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| HCDb timeline In the next decades

‘ HL-LHC >
8fb 1 50fb 1 Phase II
LHCb Upgrade |
22 tb1
Today 2019 2021 2024 2027 2030 2031 2033
Install LHCb Install HL-LHC and
Upgrade | ATLAS & CMS
Phase Il Upgrades
0 ab-
Belle |l > >
2018 2025 LHCb potentially the only running flavour

physics experiment in Run 4 (Ib) and Run 5 (lI).

The LHCb Upgrade | will enable to integrate about 22 fb-1 by end of Run 3 and 50 fb-* by end of Run 4.
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Proposal for future LHCb upgrades

CERN-LHCC-2017-0083

 LHCb Upgrade | in Run-3, Run-4 (2021-2023, 2026-2029)
e Linst= 2 x 1033 cm-2 51, integrate 50 fb-1 by the end of Run 4.

* Profit from LS3 for a “consolidation” of Upgrade | in Run 4 (1b).

| HCb Upgrade Il in Run 5 (2031-2033) and beyond.

 New experiment to be installed in LS4

* Linst=2 x 1034 cm=2 s, integrate > 300 fb-.

Opportunities in flavour physics,
and beyond, in the HL-LHC era

 May be the only general heavy flavour experiment on this timescale.

Expression of Interest

“It is proposed to upgrade the LHCb experiment in order to take full advantage of the flavour-
physics opportunities at the High Luminosity LHC (HL-LHC).

This project will extend the HL-LHC's capabilities to search for physics beyond the Standard
Model, and implements the highest-priority recommendation of the European Strategy for
Particle Physics (Update 2013), which is to exploit the full potential of the LHC for a variety of

physics goals, including flavour.” 3



| HCb Upgrade | (Run 3

VErtex LOcator

+ From strip sensors to hybrid
pixel detectors

+ Closer to the beam (from
8.2 mm to 5.1 mm)

+ CO2 cooling in micro-
channel substrate

* New RF box

* Fluence in the innermost
region 8x10'> MeV NeqCcm-2

Upstream Tracker

+ 4 planes (x-u-v-x) of Si strips

Sensors

- Staves staggered: overlap

in x

+ Closer to the beam pipe
* Finer granularity
* Bi-phase CO2 cooling in

stave support

SCintillating Flbres

- Scinftillating fibres as active
detector elements

- 3 stations with 4 detection
layers (x-u-v-x)

+ 2x2.5mlong modules
with mirror in the middle

* Readout with SiPMs aft the
outer edge

M4 M5 2
250mrad

Upgrade (current) Conditions
- visible interactions=5.5 (1.1)

- /s=14TeV (13 TeV)

* lumi: 2x 1038 cm-=2 5!
(4 x 1032 cm-2s-1)

- expected integrated lumi:

be removed.

Silicon Inner Tracker will

||

50 fbo-1 (8 fbo-1)
2 03—
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Number of vertices per event

Major upgrade of the
electronics to allow the read-out
of all sub-detectors at 40MHz.



| HCb Upgrade Trigger

LHCb Upgrade Trigger Diagram

* Detector read-out at 40 MHz (30 MHz of visible
(full rate event building)

pp collisions).

fSoftwaﬁre High Lével Trigéer
e From CERN-LHCC-2014-016: “The main [

challenge for the trigger-less readout is to build a

cost-effective system that can handle the sizable
bandwidth of 4 TBytes/s.” and “In 2019 we

Full event reconstruction, inclusive and
xclusive kinematic/geometric selections

Buffer events to disk, perform online

expect to be able to run 400 instances of the detector calibration and alignment
Moore application on a server. Therefore, the CPU ; :
time budget for each Moore application is 13 ms . N
1 1 Add offli isi rticle identificati
assuming a farm of 1000 servers, and an input and track quality information to selections
rate of 30 MHz.” Estimated cost in 2014 was 2.8 Output full event information for inclusive
MCHF triggers, trigger candidates and related
. primary vertices for exclusive triggers
\. J

* 30 MHZ of events (at L=2 x1033) must be fully [ 2-5GB/stostorage

reconstructed In realtime with an excellent quality.
Event (today full size) 70 KB = 70kHz

5 Event (today turbo size) 5 KB — 1000kHz




| HCb Upgrade Trigger

No possible any further offline data processing.

- Physics output will entirely rely on the real-time analysis. Signal and control mode
selections for a given measurement must be fully prepared in advance.

- Control of systematics will be crucial.

Physics not reconstructed in the trigger is lost. For instance, downstream
tracks (essential to increase acceptance and efficiency of long-lived

particles Kg,KL,A) are not in the Run 3 base plan at the moment.
Computing power not sufficient.

Evolution of computing power and costs estimates were assumed to be
too optimistic in 2013 (CERN-LHCC-2014-016). It may be possible to
have some “safety knob” (LLT, GEC cuts, prescaling) in order to reduce
the input rate to the EFF



| HCb-Upgrade: physics reach

* Classic broad-range measurements

CKM physics and search for very rare decays

 Measurements in specific sectors where anomalies are emerging in recent years.

- Lepton-flavour universality in b = s #+#- transitions, and related b = s £Z+¢- picture of decay rates.
- Lepton-flavour universality in semi-leptonic b-hadron decays.

* Spectroscopy (not covered here)

- While primarily looking for BSM physics, the LHC is also a unique laboratory to better understand
QCD in the low-energy regime.

| am not going to cover all items, but just a small set of observables of common
interest to LHCb and Belle Il. | will focus on the LHCb-Upgrade Phase |, but you can
easily project from 50 fb-1 to 300 fb-!, assuming the 1/sqrt(S) behavior (that is our
best guess at the moment) .



Classic program



Global UT fits today

http://www.utfit.org

http://ckmfitter.in2p3.fr

| o B I miA b 1 mmlszl | i B | G e [
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excluded area has CL> 0.95 . %
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: A "’-&\jf" ik il
10 - . —— Ry
: : sol.w/cos2f<0 ]
- ICHEP 16 ; {excl. at CL > 0.95) -~
1.5 LA e 1 el Y, ) ]
-1.0 -0.5 0.0 0.5 1.0 15 2.0

Great success of the Standard Model CKM picture, but there is still room for new
physics at the 10%-15% level. Still far from EW precision tests. Relevant inputs
from Lattice QCD and flavour theory to make strong statements.
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®s from b—ccs transitions

e Golden mode Bs — J/Po proceeds (mostly) via a b—ccs tree diagram

* Interference between Bs mixing and decay graphs: Phys. Rev. Lett. 114, 041801 (2015)

15000

- vield (3fb-1) F LHCb

Gl )

+ 10000 |~

5000 [~

Y
/
VA QA
Candidates / (2.5 MeV/c?)

5300 5350 5400
m(Jp K*'K) [MeV/c?]

 Measures the phase-difference ¢s between the two diagrams, Precisely predicted from
global CKM fits in the SM to be ¢s = —2A\2n = -37.4 + 0.7 mrad can be altered by NP.

* A small pollution (~5%) of sub-leading SM amplitudes must be accurately taken under
control via subsidiary measurements (i.e. B0 — J/rmm).
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http.//www.slac.stanford.edu/xorg/hflav/

Cl)s,Ars and Ard

0.10

0.08

0.06 ATLAS 19.2 fb!

DO 8 fb!
68% CL contours
(Alog £ =1.15)

CMS 19.7 fb!

LHCb 3 fb!

HFLAV

04 02  -00

02 04

¢ [rad]

ds precision mostly driven by LHCb, but
ATLAS and CMS also contribute significantly to
the global endeavor. Systematic uncertainties
much lower than statistical ones.

HFLAV 2017 world average ¢s =—21+ 31mrad,

SM prediction [CKM fitter]: ¢s =—37.6+ 0.8 mrad.

Table 1: Direct experimental measurements of ¢, AT, and T', using BY — Jip ¢, JAp KK~ @ Com pa‘“ble W|th ‘the SM at the present |eve| Of

¥(2S)¢, Jpntr~ and DFD; decays. Only the solution with ATy > 0 is shown, since the
two-fold ambiguity has been resolved in Ref. [1]. The first error is due to statistics, the second
one to systematics. The last line gives our average.

Exp. Mode Dataset P AT, (ps™!) .
CDF Jhb o 9.6fb~" [-0.60, +0.12], 68% CL +0.068 + 0.026 & 0.009 2]
DO ¢ 8.0fb™"  —0.5570:38 +0.1630053 (3]
ATLAS  Jhp ¢ 49fb~" 4+0.1240.25+0.05 +0.053 £ 0.021 £ 0.010 (4]
ATLAS  Jhp¢ 14.3fb™"  —0.110 £0.082 £ 0.042  +0.101 £ 0.013 & 0.007 (5]
ATLAS  above 2 combined —0.090 +0.078 4 0.041  +0.085 & 0.011 = 0.007 [5]
CMS  Jo 19.7fb~1  —0.075 4+ 0.097 £ 0.031  +0.095 4+ 0.013 4 0.007 (6]
LHCb JWKtK- 3.0fb™' —0.05840.049+0.006 +40.0805 = 0.0091 +0.0032 [7]
LHCb  Japwtr~  3.0fb~' +40.070 4 0.068 £0.008 — 8]
LHCb JpKtK—* 3.0fb™' +0.11940.107£0.034 +0.066 £ 0.018 & 0.010 [9]
LHCh above 3 combined 40.001 = 0.037(tot) +0.0813 & 0.0073 4 0.0036  [9]
LHCb  4(25)¢ 3.0fb™' 40.23722% + 0.02 +0.0661042 & 0.007 [10]
LECoe DD 3.0fb™"  +0.02 £ 0.17 £ 0.02 — [11]

All combined

—0.021 £ 0.031

+0.085 =+ 0.006

¢ m(KTK~) > 1.05 GeV/c2.

precision.

ATLAS, by comparing decay-time distributions
of B® — J/PKs and BY — J/PK*0 decays:

AT4/T4 = (-0.1 + 1.1 (stat.) + 0.9 (syst.)) x 1072

JHEP 06 (2016) 081
With 1fb-1 of data in Run 1 LHCb measures;
% = —0.044 4+ 0.025 £+ 0.011
d

JHEP04(2014)114



Prospect for ¢s

Statistical uncertainty as a function of integrate luminosity assuming current detector performances.

¢ s from b — ccs transitions ¢ s from b — sqq transitions

~ 0.05 ———— —  ~ 0.05 _— .

'?3 ¢::an sensitivity o -;33 E - ]
=) Bg - Vo 5 ) B o, sensitivity g
= 0.04 o T e onmes 4 £ 004\ 50fb . 7
E o0 —— B, - y(2S)KK 1 = N 2030 g ]
o 2030 B, — D,D, = e " — B - K%K ‘
@ 0.03 —— B, all cts = e— 0.03} s 2
© i © N \\ §
0.02 \ - 0.02 A \ .
0.01 e o 0.01F \\ -]
..:. ....... M . - :
() - 1 1 v 1 1 i 1 1 1 1 i I 1 1 1 | 1— () E 1 1 v 1 1 | 1 1 1 1 ] 1 1 L 1 | n-‘

0 100 200 300 0 100 200 300
L [fb] L [fb]

[LHCb Upgrade Il Expression of interest] [LHCb Upgrade Il Expression of interest]

Complementary channels like b—sss would in principle greatly benefit of the new trigger approach,
that should be more efficient of the current hadronic trigger (Calorimeter+HLT). This assumes LHCb
will be able to reconstruct at offline quality all tracks in real-time including also PID.
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State of the art - sin(23

S= sin(2p) =

sm(2¢1> e

BaBar :
PRD 79 (2009) 1072009

BaBar
PRD 80 ‘éooogQ) 112001

BaBar JAhp (hddronic) Kg
PRD 69 (2004):052001 :

0.69 = 0.03 + 0.01

. 0.69+0.52+0.04+0.07

: 1,56 + 0.42 = 0.21

Belle , 0.67 = 0.02 = 0.01
PRL 108 (2012) 171802 ,

ALEPH : o . 0.84%9%.0.16
PLB 492, 259 (2000) Nl '

OPAL - i 3.20 7380+ 0.50,
EPJ C5, 379 (1998) x
CDF - |, 0.79 *q4i
PRD 61, 072005 (2000) a

LHCb : i 0.73 = 0.04 = 0.02
PRL 115 (20155 031601

Belle5S L 0.57 + 0.58 + 0.06
PRL 108 (2012) 171801 1

Average : | 0.69 = 0.02
HFLAV : |

-2 -1 0 1 2 3

SSM = sin23°M = 0.74019.020

—0.025

[CKM Fitter]

O

arXiv:1709.03944 [he,o ex] (2017)

0.4

I:I BO—> ¢(2S)KO .
- BY— Jf (e7e DKy -
L3 B Jp (pt ) K
0.9 LE=Z2 Combination |

- LHCD Ay 1

0 -3 fb-1

Ly
‘‘‘‘‘
P
.

-
-
.-

\\\\\\\\
\\\\\\\\\\\
\\\\\\\\\\\\\
\\\\\\\\\\\\\\\
\\\\\\\\\\\\\\

\\\\\\\\\\\\\\\\
\\\\\\\\\\\\\\\

\\\\\\\\\\

-0.2 — —
I~ contours holld 39%, 87% CIr I I 7]
0.5 0.6 0.7 0.8 0.9 1
S
Final LHCDb results on Run 1
C(B° — [cg] KY) = —0.017 & 0.029
BB ekl = 0./60 4= 0,08

LHCb Run 1 precision very close to that of B-Factories.
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Run 1 + Run 2 measurement is coming.



o(p) [°]

Prospect for sin(23

3 from BO — J/PKs — [ptu]Ks

Dominant Run 1 systematic uncertainty

e 3fb- (Backg. tagging asymmetry) should easily
' reduce with the increasing of the statistics
1.4 1 at the level or lesser than others.
1.2 22fb1 50fb-" 300fb-
1 Origin o3 oc
0.8 currenf LHCD sySigmatics e | Oy (oo booss (1o
0.6 AT 0.0047  (0.6%) —
. Fraction of wrong PV componen 0.0021 0.3% .0011 3.3%
le I 50/a z—scrjle : ponert 0.0012 §0.2%§ ).0023 E 7.0%;
0.4 Am — ).0034  (10.3%)
€r deca ime acce ance — . . %
0'2 ICJ(I))rprelauctlionyb‘;‘cween mizs and decay timp — o —( 0
0 - M M v Decns time senciution ffer . -
2015 2020 2024 2030 2035 broduction sy - -
Belle Il projection from: year Sun 0020 (27%) [0.005 (15.2%)
https.//confluence.desy.de/display/Bl/B2TiP+B2TIPGoldenModes Phys. Rev. Lett. 115 031601 (207 5)

Really nice competition here.
In 2025 both experiments will reach a precision of about 0.4 degree.

14



Measurement of y

e v is the least known angle of the UT,
although not for too long vet,

measured via the interference between

b — uand b — ¢ tree-level transitions

)

~\/ T
ij,:' U ~Vub
b 2 C b /‘L\ Uﬁ:
: _ 7 -
B N T
i i i K

Simple and clean theoretical
iInterpretation, but statistically very
challenging (even if many cases

flavour tagging not necessary).
15
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| HClb combination of y

Phys Rev. D87 ( 2013) 052015

* A plethora of independent measurements X "3:3‘1 BaBaf}
exploiting different methods and decays. o | Ecomine
ol 15 (69i%2)° N\
* Recent additions to the LHCb combination. gy | s
y (deg)
o BT — DOK** ADS/GLW [LHCb-CONF-2016-014] %08 [\ Belle
\ arXiv:1301.2033
o BT - D*OK** GLW [LHCb-PAPER-2017-021] 0.6 A\ = (68752)°
| -14

e BY —» DFK® TD [LHcb-CONF-2016-015] M e e
° B:l: - DOKj: GLW (LHCb-PAPER-2017-021] — T4 S 0, Y, R —

0 20 40 60 80 100 120 140 160 180

L . , 8 Fwo
Significantly more precise than previous ~ ogf el A
results from the B- factories and osf s
undergoing continuous iImprovements. 04 eaw SR

02f J
For more details see talk of F.Dordei L HCb Implication Workshop ot 2% S - |

50 60 70 80 90
16 LHCb-CONF-2017-004 ¥ [°]



Prospect for y

C[‘Q LHCb-CONF-2017-004
July 26, 2017

Table 1: List of the LHCb measurements used in the combination, where TD is time-dependen
and the method acronyms refer to the authors of Refs. [6-15].

B decay D decay Method Ref. Status since last g‘ Jos W o S s _“_—_—B;;,;—:r Olec_n;;(;e; ;(;1;;""
combination [1] = gl )
Bt — DK D — hth™ GLW [16] Updated to Run 1 + = -
2fb~! Run 2 2.
Bt — DK™ D — hth~ ADS [17]  As before %’ 8 BE| |e-| |
B* — DK* D — htn—ntr~ GLW/ADS  [17] As before e’
B* — DK* D — h*h~n°  GLW/ADS  [18] As before LH Cb now =
B* — DK* D — KOw*h~  GGSZ [19] Asbefore [T TTTTTTTEERSTTTTTTTTOTTETTT ]
Bt — DK™ D — KK*t7~  GLS [20]  As before 4
B* = D'K* D hth GLW 16] New i _L_H_Qb_Bl_Jf_l-?_(?QZ_{,Z_Z_ . = 1 4
Bt — DK** D — hth~ GLW/ADS  [21] New 2
B* = DK*ntn~ D — hth- GLW/ADS  [22] As before LHCb Run-5 (300 fb™1)
B® — DK™ D — K*n~ ADS 23] As before 02017 2018 2019 2020 2021 2022 2023 2024
B— DK*tr~ D — hth™ GLW-Dalitz  [24] As before Year
BY — DK™ D — Klrntr~ GGSZ [25]  As before
B - DTK* Df = hth~nt  TD [26] Updated to 3fb~"
Run 1

17



adg and asg

. o Run 1 - 3tb-
A, — F(EO—>B0—>f)—I‘(BO—>EO—>i) N Etanqu
(B —B°— f)+T(B° =B —f) Am 70 = (039 5= 0 26 2= 020 %
Sensitive to CPV in mixing.
SM predictions very small

ad = (—0.02 £ 0.19 + 0.30)%
* |n order to improve precision must control
detection asymmetries at very high precision,
up to O(10-4) 1

1 1 I 1 1 1 1 I 1 1 1 |
Standard Model

— | | -

s | -

+ Large D+ — Ksm® control samples used to | e - S E

measure detector-induced charge - [ ! -

asymmetries. - | 2 -

— I 1= B

. , R - | © i

* Today estimate of residual backgrounds from = [ 3z .

simulation. It may be the challenge for future 2L — i ~

measurements. C 3 LHCb D®uvX i

- Q DO D®uvX | . -

, =30 o BaBar D*lv - __

e Future stat. uncertainty may approach the - A BaBar I ——— .

level of 0.2 x 10-3 with 300 fb-! for both s ~, Belle ll —————pe——————
measurements. -3 -2 -1 0 1

18 ad [%]



V. Vagnoni, HL-LHC workshop 1 Nov 2017, https://indico.cern.ch/event/647676/

Measurement of |V bI/IVcbI

 Measured at B factories and more -
recently by LHCb using A, semileptonic

.UT,‘,',

decays o,
— first of a rich programme of measurements
with b-hadron semileptonics at LHCb it

B (Ag =¥ pl‘_vﬂ)q2>15 GeV/e?

' A — 05

P B(A)—= A TL) psrcevse -

(1. 00:I:OO4:I:008) x 1072 A/
~18000 T , Wiy e
S - - m matona LHCb g . . B
E 15000 B pi e e 4 Important role of LCQD ;

Aduv ]
% 12000:— -1’;{;“3 d E Rexp =— Rtheory(lvubl /Ivcb|2)
-’ B "y u® -
g 9000 WEpuY 1  Rtheory = 1.470 & 0.115(stat) & 0.104(syst)
< C
S 6000
B : |Vub|
§ g = 0.083 = 0.004 £ 0.004
B =20k V|
$000 4000 5000 T Signal A, puv decays

Corrected pu™ mass [MeV/c?]

Nature Physics 10 (2015) 1038 N(Ap— pp~vy) = 17687 £ 733 ,,
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Mixing and CPV in charm

DO mixing established by LHCb with overwhelming sensitivity
measuring mainly time-dependent ratio of WS to RS D0 — K decays.

“Large” mixing encourages searches for CP violation.

Both direct and indirect CP violation searches have been performed
with unprecedented precision with Run 1 data.

No sign of CP violation yet, but now entering the interesting range.
Formidable experimental challenge in preparation of very high

precision measurements in the beauty sector in the Upgrade era.
Charm is our crystal ball to see the future.

20



Jolanta Brodzicka , Implication workshop Nov 91,2017
<</$ httos.//indico.cern.ch/event/646856/

s LHCB-PAPER-2017-046

+rr
WS DY—=K*7t : results
* Confidence-level contours on (x’?, y’)
8_ L L L L e e e e L L L
[ LHCb (a) CPVallowed 1 (b) No direct CPV } (c) No CPV 5
7¢ Preliminary T T .
T ok Do P P :
— | 1 *C I AN ;
— .t DY 1 1 " ]
>t 1 h b o997% CL N
4F --D°68.3%CL 1 --D°683%CL I --955%CL h
[ —D°683% CL } —Dpv683%CL I —683%CL i
x"2 [10-3]
* This study (2011-2016) LHCDb (2011-2012) PRrL111, 251801 (2013)
Y = (5.28 £0.45 £ 0.27) x 107 y =(48+£08£0.5)x 107"
_ 2 —5
~5fb-1 | +*=(3B9+23+14)x107° r" = (5.5+£4.2£2.6) x 10
1.00 < |q/p| < 1.35 @68% C'L
. . 0 - direct RIT; - RB
* Direct CPV in DCS DY—K'tmt- Agp = =7——= = (—0.01 £ 0.81 £ 0.42)%
R} + R,
® Jolanta@Implications2017 e8
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Jolanta Brodzicka , Implication workshop Nov 91,2017
https.//indico.cern.ch/event/646856/

PRL 118, 261803 (2017)

Ar: quest for indirect CPV
. = £ scs A
* Does mixing affect D and D° differently? DO CP-eigen. KK, mor
* Easiest access via Ay % _ Sy
T(ﬁo — h+h_) — T(DO — h+h_) ‘DO

i indirect
Ar = ——; ~ —Aop
(D" — hth=)+7(D% — hth™)

TD

* Asymmetry of yields in t(D) bins: |A¢p(t) ~ Aditeet _ Ari Q(/

* 201142012 data, prompt charm 7, b4
DV—KK- ~10M 1D ralie ~3M b ,@’
?2_... — — — —— — 2 — — — —— ——
= FLHCh D'— K*K- 4 Data 35 FLHOL  D'— et 4 Data ]
= E —Fit J= lF — Fit 7
= - + + _+_ ——: < E—pimmellle?Te "' _:
o it —— - ——
¢ I :
G [ O R BT R SR ok, ]
0 2 4 6 8 20 0 2 4 6 8 20
t/Tp t/Tp
Ar(KK) = (—0.030 £+ 0.032 + 0.010)% Ap(mm) = (+0.046 £+ 0.058 £ 0.012)%
® Jolanta@Implications2017 09

Adding 2015-2016 data (~2fb-1) = 30M D0 — KK and 9M DO — nimt

Today (~5fb-1): stat. uncertainty~ 2 x10-4 (expected syst. ~0.5 x10-4)
LHCb-Upgrade (50fb-1): stat. uncertainty ~ 5 x10-%



Time-integrated ACP In two-body decays

| LHCb (37| _ Belle | BaBar | BESII _ Saaklfecl A el

Mode Ace %] S e e
DO—K*K- +0.04+£0.12£0.10  -0.32+£0.21£0.09 +0.00 +0.34 +0.13 § ; o N(D™)=63k
Di—rte +0.07+0.14+011  +055+0.36+0.09 -0.24 +0.52 +0.22 g g o N(Ds")=152k
DY—K K| 29+52+22 +0.00 + 1.53 £ 0.17 s SRl ’——}‘”‘+‘”’—
DO— 7070 -0.03 +0.64 +0.10 fm i H | Y
D'—K +0.54+0.51 £ 0.16 oo m - WIth neutral
D'—K_ 1’ +0.98 +0.67 + 0.14 B

D'—KK*  +003+017+0.14  +0.08+028+0.14 +0.46+0.36+0.25 -1.5+28+16 JHEP 10 (2014) 025 - 3fb-1
D—=K K szl Decay mode Yield

Dr—dmt -0.04+0.14+0.14  +0.51+0.28 +0.05 D* — K{n* 4834440+ 2555
D*—nrt +1.74+1.13 +0.19 s s OG- (0
D=t 0.61£072+055+0.12 -0.12+1.12+0.17 7= = e L DISIEIG e T3,

DF — KOK* 1476980+ 2354

Di—Ksr  +038+046+0.17  +545+250£033 +0.3+2.0+03
; DFE — = 206022 768

Dt—n'mt -0.82+0.36 +0.24 +0.27 _ o i
N http://www.slac.stanford.edu/xorg/hfag/charm DS oy qb’]T 13144900 + 3879
AP(KIKD) (%) Yield | Year | Collaboration DO0—KsKs - No trigger in Run 1 for this mode.
—23. +19. sas Le | 2l ) CLEC Run 1+Run 2 (2018 - 8fb-1) expected uncertainty ~ 1-2%.
—2.9 + 52 £22 635+ 74 | 2015 | LHCb Run-1 : s
002+ 1.5340.17 5399+ 87 | 2016 | Belle Very hard to make reliable projections for Run 3. Proposed a
—0.38+ 1.46 World average dedicated “realtime” downstream tracker to be installed during LS3

4 .
JHEP 10 (2015) 055 (Run 4) to recover acceptance



Viore charm

. Phys. Rev. Lett. 119, 181805 (2017
| HCb collected huge sample of multi-body charm Y. eV 56 ( )
15F

decays where CPV can be studied through the : Low-r;1(u+/,r) | 0 | LHCb -
phase space (local asymmetries larger than | '
integrated ones). Also measure how phase space
evolves with time [t dep. Dalitz].

—_—
S

N

o0
S

- DO—Kgnmr (2M), DO -KsKpi (200K), DO—K3pi (11M RS and
43k WS), D0—4pi (1M), etc... yield in parentheses from
Run 1 data.

N
S

[\
S

e Limits improved by orders of magnitude with only
Run 1 data on the search of rare decays
(DO—=p+p—,DO0—ep, DO =r-mrp-p+, D) =mmrutys,

High-m(u* i) } = Data
- T — Fit

Candidates per 5 MeV/c¢?
= 5

N
T

etc.. ). gL L i
03850 1900 1850 1900
« Pioneering the exploration of charm baryons (i.e /\¢). m(D°) [MeV/c?]
« Spectroscopy Be(2S), Q¢ excitations, first The rarest charm-hadron decays ever observed

observation of a doubly-charmed baryon, the =¢c++
B(D' = ntr putp) = (9.644+0.48 4 0.51 £ 0.97) x 107

B(D® — K"K pp) = (1.54+£0.27+0.09 £ 0.16) x 107
24



Update on B—=pup by LHCDb
with Run-2 data

PRL 118, 191801 (2017)

New measurement from LHCb using Run-2 data Ng ssip T T e
has led this year to the first observation of the 2 30f. LHCP R =
: : - BDT > 0.5 ----B —=uu
Bs—puu decay from a single experiment: 2 25k R Combinatorial ~ —
g0] b i SR E
£ F T B A ® oty
GUEE — i ) = (BDEE e s 07 B e
: g - mmm Ay = PV, .
= — &) 10 ;~ + s +y —:
BB == e < S Y EE B J“":L“ E
0 SR ;:"T":::'S“-'*'-";'\Q_L_J e JE
Moreover, it starts to be possible to measure other V)
oroperties, such as the effective lifetime, that will o
be useful for discriminating between NP models. T — — ]
— LHCb ]

Experimental precision not yet in the interesting
range, but important proof of concept.

—— Effective lifetime fit

With 300 fb-" in Run 5, LHCb has the potential to
reach a relative uncertainty on the the ratio of BOto

Bs branching fractions at better than 10%. S
SM prediction BR(BY) =(1.0+0.1)x10-10. 0 5 10

Decay time [ps]

Weighted B(S) — u*tu candidates / (1 ps)
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SOMe Prospects

Table 6: Expected sensitivities of specific very rare decays; limits are given at 90% C. L. . Note that Belle II has
sensitivity for B — ¢*/~ but we only consider the impact of the ete™ — 7(4S) — BB data taking in this study.
The extrapolations of BY — utu~ refer to the combined statistical and systematic uncertainty and are based on
the latest LHCb measurement on a dataset corresponding to an integrated luminosity of 4.4 fb~" [67].

current LHCb Belle 11
Sfb—1 22 fb—1 50fb—1 50ab—1

BY = ptu~
B — putpu~
BY — ete~
BY = ete~
B2—> Tt
BY — 7+ +—
BY = et T
BO — ey T

TT = ptuT T

T — WKy
Bt — Ktup

BT — K*tTup

BO — K*0pp

(2.4702) x 1079 [35]" 045 x 1072 024 x 1072 0.16 x 10~° -
< 0. 28 % 109 [67]V < 0.19x1079 <0.10x 1079 <0.07x 1079 <5 x 10~°

< 2.8 x 10~7 [69] <027x1078 <0.12x 108 < 0.07 x 10~8 -
< 8.3 x 1078 [69] <0.12x 1078 <0.05x1078<0.03x1078 <3x107°
< 5.2 x 1073 [70] <27x107% <09x1073 <0.5x1073 -
< 1.6 x 10—3 [70] <08x1073% <03x1073 <02x1073 <03x10~3

<1.1x1078 [71]v <031x1078 <0.15x1078 <0.10 x 108
<28 x 1072 [71]v <08x1072 <04x107% <0.2x107° <40><10 9
<2.1x 1078 [72] <24x1078[68] <1.3x1078 <08x 1078 <3.5x 10710

< 4.4 x 1078 [73] - - - <1.0x107°
< 1.6 x 1073 [74] - - - 10.7% [75]
< 4.0 x 10=° [76] - - - 9.3% [75]
< 5.5 x 1075 [76] - - - 9.6% [75]

iii

This average does not contain the latest LHCb measurement [67].

IV From supplementary material. A combination of measurements is available from [35].
Vv This measurement has been performed on 1 fb~! and has been extrapolated to 3fb~ 1.

arXiv:1709.10308 [hep-ph]
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Flavour anomalies



| FU tests In b—sl+|- transitions

-o-LHCb —m-BaBar —a—Belle

< [ PRL 113(2014) 151601 | LHCH

R¢=BF(B*=2>K*u*u™) / BF(B*>K*e*e") o 3fp-1 _I

R« = BF(BO>K*u*u) / BF(B°>K™e*e") S I ;

. * SMo e

* Theoretically very clean N 5 66 :
| C Ry = 07451009 (sta) £ 0.036(syst)

+ Observation of non-LFUwould be a g 20 2
clear sign of new physics. ¢ [GeV¥c*]

* For the moment at the 3c-ish level g1_0___f/_’f/?__Q?._(?Q772__Q_5_5_ ________________ 3fb1
from the SM 04 5 TR 069 T 0o (stat) £ 0.05 (syst) ]

. 0'6; l I ® LHCbH _f

* Updates with Run-2 as well as other .f 230 250 s
new measurements with different 1, £ 066 7 G (stat) £ 0.03 (syst) moos
decay modes expected for next year. Oof.L.H.(.jbl e
0 1 2 3 4 5 6

28 ¢> [GeV?/c]



Other anomalies in the b—sl+|- sector

Differential branching fractions consistently lower than SM expectations, although
predictions are still matter of discussion

B[ CSR Lattice —e—Data

‘% B — K*utu - LHCb _
Q LHCb _: SM pred. _;
ﬂi) . “*Data _;
: : e
O?O i . _‘_f
:‘ ~ [ =
o~ . 3
S E \ E
-5 oL 1w 1 gé 15
0 5 10 15 20 612 [GeVz/ 4
JHEP 06 (2014) 133 g2 [GeV¥ 4
f—'015><10_6 L L L
> LHCb 5 | i
S _ 2 E
& o =
= : o e
= : 3 -l- ****** S
= =, s B B :
- < __
i ! =
- g LHCb -
q* [GeV*/c*] 5 20

JHEP 11 (2016) 047

g* [GeV?/ c4]
JHEP 04 (2017) 142 59



Other anomalies in the b—sl+|- sector

* Angular analysis of BO—=K*0up

e« Can construct less form-factor
dependent ratios of observables,
like P5’.

e |t is important to remark that
global fits by several theory
groups take into account up to
90 observables from various
experiments, notably including
B—uu and b—sl+l- transitions,
and nicely get a consistent
overall picture.

— LHCb data © ATLAS data
= “Belle data © CMS data

SM from DHMV
SM from ASZB

}

_El_

Q}L_v

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

More details on S. Descotes-Genon, Implication Workshop

httos://indico.cern.ch/event/646856/
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g* [GeV?/c]
« ATLAS-CONF-2017-023
CMS-PAS-BPH-15-008



LFU tests In semileptonic b-hadron decays

e Measure ratio Rpy = BF(B—=DOtv) / BF(B—=DOuv).
 Measurements of R(D) and R(D*) by BaBar, Belle and LHCb.

- Overall average shows a 40 discrepancy from the SM

- LHCb has recently demonstrated to be able to make the measurement also with 3-prong T
decays [arXiv:1708.08856]

o 09 B ' BaBar, PRL109,101802(2012) ' . - il

a) " Belle, PRD92.072014(2015) Ay* = 1.0 contours i

* LHCDb can also perform T Mt o 1 £

. B Belle, arXiv:1608.06391 % RVHPOCD (2 7

measurements with other b hadrons: X vy < Sthvon e o

0.4 — o 1HCb22 0" R(D*)=0.252(3) S. Fajfer et al. (2012) —]

- Recent determination of R(J/Y) = BF(Bc—=d/  o3sF =

P1v) / BE(Bc—=J/bpv)[arXiv:1711.05623] ; .

03 =

B(BX — Jiprtv,) = :

R(J) = < = 0.71 £ 0.17 (stat) £ 0.18 (syst e Bl

R(J/P)-SM in [0.25-0.28] 'l - -

N PO =T70% ]

- 1 1 ’2 1 I 1 1 1 1 I 1 1 1 1 1 1 1 1

Other modes with Bs and A, decays will 02" = 3 o =iz

also come . 31 R(D)



Flavour anomalies prospects

Observable Run 1 result 8fb~'|50fb~" 300fb~!
Yield B® — K*Ou*pu~ 2398 £57 [74] 9175 | 70480 |435393
Yield B — ¢utp~ 432424 [75] 1653 | 12697 | 78436
Yield BY — K*ptpu~ 4746 £ 81 [83] 18159 | 139491 |861709
Yield Bt — 7t putp~ 93+12[84] 355 | 2725 | 16831
Yield A) — Aptp~ 373425 [85] 1426 | 10957 | 67688
Yield Bt — K*tete™ (1 < ¢? < 6 GeV?/c?) 254429 [76] 972 | 7465 | 46118
Yield B® — K*%te™ 1 < ¢? < 6 GeV?/c! 1114+14 [77]  425| 3262 | 20154
dB(BT — 7Tup=,1.0 < ¢ < 6 GeV?/c*) /dg?[107° GeV Y] 0.91+0.21 £0.03 [84]  0.11 0.04 0.02
dB(BT — nrutp=, 15 < ¢* < 22GeV?/c*) /dg?[107° GeV ¢! 0.4740.1240.01 [84]  0.06 0.02 0.01
App(B°— Kt~ ,1.1 < ¢? < 6 GeV¥/ct) —0.075 4+ 0.034 £+ 0.007 [74]  0.017 | 0.006 0.003
App(B°— K*0utpu=,15 < ¢® < 19 GeV?/c*) 0.355 4 0.027 £ 0.009 [74] 0.014 | 0.005 0.002
Ss(BY— K*%u*tp= 1.1 < ¢® < 6GeV?/ct) —0.023 4 0.050 £ 0.005 [74]  0.026 | 0.009 0.004
Ss(B— K*utu=,15 < ¢* < 19 GeV?/ct) —0.325 4 0.037 £0.009 [74] 0.019 | 0.007 0.003
S5(B%— K*utpu= 1.1 < ¢ < 6 GeV?/ct) - -| 0.087 0.035
Ss(BY— K*9u*tu=,15 < ¢ < 19 GeV?/c?) - -| 0.064 0.026
Ri(1 < ¢* <6GeV?ct) 0.745 4 0.090 £ 0.036 [76] 0.046 | 0.017 0.007
Ri-(1 < ¢® < 6GeV?c?) 0.69+0.11 £0.05 [77]  0.056 | 0.020 0.008

Table 2: Projected yields and statistical uncertainties for semileptonic electroweak penguin
decays from an extrapolation of LHCb Run 1 results. Linear dependence of the bb production
cross section on the centre-of-mass energy and unchanged Run 1 detector performance are
assumed.

Observed anomalies will be either confirmed or ruled out by LHCb-Upgrade and Belle |l
experiments independently with very high significance by the end of their data-taking.
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Conclusions

Pertorming very high precision measurements in all areas of Flavor Physics
is fundamental w/ or w/o a direct evidence of new particles at LHC:

- w/o — flavour physics will indicate the way for future developments of the entire field.

- w/ — flavour physics as a fundamental ingredient in understanding NP dynamics

Run 1 has demonstrated the huge potentialities of LHCb in producing a
wide variety of extreme precise results.

Run 2 and Run 3 (LHCb-Upgrade 1a) will push many relevant
measurements to an unprecedented level of precision, however it is
extremely necessary to have a programme as diversitied as possible.

Belle |l will be a major player in the game to confirm and to complement

LHCb measurements (like B—=1v, decays with neutrinos and neutral
particles in the final states, some decays of long-lived particle, etc.).
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L ong term future (after 2031)

 LHCb will continue taking data in Run 4 (Phase 1b, 2027-2030) and
eventually in Run 5 (Phase I, 2031-777) at higher luminosity
(L>1034), the so-called “Extreme Flavor Experiment” in INFN What's

Next document.

e At the moment LHCb collaboration submitted a Eol document
(CERN-LHCC-2017-003) to the LHCC for a new experiment to be
installed in LS4 (Phase |l Upgrade).

* This will certainly be a world-wide effort and it will require the support
of all flavor experimentalists and theoreticians.
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| HC timeline in the next decades

LHC roadmap: according to MTP 2016-2020 V1

LS2 starting in 2019
LS3 LHC: starting in 2024
Injectors: in 2025

=> 24 months + 3 months BC
=> 30 months + 3 months BC
=> 13 months + 3 months BC

B Physics

- Shutdown
Beam commissioning
- Technical stop

2015

2016

2017 2018 2019

2020 2021

Q1iQ2iQ3 Q4

Q1iQ2iQ3 Q4

Q1iQ2iQ3iq4

Q1iQ2iQ3iQ4|Q1iQ2iQ3 Q4

Q1iQ2i{Q3iqQ4|a1 Q2

LHC

Injectors
&

Run 2

LS 2

PHASE 1

Q1iQ2:Q3 Q4

Q1:Q2Q3 Q4

o)

a1la2{a3|a4|a1]a2]a3]a4|a1 |23 )04

Q1 V2102 Q4

LHC
Injectors

Run 3

LS 3

o—— PHASE 2

Run 4

Q1(€2125,04

Q1!Q2/Q3|Q4

2031 2032 2033

a1]/a2/a3|a4]a1]a2]a3]a4|a1]a2 03|04

Q1!Q2!Q3/Q4|Q1!Q2!Q3 Q4

LHC
Injectors

LS 4

Run 5

LS 5




Current Trigger (Run 2

LHCb 2015 Trigger Diagram

¢ Hardware trigger (LO):

Based on calorimeter and muon chambers infos 40 MHz bunch crossing rate
- Detector readout limited to 1MHz
- Tight cuts, e.g. pt(r) > 1.4 GeV, E(e)>2.5 GeV U U U
LO Hardware Trigger : 1 MHz
¢ Software trigger (HLT): readout, high Er/Pr signatures

¢ HLTT:
- Partial event reconstruction (tracking and PV)
- Track reconstruction for pr> 0.5GeV
- Multivariate inclusive selection (based on IP,

. Software High Level Trigger

kinematic and muonlID ) - -
Partial event reconstruction, select
displaced tracks/vertices and dimuons
§ HLT2: :
- Full event reconstruction Buffer events to disk, perform online

detector calibration and alignment

- Inclusive lines (selection of displaced vertices
and hight pr tracks)

- Exclusive lines with reduced events informations (
for all the rest (>300 lines)

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

v ST v
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Event Filer Farm (Run 2)

* |nput rate: 1MHz
* Qutput rate: 1T0KHz
e Average event size (full) ~70kB

 The EFF now consists of approximately 1800 nodes, with
1000 containing 2 TB of hard disk space each and 800
nodes containing 4 TB each, giving a total of 5.2 PB.

 Each server node in the EFF contains 12/16 physical
processor cores and 24-32 |logical cores.
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Turbo Stream (Run 2

R.Aaij, CPC 208 (2016) 3542 [arXiv:1604.05596]
Calibration and detector alignment performed in
realtime between HLT1 (track momentum and impact
parameter) and HLT2 (full reconstruction) stages. e

Maximum achievable rates
shown in parentheses

PID and its calibration performed at the trigger level
too. Requirement applied at HLT2 stage.

Real-time alignment
and calibrations

Current scheme exploits LHC duty cycle (~50%),
thanks to the 5.2 PB buffer, where events are stored
before the HLT2 processing.

Offline reconstruction and
associated processing

Close to the paradigma online = offline at current -
conditions (L= 4x1032 cm-2s-1 and HLT input =1MHz). =Sm——= Offline reconstruction and

associated processing )

Candidates are directly saved on permanent storage
after the trigger reconstruction, ready to be analyzed.

Only reconstructed objects can be saved, discarding

the rest. Smaller events = larger output rate. 0-1kHz - ~70kB per event | | 2.5Kktz - ~SkB per event | | 10kHz - ~70kB per event
—7Mb/s output rate —12.5Mb/s output rate —700Mb/s output rate 7

I I I
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Trubo Stream (Run 2

TURBO (since 2015)

TURBO SP new 2017

TURBO++ (since 2016)

PV D*’/’ 7T+
=

Event size: 15 kB T

Bysiitsive 70 LB Other tracks from PV n'"

¢ Turbo:

- only exclusive decays (and nothing else) saved

¢ Turbo++ :

- Full event reconstruction can be persisted
- Variables such as isolation, objects for jets
reconstruction, can be saved

¢ Turbo SP:

- New intermediate solution between Turbo and Turbo++
- Trigger candidate + subset of reconstruction saved

6}
40

Event size

Xl'()3 T T T

< 0
T LHCb 1
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| S3 consolidation

e Profit from LS3 to implement some consolidations of
the upgraded LHCb in Run 4 (2027-2030).

 Some already planned and mandatory e.g. replace
innermost part of ECAL due to radiation damage

(strong physics interest: &tO, y, )

o Other proposed to improve LHCb performance and
physics acceptance:

- tracking stations inside the magnet to improve tracking
acceptance for low momentum particles.

layers

- Build a downstream tracker unit (RETINA like) that can be
integrated in the DAQ architecture and act as an embedded
track-detector to reconstruct downstream tracks in realtime

(long-lived particles Ks, A).

To DAQ
Data+Tracks

LHCb
EVENT
BUILDER
Super-switch

[ A

few
MS

More info: Beyond the LHCb Phase-1 Upgrade workshop
http.//agenda.infn.it/event/LHCb-FU 41 Interconnect
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Tracks in LHCDb

Without T- and downstream tracks, LHCb is only 50 cm long

Upstream track

UT

VM:
Il

VELO track

/
——

e

1 T2 T3

— " Long track

Downstream track

e |

42
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CKM physics and rare decays

» Look for inconsistencies in the global CKM fits

- Measure CP violation in the interference between B0 and Bs mixing and decay
* Phases ¢s and sin23 and related measurements.

- Measure the CP-violating angles y and a of the UT.

- Measure UT sides Amg and Ams, |Vuol/|Veo|.

- Measure precisely D0-meson mixing parameters, and search for CP violation in mixing
and decay in the charm sector.

* Search for (or precisely measure) rare and lepton-flavour violationg
decays

- Ks = yy, BO = yy, Bs = yy, ...

- T2 3u,D—=>ey, B—ey, ..
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Amg and Ams

Experimental precision has reached a remarkable
level at the per mille level, dominated by LHCb

Am, = 0.5065 £ 0.0019 ps™
Am =17.757 £ 0.021 ps™?

Still far from systematic walls.

However, the interpretation requires LQCD inputs

2
Ama = TEmd, 8@ A [(1 - ) +7) m,

672

Amg _ muf1h,Bre ( : )2 a-pr+p]
A'rn.s: m f[235BBs —/\—22

~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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2 LHCb-CONF-2017-004
July 26, 2017

Update of the LHCb combination of
th e CKM an gl e ,.Y usin g B _) DK Table 1: List of the LHCb measurements used in the combination, where TD is time-dependen

and the method acronyms refer to the authors of Refs. [6-15].

decays B decay D decay Method Ref. Status since last
combination [1]
BT — DK™ D — hth~ GLW [16] Updated to Run 1 +
2fb~! Run 2
; Bt — DK™* D — hth~ ADS [17] As before
The LHCb collaboration
Bt — DK™ D — htr—ntn- GLW/ADS  [17] As before
Bt — DK™* D — hthn° GLW/ADS  [18] As before
Abstract BT — DK™ D — KOhth~ GGSZ [19] As before
strac
o Bt — DK™* D — K)Ktr—  GLS [20]  As before
A combination of tree-level measurements of the CKM angle v from B — DK
decays at LHCb is performed. The results are obtained from time-integrated BT - D*K* D — h*th~ GLW [16] New
) + + Bt x1o+ pt *+ 10 0 10
measuriementb of BT - DK B BT —- DK ,‘Bi —> DK*™, B —> DK*, BY — Bt s DEK*+ D - hth- GLW/ADS [21] New
DK*r~ and Bt — DK*ntn~ decays. In addition, inputs from a time-dependent
analysis of B — DFK®* decays are included. This combination uses both new BT = DK*rtn= D — h*h™ GLW/ADS  [22] As before
and updated results compared to an garlier LHCb combination, an(‘i gives a best By DK*0 D — K+tn— ADS 23] As before
fit value of v = 76.8° with confidence intervals, set using a frequentist procedure,
of v € [71.1,81.9]° at 68.3% confidence level (CL) and ~ € [64.3,86.6]° at 95.5% B°— DK*n~ D — h*h~ GLW-Dalitz  [24] As before
QL, where .all values are modulo 180°. Using the best fit value and the 68.3% CL B s DK*0 D — Kg7r+7r_ GQS7, [25] As before
interval, v is measured to be
B? — DFK* Df = h*th~zt TD [26] Updated to 3fb~!
v = (76.8121)°, Run 1

where the uncertainty includes statistical and systematic contributions. This is the
most precise measurement of the CKM angle v to date.
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1 ' ' i
LI) LHCD 1
— 0.8 Preliminary _|
0.6 -
0.4 .
0.2
Y ..
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[°]
B B decays Y
" B’ decays
B B* decays
B Combination

0.6

0.4

0.2

LHCb 1

Preliminary _|

50 100 150

(o]
W GGSZ y ']
B GLW/ADS

I Others

B Combination

Figure 4: 1 — CL plots, using the profile likelihood method, for combinations split by the initial B
meson flavour (left) and split by analysis method (right). Left: (orange) B? initial state, (yellow)
BY initial states, (blue) BT initial states and (green) the full combination. Right: (yellow) GGSZ
methods, (orange) GLW/ADS methods, (blue) other methods and (green) the full combination.
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4 (=)
aSgL - Dy v, X

2

ag (Araw — Adet — fokeAbke)

_l_fbkg

Aget = Arack + Apmp + Atrig

The D, u™ signal yields are obtained from fits to the
K"K~ 7~ invariant mass distributions. These yields contain
contributions from backgrounds that also peak at the Dy
mass, originating from other b-hadron decays into Dy
mesons and muons. Simulation studies indicate that these
peaking backgrounds are mainly composed of b-hadron
decays to Dy XX, where the Dy meson originates from a
b — ccs transition, and X, is a charmed hadron decaying
semileptonically.

An example of such a background is B~ — D;D'X.
Other, smaller contributors are B — DK u"y,X
and BY — DS‘K(S),uJFvMX decays. All of these peaking
backgrounds have more missing particles than the

BY = D;,u*yﬂX signal decay. Their contribution is
reduced by requiring the corrected BY mass, defined as

Mooy =\/ M>+ p7r>+ pr, to be larger than 4200 MeV/c?,
where m is the D;u*t invariant mass and p; the Dyu*

momentum transverse to the line connecting the primary
and BY decay vertices.

47

PRL 117, 061803 (2016)

TABLE I. Overview of contributions in the determination of
ay;, averaged over Dalitz plot regions, magnet polarities, and data
taking periods, with their statistical and systematic uncertainties.
All numbers are in percent. The central value of ag) is calculated
according to Eq. (3). The uncertainties are added in quadrature
and multiplied by 2/(1 — fpy,), which is the same for all twelve

subsamples, to obtain the uncertainties on aj).

Statistical Systematic
Source Value uncertainties uncertainties
Apw 0.11 0.09 0.02
—Aack (KTK) 0.01 0.00 0.03
—A ek (T 0.01 0.05 0.04
—App —-0.01 0.02 0.03
—Ayig (hardware)  0.03 0.02 0.02
—Ayig(software)  0.00 0.01 0.02
—fbke Abke 0.02 — 0.03 +
(1 —fbkg)a§1/2 0.16 0.11 0.08
2/(1 —fbkg) 2.45 — 0.18 X
a:) 0.39 0.26 0.20




T23u, K> uu, D>eu, B>eu

PLB 754 (2016) 167

Table 1: Signal jy
invariant mass fits

JHEP 02 (2015) 121

(a) LHCb
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EPJC 77 (2017) 678

CL

0.95

LHCb -
09

0.85

1 i " M i 1

1

2 3
B(Kg—>p.+u') x10°
B(K? - utp™) <0.8 (1.0) x 1072

o0
=)

Physic

Searches for

25

Events / 30 MeV
S

10

o
LI LI LB LA LI B LN

EPJC 76 (2016) 232

i T T T
—+— Data (tightvox selection)
—®— Data (tight+x>x selection)
— Fitto the SB data

5558 Fit uncertainty
Signal (tight+x>x  selection)

=

”L—tb—.l o :

ATLAS
{s=8 TeV, 20.3 fb™

- Sidebands (SB)
-~ Signal region

lllllllllllllllllll_

" A

0

B(B°— e*uF) < 1.0(1.3) x 107°

1500 1600 1700

1800 1900

5000
m,, [MeV]

B(r— = puptp~) <3.76x1077

arXiv:1710.04111

1

48

LHCb 0

1.5
BE(B° — e=i%)

2100

7]

CL

! =
9E LHCb —e— Observed CLs —;
OSFEm . @ T e Expected CLs - Median 3
0.7E [ Expecteacis 10 3
0.6 E [CJespecteacrs 26 —E
05E E
0.4E E
0.3 E
0.2E E
0.1F :
0'00 2 4 6 >‘<- 10*
B(D’ - e* u¥)

B(D° — e*u¥) < 1.3(1.6)x 1078

arXiv:1710.04111

T

LHCb

x107

BF(B? — e=i%)

B(B?— e*u¥) < 5.4(6.3) x 107°

38

L L A R —

LHCb

B*—[K'n] K*

B —— TR
I I E— ——

LHCb |

B'—[K'n"]

100 5500
m(Dh*) [MeV/c?]

idates, separated by
in the B¥ — DK+
icle. The remaining
esis for the bachelor.
-+ DK#* and B* —
e dotted line, where
5 a thin blue line.

- T ]

LHCb
B*>[wK 1 K"

A |

—_—

LHCb

B*—[n*K Tt

>

400 5500
m(Dh*) [MeV/c?]

E decays, separated
‘tially reconstructed
avoured mode cross-

feed 18 also 1ncluded 1n the 1t, but 1 too small to be seen. dee the caption of Fig. 1 for other
definitions.



Jhprtw candidates / 5 MeV

Sector in great expansion in the last decade

Tetraquarks and pentaquarks

— A renaissance of QCD in the
non-perturbative regime

Severa

Ill

exotic” candidates have been

identified and are now under the
magnifying glass of experiments

— Lots of work still needed to clarify the gIobaI200
picture and understand the nature of these

states
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Parallel WG4 talks by
Marco Pappagallo, Pavel, Subir
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Other observations and measurements

* “Unexpected” observations of new (3PRL1018 (2017) 182001 _
I . . 050 0
excited states, B_(2S), €2. excitations 0,(3066)

* First observation of a doubly-charmed

naryon, the =_

 Precision measurements of masses and
widths of )., and )., mesonsvia a newly i}
observed decay mode (x.,2J/yuu) e Bl
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We need to keep pursuing strongly the spectroscopy
programme in the present and future LHC phases 21
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Charm Physics with LHCD

x10° I
| | o = S Run 1
All ¢ species produced in pp collisions. o S Sen 630 mio /\
2 F Dok
Huge production cross-section g 2
= ,b 630M
~ =
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. x10°
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A plenty of charm
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Today Nsig(Run 1 + Run 2) ~ 3.2 X Nsig(Run 1), and LHCDb is taking data until the end of

2018, collecting about a total of 8fb-1 of data with the same efficiency and purity (yield
per luminosity in 2015-16 increased by a factor of ~4 wrt Run 1).
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Jolanta Brodzicka , Implication workshop Nov 91,2017
$ https.//indico.cern.ch/event/646856/

% LHCB-PAPER-2017-046

Time-evolution of (Wrong-Sign) D'—K*rr-
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Acp With neutrals: D+)y—

Y
First time measurement of CPV in charm with neutrals at LHCb. T+
TI'+
Full Run 1 data sample, N(D¥)=63k and N(Ds™)=152k. o
Measurement with respect to reference channels in D* ..-
order to cancel production and detection asymmetries. W\ ..
* bachelor pion
Acp(D* — n/'n) =~ AAcp(DF — /7)) + Acp(DF — Kl77%). anti-p

ACP(D;E — 77/71':':) > A.ACP(D;t — nlﬂi) + ACP(D;E — qbﬂ'i).
PLB 771 (2017) 21-30

% 8000 % 8000
c >
= =
Acp(D*F — n/'n®) = (—0.61 £ 0.72 £ 0.55 £ 0.12)%, 6000 o 6000
Acp(Dy — 1/'7*) = (=0.82 £ 0.36 £ 0.24 + 0.27)%, £ 4000 £ 4000
. . . © 2000 © 2000
Most precise measurement of CP asymmetries in D+ X
sy Tt decays to date. Previous measurements at 2?- NS
. 0 OFf
e+te- machines error>1%. 2 ] 2f
1850 1900 1950 2000 1850 1900 1950 2000
m(M 7 [MeV/c?] mM 7 ) [MeV/c?]
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L 8000 ~ LHCb T % 8000F T LHCH N
& so0f EER "
~ 6000_— 71« 6000_— ]
2 I 1 = I i
§ 4000_— 7 § 4000_— 7
3 ; 1 =5 i 1
2 T ]
@) 2000_— 1 © 2000_— ]

C . .1 . oy 1y C . 1 v oy by
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m(M' %) [MeV/c?] mMm' 7 ) [MeV/c?]
Figure 2: Mass distribution of n’7r® candidates, combined over all kinematic bins, pp centre-of-
mass energies, and hardware trigger selections, for (a) positively and (b) negatively charged
Di) candidates. Points with errors represent data, while the curves represent the fitted model
(solid), the DF — ¢3,m* (dashed) and D* — ¢3,m* (long-dashed) components, and the sum of
all background contributions (dotted), including combinatorial background. Residuals divided
by the corresponding uncertainty are shown under each plot.
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A plenty of charm
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Today Nsig(Run 1 + 2015-2016) ~ 2-3 X Nsig(Run 1), yield per luminosity in 2015-16
increased up to a factor of ~4 wrt Run 1. Charm is already taking fully advantage from the
Turbo Stream approach, the same as the LHCb-Upgrade.
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Direct CPV: AAcp(DO—h+h-)

» Effects of “direct” CP violation can be isolated by taking the difference between the
time-integrated CP asymmetries in the K+K- and m+m- modes:

AAdcp = Acp(D' - KTK™) — Acp(D° = nhn7)

. (t) At
~ AA <1+ycp<>>+A8§ i

T

* where a residual experiment-dependent contribution from indirect CP violation can be
present, due to the fact that there may be a decay time dependent acceptance
function that can be different for the K+K- and m+m- channels.

» Well suited for LHCb because of cancellation of instrumental and production
asymmetries. Measurement performed using both D*-tag [PRL 116, 191601 (2016)]
and semi-leptonic B—D%uX [JHEP 07 (2014) 04 1] decays.

X 4o _ (. LHCb dominates the world
2tags Adcp = (S0.10=50.08 (stat) == 0.03 (sst))i 6 average with systematics well

u-tag: AAep = .(—I—O.14 + 0.16 (Stat) + (.08 (Syst))% below statistical uncertainty.
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Time-integrated Acp(D0—K+K-)

Full Run 1 data sample (3fb-1).
Do flavor inferred with strong D**—=D°1* decay chain. Phys.Lett. B/67 (2017) 177-187

O\ 1
CPV in calibration channels assumed negligible =os- Auncv. . LHCH |
{ . semileptonic .
Acp(D°® — K~K™) X LHCb, ...~
= Araw(D® > K"KT) — Aaw(D® > K~ ™) ‘Mg LHCD
=

+Aaw(DT = K wtat) — Apaw(DT — Ko7 )

+ Ap(KY).

Acp(K~K™) = (0.14 + 0.15 (stat) £ 0.10 (syst))%

A combination with other LHCb measurements yields |
—0.51 : ~
I 1 1 1 1 I 1 1 1 1 I

Acp(mr~ ") = (0.07 £ 0.14 (stat) = 0.11 (syst))% —0.5 0 0.5
& A cp(7m ) %]

Acp(K~K™) = (0.04 +0.12 (stat) & 0.10 (syst))%

Most precise measurements from a single experiment. No evidence of CP asymmetry.

58



Time-dependent CPV in DO0—nh+h-

Because of the slow mixing rate of charm mesons (x,y~10-2) the time-dependent asymmetry is
approximated at first order as the sum of two terms:

Acp(h™h™ ;1) = ASL (R h™) + AN (hoh ) Al — e
% Ncp gl |pr q D _ defined as the asymmetry
e — [y( ol g )Cosgo_x( 2 ‘ i ‘5 )S“w] between effective lifetimes

CPV in the mixing |a/p|/= 1 CPV in the interference ;= 0,m

Neglecting subleading amplitudes Ar is

independent of the final state f. Furthermore, in arXiv:1702.06490 [hep-ex]. Submitted to PRL.

the absence of CP violation in mixing, it can be ¢ “’l ;mo_'oa+0-
found that Ar = —x sing —> |Ar]<|x|<5x10°8, i R Tcn- O B B Sl (S v
é 200 P -Zl:nndl(l)m pions ‘ §L 60 _—DU o -:?:d:m Pions
Full Run 1 data sample (3fb-1). 2 "5 e 1 3 | 1y .
Do flavor inferred with strong D**—=D°n* decay. ZE 100 MagéDown o - é o JA1 I
Subsample [106] D= K 7ot D' KTK~ D= n'trx ey S

2011 MagUp 10.7 1.2 0.4 040 142 144 146 148 12‘(’)’1 lllvsI:eV/lcSéi 0140 YRRV R
2011 MagDown 15.5 1.7 0.5 AF £ A'" [MCV/C ]
2012 MagUp 30.0 3.3 1.0 3 59“*’1”#«‘“%%#*%“*%% = 2 l
2012 MagDown 31.3 3.4 1.1 A 2f z “WWWWW% niﬁ
Total 87.5 9.6 3.0




Time-dependent CPV in DO0—h+h-

Ar(KTK™) = (—0.30 £ 0.32 4 0.10) x 1073
Ar(rta™) = (0.46 + 0.58 £ 0.12) x 1073

Precision approaches the level of 10-4. No evidence for
CP violation and improve on the precision of the
previous best measurements by nearly a factor of 2.

Assuming that only indirect CP violation contributes to Ar,
the two values, can be averaged to yield a single value:

Ap = (-0.13£0.28£0.10) x 1073

Consistent with the result obtained by LHCb in a muon-
tagged sample [JHEP 1504 (2015) 04.3], which is
statistically independent. The two results are therefore
combined to yield an overall LHCb Run 1 value:

Ap = (—0.29 £ 0.28) x 1073
60

arXiv:1702.06490 [hep-ex]. Submitted to PRL.
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Most precise measurement of
CPV in the charm sector.



The impact on LHCb on CP Violation
of DO—h+h- decays in Run 1

From HFAG 2016 the world average values are:

HFAG 2016 arXiv:1612.07233 [hep-ex]

0.015 | —— . —
: BaBar O no
Alélg = ( 0.30 £+ 026) X 10_3 Autumn 16 \ Belle ” ; BaBar
AASE —  (21.3440.70) x 1073 % s I o
LHCb prompt KK LHCb
Consistent with the hypothesis of CP 0.005 | HHED promESe
symmetry with a p-value of 9.3% (1.70) L
=P 0000 L B
<
My “unofficial” LHCb-only average: —0.005 3
Amd = 0.29+0.28) x 1073 oow0| 32
AALL = (—0.56 4+ 0.76) x 1073 -
Consistent with the hypothesis of CP SO0 015 0010 —0005 0000 0005  0.010
symmetry with a p-value of 79%. aé?g

LHCb dominates the world average and much more data are coming.
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Observation of new narrow states
QOC%EC_K'F

Spectroscopy of singly charmed baryons cqq' is

intricate (many states are expected), but it provides
a natural way both to understand the spectrum and

improve accuracy of theory (i.e HQET).

arXiv:1703.04639 [hep-ex]. Submitted to PRL.

Resonance Mass (MeV) [' (MeV) Yield N,
2,(3000)° 3000440240172 45406403  1300£100+ 80 20.4
2,(3050)° 305024+ 0.1+0.1752  084+0240.1 970 £ 60+ 20 20.4
< 1.2MeV,95% CL
2.(3066)°  3065.6+0.1+0.3702 35404402  1740+100+ 50 23.9
2,(3090)° 309024+ 0.3+£0.5702  874+1.0+£08 2000+ 1404130 21.1
2.(3119)°  3119.14+0.3+£09792  1.14+0.8+04 480+ 70+ 30 10.4
< 2.6 MeV,95% CL
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Charm Mixing and CPV

DO mixing experimentally well established. O OPV alloned
Very slow rate x,y < 10-2 L

D1 2) = q|D% £p|D° (g + |p|*) = 1,¢ = arg (¢/p)

r = 2(m2 - m2)/(F1 + FQ) -
0p ®

y = ([2—T4)/(I'1 +Ty) 02 NO Mixing i

0.4 30

. i L . M50

CPV not yet observed in the charm sector. 50402 0 02 0.4 05 08 1 12
. 3 X (%)

SM expectations are of the order of 107 or less. o o
30

CPV in the decay (|Af/Afl #1)
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Future perspectives

 The Run 2 (2015-2018, ~8fb-1) is currently ongoing
and the size of LHCb samples already increased
more than proportionally to the integrated luminosity.

 Phasel LHCb-Upgrade at L = 2x1033 cm-25-1.
(2020-29, ~50fb-1) is behind the corner.

£00-210c-O0OH I-NH40

* A proposal of a Phase 2 LHCb-Upgrade at

Opportunities in flavour physics,

| >1034 cm-2s-1(2031-??, >300fb.1 ) is currently

Expression of Interest

under discussion.
http://agenda.infn.it/event/LHCb-FU

% La Biodola

Isola d’Elba (ltaly)

64



The ‘charming beauty experiment

The LHC detector at LHC, JINST 3 (2008) SO8005
Weight: 5600t
VErtex LOcator W e il B— | C| QN1 10M
~(15+29/DT) Hm IP resold / 7 5 Long: 21m
~45 fs decay time resold -

Muons System

0p/P~0.5-1%@5-200 GeV/c Calorimeters
Tracking system

Excellent trigger capabilities (Level-0 of custom electronics + HLT of commercial CPUs) to handle 11MHz of
visible physics collisions. Events written on tape extremely fast at 5KHz, where typical event size is 60KBytes in
Run 1 (2011-2012). In Run 2 (2015-2016) performances are even better. [LHCb-PROC-2015-011].
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