Experiments for ultimate precision
(in quark flavour physics)

a.k.a. discover new physics now and have fun for the next 20 years

Vincenzo Vagnoni
INFN Bologna

s

His boss told him to
reach ultimate precision

1

Setting the scene
• We know nowadays that the Standard Model (of
particle physics) works beautifully up to an energy scale
of a few hundred GeV
• However, there are compelling reason to state that it is
incomplete, e.g.
– Missing dark matter candidate
– Standard Model CP violation for dynamical generation of the
baryon asymmetry in the universe is largely insufficient

• As well as more fundamental reasons, such as
– Why there are three families of quarks and leptons?
– Why the masses of fundamental particles span several orders
of magnitude?
– How to accommodate gravity into the global quantum
picture?
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New physics searches in the flavour sector
• Instead of searching for new particles directly produced, look for
their indirect effects to low energy processes (e.g. b-hadron
decays)
B-B mixing

Bsàµµ

Bsàff

• General amplitude decomposition in terms
of couplings and scales
• Two fundamental tasks
– Identify new symmetries (and their breaking) beyond the SM
– Probe mass scales not accessible directly at a collider like LHC
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The CKM Unitarity Triangle
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• Defined by two parameters only à can be overconstrained by several independent measurements
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History of the Unitarity Triangle
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Where we are today
http://ckmfitter.in2p3.fr

http://www.utfit.org

• Don’t forget: relevant inputs from LQCD, flavour theory and constant dedication
from the HFLAV group (https://hflav.web.cern.ch)
• In the presence of relevant new physics effects, the various contours would not
cross each other in a single point
• Certainly that’s a great success of the Standard Model CKM picture, but there is
still room for new physics at the 10% level
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Why do we care so much?
• If a few measurements would be enough to
constrain the CKM matrix, why performing
many of them with very different processes?
• The fundamental reason is
Dream scenario, for illustration only
that, if there is some new
physics altering various
processes in different ways,
it can manifest itself as an
inconsistency amongst some
of the measurements
• The pattern can tell us how
new physics behaves
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Flavour-physics anomalies
• Not everything works like a charm though,
e.g.
–(g − 2)μ anomaly
–Tension between inclusive and exclusive
determinations of |Vub| and |Vcb|
–Suppressed bàsµ+µ- decay rates
–Anomaly in BàK*0μ+μ− angular distributions
–Lepton flavour non-universality in BàD(*)tn vs
BàD(*)µn and bàsµ+µ- vs bàse+e- decay
rates
–…
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The main players today
(g-2)µ at FNAL:
measure muon
magnetic moment
with a precision of
0.14 ppm

ATLAS and CMS at CERN: can measure a few flavour
observables, mainly with muons in the final state

NA62 at CERN: measure the SM branching
fraction of K+àp+nn with 10% precision

LHCb at CERN and Belle II
at KEK: dedicated detectors
for flavour physics with
wide range of
measurements
And a few others not to forget: BES-III, MEG-II, Mu2e, …
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Upgrades at the LHC
LHC era
Run 1
Run 2
(2010-12) (2015-18)

HL-LHC era
Run 3
(2021-24)

ATLAS, CMS

25 fb−1

150 fb−1

300 fb−1

LHCb

3 fb−1

9 fb−1

23 fb−1

Run 4
(2027-30)

Run 5+
(2031+)
3000 fb−1

50 fb−1

*300 fb−1

* assumes a future LHCb upgrade to raise the instantaneous luminosity to 2x1034 cm−2s−1

• A first LHCb upgrade comes already in LS2 (to raise the
instantaneous luminosity to 2x1033 cm-2s-1), whereas the
HL ATLAS and CMS upgrades come in LS3
• LHCb has submitted at the beginning of
2017 an Expression of Interest for a further
upgrade during LS4 to reach 2x1034 cm-2s-1
CERN-LHCC-2017-003

https://cds.cern.ch/record/2244311
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• HL-LHC can provide up to 2x1034 cm-2s-1 instantaneous
luminosity (~50 fb-1/year) to the LHCb interaction point
without significant proton burn-off
• An LHCb Upgrade II is a unique opportunity to profit
further from the large investment on HL-LHC
– ATLAS/CMS can contribute to a few B decay modes
– The reach of Belle II will be limited (or absent) in some areas,
such as with Bs, Lb and charm

• If present anomalies in the flavour sector will be
confirmed during next years, with more LHCb data and
then independently by Belle II, it will be of fundamental
importance to explore the complete picture
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The flavour physics theorem
• In the unfortunate (but not unlikely) event that no
direct evidence of new physics pops out of the
LHC, flavour physics would be amongst the few
possibilities to pave the way for future
developments of elementary particle physics
• If instead new particles will be detected in direct
searches, flavour physics will be a fundamental
ingredient to understand the structure of what
lies beyond the Standard Model
• Not as strong as the LHC no-lose theorem, but still
a valid theorem!
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Belle-II close to take off

• Exciting prospects from
the SuperKEKB machine and
new Belle-II detector
• An integrated luminosity of
5 ab-1 will be collected by
2021, and 50 ab-1 by 2025
• By around 2021, enough
luminosity will be available
to perform very competitive
measurements
• There are important areas,
especially with neutrals and
missing energy modes, where Belle-II will provide crucial
complementary measurements to LHC experiments in
the flavour sector
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fs from b→ccs transitions
• Golden mode BsàJ/yf proceeds
(mostly) via a bàccs tree diagram
• Interference between Bs mixing
and decay graphs

• Measures the phase-difference fs between the two
diagrams, precisely predicted from global CKM fits in the
SM to be fs = −2l2h = −37.4 ± 0.7 mrad à can be altered
by new physics
– But also affected by small pollution of sub-leading SM
amplitudes that must be taken under control via subsidiary
14
measurements

fs from b→ccs transitions

• fs precision mostly driven
by LHCb
• Latest HFLAV world
average
– fs = −21 ± 31 mrad

• Still compatible with the
SM at the present level of
precision
Assuming for LHCb an
upgrade to reach
300 fb-1, a precision
on fs at better than 3
mrad will be
reachable at the LHC
See HFLAV page for the list of references https://hflav.web.cern.ch

Measurement of g
• g is the least known angle of the
UT, although not for too long yet,
measured via the interference
between bàu and bàc treelevel transitions

• Simple and clean theoretical
interpretation, but statistically
very challenging
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LHCb combination for g
• A plethora of independent
measurements exploiting
different methods and
decays
• Significantly more precise
than previous results from
the B-factories and
undergoing continuous
improvements

Phys. Rev. D87 (2013) 052015

BaBar

+17

g = (69 -16 )o

Belle
arXiv:1301.2033
+15

g = (68 -14 )o

o
g = (76.8+-5.1
5.7 )

LHCb-CONF-2017-004

17

Prospects for g
• Belle-II will be in the game well before the start of
HL-LHC
• LHCb will have more precise results in fully-charged final
states, but might become more competitive in neutral
modes too with improvements in the calorimeter
• Belle-II targets a precision
on g of about 2o at the
end of the data taking,
Belle-II
whereas with an LHCb
LHCb now
upgrade to reach 300 fb-1,
a precision at better than
LHCb Run-5 (300 fb-1)
0.4o is expected
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Dmd and Dms
• Experimental precision has reached a remarkable level
at the per mille level, dominated by LHCb
– Dmd = 0.5065 ± 0.0019 ps−1
– Dms = 17.757 ± 0.021 ps−1

• However, the interpretation requires inputs from LQCD
~7%

~4%

• The quest for precision with these
constraints is now on LQCD
– Need to sustain efforts from the LQCD
community to reduce the theoretical uncertainties by x10
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Mixing and CP violation in charm
• D0-D0 oscillations established by
LHCb with overwhelming sensitivity
measuring mainly time-dependent
ratio of WS to RS D0àKp decays
• “Large” mixing encourages searches
for CP violation
– Both direct and indirect CP violation
searches have been performed with
unprecedented precision

• No sign of
CP violation
yet, but now
entering the
interesting range

PRL 118 (2017) 261803

PRD 95 (2017) 052004
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Prospects with charm and strange physics
• Billions of charm and strange hadrons from the LHC
– Production rates of tens and hundreds
of MHz will enable an incredible
statistical precision to be reached

• An LHCb upgrade to get 300 fb-1 will
make precision measurements of CP
violation in charm à no other existing
or planned experiment can collect
such large charm samples!
HFLAV World Average Jan 2017

HFLAV World Average Jan 2017

HFLAV WA Jan 2017 + LHCb 300/fb

HFLAV WA Jan 2017 + LHCb 300/fb

21

0
+
B →µ µ

and

• CMS and LHCb have
performed a combined fit to
their full Run-1 data sets

+
Bs→µ µ

Nature 522 (2015) 68

• Bs→µµ 6.2σ significance was
first observation
– Compatibility with the SM at
1.2σ

• Excess of events at the 3σ
level for B0→µµ

– Compatible with SM at 2.2σ

• More recently, also ATLAS
published a measurement
with Run-1 data
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Update on Bs→µ+µ- by LHCb with Run-2 data
• New measurement from LHCb
using Run-2 data has led last
year to the first observation of
the Bsàµµ decay from a single
experiment
• Moreover, it starts to be possible
to measure other properties,
such as the effective lifetime
• Assuming a future LHCb upgrade
to reach 300 fb-1 in Run 5, we
can even dream of measuring CP
violation with such a rare decay
mode!

Phys. Rev. Lett. 118, 191801 (2017)
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LFU tests in

+
bàsℓ ℓ

• Measure ratios

RK = BF(B+àK+μ+μ-) / BF(B+àK+e+e-)
RK* = BF(B0àK*0μ+μ-) / BF(B0àK*0e+e-)

transitions
PRL 113 (2014) 151601

• Theoretically very clean
– Observation of non-LFU
would be a clear sign of new
physics

• For the moment at the
3s-ish level from the SM
• Updates with Run-2 as well
as other new measurements
with different decay modes
expected in the course of 2018

JHEP 08 (2017) 055
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Other anomalies in the bàsℓ+ℓ- sector
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+ −
B+ +→K++µµ

5

B →K µ µ
LHCb

4
3
2
1
J/y

0

0

5

y(2S)

10

JHEP 06 (2014) 133

dB/d q2 [c4/GeV2]

Data

0.15 ×10

q2

20
2

[GeV

LHCb

0.05
J/y

0
0

5

10

JHEP 11 (2016) 047
JHEP 04 (2017) 142

9

Bs→fµµ

8

y(2S)

15
q2 [GeV2/ c4]

LHCb
SM pred.

7
6

Data

5
4
3
2
J/y

1
0

5

y(2S)

10

15

JHEP 09 (2015) 179

/ c 4]

−6

B0→K*0µµ
LHCb

0.1

15

dB(B0s → φ µ µ )/dq2 [10-8GeV-2c4]

LCSR

dB(Λb → Λ µ µ) / dq2 [10-7(GeV2/ c4)-1]

dB/dq2 [10-8 × c4/GeV2]

• Differential BFs consistently lower than SM expectations, although
uncertainties in the predictions are matter of theoretical debates

1.8
1.6
1.4

SM prediction

q2 [GeV2/ c4]

Lb→Lµµ

Data

1.2
1
0.8
0.6
0.4
0.2

0

J/y

5

10

JHEP 06 (2015) 115

y(2S)

LHCb

15

q2

2

20

[GeV / c4]

25

Other anomalies in the bàsℓ+ℓ- sector

• JHEP 02 (2016) 104
• PRL 118 (2017) 111801

ψ(2S)

J / ψ(1S)

P'

5

• Angular analysis of B0àK*0µµ • It is important to
remark that global fits
• Can construct less form-factor
by several theory
dependent ratios of
groups take into
observables, like P5’
account up to 90
1
LHCb data
ATLAS data
observables from
Belle data
CMS data
0.5
SM from DHMV
various experiments,
SM from ASZB
notably including
0
Bàμμ and bàsℓ+ℓ−0.5
transitions, and nicely
get a consistent overall
−1
0
5
10
15
picture
q2 [GeV2/ c4]
• ATLAS-CONF-2017-023
• CMS-PAS-BPH-15-008
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LFU tests in semileptonic b-hadron decays
• Measure ratio

RD(∗) = BF(B→D(∗)τν) / BF(B→D(∗)μν)

• Measurements of R(D) and
R(D*) by BaBar, Belle and LHCb
– Overall average shows a ~4s
discrepancy from the SM
– LHCb has recently demonstrated to be able to make the
measurement also with 3-prong t decays [arXiv:1711.02505]

• LHCb can also perform measurements with other b
hadrons

– Recent determination of R(J/y) = BF(Bc→J/yτν) / BF(Bc→J/yμν)
at about 2s from the SM [PRL 120 (2018) 121801]
– Other modes with Bs and Lb decays will also come
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Prospects with B-physics anomalies
• If the present hints for discrepancies from the SM will
turn into strong evidence or even observation with
Run-2 data, and then Belle-II will provide an
independent confirmation, new physics will be
established well in advance of LHCb Upgrade II, both in
bàsℓ+ℓ- and semitauonic sectors
• But then it will be of paramount importance to draw a
full picture with all b hadrons and available decay
modes in order to pinpoint the sources of new physics,
including those with much lower rates not
measureable without extreme luminosities
– e.g., Bsàfµµ flavour-tagged time-dependent analysis
and study of bàdℓ+ℓ- transitions like BsàK*0ℓ+ℓ- and
B 0 àr 0 ℓ + ℓ -
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Tetraquarks and pentaquarks

• Sector in great expansion in the last decade
– A renaissance of QCD in the
non-perturbative regime

PRL 115 (2015) 072001

• Several “exotic” candidates have been
identified and are now under the
magnifying glass of experiments
– Lots of work still needed to clarify the global
picture and understand the nature of these
states
JHEP 01 (2017) 117

JHEP 04 (2013) 154

PRL 118 (2017) 022003

X(3872)

X(4700)

X(4140)

X(3872)

X(4274)

X(4500)
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Other observations and measurements
• “Unexpected” observations of new
excited states, Bc(2S), Wc excitations
• First observation of a doubly-charmed
baryon, the Xcc++
• Precision measurements of masses and
widths of cc1 and cc2 mesons via a newly
observed decay mode (cc2àJ/yµµ)
PRL 113 (2014) 212004

Ωc(3050)0 Ω (3066)0
c
Ωc(3000)0

Ωc(3090)0
Ωc(3119)0

PRL 119 (2017) 112001
++

Bc(2S)

PRL 118 (2017) 182001

Xc
c

cc1

arXiv:1709.04247

cc2

• We need to keep pursuing strongly spectroscopy studies in
present and future flavour physics programmes
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Concluding remarks
• In the current state with fundamental physics, it is
necessary to have a programme as diversified as possible
• If we will see new physics in flavour, e.g. from LHCb in
Run 2, we should seek confirmation from multiple
experiments
– Belle-II confirmation if new physics comes from bàsℓ+ℓ- and
(non) LFU, as well as other measurements not accessible at
LHCb like Bàtn
– ATLAS/CMS in time-dependent Bs physics, Bàµµ, ...

• Furthermore, new physics should affect different modes
coherently
– Maintaining the broadest possible physics programme in the
long term will be crucial à Upgrade II of LHCb to further raise
the luminosity in Run-5
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Concluding remarks
• In the unfortunate event that no direct evidence of new
physics pops out of the LHC, flavour physics can play a
key role in indicating the way for future developments of
elementary particle physics
• If instead new particles will be detected in direct
searches, flavour physics will be a fundamental
ingredient in understanding the structure of what lies
beyond the Standard Model
• In any case, performing ultimate-precision flavour
physics at very high pileup will be a huge detector and
reconstruction challenge
• And don’t forget: this has been, is and will remain a
combined effort between theory and experiments!
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