 4 45 &
b e Luminosity [x10 “em?s )

Buffer events to disk, perform online

detector calibration and alignment

Upgrade next year —
Fully software trigger

- - - . .
12.5 kHz (0.6 GB/s) to storage Run at 5x higher lumi

Full offline-like event selection, mixture
of inclusive and exclusive triggers

Instantaneous Luminosity

— ATLAS

Integrated Recorded Luminosity (1/fb)

Updated: 18:23:21

ATLAS/CMS

LHCb

//

T

T T T T
10:00 12:00 14:00 16:00 18:00

—— AUCE — CMS — LH(b

Typical LHC fill

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018

® 2016 (65 TeV): 123 /o
® 2017 (65+251 TeV): 1.71 b + 0.10 b P
o 2016 (65 TeV): 1.67 b

2015 (6.5 TeV): 0.33 flo l
e 2012 (4.0 TeV): 208 b '
o 2011 (35TeV): 111 /b I

2010 (3.5 TeV): 0.04 i l

—

/
J

2010
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P hyS | CS p rog ra m m e See talk of Neville Harnew (next)

* |In addition to Rare Decays presented here, LHCb has broad physics programme

* CP violation: differencesin B(B-—DK”) > B(B*— DK*)
decay rates between particles | | | ' | | |
and antiparticles, a key
ingredient to make the Universe

Events/{ 10 MeV/c?)

100 yF
fgaasie

we see (Baryon Asymmetry) T R

* Spectroscopy: LHCb-PAPER-2017-018
— test-bed for QCD: e.g. first observation z{ﬁg LHCb13Tev |
of doubly-charmed (and doubly-charged) o a0f P E

per

120 .. Signal

= ++ + K- T+ ot ¢
baryon=_* > A K 't

A RAR AR RN RARE RARE LERE R

£ 100 ---Background
— Most hadrons mesons (qq) or baryons (qqq) 5w
are there more exotic structures, op a E
tetraquarks (gqqq) or pentaquarks (qgqqq)? R T R T

Mo 52 [MeV/c?]

* And much more: Heavy lon, Fixed Target, Electroweak physics...

— LHCb is a general-purpose experiment covering forward region (2 < n < 5)

Roger Forty Rare Decays and Flavour Anomalies 10



Detector in the cavern

|

A
—

A

| Collaboratlon

. b . ‘
B b A 1260 members
% Gt from 78 institutes
¢t Q’J‘,@(&‘ in 18 countries
oy @l
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2. Rare Decays

* Rarest fully-hadronic b decay observed so far
B(B"— ¢p) = (1.25 £ 0.27 £ 0.18) x 1075

Phys. Rev. Lett. 119 (2017) 232001

]
]

(5]
=
TT

=
TTTTTTTTTTT

However, such decays are difficult to predict
— interesting for understanding QCD, Ut RE:

but not for discovering New Physics im0 5“',2?@_,] [ii"‘{,f]

Candidates / (19 MeV/c?)

(=] L
T T T T

* We want to study decays which are suppressed in the Standard Model,
but can be precisely calculated, sensitive to New Physics

* Flavour Changing Neutral Currents (FCNC) are suitable:
Since quark flavour is only changed via exchange of W* (in the SM, at least)
forbidden at tree level - these decays involve loops:

(1) Fully leptonic (2) Semileptonic (3) Radiative

b 2 r b w q

BR ~ 10 BR ~ 107 BR~ 10>

Roger Forty Rare Decays and Flavour Anomalies 12



@ Fully leptonic decays .I

B, & 1*p is the archetypical rare decay:

Highly suppressed in Standard Model by loop, + W
CKM coupling (| Vis|?) and helicity (m ,/myg)? b

Precise SM prediction: B(B, — p*u7) =(3.65+£0.23) x 107 (~6% error)
B? even more suppressed: B(B® — prp7) =(1.06 £ 0.09) x 10710 popethetal.

PRL 112 (2014) 101801

Challenge: huge rate of events with 2 muons: B(B — pX) ~ 10%
Use topological and muon ID information in a multivariate analysis (BDT)
Mass resolution interpolated between J/{ and Y — ptu-

, 0
V/ZEN

[L, I B — T — g — B0
E :—O— " ] } 56 o
1 E g 50 Z
E [
F — . =
| —0— g ° 2
107 = = 2 @ S5
S " —

O R 8
= w
]02 E .—O—. = o a0 ~
= 3 wa -
F LHCb - 7 é 25 o
3 . _(:)— =
107 = m Signal :_E 2 =
F = (0]

[ ¢ Background ] 18

10 —— L 10

0 0.2 0.4 0.6 0.8 1

BDT " o MHEDSN(M EV?:'IM
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oY,

104

10°
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108

10°

Limit (90% CL) or BF measurement

10—10

) —> LU search

«—K
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S
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O
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]
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sm: B° - [Ty Ui
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5 1990

1995

2000

2005

2010

2015
Year

B(B” — u* ) [10°)

CMS & LHCb, Nature 522 (2015) 68
ATLAS, EPJC 76 (2016) 513

‘VE=7TaV. 49" ]
Y==8TeV, 20"

||..|‘:\;|| PR

Caoriouws for -2 alnil) = 2.3
&2, 115 from madmum of L

R BV P BN L VP

1 2 | 4 5 5] T

B(BY — ' p)[10°7]

* Search for this decay has been an historical endeavour over 30 years

* Evidence eventually seen by both LHCb and CMS - joint paper
Hint that B — p*urate was high, but not seen in ATLAS data

Roger Forty
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B. > WU~ observation

* Finally observed in a single experiment
by LHCb—a milestone of flavour physics

e Used Runl + part of Run2 (3+1.4 fb1)

7.80 significance

BB = p”) = (3.0+£0.6%93) x 1077 (~20%)
BB = ") <3.4x 1071 at 95% CL

* Even made a first lifetime measurement
— pTpT) = (2.04+£0.44 £ 0.05) ps

Toft ( Bs(t)

Weighted B’ — p"u™ candidates / (1 ps)

LHCb

—— Effective lifetime fit

NP could affect this due to large ATl

5

10

Decay time [ps]

(needs more data to be sensitive)

Roger Forty

Candidates / ( 50 MeV/c?)

—_— = NN W W
S L O W O W

cePooooo0oQ
A S I PR S U« S - RV

PRL 118 (2017) 191801

- LHCb
; BDT >0.5

] e e T

| B A
—— Total

— =Bl oW

=== B i

------ Combinatorial

0 T
‘‘‘‘‘‘‘‘‘‘ B, —h'h

- Bgs - © (KR'v,
T

=wm BXY 5 1)

- Ay S PUV,
B; = Jyp'v,

+7|IIllIIIII|IIII|[1II|1III|III||I_

|

i

5300

6000

= Hl]l[l]llllllll]T[lIT[I}HH]HI]I[I]I‘III

=]

LHCb
Vs=7,8 TeV: 3 fb!

T T

Vs=13 TeV: 1.4 fb! 3

My [MeV/c?]

_3x10™
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BF(B! — p*u)
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Implications

* B(B, — p*u7) result consistent with Standard Model expectation
Implications depend on the model of New Physics (with scale A)

A1 V2 Y "
BRexp/BRSM= PB,—ptp = 1E g2 |ViVis|? A2 z _ :
" ut Haisch, arXiv:1510.03341
1 : : : e
A g|V—\/Z;| @ for Z’ with generic tree-level coupling modification
~J X tb ts = .o . . .
v0.2 . @ One-loop modification of Z penguin assuming MFV

Straub, arXiv:1107.0266

 Minimal Flavour Violation:
new physics has similar
flavour structure to SM

* Branching ratios could
have been strongly
modified by new physics

BR(By; — pp) x 10°

e Large regions of parameter
space ruled out, e.g. for SUSY

0 10 20 30 40 50

BR(B, — pp) x 10°

Roger Forty Rare Decays and Flavour Anomalies 16



Other fully-leptonic modes

Helicity suppression for electron mode B, — e*e~is even stronger (m,/myg)?
— SM BF is currently out of reach, O(1013)—but interesting for new physics

Fleischer et al. arXiv:1703.10160v2

By same token, SM rate for the t*t” mode is larger due to T mass

B(BY = 7t77) = (7.73+£0.49) x 10~ "
B(B® - 7F77) = (2.22 4+ 0.19) x 10~°

Challenging due to undetected neutrinos
Searched forusingdecay +— - ntn v,

B.-B® mass difference cannot be resolved for
this channel. Limits set (at 95% CL):

B(Bs— t777) < 6.8 %1073
B(Bqg— 7777) <21 x1073

Also search in the strange and charm sectors:

B(KY — utpu™) < 0.8 (1.0) x 107 at 90% (95%) CL.
B(D° — ptp) < 6.2(7.6) x 107 at 90% (95%) CL.

Roger Forty Rare Decays and Flavour Anomalies

Candidates

Bobeth et al.
PRL 112 (2014) 101801

LHCb

10° —
F 4+ Data
10 . — Total
F == —1 X Signal
10 f — Background

=
Z0
s

Y | PP P PR N N PR PR FEEE FETe S
0 010203040506 070809 1
Neural network output

EPIC 77 (2017) 678

PLB 725 (2013) 15
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@ Semileptonic rare decays

* b — s€€ has similar loop diagrams to
B. — pp, but instead of annihilation the

s quark leg is rotated to the final state

* More observables: m(pu), angular
information from decay products

 Contributions from many experiments: 3,
ATLAS, CMS, LHCb and the B factories S s0
LHCb: best mass resolution at the LHC P

. .. 4
highest statistics, lowest background G
Add a spectator

Be"e PRL 118 (2017) 111801
d quark: o
=
B® — K*O pp 8
"
K P
y : 5 b
BO “ f”///;///;f////:///////////////////
n .2/2///// > ////g.{z/e////// 5.28
I

Roger Forty

M, (GeV/c?)
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Events /25 MeV

ATLAS

, arXiv:1805.04000

100

50

(o]

{ T
ATLAS (s =8 TeV, 20.3 fb’’
S5 fold, g* =[0.04, 6.0] GeW? _|

+ Data
—— Total Fit Model
----- Signal

--- Background

5200

PLB 781 (2018) 517

20.5 tb' (8 TeV)

L
5600

F 2 <g2<4.3GeV?

5.1

Candidates / ( 10.0 MeV/¢?)

¢+ Data
Tota! fit

e Corractly tagged signal
w44 Mistagged signal
- - - Background

54 . .55
m{K"m P u) (GeV)

My [MeV]

CMS

+ Data
— Fit

LHCb

Vs=7.8 TeV: 3 fb! ]
Vs=13 TeV: 1.6 (b

Bl = Kurum o

B — K'utu- 7
Wl A - pK o
I Comb. bkg.

L9TLO V08T :AIX €

|
5300

5400

5500 5600

m(K-mrutu) [MeV/c?]
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dr/dg?

b — s€€

b-hadron mass is reconstructed from final hadron decays (e.g. K*0 — K-t*)
and two energetic leptons

Background events suppressed by requiring displaced vertices

The decay width is expressed in terms of g2 = invariant mass? of dileptons

Tree level decays involving J/{ and (2S) resonances used as control samples
and the g? regions removed from the analyses of b — s€€ decays

JHEP02(2016)104

E B K* ¢ B BO
I4 ef K
Plot from Prog. Part. Nucl. Phys 92 (2017) 50 !
T T T T T T T T T T T T T T T T T T . T T :I || T 5T
Broad ct i
Ih $i2d) r(;(c;nm?(:l(;r I(I:S)I:)l\‘rl(fnthv
open charm threshold)
Photon pole

&~ enhancement (from Cy)

CKM suppressed

¥ light-quark resonances

Sensitive to C;-Cy
interference

Sensitivity to
Cy and Cyg
s

phascspm

suppression

0 5

10

15 20

Invariant mass? of di-leptons q° [GeV?]

Roger Forty
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ST —
m(K 'y ) [GeV/ied]
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Decay rates

Study same process with different spectator quark(s) WX, 0 N
* In general, data tend to be lower than SM predictions = "
Hadronic uncertainties limit precision of the predictions
_ -LCISR. inttice +])Iata . _ . -LCQR : 'Lalt.ic:f:' T.TDm.a. . 20 s -LCSR . .Lallim.: T.TDm.a. .

% Bo>K'uww | 3 Kww § % B' 5K ™“wu ]
g LHCb § O LHCb § O 15} LHCb -
9 (8 S i ]
°?x n?x 2 1of R
= +t = 2
3 T + 5 1
Q . , = = L ]
< 05 5 10 |52 G \2{02!‘?4] % o e 1'0- % 00'. L L . '2'0' B
q* [Ge q* [GeV*/c4]

— S — = BT : : .
:_i" z LHCb -:‘:-J |-6;_ SM prediction A? — AO,U-—’_,[L _; :“ lﬂ' b
[ B B sM pred. 3 I.4;— -pn ? —; % 0+ ]
95!-:') z BS — ()ﬁu-l_l_j, = Data !é 1.2 ;_ _; .ED l + B K M /_L ]
= s ) S B om0 - RN CMS ]
3 it BN N
33 < 06 4 = 0_5—_‘%,_ — =+ ]
S 2 T ooub q = L —= —_:*—__- i
b P + g [ 4t ]
y ! | | ol 1 ~+ LHCb § ° -
%D 5 10 15 RO S S ST . oL . L L i
@ [GeV¥/ct] 0 5 10 5 30 0 5 10 15 20
g* [GeV¥ 4 ¢* [GeV Y]

JHEP 09 (2015) 179

Roger Forty

JHEP 06 (2015) 115

Rare Decays and Flavour Anomalies

€€T (¥T0T) 90 dIHr

LHCb: JHEP 11 (2016) 047, JHEP 04 (2017) 142

CMS: PLB 753 (2016) 424
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b — sy angular analysis

e Study the rate as a function of the
decay angles: 6,, 9, ¢

 Complicated expression:

1 Ar+r) 9
AT +0)/d a0 321
— I} cos® 0 cos 20, + Sy sin® O sin® 6, cos 2
+ Sy 8in 20 sin 26, cos ¢ + S5 sin 20 sin 6, cos ¢ JHEP 02 (2016) 104
- %AFB sin® B cos by + S7sin 26 sin 8, sin o & | - o o

+ Sg sin 20 sin 20, sin ¢ + So sin? 0 sin” 6, sin 2@]

[%(1 - ) sin g + Fy, cos® 0 + %(1 -F) sin? B cos

SM from DHMV

* LHCb Run 1 analysis —
O Belle arXiv:1604.04042 ]

N 5

* F, =fraction of longitudinal polarization

of the K* 3N mafs T{F B

0.5 + S

e Can define “optimized observables”, i 1 f
15

with form-factor cancellations, e.g: TN 0
q* [Ge V¥ 4]
Ss
P! = 3.4 0 significance, bearing in
T VRG-R) : SO

mind look-elsewhere effect

(other bins, other observables)
Roger Forty Rare Decays and Flavour Anomalies 21
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Theoretical uncertainties

Discrepancies of rates and angular distributions for
b — s€€ decays comprise the first flavour anomalies . 0 () .

Ongoing debate about the reliability of the theoretical
predictions, possible contamination from “charm loops”

Modelling has been studied in detail using B* decays, fitting the full g? range
allowing contribution from short- and long-distance effects to be constrained

Including latest results and alternative calculations, anomaly is less striking

—— 7
e daa (~10° decays)

— total

S
{s =8 TeV, 20.3 fb'

-$- ATLAS CFFMPSYV fit

- LHCb theory DHMV

—- CMS theory JC ]

—- Belle ]

Pr
N
pS
;_
B -
73]

=== short-distance

—_
1))
IIITIIIIIIIII

19T (£102) ££D 1d3
o :
U‘ —
I |IIIIIIIIT]]I]IIII
000%0°SOST:AIXJE

—TCSONANCES

------- interference

background

Candidates / (44 MeV/c?)

100
0 =

50
-0.5 i =
O [ _.-_.- .:L..- Lo E
: o —F — E
50 b1 A PR PRI I B u I Ll I 1 Ll
1000 2000 3000 4000 0 2 4 6 8 10 ,
migs [MeV/c?] oF [GeV7]
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B, = K*Ouru-

arXiv:1804.07167 Run1+2, 4.6 fb!

0 O — L L L L L
B, counterpart of the B® — K*° pu decay 7
. = 700 LHCb
By b t d R E"’ aon —ﬁ“
. . o1 500 g.‘—ﬁ}f__wg_'
W B = 400 BT
— g
. .. = 200 Bl Comb. bk,
Heavily suppressed b — d€#€ transition € w0
SM prediction for BR O(108) due to <
5200 5300 54040 3500 5600
| Vigl /| Vil m(J WK 1) [MeV/c]
Normalize to decays with m(pp) at J/y 30— T e |
then search in regions of g2 away from 25 - Dua c

J/U and other resonances

First evidence seen: 38+12 signal events
(3.40 significance) BR consistent with SM

Sets ground work for detailed analysis
of this channel in the LHCb upgrade

Candidates / ( 10.0 MeV/c?)

D 5200 5300 5400 5500 5600
m(K mtutu-) [MeV/e?]
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Rare charm decays

e Unique laboratory to probe FCNCs in the
up-type quark sector

e Rare charm decays sensitive to new physics
contributions, but need to separate short-
and long-distance contributions

* D% — h*hu*u rarest charm decays ever seen:
BD’ - rr ™) = (9.64 £ 048 £0.51 £0.97) x 107,
B(D" — K+ K ptp) = (1.54 £0.27 £ 0.09 £ 0.16) x 10"

* Now studying asymmetries, none significant
seen so far:

= 0.6 : e
arXiv:1806.10793 ® mat LHCb
Runl+2, 5 fbt ,

0.2

O+‘ ..... iﬁ ............. =
-0.2:
-0.4 D’ m
_06 LLLLL 1

L L 1
500 1000 1500

m(u*u) [MeV/e?)

Roger Forty

“short-distance”

Candidates per 5 MeV/¢?

Rare Decays and Flavour Anomalies

)

“long-distance’

PRL 119 (2017) 181805

i Low-m(u* 1) In LHCb |

T —Fit

D°—>.?r'.?r,u e
”}' [ JEY ar o 45 sl

G e oy e Comb. backg.
1900 1850 1900
m(D") [MeV/c?]

1850
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Rare hyperon decays

e LHCb can also contribute in the strange quark sector
such as hyperons (baryons carrying s-quark)

* Interest since HyperCP (E871) saw 3 events in the
2" — puu channel that clustered inm |

LHCb sees evidence for the decay with4.1 ¢

significance, but no evidence for clustering inm

B(X* = putp~) = (22513) x 1077
B(XT = pX(—= pTp)) <14 x107°
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® Radiative decays

* Radiative decays (b — sy) measured by B factory
experiments BaBar and Belle, in agreement with
Standard Model expectation

e LHCb has made first measurement of photon
polarization in radiative B, decays
(dominantly left-handed in SM)

* Time-dependent analysis of ratio of B, — ¢y
and B® — K*y to measure parameter A% (related
to ratio of right- and left-handed polarizations)

A(BY— o)|/|A(B? = ¢)|

=
) o
Ch [

=
[

Ratio of candidate yields
=

ot
=
h

=

Roger Forty

A2 = sin (2¢), where tanv) =

C T ]
E LHCb E
- L
E. ! ]
f— « Data —f
: —Fit .
C -SM -
r I ]
0 5 10
t [ps]

Agu= 0.047 0%

Result:

A +0.46 +0.23
A= = —0.98 —0.52 - 0.20

Consistent with SM
value within 2o

Phys. Rev. Lett. 118, 021801 (2017)

Rare Decays and Flavour Anomalies

CLEOQ Phys.Rev.Lett.B7,251807(2001)

BR(B—Xsy) = (3.294 0.53) 10~ (9.1 fb")
Belle Semi Phys.Lett.B511:151(2001)

BR(B—Xsy) = (3.29% 0.53) 10~ (5.8 fb-)

BaBar Semi Phys.Rev.D72:052004(2005)
BR(B—Xsy) = (3.20%52 ) 10+(81.5 fb-)

BaBar Incl Phys.Rev.Lett.97:171803(2006)
BR(B—Xsy) = (3.92¢ 0.56) 10~ (81.5 fb-)

BaBar Full Phys.Rev.077:051103(2008)
BR(B—Xsy) = (3.91% 1.11) 10~ (210 fb")

BELLE Incl (A. Limosani, Moriond EW08)
BR(B—Xsy) = (3.374 0.41) 10~ (605 fb)

HFAG Average 08 (preliminary)

BR(B—Xsy) = (3.52% 0.25) 104

SM predictions:

Misiak st al.  (hep-ph/0B09252)

Becher et. al. (hep-ph/0610067)

Andersen et al. (hep-ph/0609250) 2'5

3 35 4 45

BR(B—X_7) (10+)

o)
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3. Flavour Anomalies

e Other anomalies seen concern hints for
Lepton Flavour non-Universality

e Distinction between Lepton Flavour
Violation (LFV) and Universality (LFU)

— In the SM Charged LFV is forbidden

(and has not yet been

seen)

eg.T—>34,0rB—>en

— On other hand, LFU is assumed in SM:

Gauge couplings are equal for the 3
generations, which are distinguished

only by their different mass
PDG
€.g8. e Z DECAY MODES Fraction (I'i/I)
. oter (3.36320.0042 )%
W (3.3662+0.0066)%
£ T (3.3696+0.0083 )%

* Testing LFU probes the validity of SM

Roger Forty
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Testing LFU in rare decays

Compare rates of b — spp and b — see processes, e.g:
B(BT — Ktutu™)
B(Bt — Ktete™)
First example of a family of ratios R, between hadronic b decays b - h€X

to final states which differ just by lepton flavour
Ratios labelled using the hadron h in the final state as a subscript

Ry = =1.000 +O(m,/m,2) (SM)

Precise theory prediction due to cancellation of hadronic uncertainties

On other hand, experimental effects are tricky: Magnet ECAL
particle ID performance far from universal,
triggering and reconstruction of muons is
much easier than electrons (or t) in LHCb

Mass resolution affected by electron ®
bremsstrahlung - need to recover
energy using clusters in the calorimeter

Trigger thresholds higher for e than u -
also use signal triggered by rest of event ©

Roger Forty Rare Decays and Flavour Anomalies



Ry

lllustrate analysis for neutral mode B — K*£€#€

Experimentally, use B® — K" J/{ (— ptw)
and B% — K" J/U (— e*e’) to perform a
double ratio to help cancel systematics

B(BO - K*OM+M_)

B(B"— K*Jh) (= ptu™))

/

R *0) —
" B(B®— K*%¢ter)

B(BY— K*Jh)(— ete))

e.g. lower efficiency for electron m
would cancel in the double ratio

Computed in two bins of g?:

Many checks made, e.g.

B(B — K* )/, )/B(B — K* J/,.) = 1.04 £ 0.05

m

[0.045, 1.1] GeV? avoiding photon pole
[1.1, 6.0] GeV?avoiding radiative tail

Pulls Candidates per 10 MeV/¢2

o
~=
L

=t

[="

al

)

Pulls Candid
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Results

Compared to SM...

LI LN L

0.8

T T T ]

GS

0.6 LHCb
B . BIF
04 Both bins 2-2.50 low v cpamv
B B E0S
0.2 av.io 7|
F LHCb M
O_O"....L....l....l...,JJHJJ....|'
0 1 2 3 4 5 &

.. and to other experiments ¢ [GeV?/c]

BIP [EPJC 76 (2016) 440]
w CDHMV [JHEP 04 (2017) 016]
m EOS [PRD 95 (2017) 035029]
¢ flav.io [EPJC 77 (2017) 377]
@ JC [PRD 93 (2016) 014028]
m BaBar [PRD 86 (2012) 032012]
A Belle [PRL 103 (2009) 171801]

Central g%: [1.1-6 GeV?]: SM = 1.000(6)
Ry = 0.69 © o4t (stat) £ 0.05 (syst)
Low g2 [0.045-1.1 GeV?]: SM = 0.922(22)
R0 = 0.66 = s (stat) £ 0.03 (syst)

Charged mode: B* — K* €€
Ry = 0.7451009 (stat) 4 0.036 (syst)

el L L L B A I ’)
- b4 e L L T ]
Z i - -o-LHCb -m-BaBar -a—Belle {1 =
S : LHCb | 3
1.5F T - 1_:]-_ ] =
- L - w
i » ! o
10 . S IS U i E
| A | I
— =
¥ | 2
0.5 ® LHCH =
S W BaBar
B LHCb A Belle ] i
OO L L1 TR (N T S SN TN N SR S N | L1 I I O PR S S S S T S S S S T S S S S
. Taf
q2 [Gevz/cél] q [CIC\ / C'4]
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Tree-level anomaly?

~
...
-
-
)

Hints for deviation from the SM also seen in
B-.B()

_ B(B'=D*tr— ;) SM
Rp« = —= —~ = 0.252 +£0.003
D B(BY—D*tp—1,,) id
PRD 85 (2012) 094025

This is a tree-level semileptonic b — c@v decay, far from being rare!

But not previously studied in detail due to difficulty of tau reconstruction
SM expectation differs from 1 due to the effect of the tau mass

Reconstructing decay to tau is difficult because of missing neutrinos from
tau decay = no clear peak in invariant mass

LHCb has performed two independent measurements using
— Leptonicmode 7~ — p" v,
— Hadronicmode 7+ - vt~ wnTi,

B flight direction determined using vertexing from vector between primary
and secondary vertices
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Normalisation

Ry+ leptonic mode

* Tau decay reconstructedas 7= — p~ v, v,
Signal and normalization channels have
same visible final state

* Separate according to kinematic differences
from tau mass and additional neutrinos using

. “
Eu* = muon energy in the B rest frame, M, v
2 h —n \2 2 _ n \2
m miss (pB pD pu) ’ and q° = (pB pD) D™ BDK g =(p,+p,)
* Yield extracted from 3D template fit 4 =(Py-py.) .
E w
M
= 4000F T ascq <1260 Ge,i':;y " LHCb ::'; 409'};_ 9.35 < g* < 12.60 GeV3/c* LHCb_E e
o 3000f q4 % 3000F 3 | e -
< . 1 2 . ] | B = D*H.(= MX)X
S 2000f 4 = 2000 4 |[mmB Dy
= - 4 = C 7 I E — Duv
g C 1 = lﬂﬂ(}:— """ e Combinatorial
O 1000 q = o 7 [ Misidentified p
- o = PRL 115 (2015) 111803
: ' 3 0 2 4 6 8.0
00 1000 00 %Df*?ch%ﬂm m2__ (GeV'ic*)

Rp+ = 0.336 + 0.027(stat) 4+ 0.030(syst) 20 above SM prediction
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Candidates /{ 0.25 ps)

Ry+ hadronic mode

Use B® — D* 3m as a normalization mode
same visible final state as signal

Then:R B B(BO s D*_T+UT) B(BO _> D*_?)ﬂ')
P 7 TB(BY = D*31) B(B®—= D" itu,)
measured ratio C(D*7) external inputs
B® — D* 3ntX background suppressed with vertex cut:

Yield extracted from 3D fit to t_, g2, BDT (against DDX)

' E = mmF

LHCh a3 - i

Dt 3 - u

2 ol model r w2000 F

e DT E bl N

B Fe'y -3 'f"_" [

B Dr-0 3 e 1500 |

. DT 3 - L

B = [ ink 3 — F
. E - DI - Rt (1.1

i Comb. bkg 3 B F

= wnf

= C

05 1 1.5 2 - D':I 5 10
i, [ps] g [GeV/ ]

PV

u’<

Az>40

Signal

Y > D TV

o\

.- Background

( B’ — D":t*:r':z*X}

Candidates / 0.1

Rp+ = 0.291 £ 0.019+0.026 £0.013 1o above SM prediction
N~ N e

stat SVS ext
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LHCb simulation

Il Double-charm (D*DX)

I signal (D*7v)

Prompt (D*raaX)

€T02L0 (8T0T) L6 AQ¥d
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Ry combination

* Measurements all consistent, and all lie above Standard Model prediction

* B Factory experiments also measure equivalent ratio with D rather than D*
in the final state, that also tend to be above the Standard Model

* Combined fit gives a discrepancy of 3.8 ¢ significance from SM
(but note that significance of discrepancy for individual results each < 30)

BaBar had. tag
33220024 20018
Belle had. tag N
HARE S s L i : _— I T T T T T T T I T I T T I
Belle sl tag i £ 05F BaBar, PRL109,101802(2012) R -
0.302 £0.030 £0.011 = ) - ——— Belle, PRD92.072014(2015) Ay~ = 1.0 contours .
E:}E‘!Iu l}fld}'}”,““ tau _ [a% - LHCb, PRLI15,111803(2015) Averace of SM predictions ]
0 BAs n 045~ — Belle, PRD94072007(2016) = Averg P I
LHCb muonic tau N 7L = Belle, PRL118.211801(2017) R(D) = 0.299 = 0.003 .
S ———— LHCb, PRLI20.171802(2018) R(D*) = 0.258 + 0.005 ]
Il:.Ellllf.. b-t.1.::l:'!;“-"|].]ﬁ;1-jlu E 04F 0 Average —
Average QL C .
0306 £0.013 £ 0,007 - | 1 0235 L -
SM Pred. average o . | -_"‘H_‘ .
01,258 £ 0,005 . = C ‘ -
PRD 95 (2017) 11500 : - ) T
0.257 £ 0,003 o ® (o)) 03" S =
JHEP 1711 (2017) 061%= & ) - .. =
D.260 £ (.008 0 = 18] " T
JHEP 1712 (2017) 0609 ¢ — 025 . - ]
0.257 £ 0.003 C - ﬂ) C 3
o ::E " ]
N 02 P(y) = 14% —]
B L il - | . R
b E—— : 02 0.3 04 0.5 0.6
0.2 0.3 R(D)
R(D*)
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am

Similar analysis made for equivalent decay in B, sector
i.e. with a different spectator quark (c) b

Mis-ID bkg.
W J/y comb. bkg.

Bl — x (IP)"v,
B B, >ty
B B, - Jyutv,
B /vy +u comb. bkg.
W B - JYH:
B B. — w(2S)'y,

g

_ B(BF—J/yprtu,) SM
Ry = pigrgr==r "€ [0.25,0.28]

g

Tau reconstructed as 77 — pu~ vy,

Candidates / ( 0.6 GeV3/c*)
(5= Lad
= =2
= =

Identifical visible final states for the two 00 ERE:
modes: (W) p* 18
#3 N
. . . . s S PP o
Separate according to kinematic differences  £s5E——"= i = 5
from tau mass and additional neutrinos, m?, [GeV/c'] g
adding also the decay time =
LHCb R(JAp)
First evidence (30) of B, — J/U v 0 B "

SM predictions
PLB 452 (1999) 129

Ry = 0.71 £0.17(stat) £ 0.18(syst) A

PRD 74 (2006) 074008
Range 0.25- 0.28

Result lies above SM prediction, but within2o |, . . . .. L .. .. .|
-0.5 0 0.5 1

RUJ/W)
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Effective Field Theory ..o

Effective Field Theory can be used to compare and combine the various hints

of non-Standard Model behaviour in b — s€€ decays
This is an approximation that is valid below the scale of any New Physics
(c.f. Fermi theory of beta decay, valid at low energy compare to m,,)

Amplitude of decay process described by expanding over series of operators:

Hadronic Matrix

AM — F) = (F|Hesp|M) = \/— Z Ve mCi(p) (F|O3 ()| M)« Elements
A f
Effective Hamiltonian CKM couplings Wilson coefficients (. = scale)

q g

: : : : ¢
Operators describe effective vertices:  ~ ? ZVOM Eg% o,”ﬁv

Left-handed Right-handed (suppressed in SM)
Coupling to photon 0. = = (80, Prb) F**, oL = ﬂ[‘ 7 PLB) FP
Vector coupling Oy = (sﬁp PLb)(E7"F) 0 = Eswp Prb) (£4"£).
AXia/ Coup/ing G|_|_| — |:§“|_|-_| F;_b}[ﬁ"ﬁ‘“’ﬁ',rj 5 D’i“ - |:§"|_|-_| Pﬁb]{gﬂﬂuﬂ:if} y

SM can be considered as a specific example, with ¢, =-0.33, ¢, = 4.27, C,, = -4.17
(at u = m,)—allows to fit for new physics in a model-independent way
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Effective couplings

* High interest because pattern of deviations is consistent with a shift of
Wilson coefficients C, and C,,, which deviate from SM value by around 50

* All input measurements (175) agree with the simple shift...

* Independent fits made by many groups, favour: ACy=-1 or ACy=-AC,,

AItn&annshofer & Straub, arXiv{1503.06199, 3 [ Capdevila, Crivéllin, Deskotes-Genon, Matias, Virto,
3 (update arXiv:1703.09189) arXiv:1704.05340 |
__ATLAS
i1 Belle |
- CMS
B ) ! LHCb
= o4 O Al
= =
(2=
%
) Pull,, p-val +ee -2 Pull., p-val
-9 SM (x2/ndof=117/88 2.1% 0.9% SM (175 measurem) 11%
C,NP=-1.07 3.70 11.3% 4.30 CoMP=-1.11 5.80 68%
CNP=-C,\?=-0.5{ 3.10 7.1% 3.90 -3 CNP=-C,("*=-0.6{ 5.30 58%
-3 -2 -1 0 1 2 -3 -2 -1 0 1 2 3
- ']1 NP
RE{C-‘;,\ ) CQu
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Possible explanations

1. Statistical fluctuations: unlikely given the number and pattern of effects?

2. Experimental artefacts: these are difficult measurements (e and t)—
have the systematic errors been correctly estimated?
However, seen by different experiments at LHC and B factories

3. Theoretical uncertainties: may effect P, but LFU tests should be robust?
4. Some combination of the above?

New Physics: once all the above have been excluded...

Many models proposed: leptoquarks, Z’... *—
coupling to 3" generation preferentially?

See for example: B-physics anomalies:
a guide to combined explanations

D. Buttazzo et al., JHEP 1711 (2017) 044, arXiv:1706.07808 b > > w- b > P s
“The case of an SU(2),-singlet vector LQ i 7' ot
leptoquark emerges as a particularly : i
simple and successful framework” Leptoquarks. New heavy gauge bosons |
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Interplay with direct searches

* If the lepton flavour anomalies are due to the exchange of a new particle,
then it should be possible to detect it in direct searches at high p;

* No such signs seen yet

* Example: searches for LQ pairs and t't”
at ATLAS and CMS

with anomalies

. May require high luminosity (HL-LHC) ~ “6s 10 1s 20

to be seen, if it is there... My (TeV)

* “lt doesn't matter how beautiful your theory is, it doesn't matter how
smart you are. If it doesn't agree with experiment, it's wrong.” [Feynman]

— Further experimental input is now required to clarify the situation
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Outlook e

o are Upgrade
—— ¢— HL-LHC ——™
2012 2014 2018 2020 2023 2025 2029 2031 2034
* Most LHCb results presented
are from Runl data
7,8 TeV 13 TeV 14 TeV

e Updates from Run2 “soon”
Effects are (surprisingly?) large 0(20%) so should be straightforward to verify

* The experiment will be upgraded during the next LHC shutdown (LS2)
to 40 MHz readout, a fully software trigger and 5 x higher luminosity

LHC Period of Maximum £ Cumulative

Run data taking [em™2%s~1] [ Ldt [fb7]
Current detector 1 & 2 2010-2012, 2015-2018 4 x 1032 8
Phase-I Upgrade 3 & 4 2021-2023, 2026-2029 2 x 1033 50
Phase-II Upgrade 5 —  2031-2033, 2035 — 2 x 1034 300

T0p

g “F Goal of Belle 11/SuperKEKB
= 40

e Further upgrade of LHCb proposed for the
HL-LHC era, to handle 10x more luminosity i

20

montha/year

* Looking forward to competition from Belle II: i S L Eenies

Super B factory has complementary strengths ol
.)E' 4E ﬁ

for neutral modes, full event reconstruction, etc.  3#: -

10

a L 1 L 1 L 1
2017 2018 2019 2020 2021 2022 2023 2024 2025

) Calendar Year
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Conclusions

The LHCb experiment is dedicated to flavour physics at the LHC
— Running successfully, many world-best results (444 papers to date)
Rare Decays can be studied with unprecedented precision using the enormous
statistics available of beauty and charm decays
— First observation of B, & p*u™ in a single experiment
— Detailed analysis of b — s€€ decays
Flavour Anomalies: interesting hints of non-Standard Model behaviour
seen when combining results from different experiments and channels
— Mostly concern Lepton Flavour non-Universality in b decays
— Before claiming new physics, want clear observation in single experiment
— More data already available, but the measurements are complicated...

Longer term: Belle Il start up + LHCb has comprehensive upgrade programme
— can expect definitive answers in the coming years
— It is an exciting time for flavour physics!
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