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CMS Experiment at the LHC, CERN
Data recorded: 2015-Sep-28 06:09:43.129280 GMT
Run / Event / LS: 257645 / 1610868539 / 1073
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Direct and indirect searches are complementary
and must both be pursued:!
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ANCR
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» Direct production of new particles » New “virtual” particles may occur
_ o in quantum loops
» New Physics reach limited by beam . P -
energy » Generic amplitude /"esu=ﬂo[ njg+~A“f ]

» Energyscale O(10TeV) » Sensitivity to mass scale O(100TeV)
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__ Towards B-Factory

Primary goal of 1st generation B-Factory to examine the principles of CP violation

Quark-flavour mixing explained via weak interaction = “CKM” matrix (1970s)

Experimental observations in B-meson physics:
» long B-meson life time (SLAC, 1983)
»  BO-BO mixing (DESY, 1987)

Advancement of ee- collider and detector technology & performance
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asymmetric Az _At Bys ¢
beam energies

Advantages of B-factories

» High luminosity Viapre ./\./@thys.
o C/Slo ICs
» Complete knowledge of the initial state % Miss, h as,,
n re
» No underlying events and low background gESIgnat €nts
re

» Large production of C’s and t’s — diverse flavour physics
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Nobel prize to KM /

Decisive confirmation of CKM picture
Observation of direct

CP violation in B —» " 1t~

N\

Observation of
b— dy

\

Evidence for
DY mixing

Observation of
CP violation in \
B—meson system

™~

Evidence for

Observation of B — TV

B — K®ee
¥~ Evidence for direct

CP violationin B —» KT n™

¥~~~ Measurements of mixing—induced
CP violation in B —» ¢Kg.n'Kg, ..

1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
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@ Recogrized by European Prysical Society

Physics of the
B Factories

B physics
= CP violation
m rare decays (FCNC, LFV, ...)
m precision metrology (CKM
matrix, mb, ...)

Charm physics
= CP violation
= branching ratios
m excited states

@ Springer

A. Bevan
B. Golob
T. Mannel
S. Prell

B. Yabsley
Editors

2014

T physics
m |epton flavour violation
m_precision measurements

Spectroscopy
m XYZ, bottomium,
charmonium
m QCD at low energies

Other
m hadronisation
m dark photon searches
m EW precision
measurements (AFB, ...)
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Recent Results
in Flavour Physics
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Higgs sector flavor sector
4
+Rg -VE) Il T - P
. breaks electro-weak leads to masses and
describes the gauge symmetry and mixings of the
quarks and leptons W= and Z bosons
22 free parameters
parametrized by 2 free parameters to describe the masses
3 gauge couplings Higgs mass and mixings of the quarks
g1, @2, 93 Higgs vev and leptons

—_—

Model >

June 26, 2014 9/40
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Turn of the last decade...

» End of operation for B-Factories

» Start of the LHC(b) B-_

B-physics P hyS iCS < .
. . . f:;aci?ion: DESY Hamburg thIS mo . SSIOn
PUbllcatlonS Slnce 2010 Date: 28 Nov 09:00 - 12:40 PM rnlng/
» LHCb ~400 e s
» Babar ~160 New results
» Belle ~190 in 2017

The Helmholtz Alliance meeting '
this week

| picked a few recent results
which show hints of anomalies,
with some emphasis on B-Factories
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Great understanding of CKM parameters over the past years (i v |
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Great understanding of CKM parameters over the past years
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Great understanding of CKM parameters over the past years

V&V, from semileptonic B decays

» ‘“exclusively” in different decays

2-30 tension between

» “inclusively” without explicit | o o
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FlavolL nanding Net

In the Standard Model,

Flavour changing “charged” currents arise at tree level;
rates are suppressed by small CKM elements

c
b ¢ b
"/ E e
G ” y

Flavour changing “neutral” currents arise at loop level;
they are suppressed by loop factors and small CKM elements

t S S
S b b
b /
S ‘@ " N -
— w —
“ K T NP 2

“Anomalies in B decays could establish a new scale in particle physics”

Adapted from W. Altmannshofer, DPF 2017
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Many experimental measurements show similar deviation

J. Prisciandaro, FPCP 2017

¢ Measurements of various b—s transitions systematically below the SM

¢ Pointing towards anomaly in C9
[LHCb, JHEP 06 (2014) 133)
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Many experimental measurements show similar deviation

..in particular, angular analysis of B = K*|l decay

“Form-factor free”
observable

T. Blake, EPS 2017

' L] L) L] L] l

e LHCbdata © ATLAS data

= Belledata © CMS data

SM from DHMV
| SM from ASZB

llllllllll.

Belle analysis separates
measurements in lepton flavour
2.60 (pp) and 1.1o (ee) from SM
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In the Standard Model, charged and neutral current interactions are “universal”
— electrons/muons/taus couple to W and Z bosons with equal strengths

Test LFU in B meson decays using ratios of BR’s

BR(B — D™)rv)
BR(B — D™)(v)

RD(") —

// *) — N
/ K BR(B — K()ee)

LFU ratios of
charged current decays

LFU ratios of
eutral current decays

1\
\\:i: ———

where uncertainties cancel out
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In the Standard Model, charged and neutral current interactions are “universal”
— electrons/muons/taus couple to W and Z bosons with equal strengths

Test LFU in B meson decays using ratios of BR’s

LHCb results show up to ~2.50 in low g2 region
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Fit to various experimental LFU measurements involving FCNC b — s transition
for a possible presence of New Physics

1.0 1
y Anomalies seen in R(K) &« R(K*)

/ and angular measurements
are compatible

——  LFU observables

b — spp global fit

101~ flavioo.2 — all

I 1

20 -15 -10 -05 0.0 0.5 1.0 1.5
Re C§
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— BuBar, PRL109.101802(2012) ,
——— Belle, PRD92,072014(2015) Ay~ = 1.0 contours

LHCb, PRL115,111803(2015)
— Belle, PRD94,072007(2016)
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nature

International journal of science

B-meson decays

challenge to lepton umversahty

! x\r\ Clezarek’, Manuel Franco Sevilka?, Brian Ham I"llllr R 7

! homas Kuhe®, Vera Loth* & Ywtaro Sato”

One of the key assumptions of the standard model of particle physics is that the interactions of the charged leptons, namely
cloctrons, muons and taus, differ only bocause of thelr different masses. Whereas procision tests comparing processes
Involving dectrons and muons have not revealed any definite violation of this assumption, recent studies of B-meson
decays involving the higher-mass tau lepton have resulted in observations that challenge lepton universality at the level
of four standard deviations, A confirmation of these results would podnt to new particles or interactions, and could have
profound implications for our understanding of particle physics.

orc than 70 years of partiche physics rescarch have led to an
M clogant and conciuw theary of particle interactions at the wb
suclear level, commonly referred to as the standard model'7.

On the bass of Information extracted from experiments, theorists have
cambined the theory of electroweak interactions with quantesm cheo
modynamics, the theory of strong interactions, and experiments have
validated this theory 8o an extraondinary degree. Amy observation that is
proven %0 be incomsistent with standard model assumptions would yeg
£e51 a new type of Interaction or partidle

In the framework of the standard model of particle physics, the fun
damental bullding blodks, quarks and leptons, ase each grouped in three
geacrations of two msembers each. The three generations of charged
keptons—the dectron (¢7), the moon () and the taw (7 ) —arc cach
paired with an dectrically seutral lepton, 2 very low mas newtrino,
¥y b, and v, sespectivey. The dectson, a critical component of matter, was
discovered by Thommon” In 1897, The discovery of the muon In coumic
rays by Andenson and Neddermeyer” in 1937 camie a0 2 warprine, Similarly
surprising was the first observation of + peir production by Ped etal”
atthe SPEAR ¢ ¢ storage ring in 1975, As far as we know, all leptons are
point-like particles, that is, they have no substracture

The theee gencrations are ordered by the mass of the chasged lepton,
which ranges from 0.511 MeV for ¢ to 108 MeV for ™ and 10 1,777 MeV
for r* (ref 6). Thene different muvses kead 1o vastly different Retimes, feom
the stable clectron 10 2.2 for mwons, and 10 0.29 ps for taus. Chasged
keptons participete In dlectromagneti and weak imeractions, but not in
strong inleractions, whereas seutrinos only undengo weak inleractions
The standard model assumes that these isteractions of the charged and
nowtral beptons ase wnivenal, that iy, the sume for the three geeserations,

Precision teats of lepton univensality have been performed over many
years by many experiments. To date no definite viokation of lepoom uni
versality bas boen observed. Among the most precise tests is 3 comparion
of the decay rates of K mesons, that is, K- e L verns K < 'R,
(ref. 7). (Unless stated otherwise, the inclusion of charged - conpugate states
and decay modes s implied here and in the following.) Farthermore,
taking into account peecison maeasurements of the tau snd muon masses
and Metimes and the docay rates v~ o« ¢ Hapand u -~ ¢ oy, the oquality
of the weak coupling strengths of the ta and muon was confirmed”. On

differemce are underway”. They are almed at a better understanding of
the proton radius and structure, aad may reveal details of the troe impact
of muons and dectrons on these inleractions.

Recent studies have focused om purdy leptonk decays of B mesons of
the form B~ <« r 8, and semiloptomic B decays such as B -« D*¢-n,
with €< ¢ jior v, and where '™ sefers 10 & bow- mass charm meson, D or
1", These studies have resulted in observations that seemn to challenge
lepton universality. These weak decays imvolving keptons are well under
s100d In the framework of the standard model, and therefore offer a
unique opportunity te search for unknown phenomena and processes
Involving new partiches: for iatance, 3 yet undiscoverad changed partner
of the Higgs boson™. Such searches have been performed oa data col
lected by three different experiments: the LHCD experiment ot the pp
collider at CERN in Europe, and the BaBar and Belle experimentsat e’ ¢
colliders in the USA and is Japas, respectively.

Measwrements by these three experiments favosr lasger than expected
rates for semieptonic B decays imvolving r keptoma. Currently, the com
bined significance of these results is at the level of four standasd devi
ations, and the fact that all theee experiments report am unexpected
cobancement has deawn considerable sttention, A confirmation of
this violation of lepton universality and an explanation in terms of
new-physics processes would be very exciting. In the following, we
presen detalls of the experimental techaiques and peeliminary studies
1o understand the observed effects, dloag with prospects of improved
semsitivity and complementary measurements at carrent and feture
faciifties.

Standard model predictions of B-meson decay rates
Accoeding 1o the standand medel. purdy leptonic and semileptonic decays
of B mesons are mediated by the W boson, as shown schematically
in Fig. L. 8 mesons are assumsed 10 be componed of a b-quark and an
antiquask (anti-u or anti-J), either B (b, @) or B (b, J), whereas charm
mesces (the spin 0 D and spin: | D" state) contain a ¢ quark and an anti
quark (anth-u or antd ), D*"X¢, 8) or D'V Xe.d)

For purcly leptomic B decays, the standard model prediction of the
total decay rate 1, which depends critically on the lepton mass squased

)
" ls

Two review articles on Nature

10,1008/ ratere21 723
NN

The standard model of particle physics i our best description yet of fundamental particles and their interactions, but it
is known to be incomplete. As yet undiscovered particles and interactions might exist. One of the most powerful ways to

scarch for new particies is by studying processes

known as flavour - changing neutral current decays, whereby a quark

changes its flavour without altering its clectric charge. One example of such a transition is the decay of a beauty quark
imto a strange quark. Here we review some intriguing anomalies in these decays, which have revealed potential cracks
in the standard model - hinting at the existence of new phenomena,

successful theory for explaining the properties and Interactions
of fundamental pastacles, with many meswsements confirming

s predictions 10 extraordinary precision. However, coamological obser
vations of the apparent dark-matter content of the Usiverve, and of the
dominance of matter over antsmatter, sugget that the vtandard model is
an incomplete theory. In addition, the standand model does st peovide an
explanation for the observed patterns of mases of elementary particles.
Thercfore, one of the curreet goals of cxperimental particle phyics in %o
discover new particles and inseractions—commonly referred 10 as ‘new
physicy’—that could provide an explanation for these obscrvations,

Searches for such new particles are performed in two ways, The first
roquires the production of a new particle directly from the collisions of
highly energetk beams of peotons or dhectrons. The new particle sub
sequently decays to a st of known standasd mode particles, whoie
properties are measured i particle physics detectorns. The ATLAS' and
CMS collaborations 3t the Large Hadron ( ollider” (LHC) at CERN are
examples of experiments that scarch directly for new particles prodeced
threugh the collisions of proton beams at unprecedented energics and
(L TTE

The second method imvolves performing precise memurements of the
properties of known decays of hadrons (composites of quarks) that are
accurately described by the standard model. In this case, processes that
occur via the weak foece—sach i the docay of 2 kaos (2 hadron containng
a strange quark) or of a b hadron (which coatains a bessty quark)
are particularly interesting. As a consequence of guantuen-ficld theory,
such decays can occur through transient pasticles that have a physical
mass larger than the amoust of mass - encrgy available feom the decaying
partiche. These trandent partiches ase neferred 10 as ‘virtuall Heavy new
particles can cause harpe deviations from the standand model predictions
of the decay rate and of the dymamics of the decay products. Precise meas
wrements of sach quantities are semitive to particles beyond the standand
model that have mases far exceeding the available collision cncrgy of the
LHC. The LHCb experiment® operating at the LHC is an example of an
experiment that is scarching for new phyvics through peecision meassee
ments of he propertics of kaown decays

T he standard model of pasticle physics has been a spectacularly

neutral.carrent processes. These are skx types (faveuss) of quasks: down
(), up (w), strange (s), charm (c), beauty (B) and top (£). These quarks
can change their flavous by interacting with the W' oc W boseas, but
cannot by interacting with the Z° boson.

Flavour - changing neutral currents (FONCs)
By the end of the 1960, the chasged currest process that occues when a
changed kaon decays into a muos and a neutrine (K° — 3" 4,) had boen
well extablished, but the neutral-current counterpart of this process,
K <= ' 5, had not been ebserved, posing a major puazzle in particle
physics. At the time, only three different flavouns of quark were known to
cxint, snd while the existence of a fourth had boen postulated”, there was
no experimental evidence for it. In 1970, Glashow, Illopoulos and Maland®
provided an explanation (the GIM mechanism) behind the suppression
of the nevtral-current peocess relative 1o the charge-carrent process, by
proposiag the existence of & fourth type of quark with specific couplings
to the known quarks. The contribution from this fourth guark would
cancel out the contribution from other qaarks imvolved im the KT -+ ' e
decay. In today’s lasguage, the strange quark and the down quark that
make up the K: partacle interact via a eantum -loop traasition imelving
prodominantly a W bosen and cither an wp quark or & charm quark, &
shown in Fig. 1a. Given the linitation that the quarks have the same mass,
the diagram imvolving the up guark cxactly cancels that of the charm
quark, explaining the suppression of the K7 — p" j1 - decay relative so the
K™ vo ™ a, docay

The combination of experimental messurements and the proposed
GIM mechasdam provided an indirect observation of the charm quark,
four years before it was observed directly ™, with the discovery of the
Ny badron (a bound state of a charm quark and an anticharms quark)
Such interplay between experimental measureracnts and theoretical pre
dictions of quark flaveurs has shaped the standard model over the past
SO years.

FUNCs in decays of beauty quarks
Another example of a FONC process involves the transition of a besuty
quark 200 & strange quark. This process can oocur through the same
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b — s transition with neutrinos in final state

Most stringent limit by Belle

» Missing momentum signature using semileptonic tag
+ veto on additional tracks (2017)
— possible only at e*e- collider
® BaBar hadronic == SM prediction
» sensitivity to New Physics ®  Belle hadronic A Belle semileptonic

A  BaBar semileptonic
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Status of
Belle |l
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775 members, 106 institutions, 25 countries/regions
(110 members from 12 German institutions)
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Luminosity Frontier
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vertical B at IP 20
B O

Vertical beam size ~50nm @ collision

‘

Low emittance beams
+
Strong focusing at interaction point
using very sophisticated
final focus quadrupole magnets
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D
AVCTNCI\NLC
e+/e- KEKB SuperKEKB
E [GeV] 3.5/8.0 4.0/7.0
| [A] 16/1.2 3.6/2.6
g 0.13/0.09 0.09/0.09
B*y [mm] 5.9/5.9 0.27 /0.30
B*x [mm] 120 /120
angle [mrad]
L [cm-2s-1]
KEKB
(W/0 crab)

~50nm

“Nano beam” (SuperB)
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collision point Belle Il detector

e — ey & '2”

—

Positron ring

Electron ring

Electron-Positron
linear accelerator

Positron damping ring
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Powerful ﬁnal focus
quad ru‘poles
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QCS-R Cryostat

Helium Vessel Helium Vessel

ESR1 Solenoid

ESL solenoid QC1RE
| —] 4 correctors
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phase 1 phase 2
First Beam First
turns studies collisions

SuperKEKB commissioning during first 2 phases of operation
Phase 1: single circulating beams, no collisions (without QCS)
Phase 2: colliding beams at nominal CM energy (with QCS)

Belle |l detector installed between Phase 1 % 2,
except the vertex detector only for Phase 3 physics run
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__Beam Background

x40 luminosity means much higher background, for which we need..

— solid protection

Tungsten shields inside QCS
and near vertex detector

Additional shields to protect
outer sub-detectors in backward/forward regions
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Beam background studied with dedicated detectors
& BEASTRII |2

during SuperKEKB commissioning phases
— Beam Exorcisms for A Stable experimenT

Radiative Bhabha

Synchrotron radiation

Touschek
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b ~—. 7 Challenges at x40 instantaneous luminosity =
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Beam pipe integrated to Vertex Detector

Limited space around interaction region

Very complex, remote actuated vacuum coupling joint puile
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__ Vertex Detector

Tracking and vertexing at B-factory

» Low momentum particles (average p ~ 500 MeV)

» Displaced decay vertices

SVD layers

: ' beam pipe
Si Vertex detector components™ =

e

» 2 pixel layers (PXD) close to beam pipe @r=1.4cm, 2.2 cm
» 4 strip layers (SVD)yuptor= 140 mm
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__ Vertex Detector

Tracking and vertexing at B-factory

» Low momentum particles (average p ~ 500 MeV)

» Displaced decay vertices

Z impact parameter resolution Fraction of reconstructed K from B — J/ K,
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DEPFET sensor Extremely low material budget
(DEpleted P- Channel Field Effect Transistor)

» 0.21% X, in the sensitive area

internal amplification . . .
} P » frame material reduction by etching

» low power consumption _ _
» readout electronics outside

» low noise — thin detector possible: active volume
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SVD Technology

300-320 pm

Testbeam 2016 @ DESY‘
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SVD Technology

Double-sided Silicon strip detector

“readout chips
» Low material budget ~ 0.7 X, per layer ~(APV25)

» “Chip-on-sensor” design for central modules
— minimise analog path length to reduce noise

APV25 readout chip (CMS tracker)
» Fast shaping time, radiation hard, thinned to 100pm

» Heat dissipation up to 700W
— CO, cooling

coohng_
pipes ==
———

300-320 pm
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Over 50k wires put in by hand

Belle Il

Inner-most “small cell” chamber

and extended radial coverage
1200mm

CDC performance

»  MmMmomentum measurement
op./Pr+=0.1%-p; ® 0.3%/B (with VXD)

» dE/dx for particle identification (o = 5%)

» fastelectronics (1,2pus = 200ns)
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Barrel particle identification using propagation time of Cherenkov light

» Separation of pions and Kaons 45 cm
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Barrel particle identification using propagation time of Cherenkov light

» Separation of pions and Kaons - < 45 cm
» Compact detector
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Ring Imaging Cherenkov detector for forward particle ID
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Ly KEK x @niconico
Webcast LIVE Apr. 11th, from 9am

The roll-in of Belle Il detector
Integration with world-most-powerful accelerator
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First Beam First
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Goals of Phase I

4

Collisions with final QCS system
— reach 2x peak luminosity of KEKB

Further background studies before
installation of Vertex Detector

Some bench mark physics studies
+ searches in Dark Sector

DAQ -+ software validation
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Physics run with complete detector
starts early 2019

28/11,2017 News from B-Factories @ DESY Seminar




| S

(g 6r—m—mm—r————7—————7 7 ~ 0.34 T T v T o
2 - Current inclusive Projected inclusive - E [ & / /’_\\\\—
X335~ Current exclusive Projected exclusive | E 0.32 = 221 Sab; R B
_ 1 )y dab
S 5|-Belle Il + LHCb - ‘m
>
=~ I attheend - 0.3F
4.5 of operation S i —
Al 1 o) x ’/
35| . 0261 | L JLHCb Belle II
: ~— — g . SM * |Future WA | * |SM prediction
% PR T T (T TR TN AN N N SN S S S S S S T S O 24 " ) y . l ‘ |
6 ¥ 4 4L - 4;‘ , 0‘§6 ' 0.3 0.35 0.4 0.45
cb . R(D)
Current experimental results limited by statistics gl . ‘..;‘..;.‘...l...i'tf...... s~

1/ab (KEKB) = 50/ab (SuperKEKB)
+ LHC experiments continue in parallel

Belle Il - Theory Interface Platform B !{ il
TOPICAL WORKSHOP

» Series of workshops from mid 2014 until end of 2016 _
MIAPP - B2TiP Workshop

» Reportin final stage — to be on arXiv soon 15 - 17 November 2016, Garching
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_ Summary

Great success of the 1st generation B-Factories
+ Upcoming 2nd generation B-Factory,
with detector

(+ LHC experiments and others)

Exciting time in experimental
Flavour Physics

Integrated Luminosity
[ab™]

> SuperKEKB and Belle Il commissioning continues

- _ — Phase 2 detector installation completed ~10 days ago

-

§ N; Good prospects lie ahead with the start of Phase 3 physics run
;' O in the beginning 2019

g
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