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Outline of the lecture

o \What Is flavour physics and why it Is interesting

e CP Violation and baryogenesis

® [he search for New Physics through rare b decays
e The LHCDb experiment and its trigger

e A brief mention of the LHCDb flavour anomalies



What is flavour?

Flavour physics refers to the study of the interactions
that distinguish between the tfermion generations

Just as ice cream has
both color and flavour,
SO dO quarks




Quark flavou
e Six different quark types

Q: electric charge in charm tOp

units of the p charge Plus the
corresponding
Q=+2/3 anthuarks

Mass (GeV) 0.0025
down strange beauty or bottom

Mass (GeV) 0.0048

¢ Qproton[UUd]: 2/3+2/3-1/3 — 1 QneutrOn[Udd] — 2/3-1/3-1/3 — O



Quark flavou
e Six different quark types

Q: electric charge in
units of the p charge

Q=+2/3

mMass (GeV)

mMass (GeV)

¢ Qproton[UUd]: 2/3+2/3-1/3 — 1 QneutrOn[Udd] — 2/3-1/3-1/3 — O



Who ordered that”

=1 73.07 GeVic? 0 =126 Gevic?

2/3 ‘ 0 (0 o mﬂ/me — 2()7
10p Hogs o m/m, ~ O(10°)

. : e I mMasses many orders of
. - @ | magnitude lighter than any
% srange || bottom other matter field!

T @1 O . @ Three perfect replicas,

electron muon tau Z boson differentiated Only by mass
<2 2 elic? <017 MeVic? <15.5 MeV/c? 80 4 GeVic? W h y ? ? ?

£1

“Who ordered that?” (l.Rabi)

a - 0 - 0 !
S e
electron muon tau

neutrino neutrino neutrino

1

VW boson

GAUGE BOSONS

LEPTONS



Vlany mysteries...

e \Ve have a theory, called the Standard Model, which, at the current level of
experimental precision and at the energies reached so far, is the most
successful and best tested theory of nature at a fundamental level.

What determines the observed pattern of masses of quarks anad
leptons? Why are they arranged in generations” Why three?

* |n the SM, the only interaction distinguishing the three flavours is the
Interaction of the matter fields with the Higgs boson (Yukawa interaction). The
complex phases present in the Yukawa couplings are also the only source of
Charge-Parity (CP) violation.

C = charge conjugation (swapping particles & antiparticles)
P = parity (spatial inversion, like reflection in a mirror)

o CP (Charge-Parity) violation is required to explain the matter-antimatter
asymmetry of the Universe

Are there other sources of flavour (and CP) symmetry breaking,
pbeside the SM Yukawa couplings?
14



Why flavour Is interesting

® [0 be able to answer these questions Is likely to
shed light on physics beyond the SM...

e Flavour physics might provide the first indications
of new physics at energy scales that are
pbeyond the reach of direct searches

e CP (Charge-Parity) violation is connected to the
matter-antimatter asymmetry of the Universe
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Where did the anti-matter go”

e \What led to the disappearance of antimatter assuming an
initial symmetric state (or that inflation washed out any
pDOSSIble prior asymmetry)?

- [here are anti-protons In cosmic rays, consistent with
secondaries due to the interactions of cosmic-ray protons in the
INnterstellar Medium

- We can produce and study anti-matter in accelerators
- But apparently no anti-matter arouna us

- This looks really strange, given that the properties of matter ano
antimatter are very similar.

- Where did it go? Why Is the universe 100% matter-
antimatter asymmetric ?

10



Primordial Baryon Asymmetry

e \We can define the Baryon Asymmetry of the Universe (BAU) as

Np — N We already know that
A(10" years) = 1

o Another interesting point: £, ~ 107%s (or T ~ 1GeV ~ m,, )

the universe had cooled enough to allow the first protons ano
neutrons to form

A(r) =

when

Ng — Nj

Ny

, From thermodynamics: Ng ~ Ng ~ N, — A(f,) =

e This ratio is in fact almost time-independent, so A(#,) can be
Np

Ny

estimated py the paryon to photon ratio today: n =

11



Primordial Baryon Asymmetry

® -rom observations:

) Ny ~ 410 photons/cm3 (at T= 2.730K)

- Np ~ 0.25 nucleons/m3

N Small baryon-to-
n = 5 6x 10~1Y photon ratio In
N. Universe today

/

e Big Bang theory tells us that the baryon asymmetry of the early
universe was a very small number , I.e., today’s huge matter-
antimatter asymmetry was a tiny number Iin the past

Np — Np

At) = —= ~ 1071Y
(O) NB_I_NB

12




Beginning of Universe

10,000,000,000 10,000,000,000

anti-matter




~10-6 secondads later

10,000,000,001 10,000,000,000

anti-matter




universe now

US 1
@

every 10 billion particles, a
handful was not annihilated away

» We are very lucky!




Baryogenesis and
Sakharov conditions

® A process called baryogenesis
was nypothesized to generate this
asymmetry dynamically from a
matter-antimatter symmetric initial
state

e|ln 1967 A.D. Sakharov
enumerated three necessary
conditions for baryogenesis
(Incidentally, his work went
unnoticed for 11 years!)

16



Sakharov conditions

1. Baryon numper violation
- Otherwise there's no way to produce an excess of baryons

2. C and CP violation

- If C and CP are exact symmetries, the total rate for any
process which produces an excess of baryons is equal to the
rate of the complementary process which produces an
excess of antibaryons

3. Thermodynamic non equilibrium

- Otherwise any asymmetry would be washed away by
simple thermodynamics

17



Can the SM explain baryogenesis?

e [n principle SM carries all the ingredients to satisfy the
Sakharov conditions

e Relevant measure is Jarlskog determinant J (I will come

pack to it!), an invariant that identifies CP violation in the
SM and that depends on every physical quark mixing

angle 7 H(gqu /M) TT(angles)

e CP violation in the SM is proportional to J (a dimensionless

guantity Is constructed by aividing by the relevant
temperature at which the BAU freezes out) ~10-20

- Many orders of magnitude below the observation!

13



We need more CP violation!

e CP violation beyond the SM must exist!

 \Where might we find it

- quark sector, as deviations from CKM predictions

- lepton sector, e.qg. as CP violation in neutrino
osclllations

- other new physics: almost all [EV-scale NP contains
new sources of CP violation and precision
measurements of flavour observables are generically
sensitive to additions to the Standard Model

19



Cabibbo-Kobayashi-Maskawa

o CKM theory specifies rates of different quark weak decays
and predicts matter-antimatter asymmetries in these
decays (CP violation)

e |n particular, large CP violating asymmetries are expected
N b-aecays!

20



Cabibbo-Kobayashi-Maskawa

o CKM theory specifies rates of different quark weak decays
and predicts matter-antimatter asymmetries in these
decays (CP violation)

e |n particular, large CP violating asymmetries are expected
N b-aecays!

+ 2008 Nobel prize to K&M: CP violation requires the
existence of at least three fa;nilies of quarks In nature



The Cabibbo-Kobayashi-Maskawa matrix

e Describes the couplings of quark-tflavour changing interactions
U

e Heavy quarks are Wt

unstable and decay via V
weak interactions to cb

ighter quarks
Vud Vu

S Vub

o sz proportional to

transition amplitude VCKM — Vcd Vcs Vcb
from quark 1 to quark J
th Vts th
e V11 induces flavour-changing transitions

Nside and between generations In the . +
charged sector at tree level (W= interaction). o ’
By contrast, there are no flavour-changing B &
transitions in the neutral sector at tree level. No i ”

FCNC]
22



Hlerarchy In guark mixing

1~02  d S| b
1 \ )\36'.15(,0
V =~ 1
_ e _@-° 1

U

il

1

Fach quark has a preference to
transform into a quark of its own
generation.

Very suggestive pattern
NO KNnown reasons

Completely ditferent in neutrino sector

o For N = 3 (3 families) , three mixing parameters and one complex
phase [For N = 2, one mixing angle €. and no phases ]

weak-interaction couplings differ for quarks
and antiquarks because CP tlips the sign

e [his phase is responsible for CP violation: \\V{’/f—-\\
-

of Imaginary numbers

23



CP violation in Bg)meson agecays

e Separate Into B" and l? from different charge combinations of K and «

BY :[bd] s
B :[bs] e

= 2000

|IIII IIII|IIII|IIII IIIIIIIIIWIIII I

|
ﬂ
IL;
5

-l
-
-
-

300

[TTTTTTTTTTTTTJPITFT

Candidates / ( 10 MeV/c

200

100

e\ T T W S -y, A\ ¢
0 Y A S FRTY g e etetgtNe R L e o oA RN
5 5.1 5.2 53 54 55 5.6 57 5.1 5.2 53 54 55 5.6 57 5.8

Kt~ invariant mass [GeV/c ] K nt* invariant mass [GeV/c ]
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CP violation in Bg)meson agecays

e Separate Into B" and l? from different charge combinations of K and «

BO [i?d] 4000§

BY :[bs]

& 2000

Candidates / ( 10 MeV/c

100"

3000

-l
-
-
-
T

300F

200

K%t~ invariant mass [GeV/c?]

CP Violation

ates are

XY -
,'.0‘;',:,.0».:.«‘ 2zl
' PN e Y 1Y ey .

5 51 52 53 54 55 56 57

20

different!

CP Violation

YOS
,:‘:%30“3\ ;
Ah
SN B & Vg TgweesT < v

51 52 53 54 55 56 57 58

K 7t invariant mass [GeV/c?]



Unitarity Iriangle

e Unitarity of CKM matrix implies relations of the form

5] Trs W|th] # k

e Fach of these 6 unitarity constraints can be seen as the
sum of 3 complex numbers closing a triangle in the
complex plane

m | (p,77) CxXperiments test the
theory by constraining
CP violation in the o the position of the apex
quark sector (17 # 0) is
translated into a non flat
il Y DN

(C,0) (1,0)
26
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ong journey...

postLP11
SM fit

0 — 0
-1:— 1
— 0.5 0 05" 1
2010 P
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Con8|stency of CKM fits

www. utfit.org

= 0.157 £0.012 ~8%
= 0.350 £ 0.010 ~3%

® [mpressive effort from community and tremendous success of CKM paradigm!

e Constraints from many different quark transitions. Extensive measurements on K, D
and B mesons performed at different experiments. These constraints depend also on
theory Input.

o At the current level of precision, all measurements are consistent and intersect
N the apex of the UT

* New Physics effects (if there) are small




Rare b decays




Rare b decays, In a nutshell

In 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 FCNCs

b W~ S b t S
-— — — ———
W —© \ W+
L + + .
H 7, H transitions
v, Z° e uo (BF 10910 1010) -

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

Strategy: use well-predicted observables to look for deviations

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

30






Energy reach of various indirect precision tests of
physics beyond the SM compared to direct searches

€Ex =
(u—e)y
u-ey u-eee 107" Amg
(Al) Now
Now 1(.);15 10~ Ampg
4x10713 ~ Now Ty Now
Now
[ 10-12 7x10~13 AmBs
(Au) o-11 Now :
Now
4x107° Now . i
Direct
FCC-hh

Observable

Matt Reece, DOE Basic Research
Needs Study on HEP Detector R&D

32 —————



One of the milestones of flavour programme
B(S) — //t_l_//t_

b W~ S
e Very suppressed in the SM N
L4
- Theoretically “clean” — precisely predicted:  ~ 70 e
BB - utu )y = (3.66+0.14) x 10~
( ) — U U )SM ( ) X (~4%) Bobeth et al.
QQ(BO N ﬂ+ﬂ_)SM — (1.03 £ 0.05) X 10~ 10 PRL 112 (2014) 101801

Beneke et al.
JHEP 10 (2019) 232

e Sensitive to NP

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

® \ery clean experimental signature

- Studied by all high-energy hadron collider experiments

33



Limit (90% CL) or BF measurement

30 years of effort!

2012 2014 2016 20138

X CLEO A Belle

*  ARGUS [l BaBar
¥V UA1 M A LHCb
w % CDF ¢ ¢ CMS
VV L3 ¢ O ATLAS

AA DO ®® CMS+LHCD

-10
10 " BT T BT N A
1985 1990 1995 2000 2005 2010 2015

Year

- N
<
O
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30 years of effort!

} LETTER OPEN

doi:10.1038/naturel4474

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

i The CMS and LHCDb collaborations*

|24 Selected for a Viewpoint in Physics ok atien \
10  PRL 110, 021801 (2013) PHYSICAL REVIEW LETTERS g peck ending &L )D. SURRR—A Y § =}

S

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

R. Aaij et al.*

1 0 (LHCb COllab Ol‘ati On) oooooooooooooooooooooooo N Y I I T
(Received 12 November 2012; published 7 January 2013)

Limit (90% CL) or BF measurement

_8
10 ¥ CLEO A Belle
*  ARGUS 1] BaBar
VYV UA1 BE LHCDb
107° % ¥
CDF ¢ ¢ CMS
VV L3 O O ATLAS
10 AA DO ® ® CMS+LHCb
10" =
1985 1990 1995 2000 2005 2010 2015
Year
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- |Latest LHCDb result

&
]
> LHCb I
é) 40 0 fb—l Total
—— B>yt C
BDT >0.5 -*
<N B ~ull statistics
) ) 0 4 _
~ — B,ouuy
= IO\ .. By pir LHCb-PAPER-2021-007]
5 50 . ) LHCb-PAPER-2021-008]
— —> V : \
= e - in preparation
. )
5
-
v
O

bl

A
AL i RN AR

5500 6000
m ., [MeV/ c?]

0 -\ — 0.46+0.15 -9
B(BY — p*u~) = (30910454015 x 10

BB - utu)<2.6x1071Y@95 % CL

B, — u™u~ found with significance >100, but no evidence yet for B - utu= (1.706)
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—INdIiNg a needle In a haystack!

PRL 120 (2018) 061801

prompt-like sample

= ; LHCD a)/p J/W W(25) pr(pn) > 1GeV,p(p) > 20GeV —

:
oo 7

Z()

10° 10 10°
m(pp) [MeV |
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-INdIiNg a needle In a

[—
-
-J

S
()

Candidates / a|m(up)|/ 2

&

(.

S LHCb —*— Da

QL 40 v 9 fb—l — Total

= — Biou'u
BDT =0.5 *

v i 0 N

~ _ B —uu

N —— Bloutuy

"; N 17w B—h'h"

8 """" X, —hu Vi

_8 O+) o+, 4+, -

- I I " # ¥ T B —-r uu

g ------- Combinatorial

O

bl

A
H  HeeH I Fe

5000 5500 6000
33 m,.,- [MeV/c?]

nhaystack!

PRL 120 (2018) 061801

prompt-like sample

pr(p) > 1GeV,p(p) > 20 GeV

10°

m(pp) [MeV |

—\ 46+0.15 —
RB(B) — utu™) = (3.091035H012) x 107

BB - utu)<26x1071Y@95%CL



-INdIiNg a needle In a haystack!

[ we found it! \
| we found

39



| atest LHC combination

| HCb-CONF-2020-002

e | HCb, PRL 118 (2017) 191801 CMS PAS BPH-20-003
BB? - utp™) =(3.0£0.679H)x 107 7 8¢ ATLAS-CONF-2020-049
B(B® - utu-) < 3.4 % 10-10 @95 % CL < ATLAS, CMS, LHCb - Summer 2020

% | Preliminary

= 05 2011 - 2016 data
e CMS, JUHEP 04 (2020) 188 C

0.4

BB = utu~) = (2.9 +0.7 (exp) £ 0.2 (frag)) x 10° 5.606 5.
B(B® - p*u™) < 3.6 x 1071 @95 % CL ™ 0.3

°§, 0.2
o ATLAS, JHEP 04 (2019) 098 o

“ ]

2 3 4 5
B(B) — utu) (107)

B(BY - putu™) = (2.8798) x 1077 4.60
BB’ - utu) <21x107Y@95 % CL

-
—

Fra of precision measurements of By — p™u~has startec

BB~ ptu7) = Q69T x 107 21obelowsy

BB - 1) <1.9%x 107" @95 % CL
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Sizeable effects expected in many
MSSM models

Straub, arXiv:1107.0266

2.0

o
S

0
-

0.9

BR(B; — ppu) X 107

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

Straub, arXiv:1107.0266

BR(B; — ppu) X 107

0 10 20 30 40 o0
BR(B, — pp) X 107
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Ihe adetector with . components
superimposeda
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The LHCb detector

1 L HCb Detector\ |
z Weight: 5,600 tonnes Electromagneti
Helght 10 m Calorimete

\ NN

_ Forwards acceptance

Length: 20 m
B “Efficient.trigger for leptonic
RICH1 —and hadronic modes

Frecision tracking &
ertexing (Vertex Locator
088 mm from beam)

T Excellent PID

Vertex
Locator

Tracker RICH2

Turicensis viuon

Hadron Chambers
Calorimeter

Dipole Tracking

JINST 3 (2008) S08005 Magnet Stations




Why does LHCDb look so different”?

e The D mesons formed by the colliding proton beams (and the

particles they decay into) stay close to the line of the beam pipe,
and this is retlected in the design of the detector




D lifetime long enough for
experimental detection

T~ 1/(m?Vep|*)

Theauty ~ 1.9 10~ s
o D = [prer

@ LHC :

 B=uvfen ]
x v=FE/mc>~20 (E:0b energy)

D=20-3-1019.15-10712 ~ 1cm

ook for displaced vertices



RunnNing conditions

e LHCb designed to run at lower £ than ATLAS/ 17 —LHC 2016 RUN (6.5 TeV/beam)
CMS

10°

- Mean number of interactions/bunch crossing ~1 (Runs PR

1&2) »

- Tracking, Particle Identification sensitive to pileup g

- L =9 fb~ (LHCDb), £ = ~ 140 fb~! (ATLAS/CMS) % o

E 107

* pp beams displaced to reduce instantaneous $ 107
g 10” PRELIMINARY

4800 4900 5000 5100 5200 5300 5400

- £ ~4.010%2 cm-2s-1(LHCDb) to be increased to 2.0 10 33 Al number

cm—2s-11n Run 3
- &£ ~ 1034 cm-2s-1 (ATLAS/CMS)

—
-
N

Z LHC Fill-2651

ATLAS & CMS

e Huge heavy quark production cross-sections |
- 0, ~ 150ub @ /s=13 TeV (~1nb in ete- @Y(4s))
- ~1011" b decays/tb In acceptance

- 0. 1S ~ 20 times larger!
~1012 ¢ decays/fb in acceptance R

—
o
TTTT]

LHCDb

Instantaneous Luminosity [10*? cm? s1]
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I'he trigger

e For LHCb, more data is more important than higher energy

e Direct searches @ATLAS/CMS: more energy — new particles could
appear apove threshold

* |ndirect searches: precision measurements — gain from increased
oroduction rates

e However, digesting more data is a true challenge!

. At 13 TeV and £=2x1033/cm2/sec, ~100 kHz bb and ~1MHz c¢
pairs In detector acceptance

 Most interesting b-hadron decays occur at 10-5 probability or lower
* Big challenge — requires powerful trigger

o0



The LHCb schedule

visible ~5 visible ~50 visible
araction Interaction Interaction
| HOD Upgrade —_— r——l HOD Upgrade || —

TR )
89 LS3
| z 13 HL-LHC - . 1 =y ! S o -1
Injectorupgrades LEERTY ATLAS/CMS —> Lip~ 20107 LS4 L=1-2x 10 LS5 =»Liy~300fb
Phase 2 upgrades

N e e e e e e e e e e e R R R D
LHCb Upgrade | LHCb Upgrade I: incremental
Installation starts Improvements/prototype detectors

o1



I'he trigger in Run 1&2

» Three-level trigger system of increasing complexity

» First trigger level (LO) implemented in hardware with 4us latency

- Halt of this time I1s needed for the particles to travel to the detector
and their signals to travel through the cables In the readout
system, the other half is the time to make a decision

- LO 1s based on calorimeter and muon systems with typical
thresholds: Muon prt> 2 GeV, Hadron Er>4 GeV, ....

- LO reduces rate from 40 MHz to 1 MHz, mandated by the fact that
the FE-electronics can only be read out at 1 MHz

» Two-stage software High Level Triggers (HLT): software

application executed on a large computing cluster, designed to
reduce the event rate from 1 MHz to ~12 kHz - Running 40 Kk jobs

simultaneously In Run 2!

02



—volving strategy for the HLT

Run 1 trigger diagram .
J5 0 “Traditional model”

T NGT LY P e oA M- T2 GBS

40 MHz bunch crossing rate

veriL 2 rg Iy SVl IRV NS W

S T DL BT BT ot TSevi . %1 VR Sy SVl I TNy N Y W

‘.—_-[n‘».-" » X \ - \ -

O ey W % |
E

D> TR~ 28 SRS VY U TR \ G
f“"&
4
.
v
:
' ‘
4
\
)

Online reconstruction as good as possible
LO Hardware Trigger : 1 MHz
readout, high E+/Pr signatures

within CPU budget, based on preliminary

asokmr  400knz 150 ki - alignment &calibration. Fast, but less
adag /Y performmg than full offline reconstruction.

)
-
y
[
)
i
|./
\
I
‘1
\ )
A :
. ~
N -~ . - '/ - - - b
\‘-a 1;,“-’-,,.. .‘.,“ N A @ -~ A ‘.,'\—_-r>‘—_-~(/_‘-A-'-,,-‘i“,-A A A RS --«"‘< \r“\-x, -Ai,g,“- -““.“,“ Na A A - \r“‘-x,‘ > A - A ‘4\-’,,"

Software High Level Trigger

Introduce tracking/PID information,

find displaced tracks/vertices

Offline reconstruction tuned to trigger
time constraints

Mixture of exclusive and inclusive
selection algorithms

o 0 O

2 kHz 2 kHz 1 kHz

. Inclusive
Inclusive / Muon and

: Exclusive |
Topological R DiMuon

O EV S

Alignment and calibration

o L3 /g Y N

a2 S SV

/M M- 2SS D N U EY_T
l‘
-

Offlme reconstructlon based on qu detectOr
allgnment& Cahbrahon

Obvious disadvantages of this model:

- time (e.q. reconstruction done twice)

- money: costs a lot In terms of computing
resSources

P v

Offline reco & selection

Ly > )

Physics results

- physics: some data lost by an imperfect
reconstruction at trigger level

03
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—volving strategy for the HLT

. Split the HLT! Run 2 trigger diagram

* Atthe 1st stage of the HLT (HLT1) 40 MHz bunch crossing rate
reconstruct charged particle
trajectories using information from the
VELO and tracking stations

e Buffers all HLT1 output to disk (10 pb
available in 2016)

 Enough time to perform calibration and
alignment before the 2nd trigger stage
(HLT2) where offline oftline-quality
reconstruction is performed

LO Hardware Trigger : 1 MHz
readout, high Er/Pr signatures

450 kHz  400kHz 150 kHz
e/ ey

. Software High Level Trigger

Partial event reconstruction, select
displaced tracks/vertices and dimuons

| : \
¢ Same constants useo py trigger anad Buffer events to disk, perform online
Ofﬂ | ne reconstructiOn detector calibration and alignment
° NO need tO reproceSS and MOre Full offline-like event selection, mixture

aiscriminant trigger! of inclusive and exclusive triggers
» Trigger = Offline = Dbest performance !

12.5 kHz (0.6 GB/s) to storage

o4



mportance of real-time

o Store less backgrouno

allgnment&calioration

o Alignment improves the mass resolution of the peaks

 PID allows separating the interesting channels —
obvious benefit In having it available at trigger level

160

140 LHCDb Preliminary
120 Preliminary Alignment
100 ' o(Y) ~ 92 MeV

.
8600 8800 9000 9200 9400 9600 9800 10000 10200 10400 10600 10800
m(uu) [(MeVier|

220
200
| 80
160
140
120
100

80
'

0O

LHCDb Preliminary
Final Alignment

o(Y) ~ 49 MeV

»
. N\ ’
.
-L- ’,
LY >%,9Y »
. : : N\
~
»
. -
~ ‘*
»
L
»

8600 8R00 9000 9200 9400 9600 9800 10000 10200 10400 10600 10800
m(u yw) [MeViet)

=1 1 .
’ @ .,‘. - -




1he lurbo stream

o With oftline-quality reconstruction up-front, no need to
reconstruct oftline

e Can perform physics analysis directly @HLT level
(“Turbo” stream)

- Store full information of trigger candidates

- Remove most of detector raw data

- omaller events (from ~100kB down to ~15 kB to ~70 kB,
customisable depending on the physics) —
analyse much higher rates

o6
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Run 2 to Upgrade

- Run 2 served as a demonstrator for the upgrade

- Two key components of upgrade selection deployed
INn Run 2:

- Alignment & calibration in real time

- Analysis with Turbo stream (reduced data format)
- The performance of a final analysis quality event
reconstruction in real time crucial for processing
large quantities of data

- |In addition, the LO hardware trigger will be removead
for the upgrade

60



| O bottleneck

Highly efficient for dimuons

-Or hadronic channels, at =

constant output, any further 59

iIncrease In the rate requires "3

an iIncrease of Et threshold <

Hadronic trigger yield %1 ,

saturates with increasing =

luminosity leading to T

~constant signal yield g’b . Hadronic
Need to Introduce more —

O

discriminating info than L.
earlier in the trigger

2 S 4

2
Luminosity (x10%)

o1



Remove the 1MHz LO bottleneck and
supply the whole event information at

each level of the trigger —
Read the full event at 40 MHz and
iImplement trigger in software

Trigger-less readout in the upgrade
allows ~2 x higher efficiency for hadronic
decays at 5 x higher luminosity




Run 2 to Upgrade

Run 2 trigger diagram

LHCb Upgrade Trigger Diagram

30 MHz Inelastic event rate

40 MHz bunch crossing rate (full rate event building)

ez X

LO Hardware Trigger : 1 MHz
readout, high Et/Pr signhatures

Full event reconstruction, inclusive and

450 kHz 400 kHz 150 kHz exclusive kinematic/geometric selections

h* H/pp e/ly
.'.S.o‘f.t\.lv.ar.e.i-.li‘g.h. Level -};-ibge}' I K Buffer events to disk, perform online

. detector calibration and alignment

Partial event reconstruction, select *
displaced tracks/vertices and dimuons

Buffer events to disk, perform online

Add offline precision particle identification
and track quality information to selections

detector calibration and alignment

N

Output full event information for inclusive
triggers, trigger candidates and related

Full offline-like event selection, mixture ; - ) )
primary vertices for exclusive triggers

of inclusive and exclusive triggers

S ARSI

12.5 kHz (0.6 GB/s) to storage

~10 GB/s to storage
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rate (MHz)

loo much of a good thing!

At 2 x 1033 cm-= s-1 every event will contains relevant signal:

- ~2% ot the events will contain a reconstructible b-hadron

- ~20% of the events will contain a reconstructible c-hadron

- ~100% of the events will contain at least two displaced vertices from
lght long-lived hadrons (KO, A9, ...)

mé ) I HCb Simulation Particle type Run I (kHz) Upgrade (kHz)
|3 T>0.2 ps dn % 7

= AN E g m, Light long-lived hadrons 22.8 264
10-1;000.::'0'IIQI.=..‘.. - _ _

‘. “"=a, - Use of specific selection triggers
0% 2223[82? ‘i will become increasingly necessary
10° Light long-lived bid £33+ Turbo model will become
oL . increasingly utilised

[ R I I

pt cut (GeV/c)

Trigger should no longer separate signal from background
but rather categorise different signals LHCb-PUB-2014-027
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he upgraaea detector

Muon MWPC

update RO & Iracker Upstream Tracker (UT)
control electronics scintillating fibres silicon strips
oM s
| 12 | M1 -Rl('HZ Magnet VELO

* New detector/front-
end electrcmcé
pecause cf new
readout rcqwremen

® NeW HLT farm and
network/ / / /

» New tracf(crs Wlth
finer granularity, to
reduce occupancy

. pixel detector

« Calc reduce PMT gains
replace RO electronics

& Innermost ECAL cells -



Data flow

REAL-TIME
ALIGNMENT &
CALIBRATION

.
"
.
.
.
.
.
o
.

S TB/s o
30 MHz nop#€mpty pp

PARTIAL DETECTOR

FULL
ocrcron [ —p [FECONTRICTON
READOUT

(GPU HLT1) o

CALIB

EVENTS
OFFLINE

PROCESSING

. Y

All numbers related to the data,,' are
taken from the LHCb '

ograde Trigger and @hline TDR

FULL DETECTOR

RECONSTRUCTION | 26%
& SELECTIONS i FULL

(CPU HLT2) § EVENTS

TDFk

0C OMPUENg IViode
o4

Triggerless system: HLT GPU

| o | ANALYSIS
- Diego MARTINEZ SANTOS | oo hmpgd PRODUCTIONS &
Allen Xavier VILASIS CARDONA ] cvents JIRAZN USER ANALYSIS
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lTests of Lepton
—Flavour Universality




|_epton rlavour Universality

e The property that the three charged leptons (e, u, t) couple In
a universal way to the SM gauge bosons

1 1 1 1
€ 7/’lj ) € 7/’L )

e S 1

* |n the SM the only tlavour non-universal terms are the three lepton

masses:  m,m,,m, < 3477 [ 207/ 1

03



|_epton Flavour Universality |

e The SM gquantum numbers of the three
families could be an "accidental” low- TR
energy property: the different families

/
may well have a very different behaviour _Z_) -
at high energies, as signalled by their sz dz T

different mass

e |t 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 .2
(e.g. e/uor ur) e A

e TestLFU Inb — sZ7¢ transitions. i.e.

flavour-changing neutral currents with
amplitudes involving loop diagrams
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The family of R ratios

 Comparing the rates of B — HeTe™ and B —» Hu u~ allows
precise testing of lepton tlavour universality

fqma,x dg? dI'(B—Hu " ™)

2 2  Janin dg* 2 9
RH [Qmirn Qmax] - W , g =TI (66)
quQnin q dq2
H = K, K*,¢,

e [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 : Ry = 1 in SM, neglecting lepton masses, with QED

corrections at ~% leve|
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Very challenging measurements

o [epton identification is anything but universall

o Electrons emit a large amount of bremsstrahlung, degrading

momentum and mass resolution

e |WO situations

- Downstream of the magnet
Photon energy In the same
calorimeter cell as the electron ano
momentum correctly measured

- Upstream of the magnet
Photon energy In different
calorimeter cells than electron and
momentum evaluated atter
premsstrahliung

— pbremsstrahlung recovery can
partially fix this

/1
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\Vieasure as a aouple ratio

e [0 mitigate muon and electron differences due to bremsstrahlung and trigger,
measurement performed as a double ratio with “resonant” control modes

BY — J/ wid, which are not expected to be affected by NP:

B(BY — HJ/Y(— putpu™)) B(BY — HJ/Y(— eTe™))

— Relevant experimental quantities: yields & (trigger, reconstruction and
selection) efficiencies for the four decay modes

B B(B° — Hut ™) / B(B° — Hete™)
H= ————F————

BB — HJ/wy(u*u™))

2 = T T Known to be compatible with unity within 0.4%
B(B - HJ/y(ete™))

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

e Analyses performed blino

/2



Violation of lepton-tlavour universality”

BB - KOutu)

R,yw——
K®) %
BB - KHete)
K _
B -5 K O,u +,u
2.0 < 2.0
_ <
= - [LHCDb
o
1.5 1.5 |
1.0} | OSSR 10 O s R A
T = BaBar
0.5 b _ s Belle
| - : ti]l(}‘il 3 fb 105 ) ® lele 0 fb']
U9 3250 A Bell 310
¢ [GeV/c'] g? [GeV?*/c*]

* Any significant deviation from unity i1s a smoking gun for NP

e Aligns well with tensions seen in other b — su™ u~ observables (differential BFs, angular
observables)

* Many NP models proposed (eg. leptoquarks,)



Violation of lepton-tlavour universality”

BB - KOutu)
HB(B — KOete)

R[((*) —

B - K*O,qu,u_

~ ' ‘ BaBar
1.5 : 0.1 < ¢* < 8.12 GeV~/c*

— iy, Belle
; 1.0 < ¢ < 6.0 GeV~/c*

(). ® LHCH

'} = BaBar 31 —— LHCP 96?(.;‘\/2/ )
b 2. .3-2.5 0 A Bl 3.10 e e0G
0.0 . ‘ - ‘ '
0 D 10 ‘1;) . 420 0.5 l 15
q |GeV~/c’| Ry

* Any significant deviation from unity i1s a smoking gun for NP

e Aligns well with tensions seen in other b — su™u~ observables (e.g. differential BFs,
angular observables)

* Many NP models proposed (eg. leptoquarks)



lake home message

» Flavour physics is very rich and is connected to many fundamental
guestions

- What determines the observed pattern of masses and mixing angles of quarks and
leptons?

- Explaining the observed imbalance between matter and antimatter in the

Universe requires CP violation. CP violation beyond the SM must exist! Keep on
looking for deviations to the CKM theory

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

NP. This is particularly relevant in the absence of direct collider production
of new particles.

» LHCD is getting ready for the MHz signal era, with a trigger fully
iImplemented in software, and Real Time event processing

- Keep an eye on LFU tests!
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Network througnhput

Data Network - Throughput
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