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Why tlavour
physics?

7 Most BSM physics
models predict
additional heavy
particles:

e can enter in tree and internal
loop diagrams

 can lead to sizeable
modification of observables
such as branching ratios

Indirect searches for

BSM physics are sensitive

to much higher mass

scales O(10 - 100TeV)

than direct searches for
new particles

7 Comparison of precise
measurements with
precise predictions from
SM can reveal the
presence of BSM
physics.

* Imagine if Fitch and Cronin had

stopped at the 1% level, how much

physics wonld have been missed (A.
Soni)

Theoretical uncertainties

are under control for
many observables




Never stop checking

o Standard Model features Lepton Flavour Universality: accidental symmetry of the SM

o Equal electroweak coupling to all charged leptons.

° Difference in dynamics driven solely by the

v, Vi Vr
W MA/~< = W* vvv~< - Ww* WV<
& /1 T

o In this presentation: intriguing hints of anomalies in B decays observed by different experiments in

+
l+ Z/’y !
W+ 5 W+ [—
o el e

Flavour-changing CHARGED curtrent (b = cfv) Flavour-changing NEUTRAL current (b — s(d)£¢7)




Flavour physics at LHCb

* Single arm spectrometer designed for high precision flavour
physics measurements

* Pseudorapidity range 17 € [2,5]

o # of Primary Vertices ~ 2 BEAUTY SIGNATURES

o Decay time res: ~45 fs

IP res: ~20 um for high p; * Mass m(B*) = 5.28 GeV

: Daughter pr O(1 GeV)
Highly ett. PID Lifetime T(B*)~1.6 ps
Excellent primary and secondary vertex * Flight distance ~1 cm
reconstruction [INTJMOD.PHYS A30 (2015) 1530022] * Detached secondary vertex

o}

o}

o}

Large number of beauty hadrons:

° opp(7TeV) =720+ 03 £ 6.8 ub

o opp(13TeV) = 1543 £ 1.5 £ 14.3 pb
[PRL 118 (2017) 052002]




The experimental scenario

LHC ERA HL-LHC ERA .
3 fb-1 +5 fb-1 23 fb-1 50 fb-1 300 fb-1
2011-2012 2015-2018 2021-2023 2027-2029 2031-...
Run 1 Run 2 Run 3 Run 4 Run5...
Current LHCb HERE LHCb Upgrade 1(a) LHCb Upgrade 1(b) LHCb Upgrade 2

— )

n

LHCDb may be the only large-scale flavour physics
Pre-HI-LLHC — Post-HI-LHC experiment operating in the HL-LHC era.
* End Run 3 — End Run 5: LHCb: 23/fb — 300/fb

* NP scale probed by LHCb scales as Ayp & y / f L dt, factor 1.9 gain from HL-LHC [LHCb Upgrade Physics Document]

Impact of Upgrade II comparable to moving from 14 TeV to 27 TeV for on-shell production!
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Rare decays as probe for NP

o Rare FCNC decays are loop-suppressed in the SM (B~107¢ — 1077)

o New heavy particles can significantly contribute, affecting decay rates and angular distributions

° Model independent description using effective, four-fermion point interactions

Standard Model

*
\

~+Y
e )
V)

Local operator
(effective vertex)

4G,

}[eff = \/7 thVtzz

i
Wilson Coefficient /

(etfective coupling)

=7 Photon penguin

/ NP coupling

Onp
Avp

New Physics

\ NP scale

9,10 EW penguin

—— ("
LQ o+

S

/=S,P (Pseudo)scalar penguin




Photon pole
enhancement
(no pole for
B—P¢£¢ decays)

¢y’

Form-factors
from LCSR
calculations

4[m(p))?

C;’) Cé’)

interference

Spectrum

|
J[P(1S) dominated by

narrow charmonium
. resonances.

(vetoed in data)

ng’) and 01(,0)

Long distance
contributions from CC
above open charm
threshold

Form-factors from
Lattice QCD

parameterisation

—> g>=m(lly?

Experimental analysis
and g* dependence

B-hadron mass is reconstructed from final hadron
decays and two energetic leptons

Background events suppressed by requiring displaced
vertices

Study of the differential branching fraction in bins of
q* = m(¢*¢7)?, invariant mass of di-lepton
system

In order to remove long distance effects (i.e. b =
(cC - £1€7)s) the narrow charmonium resonances
are vetoed and used as control samples.




Branching fractions of rare b - S,LtJr u

Low q? region: Data consistently
below SM predictions

But sizeable hadronic theory
uncertainties

Tensions at 1-3 o

Future: measurement of CP and
Isospin asymmetries — percent
level  accuracy expected in

Upgrade 11

LHCb BY— K*Ou+pu~ [JHEP 11 (2016) 047]
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Angular analysis of b = su™ ™~ decays

o B - K*%(> K*m™)u" ™ exhibits rich angular structure, e.g. the less form-factor dependent observable Py:
proportional to asymmetry of red and blue

Dl L L (L
e LHCbdata © ATLAS data

= Belledata © CMS data
0.5 J

7] SM from DHMV
[71 SM from ASZB LHCb, JHEP02 (2016) 104

" ! Belle, PRI 118 (2017) 111801
ATLAS-CONF-2017-023
! CMS, PLB 81 (2018) 517
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Forward & upward K- 0 5 10 15
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(a) Ok and 6, definitions for the B® decay 05
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In q? bins [4,6] and [6,8] GeV?/c* local deviations of 2.8 ¢ and 3.0 &
LLHCb-only global B® = K*Ou*u™ analysis corresponds to 3.4 @
Debate ongoing on SM calculations
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downward K
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Counting Ss: blue minus red 10
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Upgrade II sensitivity with BY = K™ "u™ u
Run 3 Upgrade I :E;
Sbiz_SM" 3{)92_5,,,'!' Scenario ¢, Cl %g
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Expect ~440 000 B® - K*%u*u~ candidates in Upgrade 11 (roughly Run 1 statistics for tree-level charmonia modes)
Allows for determination of angular observables with unprecedented precision
Diftferent NP scenarios can be cleanly separated

q*-unbinned approaches allow to better exploit the data [JHEP 11 (2017) 176]
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6Cy/CSM

Global fit to the real part of Cyand C,,

Discrepancy up to 50

The best fit for several global analyses points towards a shift in C,

....

vvvvvv

) ;j ::gular Observables (P;)
[JHEP 06(2016)092]
] [arXiv:1611.05060]
[EPJC 77 6(2017)377]
_‘3 _I2 —‘1 0 1 2 3
cy”

Discussion is ongoing about our understanding of QCD effects in branching fractions and angular observables ”




Lepton universality: R(K (*))

r(B->K®u*tu™) r(B-K®ete™)
d d 2

KO = TE-RO) fypou* )| TB-KD] fpete)

AN
I

!
>

The double ratio reduces systematic uncertainties

, R¥M =1+ 0(1073) (neglecting my), QED effects O(1072)

t T
W Wy - [EPJC 76 (2016) 8,440]
;:HL{ %LLL< Selection between U and e channel as similar as possible
+ . .

Challenging due to the differences between p and e

T
I

o

o

®
(e}

B° — K*%Te™

Bremsstrahlung correction to improve mass res.

: . JHEP.08 (2017) 055 Magnet ECAL
* Upstream brem: photon emitted before the : &

magnet, momentum underestimated v E,

Upstream ~ Downstream
Upgrade II: higher backgrounds/combinatorics due bre':///;\xfi‘*m ,
to #pp collisions er ‘
- : : ] : “0
O . — - oA o o L e LT
Higher calorimeter granularity o =i — < i E,

* Timing information m(K*me*e”) [MeV/c?]
13




Current experimental status R (K G

[JHEP 08 (2017) 055] —-LHCb -mBaBar —aBelle
o [rrrrerrrrT T e T e T T T ] A 2 T T T T T T T T T T T — T T
s T 1 X I ]
T U0 ) S e R N i LHCb 1
Q: FRE & 2 ] 15__ —
0.8 I . - .
06 @ LHChH . IF SM ]
. f2.1-230 D492 55 4 BP ] S ¥ N : PRL 113(2014)151601
Ar e Y CDHMV - .
: O N 4 JHEP08(2017)055
0.2 av.io 7] i .00 1
[ LHCb : fé ] :
- - PR ST S SR N T ST TR SR T SR ST ST S S S S S N T
0.0 -t e e % 5 10 15 20
2
¢ [CeV2/c] q? [GeV“/c?]
BIP [EPJC 76 (2016) 440] @ LHCb [PRL 113 (2014) 151601]
w CDHMV [JHEP 04 (2017) 016] A Belle [PRL 103 (2009) 171801]
m EOS [PRD 95 (2017) 035029] m BaBar [PRD 86 (2012) 032012

¢ flav.io [EPJC 77 (2017) 377]
@ JC [PRD 93 (2016) 014028]

o LHCD results are consistently lower than 1
o Results from B-factories are compatible (with less precision)

o These results point to a shift in the muonic C,in accordance with the other anomalies detected in b — s€* £~ decays




[PRD 96 (2017) 055008]

_— —— LFU observables
b — sup global fit
— all
——~all, fivefold non-FF hadr. uncert.

. . - ! - -
15 -10 -05 00 05 10 15
ReCY

[l : z N CMs
; ‘ {3 LHCD:
3 i ; / : 0 A
Qs ' i v
22 o &

{TIATLAY
[ Belie]

Matias et al,
JHEP 1801 (2018) 093

i I

I S | R )

NP
Cou

=
%O” “

4 [JHEP 01 (2018) 093]

3 Rk

S

Bs > pu

_2 Grinstein et|al,
PRD 96(2017) 093006

R

-4 -3 -2 -1 0 1 2

Combination of

b — sftP~

Many different global fits incorporating different
measurements (up to 100 observables)

Combine LFU obs. in effective theory framework to
determine Wilson coeff. (here: C? and C!?)

Combination of R(K®™) and angular analysis of
BY - K*0¢%¢~ [arXiv:1612.05014] shows
[PRD 96 (2017) 055008]

: BE, angular, R(K™),
b—sy data all point to AC3~ — 1.

Triggered models with 2, leptoquarks(L.Q)), and
composite Higgs

15




Uperade IT expectations for R(K™) \?

="

ISR - T OTRSG T T Expected yields 5
Nominal NP Igii:ﬂg?frade 1 R[] _ - p - }il — g =
. R [16] B Yield Run 1result 9fb~" 23fb~" 50fb~" 300fb 5 g
SESEIEL — ACg=—14  “BF RFete 954 +20 [272] 1120 3300 7500 46000 g S
LHCb Upgrade II - BY— K*0¢te- 111+14 [273] 490 1400 3300 20000 N &
Scenario-1I - ACy = 0.7 BY— gete” - 80 230 530 3300 o B
— AC =407 40 pKete 120 360 80 5000 2 &
B LHCb Upgrade II T Bt — ntete” = 20 70 150 900 E k=
. Scenario-11I ~ AC=+03 Rx precision Run 1result 9fb~' 23fb~' 50fb~' 300fb~! o
Right-handed —— Al =403 Rk 0.745 £0.090 £ 0.036 [272] 0.043  0.025  0.017 0.007 v D
components | LHCb Upgrade II - Ryo 0.69+0.11+0.05 273] 0.052 0.031  0.020  0.008 232
Scenario-IV ~ AC) = +0.3 Ry ~ 0130 0076 0050  0.020 5n =
— ACj=—-03 Ryk 0.105 0.061  0.041  0.016 SVR
— | LHcbRun 1 R, ~ 0302 0176  0.117  0.047 i ;::o)

1 1 1 1 1 N 1 | " 1 1 | L 1 1

0.4 06 0.8 1 12 Expected Ry uncertainties Qi) ~

Ry =,

(0]

Huge samples of rare electron modes available in Upgrade II N g+ ,+,-~46 000, N g+o0,+,-~20 000

(0]

Ultimate precision on Ry g+ will be better than 1%

(0]

Different Ry allow to probe different combinations of Wilson coefficients, separation of NP scenarios possible!

(0]

Projections don't include improved ECAL for Upgrade 11 16
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Lepton universality test in tree-level decays

d ) d d ) d d ) d
BO D*+ BO D*+ BO LQ D*+
b 7 ;\\ 7 C b 7 ;\\ 7 C b 7 7 C
ﬁ{ " ' i{ 7, 7,
T Ko T

Tests of LFU in semitauonic decays are obtained measuring the following ratios

R — rB-X.tv,)
¥ I(B- X putvy)

with X, = D" or J /Y

o SM predictions:

o R(D") = 0.258 £ 0.005 [HFLAV Summer 2018]

o R(J/y ) € [0.25, 0.28] [PLB452 (1999) 120, arXiv:0211021, PRD73 (2006) 054024, PRD74 (2006) 074008]
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Current experimental status

i t. f R * t
LHCDb has performed analysis of Combination of Rp,) measurements

Rp~ = 0.336 &+ 0.027 & 0.030 with 7= — p~v, 7, % 0-5§' (‘))’ Ax2=1-0c5nt<{urs N _
compatible with the SM at 2.1 ¢ [PRL 115 (2015) 111803] 045 Bl PRO94OTIITADIG | CE Pe MPREE 3
RD* = 0.291 £ 0.019 £ 0.026 £ 0.013 with 7= — IS L o (7r0)1/,r 0‘4:_ o ;i}g:é:Rleo.l71802(2018) R(D*) = 0.258 +0.005 E
compatible with the SM at 1o [PRL 120 (2018) 171802 - .
Ry = 0.71£0.17 £ 0.18 using B} decays 035 o
compatible with the SM at ~ 2 [PRL 120 (2018) 121801] 0351 l 20 3
0.25F l ¢ .
LHCDb performs template fits to e.g. mrzniss: % E, relying on 025_
* its excellent vertexing to approximate the B-momentum s L R E— L ';f6“
* powertful particle identification and tracking to suppress backgrounds R(D)
N Combine LHCb R ) with B-factory results.
yzZ pre o+ | All measurements are above SM predictions.
J*— “ Deviation of Rp) combination from SM ~4.1c
" s Recent theory input reduces tension [JHEP 11

(2017) 061] to 3.8 ¢

19




Upgrade 11 prospects

Upgrade II: new observables beyond the BF ratio

_ () , e Kinematics of B » D™ty fully described by dilepton mass,
o BExpect O(10 M) B - DYtV candidates

and three angles, x, 0, and 84 (better resolution)
© SCﬂSitiVity Upgf 11: G(RD*)/ RD* ~1%

£0.045F 82 007F
. . C E — [ C
o Angular analysis would allow to determine S 0.04 Leb simuation B - D*TV | 3 0.06 | LHCb Simulation
: : a0 20.035 = . |2 -
spin structure of potential NP contribution £ o003 B->Duv| S oosp
o ’ E o o
< 0.025 " Z 004F
0.02 - 0.03 5
0.015F -
0.02F
0.01F i
0.005 & 0.01%
) 0 i s PR R B L [ ) e I I B N
3 =2 -1 0 1 2 3 3 =2 -1 0 1 2 3
¥ resolution (rad) 0, resolution (rad)

Upgrade II: exploit other b-hadron species

* Semitauonic decays of b-baryons and of B mesons

[ « BY 5 D179 6% (2.5%) relat. unc. after Run 3 (Upgrade II)
« R(AY) 4% (2.5%) relat. unc. after Run 3 (Upgrade I1)
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Lepton tlavour violation

o LFV branching fractions enhanced to 10! in certain models of leptoquarks, 7’ [Medeiros Varzielas, Hiller, JHEP 06 (2015) 072]

o LHCb was the first experiment to search for LFV 1 decays in a hadron collider

Lezpsloi BRGS0 T @) 90 €L < 1.0 (5.4) 107 Somm < 4.6x10°
into limits on

leptoquark mass HL-LHC @ 90 C.L. <3 (9 x10100h  <3x10° <0107

Similar to what is
expected from Belle 11

Searches for B = Keu, B - K*9t (- mnmv)u, B » Kt (- mrnv)u and A — Aep are ongoing

e Using Runl + Run2 data expects limits O(10?) and O (10 for B —» Keu and B - K*tu, respectively
* Complementary as charged lepton FV couplings among different families are expected to be different

* Multi-body final states: allow the measurement of more observables

21




Conclusions

o Intriguing hints of anomalies in B decays, powerful probes of the SM!

o Both Belle2 and LHCDb experiments could individually confirm or rule out the current flavour anomaly by ~2025
[arXiv:1709.10308]

o If true, hugely important for the future development of high-energy particle physics, providing a clear target for
future searches at energy frontier... exactly what’s missing right now!

expected region for new increasing mass
particles (hierarchy problem,
WIMPs) N
NP should be
Even if not confirmed, they serve as a good around here
example of the potential of FP at Upgrade II to (driven by Rp+)

terra incognita

probe beyond the energy frontier.

decreasing coupling

Neubert, Beauty 2018 22




Thanks for your

attention!

IASBERGE N

“Welcome! Today’s topic is ‘How To Give A
Presentation Without Losing Your Audience’s
Attention’. The End. Thank you for coming.”

23




what we have
here is a failure
to communicate

-~

what?
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B-anomalies and neutrino interplay i
\

o Impact of lepton flavour universality violation on CP violation sensitivity of long baseline neutrino
oscillation experiments [https://arxiv.org/abs/1701.00327]

°© Combined explanations of B-physics anomalies: the sterile neutrino solution
[https://atxiv.org/abs/1807.10745]

° Anomalies in (semi)-leptonic B decays and possible resolution with sterile neutrino
[https://atxiv.org/abs/1702.04335]

o Leptoquarks in Flavour Physics and the anomalous magnetic moment of the muon
[https:/ /arxiv.org/abs/1801.03380]

o Synergy and complementarity between neutrino physics and low-energy intensity frontiers
[https://atxiv.org/abs/1712.05947]

o B-physics anomalies: a guide to combined explanations [https://arxiv.org/abs/1706.07808]

° And many more!

25




Prospects for selected tflavour observables

Observable Current LHCb LHCb 2025 Belle 11 Upgrade 11 GPDs Phase 11
EW Penguins
Rk (1< ¢* < 6GeV3ct) 0.1 [255] 0.022 0.036 0.006 -
Ri+ (1< ¢ < 6GeV3ch) 0.1 [254 0.029 0.032 0.008 -
Ry, Ryk, Re - 0.07, 0.04, 0.11 - 0.02, 0.01, 0.03 -
CKM tests
~, with BY — DY K~ (H37)° [123] 40 - 1° -
7, all modes (29 152] 1.5° 1.5° 0.35° -
sin28, with B® — J/¢ K 0.04 [569 0.011 0.005 0.003 -
¢s, with B — J/1¢ 49 mrad |32 14 mrad - 4 mrad 22 mrad
¢s, with BY — DDy 170 mrad (37 35 mrad - 9 mrad -
@558, with B — ¢¢ 150 mrad [571 60 mrad - 17 mrad Under study
a, 33 x 104 [193] 10 x 1074 - 3x 1074 -
Vs/ Vs | 6% [186] 3% 1% 1% -
BY, B—utu—
B(B° = puTpu™)/B(BY = ptu™) 90% [244] 34% - 10% 21% |
TBO 22% [244] 8% - 2% -
m - - = 0.2 -
b — ¢~y LUV studies
R(D*) 9% [199][202] 3% 2% 1% -
R(J/4) 25% [202] 8% - 2% -
Charm
AAcp(KK — ) 8.5 x 1074 [574] 1.7 x 1074 5.4x 1074 3.0x 1075 -
Ar (= zsing) 2.8 x 1074 222 4.3 x 1075 3.5 x107° 1.0 x 107° -
xsin ¢ from D° — K+m— 13 x 1074 [210| 3.2 x 1074 4.6 x 1074 8.0 x 107° -

z sin ¢ from multibody decays

(K3m) 4.0 x107°  (Kf7m) 1.2x 1074 (K3m) 8.0 x 10~°

Based on extrapolations from
current measurements, and
take no account of detector
improvements apart from an
approximate  factor  two
increase in efficiency for
hadronic modes, coming
from the full software trigger
that will be deployed from

Run 3 onwards.
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Similar challenges

Run 1,2 Run 3,4
Z
>

Run 5
/,
9 / g
“’g\/ﬁ%&gé‘((/},é x 10 multiplicity
v - :f-?%v-;:;:s?‘ﬂ:ﬁ D ad——— . compared
RS AT P P to Upgrade |
1/ 4/'» ‘;‘;"“:‘?x#‘ “\ . .
’ NS x 10 radiation damage

Pileup in HL-LHC: ~200 for ATLAS/CMS, ~50 for LHCb
Common themes: timing, granularity and radiation hardness

G. Cowan, HL-LHC Workshop 2017
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. : NP NP / /
scenario  Cjy Cho Cy Clo

. . I “14 0 0 0
FCNC transitions TR I
11 0 0 0.3 0.3
v 0 0 03 -0.3
LFU will play a large role in Upgrade II physics case 100 100
075 — 0.75 F —
Improvements: Reduce the material (e.g. RF-foil), improve | /S W scenario | osol W sconario |
ECAL granularity, better Brem recovery algorithms 025F 025 f
A" 000 Run 3 " 000 Upgrade 11
Upgrade I1: 440k fully reconstructed B® —» K*0utu™ will  -oxs} “oasf
allow a g*-unbinned approach = probe the SM ~030F & 0301 \
contributions, NP expected to have no g* dependence NS U OSsSSS S
“L0 2 4 6 8 10 12 ~L00g 2 4 6 8 10 12
Compare angular distr. B® > K*%ete™/ BY - K*0utu~ 1o e
LHCh Upgradent = le el
Scenario-1 _.: j:: :::3
Upgrade will provide thousands of b — d€* ¢~ decays S All four NP
(e.g. 4300 B - K*Ou* ™), angular analysis possible LHCb Upgrade I ¥ scenarios could be
Scenario-III B > o o
45k B* > K*e*e™ and 20k B® - K*%e*e™ in the = dlsngISh‘;d “
Upgrade IT = Ultimate precision on Ry <1% e —~ FOTE than 50 10
LHCb Run 1 — Upgrade 11!
Ry, Rpk) Ry, ... will be possible un Upgrade I1 04 06 08 1 12
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Where are we?r

o After Higgs discovery, no more guarantees

° Situation may resemble around 1900 “.. i# seems probable that most of the grand
underlying principles have been firmly established ...”” (Michelson 1894)

o LHC confirms that the SM is robust, but:
o Hierarchy problem
o Dark part of the Universe
o Matter/ Antimatter asymmetry

o L)

LHC at present is our most powerful accelerator to address these
challenges




