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Wny rare b decays

INn the SM, processes involving flavour changes between two up-type quarks
(u,c,t) or between two down-type quarks (d,s,b) are forbidden at tree level and
can only occur at loop level (penguin and box) — Rare

NoO tree-level flavour

changing neutral
currents, FCNC

A new particle, too heavy to be produced at the LHC, can give sizeable effects
when exchanged in a loop

Indirect approach to New Physics searches, complementary to that of ATLAS/CMS

Strategy: use well-predicted observables to look for deviations
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. uminosity @ LHCDb

. LHCb Cumulative Integrated Recorded Lumingsity in pp, 2010-2017

~10"" bb decays/fb
N acceptance
~1072 cc decays/tb

2017 (6.5 TeV): 0.68 /b

):
2016 (6.5 TeV): 1.67 /fb
2015 (6.5 TeV): 0.33 /fb
2012 (4.0 TeV): 2.08 /fb
):
):

2011 (3.5 TeV): 1.11 /b
2010 (3.5 TeV): 0.04 /ib

Integrated Recorded Luminosity (1/fb)

0 2010 2011 2012 2013 2014 2015 2016 2017

Year
e EXxperiment designed to run at constant luminosity throughout fills

- 4 x1032cm=<sec -

- mean number of interactions/bunch crossing ~1
®



CMS CMS experiment

® Run: 208307 Event: 997510994
Date: 30 Nov 2012 Time: 07:19:44 GMT

B leptonic decays



One of the milestones of
flavour programme By — 1™ p

Very suppressed in the SM

2 b W™ S
2 - my, T
- Loop, CKM ( |Vis|” for Bs) and helicity ~ ( ) ;
Mg

Theoretically “clean™ — precisely predicteo

BB — utp~) =(3.65+£0.23) x 1077 (~6%)  Bobethetal
" PRL 112 (2014) 101801
B(B° — u" ™) = (1.06 £ 0.09) x 10~

Sensitive to NP

- Alarge class of NP theories, such as SUSY, predict significantly
higher values for the Bs)decay probability

Very clean experimental signature

- Studied by all high-energy hadron collider experiments
/



30 years of effort!
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Limit (90% CL) or BF measurement
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‘I'm too old for [imits! | want to see signals! * (F.Halzen, EPS 2015)
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30 years of effort!

} LETTER

Observation of the rare Bo—u* 1~ decay from the
combined analysis of CMS and LHCb data

‘ The CMS and LHCDb collaborations*

|24 Selected for a Viewpoint in Physics vork andig 5016
10  PRL 110, 021801 (2013) PHYSICAL REVIEW LETTERS j Jeckending  |.........Y 10 SRS 0 { =3

S

First Evidence for the Decay B! — u* u™

R. Aaij et al.*

10 (LHCb Collaboration)
(Received 12 November 2012; published 7 January 2013)
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Fra of precision measurements
Of Bg) — ur
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B(B° - ut w)[107]
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Contours for -2 AIn(L) = 2.3,

6.2, 11.8 from maximum of L
\

4 5 6 7
B(Bs — u* ) [107]

89 (G1.02) 22S @ineN ‘aOHT® SIAD

10



-INdINg a needle In a haystack!
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| HCb update with Run 2 data

e Recent LHCb analysis based on Run 1 and Run 2 data (3+1.4 fb-)
e First observation from a single experiment with a significance of 7.8 o

B(BY - utp™)=(3.0£0.6723) x107° ( 20%) Bswm = (3.65 £0.23) x 10~

B(BY = ) <3.4x107 at 95% CL Bobeth et al.
PRL 112 (2014) 101801

o (Consistent with SM expectation at current level of precision
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The SM stands its ground

e Sizeable eftects expected in many MSSM models (cancellation of

helicity suppression) Straub, arXiv:1107.0266

20 (—

BR(B; — ppu) X 107

BR(B, — pp) X 107
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The SM stands its ground

e Sizeable eftects expected in many MSSM models (cancellation of

helicity suppression) Straub, arXiv:1107.0266
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CTfective Bs litetime

A new observable sensitive to NP and complementary to branching fraction

e For Bs mesons, the sizeable difference between the decay widths of the light and
heavy mass eigenstates ATl's allows us to define:

M EXpeCtatlon val ue Qf i

_ untagged t|me dependent rate

T, = 0 +,,— +,,—\ De Bruyn et al,
L(Bs(t) = p7p) = D(B(t) = p7p) £ DB () = ppm) S8 S0 2% oats0

1.0 o5 =2 .
(B = pp”)=T(By = pp) 03 . |
AAr = = — 5 — 0.6 4 IsI=|P|
N(B = ptp~)+T(By = ptp™) ~ . )
=1 | ,' S = I
s gl Csedene )
e InSM Aar= 1, i.e. Bs system evolves = " [ T
. . . ~— —0.2 | Non scalar
with the lifetime of the heavy Bs mass <5 | [NP/cl), cl)
eigenstate, but in NP scenarios Aar T f e
| —08f ' S|, s free; |P|=1; gp =0
could be anywhere in range [-1,1] pop Lt fer=p2 e ppfes || = 0[P = 1210%
\P\ =1, \SI 0 Excluded at 95% C.L.

06 0.8 1.0 12 1.4 16 18 20 22 24
19 R = BRexp(Bs = p"17)/BRsm(Bs = pu™)



Results on Tef

e | HCb measured eftective lifetime from the decay time distributions of
the samples of untagged Bs events used for the branching fraction
measurements by fitting a single exponential function

LHCb
e First measurement by LHCb, not yet

sensitive to Aar, but interesting as a
proof-of-principle measurement, which
can pe scaled to higher luminosities

— Effective lifetime fit

/ (1 ps)
AN @) cO
| 1| I I 1| | |

- i —
O—

,— 1 1 1 1 | 1 1 | 1 l 1
0 5 10
Decay time [ps]

Weighted B — u*u~ candidates

PRL 118 (2017) 191801
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Bs,d — 7'+7'_

* Inthe SM, larger BF due to larger Tmass (m?2/Mz)

B(Bg — 7'+7'_) = (7.73 £0.49) X 10~ Bobeth et al

e But experimentally challenging due to undetected neutrinos in final state

«»n 10°
» Searched by LHCb through the decay = LHCb
TR S L g
| < —+— Data .
* Bs g unresolvable iIn mass — analysis ~ 10 F — Total
. — —1 X Signal L
optimised for Bs oL~ Backeround
o Exploit intermediate p(770)° resonance to 1
define signal/control regions of Mz — .+, =) B - )
then fit MVA e
0 010203040506070809 1
e | imits set: PRL 118 (2017) 251802 Neural network output

B(Bs - 7777) <68x107"° at 95% C.L.  — first direct limit

B(Bg —7777)<21x107° at 95% C.L.  — best limit
17
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h — s/ ¢~ transitions

Event 27196644
Run 116153
Tue, 22 May 2012 09:02:21




Anotnher Interesting rare decay:
BY - K*(— Ktn ))utu~

A b —s transition that only proceeds via loop diagrams

b W= S b t S
NP can be competitive with SM processes &{<,ﬁ W
Y, 2" po \_

Four final state particles with rich phenomenology, plethora of
observables, which can be built from the measured amplitudes

Rates, angular distrioutions and asymmetries sensitive to NP

A lot of phenomenological work invested in defining observables
with “clean” theoretical predictions.

- Observables form-factor free at leading order b W= s
- Still susceptible to non-factorisable corrections < ut

Question: how clean?

19



Fs anomaly

 One such observable is so-called P's, not intuitive, but constructed
from angular observables to be robust from ‘form-factor uncertainties’

Q |
‘.I e [ .HCDb data ATLAS data
o= s Belledata © CMS data
0.5 H D SM from DHMV
— . SM from ASZB
OF—— | HCb: JHEP 02 (2016) 104
Belle: PRL 118 (2017) 111801
ATLAS-CONF-2017-023
CMS-PAS-BPH-15-008
-0.5

7 4= Ay i im—

.=-.-d

0 10 15
g* [GeV?/c4

e [sthe SM prediction less precise than what is claimed?
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INtriguing set of results in differential
pbranching fractions for b—=suu transitions

_ BR.CSR Lattice —®-Data BRLCSR Lattice —e-Data an BRLCSR Lattice —e-Data
o Q- S (-
: : : 1
=
Q g Q [5 U
> 3>
oo>< X X SN
= 7 o 10 N
—_— 2 - O
e A : —h
S N a5 =
3 . =) —
S~
= S 5 :
0 5 10 15 20 < 0 - T T o0 = 0 '
q2 [GCVZ/C4] (G \"’/2/ A 0 5 1O [5 202
q> 1GeV-/ct ¢ [GeV?c?]
L g T N>
= 6 o e
= =
=
3 < <
e T :
5 S
= 5 10 15 0
e [GeV?/c?) 0 5 10 IS5 20 0 S 10 15 20
g% [GeV?/c*] q* [GeV */c*]
LHCb: JHEP 11 (2016) 047, JHEP 04 (2017) 142
JHEP 09 (2015) 179 JHEP 06 (2015) 115 CMS: PLB 753 (2016) 424

e [N general, data tend to be lower than theory predictions
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Tests of Lepton Flavour Universality




|_epton rlavour Universality

e [he property that the three charged leptons (e, u, T) couple
N a universal way to the SM gauge bosons

e |n the SM the only flavour non-universal terms are the three
lepton masses

e |f NP couples in a non-universal way to the three lepton
families, then we can discover it by comparing classes of
rare decays involving different lepton pairs (e.g. e/u or u/t )

23



The tamily of R ratios

o Comparing the ratesof B — Hu"p~and B — Hete™ allows precise testing
of lepton flavour universality

fqma,x dg? dI'(B—Hu™" ™)

2 2  Jaiin dg? 2 9
RH [Qmirn Qmax} - W , § =TI (66)
fqunin q dq2
H = K, K*,¢,

e b — st¢ flavour-changing neutral currents with amplitudes involving loop diagrams

 [hese ratios are clean probes of NP :

- Sensitive to possible new interactions that couple in a non-universal way to electrons
and muons

- Small theoretical uncertainties because hadronic uncertainties cancel:
in SM, Ry =1 neglecting lepton masses, with QED corrections at ~% level

24



Riceo [@2ns @] =

Qmilm Qmax

e | HCb performed measurement
N two g2 bins that are sensitive
to different NP contributions:

- Low-@¢ bin: [0.045,1.1] GeV?

- Central-g2 bin: [1.1,6.0] GeV-?

dI" /dg?

10

<= 1ncreasing hadronic recoil

2

4Am
25

Increasing dimuon mass =

L

Broad charmonium
resonances (above the
open charm threshold)

phasespace '\
Suppression
15 20
q° [GeV7]



A very challenging measurement

JHEP 08 (2017) 055

e | epton identification is anything but universall

. M t ECAL
- Electrons emit a large amount of bremsstrahlung, agne
degrading momentum and mass resolution .-
-
- Recovery procedure in place for bremsstrahlung Upstream " Downstream
but Incomplete )r:/p \t:'l
- energy threshold of bremsstrahlung photons Et>75 : E, * ‘

MeV, calorimeter acceptance and resolution, presence
of energy deposits wrongly interpreted as
bremsstranlung clusters

- Due to higher occupancy of calorimeters, trigger
thresholds are higher for electrons (~2.5to 3.0 GeV)
than for muons (~1.5to0 1.8 GeV) .

- Mitigated by selecting decays with electrons
using hadron trigger either fired either by K*
products (hadron) or by any other particle in the
event not associated with signal (T1S)

26



A very challenging measurement

Number of candidates for Number of candidates for
BY — Vot e JHEP 08 (2017) 055

Partlally rec. e

backg rou nd -'i; ;_, '

Central q

l LOW'q

1500 5000 5500 6000
m(K m—u*u) [MeV/c?] m(K me*e™) [MeV/c?]

 Due to bremsstrahlung the reconstructed B mass iIs shifted towards
lower values and events leak Into the central-g< bins

2/



\Vieasure as a aouple ratio

e [o mitigate muon and electron differences due to bremsstrahlung and trigger,

measurement performed as a double ratio with “resonant” control modes BY — J /¢ K*
which are not expected to be affected by NP:

b BB KOutp) B(B” — Kete”)
S B(BY = K0 /h(— ptpm)) [ BB — K0J/¢(— ete))

— Relevant experimental quantities: yields & efticiencies for the four decays

o Similarities between the experimental efficiencies of the non resonant and resonant
modes ensure a substantial reduction of systematic uncertainties in the double ratio

e Efficiencies evaluated from simulation, tuned to data using dedicated control samples

e Blind analysis to avoid experimental biases

23



It to the Invariant masses

JHEP 08 (2017) 055
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S

e Precision of measurement driven by statistics of electron sample : ~90 ano

110 signal candidates In low-g< and central-g=, muon sample 3-5 times larger
29



Results

Comparison with SM predictions Comparison with BaBar & Belle
2.0
& | L et s T NP PP PR TPRe f\q T
- AL & o = . 1 5 —_—
0.3
¥ | | | 0 |
| 0 |
0.6 & LICH 10 e R e SR
BIP f- T =
V.4 Y CDHMV 1 |
B EOS U.0 ® LHChH
0.2 ® flav.io
LHCb e JC LHCD : g:ﬁ: 1”
.0 0.0
0 1 2 3 4 0 : 0 U O 10 1o 20
q* [GeV*/c] 7 [GeV? /]
3P arXiv:1605.07633 BaBar: PRD 86 (2012) 032012
CDHMV: arXiv:1510.04239, 1605.03156, 1701.08672 Belle:  PRL 103 (2009) 171801

=0S: arXiv:1610.08761, https://eos.github.io
flav.io: arXiv:1503.05534, 1703.09189, flav-io/flavio
JC: arxXiv:1412.3183

L HCb:  JHEP 08 (2017) 055

b 0.661r (stat) +0.03 (syst) for 0.045 < ¢ < 1.1GeV?  21.23¢
" > (stat) £ 0.05 (syst) for 1.1 < ¢% < 6.0 GeV? 24-250
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Crosschecks

B(BY — K*°J/{(— ptp))
— — 1.043 + 0.000 = 0.045 JHEP 08 (2017) 055

- very stringent test of absolute scale of efficiencies that does not benefit from
the cancellation of the experimental systematics from the double ratio

- compatible with being independent of decay kinematics (pt n of the B°
candidate) and track multiplicity

« R _ BB = K p28) (= pum)) [ B(BY = K*y(25)(— e"e”)) -+ compatible with
VED T UB(BY = K0T /(= ptp)) B(BY — K*J/¥(—ete™))  expectation

e B(B° = K*u"pn™) in agreement with JHEP 04 (2017) 142
* B(B" — K*~) compatible with expectations

e |t corrections to simulation are not accounted for, the ratio of the efficiencies
(and thus Rk~+) changes by less than 5%

3



—(nL-InL,__ )

—lectron-trigger categories

e Delta log-likelihood for the three electron-trigger categories,
separately and combineo

I_QW-q2 JHEP 08 (2017) 055 Central-q2

| LHCb

b — LOI
+ £ — Combined :
o T Comb. (stat) ;

— Combined
-------- Comb. (stat)

/ ,,,"" ) 2/ 4
AT 0.045<g<1.1 |GeV~/c7] 1.1<q?<6.0 [GeV2/c4]
0 0.5 | 1.5 2

0 05 1 1.5 >
R . -

O = N W Bs, W O d o0
O = DN W B, W NN o0

¥ O
K
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A reminaer: Hk

* LHCDb published an analysis of R, based on Run 1 data:

. AT (BT —=KTutu~
jﬂ dg> ( ppT)

1 < ¢* < 6GeV*

2 2
2 2 _ Qmin dq
K [Qmi“’ Qmax] (4. 1.9dD(Bt—K4ete)
f At
Qmin dq

0 S 10 15 20
g2 [GeV?/c?]

e Compatible with SM at 2.6 o

Ry = 0.74570-029 (stat) 4 0.036 (syst)

33
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What happens next”

Work in progress in LHCDb to update Rk with additional Run 2 data

- from ~250 B+ =+e*e- candidates to ~800, plus analysis is being
improved

Can make analogous measurement with By — ¢/™¢~ — R4 and
other similar modes

Run 2 update of Rk
Extend the analysis to high-g? region, above ¥ (25)

Avallable data should be sufficient to clarity the picture

34



Anotnher puzzling result
N tree-level b — c transitions




| FU studies in B — DY) 1y aecays

R(D*)=B(B” —- D* 1t%v.)/B(B° — D* u"v,)

——

Iree |eve]

| ” o
Different class of decays (charged current) | D—ctransition |
. . Berlochner et al T
- precisely predicted: arXiv:1703.05330 W—/H—/é‘,: v,

R(D*)sy = 0.257 +0.03

atest LHCb O A AL A GO
dleS measurerment _
D*~ =D (= Ktr)r

- A semileptonic decay with no (charged) lepton in final state (one K, five )
— Zero background from B — D*~ v, X

B(B° - D* (= ntr at (x")p, ), ) ~ 0.2% — not at all rare!
- However, signal to noise ratio less than 1% — need at least 103 rejection!

- Large background, notably from B — D* 37X (BF~100 x signal)
and B — D*" D7 (X) (BF~10 x signal)

36



Analysis strategy

4%
R(D*) B(B° — D* 1t7u,) 3 B(B° - D* ntg~w™)
- \B(BY - D*—rtr—aty\ B(BY — D*—utv,) 5o,
Veasured External inputs

e Signal and normalization channel share same final state —
most systematics cancel in ratio (trigger, PID, selection...)

o Separation between B and 3r vertices (Az>40x,) crucial to
obtain the required rejection of B — D*37.X )

Signal & /” #=p=v.  Background

ﬂ+_ p . p
3/



Background reduction

e Requiring a minimum distance between B and t vertices gives factor 103

suppression while retaining ~35% of signal arXiv:1708.08856
Signal yield ~1300 events

4
Z 10
g o o i, o
O LHCDb simulation & £2000 [ HCh “
'l‘ .n:-
m 103 D*nnnX ‘\\' %15“{' ] ‘ Prelummary E
i -
“ ~ E
! -
% *,1000
.

Candidates / ( 0.00025 ns |

Az/oc
e Remaining double-charm pbackground

(D*Ds)X) suppressed by employing a
Mmultivariate analysis based on isolation
variables, 3m dynamics, reconstruction

under signal and background hypotheses....

> B - AVUSRN" WD = o e P S vy < R
- i —— 7/ By L= e
» ~ N
o ~ — - = ’

Bins of increasing purity

Candidates / ( 0.00025 ns )

. . . ._ ,
-@ -
[ =
‘ ~
= - - ’

Candidates /( 1.375GeV" /¢'1  Candidates / { 1.375GeV" /

Candidates / ( 0.00025 ns )

e Blind analysis

Candidates /( 1.375GeV® /¢*)

0 00005 0001 0.0015 0.00:
T (ns)

38 3t decay time



Results

e |[NISs measurement:

R(D") = 0.285 % 0.019at £ 0.025gy5¢ £ 0.014ex¢ arXiv:1708.08856
consistent with SM and with previous determinations

BaBar had. tag

e [ HCb muonic: 0.332£0.024 £0.013 _._.

Belle had. tag

R(D*) = 0.336 & 0.027¢at = 0.0304yst EET

Belle sl.tag

0.302 £0.030 £ 0.011 _°——
Belle (hadronic tau) '
. : : 0.270+0.035+ 0. ()*7—°_—'
e Preliminary LHCb average:
LHCDb ' '

R(D*) — 0306 :|: 0027 0.336 +0.027 £ 0.030 ———n——

LHCDb (hadronic tau)

0.285 +0.019 +0.029 ___,.__
| | Average 5
e New RHFLAV prellmlﬂal’y WOrlo average | 0340050007 _‘_

* S. Fajfer et al. (2012)
R(D*) = 0.304 + 0.015 ~3.40 PR

HFLAV

FPCP 2017

0.2 0.3 0.4
39 R(D*)



R(D*)

0.45

0.4

0.35

0.3

0.25

0.2
0.2

)
)
e T ) : BT — DYr Ty
)
)

H(D) vs H( L™

Prospects
BaBar, PRL109,101802(2012)

Belle. PRD92.072014(2015) Ay = 1.0 contours o | HCb: a whole programme of

LHCb, PRL115,111803(2015) semi-tauonic measurements :

Belle, PRD94.072007(2016) c—— SM Predictions

Belle, PRL118,211801(2017) R(D)=0.300(8) HPQCD (2015) 1 4
LHCb, FPCP2017 R(D)=0.299(11) FNAL/MILC (2015) R(J/w : Bc — J/w T U+
Average R(D*)=0.252(3) S. Fajfer et al. (2012)

- B - D 171

- BY — DY rTy.

S

: Ab — Aé*)T U+

HFLAV
P(2) = 71.6%
0.3 0.4 0.5 0.6
R(D)
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Rarest charm-hadron decays ever observed !
D > 7atn utu, D' > K"K utu”

e ﬂ—-‘-- — ——.—————*,' e

o
A )
C u C < u
1904{—_ e q }}h+- l)0<{QL W+ }‘h+-
q

arXiv:1707.08377
submitted to PRL

B(D° = ntn put )
B(D" - K™K putu™)

|
~d I~ =]
~——
b@
+
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15F
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i [ ] D —»mtmutu
O _ _ -
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185()

41

e c— up" ,u, FCNC tran8|t|ons (O( 0~”) in SM), potentially sensitive to NP

Low-m(u'1r) 1 7

D& ON OO

p—
N

10

1900 1850
m(D") [MeV/c?]

1850

(9.64 £ 0.484at & 05156t = 0.9 n0rm ) X 1077
(1.54 4 0.27tat & 0.095y5t &= 0.16,0pm) X 1077

1900




Conclusions

Precise measurements of flavour observables provide a powertul
way to probe for NP effects beyond the SM, complementing direct
searches for NP

Flavour-physics measurements at the LHC, in particular by LHCUDb,
are dramatically adding to the already impressive Knowledge
accumulated by the B-tactories and Tevatron

Many world record results. For some topics we have moved from
exploration to precision measurements

Most of these results show good compatibility with the SM, but some
signs of tension are emerging

Need more data to test these hints. [hese data are arriving in Run 2!
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A few extra slides



Fraction of candidates [%)]

Crosschecks on
premsstraniung recovery

e Relative population of bremsstrahlung categories compared
between data and simulation using B—K™0J/ap(ee) and

BO—K0y(ee) events
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| HC Schedule & LHCD

LHCDb

We are

here !
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| HCb Upgrade

e Reqguirements:
- 40 MHz readout

- BEvent selection performed by HLT software only
- L =2x10"cm “sec” ! (X B)

-> 5.5 visible interactions/crossing

-> Higher track multiplicity (from ~ <70> to <180>)

e [mplications:
- New detector front-end electronics because of new readout requirement
- New HLT farm and network
- New trackers with finer granularity to reduce occupancy

- What Is not changed needs to be consolidated to sustain higher Luminosity
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I'he upgraaea detector

Muon MWPC

update RO & Tracker Upstream Tracker (UT)

control electronics scintillating fibres silicon strips
M5 M4 t e

M3 SPD/PS
12 M1 RICH2 Magnet

VELO
~ pixel detector

= Calo reduce PMT gains
replace RO electronics

& Innermost ECAL cells -



The future after the future
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e \While working for the upgrade, discussion started on what to do
during the very long shutdown for HL-LHC (LS3) planned for 2024

e Several iIdeas on the table to consolidate and enhance LHCb with new
capabllities that will bring extended pnysics opportunities in Run 4

e [ ay the foundations for a phase-2 Upgrade to be installed during LS4 with
a target Lumi of ~2 x 10°* cm=s™' (x10 wrt phase-1 upgrade) integrating
300 fb'. With pileup of ~50, adding timing information will be key
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LHC Period of Maximum £ Cumulative

Run data taking [em™2s~1] [ Ldt [fb]
Current detector 1 & 2 2010-2012, 2015-2018 4 x 10 8
Phase-I Upgrade 3 & 4 2021-2023, 2026-2029 2 x 1033 50
Phase-II Upgrade 5 —  2031-2033, 2035 — 2 x 10°4 300

Strong arguments to continue flavour physics after Run 3
Many measurements of suppressed decays of heavy-flavoured
hadrons, which are interesting to probe New Physics effects,
will still be statistically limited after the LHCb phase-1 upgrade




