Flavour Physics part 2:

Test the Standard Model with meson decays
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* New physics search: The “Heisenberg way”
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~ The Standard Model of Particle Physics

Spin 2 Spin 1
“Vecto
r”
Spin %2
Spin 0
“Scalar

Open questions of the SM Extended theories
— Cosmological observations: dark matter come with new

& matter-antimatter asymmetry heavy particles
— Hierarchy of masses & couplings

How can we discover these extensions?




Heisenberg-

Programm
Deutsche
Forschungsgemeinschaft
wFG
Einstein: E = m ¢? Heisenberg: AE - At > h/2
Typical collider Use quantum fluctuations
—> Limited by collider energy —> Limited only in precision
- LHC: O(1TeV) - Model dependent O(100)TeV
- No increase in energy until ~2050 - Alot of precision data coming

(HL-LHC, Belle 2, CERN BDF, ...)




I The Standard Model of particle physics — ;eptons | Theorised/explained
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Years from concept to discovery
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Flavor at electron and proton colliders

Belle I

 Defined initial state:
— Low trigger bias

— Full event reconstruction,
low multiplicity

— Allows selection of inclusive
and invisible decays

— Experimentally: e = p-

« Excellent for decays with difficult
signatures, CP tests

— B— tv, B>K*Vw, ..
— 1~ decays (LFV)

CMS

ATLAS

EXPERIMENT

Complex hadronic environment

Very big bb & ¢e (and 1)
production rate
— Specialized on (very) rare and

clean final states
- then cleaner than e*e-

— Leading for all charged decays
B— p*u, BoK*u*u, DKt

Trigger and reconstruction are

significant challenges, specially
for ATLAS/CMS
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Falsifying anomalies is prime
task for flavour-physicists
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~ Testngbosertamsifons

b — sl decays in the SM

t % sll decays in the SM

b ' 4 .
Wy Possible contributions from NP
ot Zﬂ;%{ Supersymmetry Leptoquarks
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New heavy gauge bosons
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~ Testngbosertamsifons

b — s u'u base diagram

Y~

* Purely leptonic
— “add nothing”

« Semileptonic

— add d quark as spectator
-2 B0 — K0 ptu-

— add s quark as spectator
2 Bi— ¢

— add u quark as spectator
- Bf— K ufu-




h | Golden channel:

Theory prediction: Standard Model

Standard Model +
| decay |  SM_ b . i
\\'%
B,— ptu 3.5£0.3 x 107 ¢ Z _
BO— - 1.120.1 x 1010 s U7 .

Left handed couplings

SM: Buras, Isidori et al: EPJC72(2012) 2172
—> helicity suppressed

Mixing effects: Fleischer et al, PRL109(2012)041801

Discovery channel for New Phenomena

=>» Very sensitive to an extended n
scalar sector K
(e.g. extended Higgs sectors,

SUSY, etc.) i
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Classification of events l

BDT (topology, kinematics) Invariant mass
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‘ Measurement of exclusion limits or decay rates
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© BowwiProgessthoughrunt

Invariant mass in signal region (high BDT)
If there is a signal, we should see a peak

Candidates per 20 MeV/c?

SN .

g300 5320 5340 5360 5380 5400
m,,,(MeV/c?)

[PLB 708 (2012) 55]

2010: nothing




© BowwiProgessthoughrunt

o T Invariant mass in signal region (high BDT)
S A< < . .
E I25P If there is a signal, we should see a peak
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[PRL 108 (2012) 231801]

+2011: maybe??
But not significant enough for any claims
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% T Invariant mass in signal region (high BDT)
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+ early 2012: First evidence of B, — pu!
Shown at HCP in Kyoto
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Invariant mass in signal region (high BDT)
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[PRL 128 (2022) 041801] [PRD 105 (2022) 012010]
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Recent LHCb measurement [PRL 128 (2022) 041801] [PRD 105 (2022) 012010]
B(BY = ptpu~) = (3.0955134517) x 10~°

B(B®— ptp~) = (1.2703 £0.1) x 1071% (B < 2.6 x 107'° @ 95% CL)




[PRL 128 (2022) 041801] [PRD 105 (2022) 012010] [CMS-PAS-BPH-21-006]
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*  New precise CMS measurement moves average further to SM
[CMS'PAS'BPH_21 '006] B(BY— ptu™) = (3.83f8:§2(stat)+0'19(syst)+0'14(fs/fu)) % 107

—0.16 —0.13
B(B®— ptp~) = (0.37730510-08) % 10710 (B < 1.9 x 1071° @ 95% CL)

* Precision approaches 10%

- Upcoming milestones: B, discovery, B, lifetime and electron modes
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b — s u'u base diagram

« Semileptonic

—| add d quark as spectator
- BY— K*0 l’l+“_

— add s quark as spectator
2 Bi— ¢

d d
Bob - K" — add u quark as spectator
s -> Bt— K+ H+M_
7
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{%(1 —|Fi,) sin® O —|—(:os2 O +
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forward-backward
asymmetry of the
dilepton system
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Observables depend on B>K* form factors and on short distance physics
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© Anguaranabysisof B'o KU

« LHCD published the first full angular analysis of the decay
— Unbinned maximum likelihood fit to Kruu mass and three decay angles
— Simultaneously fit Kr mass to constrain s-wave configuration
— Efficiency modelled in four dimensions

— Binned in
q2 = muu2

Example fit
projections in
low g2 bin
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U Results

—— CDF == CMS —¥— BaBar —® Belle —— CDF == CMS —¥— BaBar —® Belle
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References:

LHCb [JHEP 02 (2016) 104] ,
CMS [PLB 753 (2016) 424]
BaBar [arXiv:1508.07960]

CDF [PRL 108 (2012) 081807]
Belle [PRL 103 (2009) 171801].




U Results

—+— CDF - CMS —¥— BaBar —% Belle —+— CDF == CMS —¥— BaBar —% Belle
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« Situation unclear. Clean up by smarter observables

P(/)b asis - Reparameterise the fit to obtain optimised observables:

--------- * form factor uncertainties cancel at first order
JHEP 12 (2014) 125, JHEP 09 (2010) 089

/ L S4,5,8
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~ Puzzingdeviations: ' K

« 2013, LHCb has observed a deviation in angular
observables in B — K™ putu-decays

LHCD, Phys.Rev.Lett. 111 (2013) 191801

71 5 rr1 Q.‘ 1__- T T T T T T T T T T T T T T T T l__ ';‘
SM Predictions : |. LHCb ’ lc_:
~4- oata - 0-5_:{, i 55 SM from DHMV ] §
- - //\ ] o
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— m
I
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+ - I
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2 2/ .4
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* Full Run 1 analysis confirms effect
Run 2 update coming
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~ Puzzingdeviations: ' K

« 2013, LHCDb has observed a deviation in angular

observ in B — K™yt~
Belle still has a word to say
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~ Puzzingdeviations: ' K

« 2013, LHCDb has observed a deviation in angular

observ I —————
. and ATLAS and CMS |
”1ll.lll|5~m — 1 r 1 L
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Situation unclear.... If real, expect discrepancies in other b — s decays ..
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[PRL 125 (2020) 011802] [PIPNP 120 (2021) 103885]

AR ' N = 1= o ATLAS

- LHCb Run 1 + 2016 1 ’ v Belle !
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« LHCb analysis finds global 3.3c tension

— [LHCb, PRL 125 (2020) 011802] consistent with
[Belle, PRL 118 (2017) 111801]
[ATLAS, JHEP 10 (2018) 047]

« More data needed to clarify picture
— LHCDb update underway
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 Puzzlingdeviations: B K ww

[PRL 126 (2021) 161802]
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« Recent LHCb measurement using Run 1+2 data prv 126 (2021) 161802)

+ Global tension corresponding to 3.1c, consistent with B — K*0 u+u-
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« Decay modes with same b ' : 5
effective Feynman diagram N W
accessible SS = 0~
- different spectator quarks v, Z9

£+
» Test for same new effects u d d
- expect suppressed B . K- BY W K
branching fractions b ’ ’ s
@ p
v/Z° v/Z°

5 u

s 1 ud R B ud
BS W [0) Ag W AO

b S b s

v It

v/ Z° v/Z°
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LHCb B%— ¢pu+p~ [PRL 127 (2021) 151801]
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Tensions at 1-30 level, SM predictions exhibit sizeable had. uncertainties

LHCb B®— K*0utyu— [JHEP 11 (2016) 047]
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LHCb B®— K% tu~ [JHEP 06 (2014) 133]
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LHCb A — Ap*p~ [JHEP 06 (2015) 115]
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consistently below SM predictions (particularly at low ¢?)
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- Recent developments on non-local corrections uier os 2022) 129
and new results from Lattice QCD rracn, anivi2207.13371]

LHCb Bt — K*u*pu~ [JHEP 06 (2014) 133] Lattice BY — KT ptpu~ [arXiv:2207.13371]
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~ Branchingfractonsofb—sue

Pi [2.5,4] | —.—
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B(B] = ¢ptyum) [1L1,6] e

B(B! = ptp) -

B(B" — ptpm)
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* Analysis of large class of b — s, d u*u-decays
— Several tensions seen, but individual significance is moderate

— Tendency to undershoot prediction of differential x-sections
- intriguing hint or theoretical issue in prediction?

-> Can these be consistently described (by NP) ?
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~ Efectivefeldtheores-2

b — slf transitions described model-independently in effective theory

Local operator

5 €
Heff = \/§ ‘/:Cb‘/:cs ]_67T2 Z

Wilson coefficient
(“effective coupling”)

Effective couplings in b — s/ transitions
Wilson coefficient  Operator

~-penguin Cg') fgmb(§awPR(L)b)F””
ew. penguin €Y % (57, Puyb) (" 11)
Cio ;—z(gwp L(R) D) (" y514)
scalar Cg) %Q'mb(gPR(L)b)(ﬂ/l)
2

pseudoscalar Cg) T6-2b(3Pr(1)b) (Y5 10)
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Different ¢° = m?(¢T¢™) regions probe different operator combinations

i
J/¢(15)
l25
¥ P(25)
dl*
dq?
) e ) C§” ana O
interference Long distance _
contributions from CC
above open charm

threshold




~ Branchingfractonsofb—sue
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Pull in o

« Analysis of large class of b — s.d ptu - decays
— Several tensions seen, but individual significance is moderate

— Tendency to undershoot prediction of differential x-sections
- intriguing hint or theoretical issue in prediction?

-> Can these be consistently described (by NP) ?
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One symbol summary

[ WE'RE ALL VERY EXCITED Y YOUR
RESEARCH, BUT WE DON’T HAVE TIME
TO READ THE PAPER, SO WE’D LIKE
YOU TO SUMMARISE YOUR FINDINGS
| WITH ONE OF THESE EMOJIS. |

28.03.2023 Johannes Albrecht 39/82 [yish
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Models References T ny

SM + v mixing Lee, Shrock, PRD 16 (1977) 1444 10-54-10-40
Cheng, Li, PRD 45 (1980) 1908

... however, which zero do you know that well ?
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© WhatlewelofLFVdoweexpect?

Models References T Ny
SM + v mixing Lee, Shrock, PRD 16 (1977) 1444 10-54-1(0-40
Cheng, Li, PRD 45 (1980) 1908
SUSY + Higgs Dedes, Ellis, Raidal, PLB 549 (2002) 159 10-10
Brignole, Rossi, PLB 566 (2003) 517
SM + Maj vy Cvetic, Dib, Kim, Kim, PRD 66 (2002) 034008 109
Non-universal Z’ Yue, Zhang, Liu, PLB 547 (2002) 252 109
MSUGRA + Ellis et al. EPJ C14 (2002) 319 10-8- 10-12
Seesaw Antusch et al. JHEP 11 (2006) 090
SUSY SO(10) Masiero, Vempati, Vives, NPB 649 (2003) 189 10-8- 10-10
Fukuyama et al. EPJ C56 (2008) 125
MLFV Cirigliano, Grinstein, NPB 752 (2006) 18 108
Little Higgs Goto et al, PRD 83 (2011) 053011 108- 101

Rai Choudhury et al. PRD 75 (2007) 055011

Lepton Flavour Violation in Tau Lepton decays - Jorge Portolés, CPAN 2010 |
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loop diagrams [~ =2 e~y

* Supersymmetry

@ Little Higgs Models

* Seesaw Models

@ GUT models (Leptoquarks)
* many other models

tree diagram W~ 2> e ete”

» Higgs Triplet Model
» New Heavy Vector bosons (Z)
» Extra Dimensions (KK towers)

Most models “naturally” induce
lepton flavor violation!

Lesson: which process is best to find LFV (first) depends on the model
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90% CL upper limits on t LFV decays
A
A
]
2
|
E,/Q
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Do | =0 Preliminary
Dt — mtutu - tEE—
Dt — KTt = = |

Dt - 7w ptet - | | |

D S wvet iy — = |

Dt — ntute B I

Dt — Ktetp - = |

Dt — Ktute™ BdH |

Dt — netet — B4 |

DT — nrete™ — =4

Dt — Ktete LHCD =

10|*8 10‘*7 10‘*6 10|*5

Upper limit at 90% confidence

LHCb-PAPER-2020-007

Dy = mptpt — B2 .

DF >t e=— Preliminary
Df — K~ ppt 4 = |
Df — K*p*p™ = |

Df — mptet - B=— |

D = ntetu™ — = |

D — mtpte - = |
D — K pe™ = |
Df - Ktetp — =t I
Dy = Ktpte - E=H |

Df — metet 4 = |

Df — ntrete e |

+ =t
D} S e | LHOD =
B LELRLLL | LY | HLELLLLLL !
10-8 107 10-6 10-°

Upper limit at 90% confidence




| KNOW | SHOULD BE
FLATTERED BY ALL
THESE CLEVER
PHYSICISTS DEVOTING
SO MUCH EFFORT TO
HUNTING FOR PROOF
OF MY EXISTENCE. fi1-

BUT WHAT |F ALL
THEIR OBSERVATIONS
AND CALCULATIONS

| CONCLUSIVELY PROVE

THAT | DON'T EXIST?
IT'S TOO

S woreiaLE To i TS
S THINK ABOUTH s

BEING A HYPOTHETICAL
PARTICLE MAY NOT
BE PERFECT, QUT IT'S
BETTER THAN REING
A NON-EXISTENT
PARTICLE.
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~ Flavour changing curtents: Leptons

« Couplings of W* and Z° are equal for all lepton families

« Confirmed many times, e.g. in lepton decays

- “weak coupling
T constant for taus”

pt— e+vevu und tt — et v, Vv, g. /gu =0.999 +0.003

T+t — e+VeVT und tt— u+vuv‘r gM /ge =1.001+=0.004

+ + + +
r—e"veund Tt — ptv,

g,./8, =1001+0.002

— Similar precision confirmation with
in 2% — ete”, Z0 — ptu-, Z0 — 1ttt

« Standard model: All leptons carry same weak
- Lepton-Flavour Universality

\ \ A\)




C Llepnunivessalty

 In the SM, leptons couple universally to W* and Z°
—> test this in ratios of semileptonic decays

electrons / muons [b — s ]

u,d ud
b -—- S

_BR(B' —K'u')
BR(B*— K'¢e"e")

RK

« Ratios differ from unity only by phase space







o Stawswiner2022

« LHCDb saw low values in LFU

oste of R. and R Status late 2022 SM prediction
n *
ests of Rx and Rg R, L : mo
R B(B N K(*)M—'_/j,—) SM 1 O %;fzq_mewc [JH?POB(ZOW):(JSJ] { . ao
K(*) — _ — . 1.1<g%<6.0 GeV¥c*  [JHEP 08 (2017) 055]
B(B — K&ete) Ry ——  B3lo
1.1<¢?<6.0 GeV¥c*  [NatPhys 18 (2022) 277]
R | B
. . . Ke . .° 1 D0
° Very IOW hadr0n|c uncerta|nt|es’ ﬁ<q’-§6.OGeV2/c4 [PRL 128 (2022) 191802] .
) - [ i 140
e|eCtrOWGak CorreCt|OnS 0(1 %) 0.04]5(<q2<6.OGeV21c4 [PRL 128 (2022) 191802]
EPJC76(2016)440 R,k i i
0.1<¢%<6.0 GeV¥c*  [JHEP 05 (2020) 040] i
| FO S | | | A | | I I | L9 1 | | I | | ] | | | S |

-06 -05 -04 -03 -02 -0.1 0 0.1
RLHCb_psM

« Any significant deviation from 1 is a
clear sign for New Physics

 Observed anomalies make a “natural pattern” with b — s ¢/¢- anomalies

— From P’5 and reduced branching fractions in the muon modes,
one can expect Ry reduced by ~25%

— Electron modes compatible with SM

\ \ A\)




Test of lepton universality using B™ — KT¢7¢~ decays reene penvest

LHCb Collaboration - Roel Aaij (NIKHEF, Amsterdam) Show All(700) >1200
Jun 25, 2014 citations

2014 2016 2018 2020 2022

Citations per year

Test of lepton universality with B — K*0¢*¢~ decays  >1200 .
LHCb Collaboration - R. Aaij (CERN) Show All(789) C|tat|0n3 .
May 16, 2017

2016 2018 2020 2022 2023

Citations per year

Search for lepton-universality violation in BT — K T¢1{~ decays N
citations

LHCb Collaboration - Roel Aaij (NIKHEF, Amsterdam) Show All(850) 50

Mar 21, 2019 0

Cltatlons per year

Test of lepton universality in beauty-quark decays >550
LHCb Collaboration - Roel Aaij (NIKHEF, Amsterdam) Show All(961) citations =
Mar 22, 2021

2015 2017 2019 2021 2023
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~ Experimentalchallenges

B 5 e Bt -3 Kgve

T F—T T T T T T T T I T T T 3 &ar e PR e ]

O i Ry central-¢®> ] = Rk central-¢*
= 1500 F hP i il B b b _

) 91b O 91b

S —oTal 1 2200~ § oD .

= - 1 -—-= Signal radiative tail| ;) ~~~ Signal

- - Combinatorial - o i Combinatorial

= 1000 — = I Misidentification i
b i % I Partially Reconstructed
. [ j i - 100 Bl B+ — K*J/{(— ete) -
2 H00F 7 % . P -
- : { \ i =

) - i o) one

O O srezren O O ————— M .,

5200 5400 5600 5800 5000 5500 6000
m(K*ptu”) [MeV/c] m(K*tete™) [MeV/c?
[arXiv:2212.09152] [arXiv:2212.09153]

Experimental Challenges for electron modes:
Low e trigger efficiencies due to higher thresholds compared to muons
Electrons strongly emit Bremsstrahlung traversing material

Contribution from several background sources, bkg. modeling critical

\ \ A\)




~ Experimental challenge: 1. Electron trigger

MUON

Trigger signatures for muon and electron modes very different

Lower LO pr thresholds for muons (1.5-1.8 GeV/c) compared to
electrons (2.5-3.0 GeV) — challenging for eTe™ modes

Combine exclusive trigger categories to improve € for electron modes:

Trigger on rest of event (independent of signal)
Trigger on e/ from signal

LHCDh
nCP




1.0H — B— J/y(ee)K*
— B J/Y(u)K*

0% 6 ~ 140 MeV
06l o ~ 40 MeV

"rMissed y
-

ECAL |

resoluti

0.2

Brem

OIl

0.0

4.6 4.8 5.0 5.2 5.4 5.6
m(Krel) [GeV/c?]

Correct electron momentum by adding matching photons (Et > 75 MeV/c?)

reconstructed in the ECAL
Bremsstrahlung recovery ~ 50% efficient, well simulated

Bremsstrahlung reconstruction impacts momentum resolution
— higher background pollution and more sensitive to bkg. modeling
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57 [arXiv:2212.09153] [arXiv:2212.09153]
ol _BF %3 Sn _mow  sm LHCb
OO: 4 ] G.OLE Simulation
< 80; t ] —1 B+—>K_+e+e_
o i —t B8 B — (D" — K*n7)etv.
& eol ] . B B (D = K*ep)nt
.qs-’ r E 103 : 5 §+T(tD0,._>vI§+e_ﬁC)e+Vc |
% 40:— LHCH central-g° ] _;: _ ’ :
20 | Simulation +  Signal efficiency ] =
; +  Background rejection 1 s
! 1 1 1 ! éa 10~
N 3 N b g ]
Ve W
L \:& \‘l~
$ ¢ gr e &
I SN
Pl N} N @ o BT
x ‘Z; % e ‘g x\& 1000 2000 3000 ] 4000 5000
’ o A }*&» m(Kte™) [MeV/e?]
L
Combinatorial: multivariate classifier using
kinematic quantities and vertex quality information
Partially reconstructed: multivariate classifier in electron mode and
corrected mass exploiting PV /SV reconstruction
Misidentification: Lepton and hadron particle identification
Residual backgrounds from misidentification explicitly modeled [see backup]
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- Iow—q centra I—q 106J/w control
& T T L S T T — — — .
i LHCb Ry low-q | O Ry central-¢2 S or R J /1)-con rol
SR 1 B A T N 4 N
= I === Signal 1 = i A -—— Slogtna.l ] § i i ~ T Sig
_|_ 8 Combinatorial | — L { Combinatorial 1 e L : ! Clog:nbmatonal
K ﬂ i i 3 1000 C - 2 B I Partially Reconstructed
<200- 1 7 E ; | 1 21 =g°+_>K+JJ//1Z; -
n n = 1 N i o 1!
BFA ol ] 3 |
S ol SR, N
5200 5490+ ) 5600 5800 5200 5400 5600 5800 5200 5400 5600 5800 6000
m(K ) [MeV /) (Kt ) Mev/e L ) e/
63400 - LHICbI - IR :lov:/- % - 9 T e e T & L e L .
ol K q [ Cb Ry~ central-g° ] R J 1/) control i
5| 9fly *he ] zeoof o 3 shi s ]
= - === Signal b = [ e Si;nal ] = 6 N | :-—: ’;totai] ]
K*O 8 i Combinatorial 8 400 -_ Combina’oon'al_' g [ i 6$binﬂtoﬁd i
Z200r ¥ 1 2 1 a4 | \ i v
= | So00f 1 =B | .
- L _.g ] @ 2 - - =%" —K JY 5
g i 8 i g r — 7 swap
O (et =, L L O Ol!e” " b 80' " O o O
5200 5110(_) L 5600 5800 5200 5400 5600 5800 5200 5400 5600 5800 6000
m(K*m=pt p) [MeV/c?) - m(KtrptpT) MeV/d m(K*n=pt ) [MeV/c?)
[arXiv:2212.09152] [arXiv:2212.09153]
Muon mode is very clean!
Muon branching fraction compatible with published results
[JHEP 06 (2014) 133] [JHEP 11 (2016) 047]
= = — £ = YA
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low—¢q
qo I T T
E} L LHCb = Dbewq
260F 9 fb! ‘* — Tt ]
= === Signal N
s i e
% 40 4 ‘“ B Partially Reconstructed
. ']'}h 1!/ \{. . K (o ete) ]
fB 20 + o 1
= )
:S -
5
O 0 T :
5000 5500 6000
m(K+e+e_) [MeV/cZ]
TR — T T ] T
5= LHCb B o’
6ok 9! * el .
= [ === Signal 1
=) i I \l Combinatorial ]
= 40 & I Misidentification _
S L I Partially Reconstructed 4
. |
6000

5000 5500
m(K*n—ete™) [MeV/c?

cen tra I—q
& ' "R
K central q

% S%IfTIbg == Data J

2 200 = ;
1o Combinatorial

< I Misidentification y

3 I Partially Reconstructed |

< 100 Il Bt — K J/{(— ete™) S

" i
1 =
1 2

s - Hesttus

5000 5500 6000
m(Ktete™) [MeV/cY

;;\ T T AL

;100 + DI:tI; centra,l 7 -

< ——= Total

= === Signal

=) Combinatorial

= I Misidentification -

% 50 I Partially Reconstructed |

= Il B° — K*°J/y(— ete) |

G

P A i

=1 L

=

o r ® _4

< - D

5000 5500
m(Ktn~ete™) [MeV/c?

6000

0.5

Counts / (32.00 MeV/c?)

=
o

Counts / (32.00 MeV/c?)

O

e
o

g

N}

J/@b control

X 105

R K J / 1/)—Control
4 Data
——= Total
=== Signal
Combinatorial

LHCb
5 9fh!

B KT
BBt/

I Partially Reconstructed

5000 5500 6000
x 104 m(Ktete™) [MeV/cY
r v+ r 1+ 1t [ 1 1t 1t 1 T 1
- LHCb Rk J, / 1-control a
o I
ﬁ === Signal
Combinatorial
] N Partially Reconstructed ]
B * I \) — pK—J /Y _
L -/ \ I B - ¢J /v
L /o I B - F'OJ/z,b
g et E Il K — 7 swap
PO o
5000 5500 6000

m(Ktn~ete™) [MeV/c?

[arXiv:2212.09152] [arXiv:2212.09153]

Brems. tails from J/i) entering rare modes constrained in sim. fit

Partially reconstructed bgk. from K*eTe™ constrained in KTete

LHCDh
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[arXiv:2212.09152] [arXiv:2212.09153]

1. 20— A T T T
[ LHCb
Y —e— best fit
&L B 68% C.L.
‘ 95% C.L.
99% C.L.
1.10F )
* 3 i
iﬁ&s
1.05F .
1.00f
0.95F ]
[FUR [ TN S TR TR (NN SO TR TR TN NN SO TN SN SN NN SN SN SN S SN S
095 100 105 110 115 120
TK
T/

1.10

1.08

0.98

0.96L

[arXiv:2212.09152] [arXiv:2212.09153]

1.06

[ LHCbH

0h! —e— Dest fit
N B 63% C.L.

95% C L.

- 99% C.L. -

0.96 0.98 1.00 1.02 1.04

K
Ryos)

Both r;,, and Ry 25y compatible with unity at better than 20




© Messuement

Most precise test of Lepton Flavour
Universality in b— s¢T¢~ transitions

Supersedes previous results

Compatible with the SM at 0.2¢
using a simple x? test

Statistical uncertainty dominates

1.4

1.2

1.0

R

0.8

0.6

[arXiv:2212.09152] [arXiv:2212.09153]

LHCb Rk low-g2 = 0.994100%
9 fb-l Ry central-¢> = 0-949“:8'_8%

Ry low-¢® = 0.92710093

R+ central-¢*> = 1.02710077

1 —+

— SM

T I T T T I T T T I T T T I T T T I T
.

Ry low-¢> Ry central-¢> Rg-low-¢° Rp- central-¢°




Candidates per 24 MeV ¢

|[Nat. Phys. 18, 277-282 (2022)]

220 LHCb
200 El —4— Data9 o™
180 — Total fit
160 MINt+k: | - B*-> K'e'e
140 Bl B - Jiyete )K'
120 B Part. reco.
100 [ Combinatorial
80

________

5500

6,000

Counts / (32.00 MeV/c?)

I R
Ry central-¢°
+ Data

——=Total

----Signal

Combinatorial

I Misidentification

B Partially Recoed

-
-
-
Lmibref 1 N

5500
m(Kete™) [MeV/c

6000

\ I B+ > K+J/p(— ee) ]

4+ Different PID cut used = Allowed o

1 20055

star

+ Mis-ID rate from D™~ — D°(Kn)x

+ With new(previous) analysis requirements

Sample T—e

K —e

(11+12) Run1 1.78 (1.70) %

0.69 (1.24) %

(15+16) Run2pl 0.83(1.51)% 0.18(1.25)%
(17+18) Run2pP2 0.80(1.50)% 0.16(1.23) %

s lemisID X 1 (Runl) X 2 (Runl)
SRS X 2 (Run2) X 7 (Run2)
2 X 22 (Runl

double-misID: 1 (Runl) (Runl)
X 22 (Run2) X 72 (Run2)

+ Shift due to contamination at looser working

point : +0.064

+ Shift due to not inclusion of background in

mass fit: +0.038

fijuvaul) Sppy
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Summary LFU Electrons Vs Muons

GYMPATHY CARDS FOR SCIENTISTS
— .. i
CONDOLENCES | | B, B
= OFNNY o] (B30 55&{% s s{nﬁé&i@

| Rl | oo

28.03.2023

Johannes Albrecht
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» Surprises possible in tree-level analyses

pt /Tt | pt/Tt pt/rt
b W+ v b '}{+< v b . v
B B B LQ °
C C C
D* D* D*
« B> D®™¢v Measures ratio v/ w BR(B — D+ 7-v
%
— Multiple experiments: Belle, Babar, LHCb RD* = ( > " T_‘_/)
_ Multiple D-modes: D, D* BR(B"—=D* uv)

— Multiple tau final states: u~v, 1-prong, 3 prong

« Challenging Analyses

— Missing neutrino, complex backgrounds (e.g. B— D** )

LHCDh
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Backgrounds

B->D"(»DWn )l v B->D*(»D®Wr n)lv B-D®D(-> I X)K

Light D** € [D,,D,D., D] Kk




—e— Data

I B - D"t

B B > D*H (- X)X

I B — D*lv

I B - D'uv
Combinatoric

I Misidentified p

Background

500

PRL 115 (2015) 111803

LHCDh
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[10° 7%= 19.35, 12.6] GeV/cd LHCb
D +ﬂ_

Cand. / (0.3 GeV?/ )
Do

Pull

4

m?, (GeV?/ch)

— Data (3 fb™)

B 5-D v

W B-»Drtv
B—»D"DXx

B 5-D uv
Comb. + misID

B 5-0uv

B -0 uv

B -0 uv

Cand. / (75 MeV)

Pull

—

~10° g% 19.35, 12.6] GeVZ/c* LHCb
] D*+‘u_

Do

0
2 ........................................................
0
_2 .............. ...............
1000 2000
E; (MeV)

28032023  JohannesAlbrecht 7082 (g
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- 10° g% [9.35, 12.6] GeV¥/ ¢t LHCb
D°u-

Do
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Cand. / (0.3 GeV¥/ )

Pull

0

—— Data (3 fb™)

Bl 3D v

W B—>Drtv
B—>D"D X

B 3-D uv
Comb. + misID

B B-Duv

B -0 %uv

B -0 uv

S Fx10® g% [9.35, 12.6] GeV?/c* LHCb
> D
= 20
<
=
qv]
@)
0
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- B Prelim. 2022 i

035 B BaBar12
R Bellel5 .
N LHCb18 30 -- /S -
03 [ : Av ]
= % ' 1LHCh??2 o
- ® R/ 2 i
025 = l-F‘\Bellel9 o —
— Bellel17 , Average =
= R R(D)=0358 £0025+0012
0.2 =  $HFLAV SM Prediction  JHEP 1712 (2017) 060 R(D*) =0.285 + 0010 + 0.008 =
B R(D) = 0.298 = 0.004 gk ) dail p=-0.29 =
- PRL 123 (2019) 091801 -
» R(D¥)=0254 20005  ppoco 000" P(y2) = 32% -

[ | I | | [} 1 1 I PRD|105 (2922) 03I4503 [ | I | | [} 1 [ ] I [ ] [ ] [ |
0.2 0.3 04 0.5

Current result: 1. 90 wrt SM R(D)
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VR

* - —
A _ - 2 _ N
1 - |[HFLAV Preliminary]| A" = 1.0 contours -
-— BaBarl2 -
0.35 - Bellel5 .
- | 30 i
03 LHCb22,1 -
[ NEW LHCb22,had : =
- I 't a‘;‘ - \ -
0.25 [ - Belle19 - =
- WS s World Average -
0.2 =  $HFLAV SM Prediction  JHEP 1712 (2017) 060 R(D) = 0.362 £0.024 £0.012 =
- R(D) = 0.208 + 0.004 ll;}L:E g; gg:g; gg(lssm R(—D’;)) 2=60.278 +0.009 = 0.007 :

= R(D*) =0.254 £0.005  pic 8o (2020) 2, 74 g 6( 2 - 22%
C L1 1 I L1 1 1 I L1 1 1 l I)FDIIOSI (2?22. 03l450I3 L1 l L1 11 I L1 11 L1 1 1 I L1 o

0.2 0D.25 0.3 0.35 0.4 0.45 0.5 0.55
R(D)
Current result: < 10 wrt SM

WA: 3.20 —» 3 o0 wrt SM Lk




Total uncertainty [%]

Run? Run4 Run5 Run6

18; s s e —

_ o e R(DZ
16} \ - R(DY)

T SEEEEEEEAY 0000 WS 090 EEESEE BRI R D"‘*l 1
14} ( (*)) .

[ et R(Dq) 1
12 V= R(A;) [

i k :
10; 4 --= R(AQ) |

] R(J/¥) 1
8. \ 4
6' .............
4t R\ R
2: Optimistic . "\ | [

B LHCD unofficial . =B~ =~ S
G ..........................
S ST TSSOSO T
v v Oy Oy O O Oy O Oy Oy Oy O Oy Oy

Data sample up to year
[Rev. Mod. Phys. 94, 015003 (2022)]

Total uncertainty [%]

; A
18f —— R(X) (had FEI, lep 1) ¢
160 — R(r) (had FEI)

L —— R(D) (had FEI, lep 7)
14; ---- R(D) (SL FEI, lep 7)
12:\ R(D*) (had FEI, lep 7)

b =>c: “R(D*) (SL FEI, lep 7)
o] SRECERE R(D*) (had FEI, had 7)

Data sample in ab !

[Belle II talk (@ Beyond Flavour Anamolies III]




State of the art

’f

WEEKS OF DIGGING aND WE |
HAVENT UNCOVERED A SINGLE
THING. | THINK IT'S TIME WE
PACKED UP AND WENT HONE.

(1 suPPOSE S0.
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~1 visible
interaction

LHCb—

LS3

£=2%x10B— A'T*LLAg/'gI\;IS — [, ~50f" L 4 £=1-2x 1034—: LS5 »Linp 300 fb-"

Phase 2 upgrades

LHCb Upgrade | LHCb Upgrade I: incremental
Installation starts improvements/prototype detectors

Run 1 3 25
Run 2 9 100
Run 3 23 300
Run 4 50 +300+/a
Run 5,6 300+ +300+/a
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1/1/2019

* Physics run of Belle 2 started
— First results envisaged for LP2019
— Significant luminosity ~2022

G. Mohanty, Moriond EW 2019




Belle Il timeline

Luminosity projection

LS2 (2026-27):
SKB IR upgrade
VTX installation?

10 .
— | peak(Target)
'S 8 | w—nt. L[ab-1]
6 L

We are here
4 P Z corded — 428/1b

Te!

Peak Luminosity [x10*°cm s™']

[,.qeh wi

0
2019 2024

2029

LS1 (2022-23):
PXD2 installation and

of detector & machine

other maintenance/upgrade

C. Schwanda, MEW ‘23

nCP

20341

Goal in the mid 2030ies:
g recorded ~ 5 0/ ab




Science

¢ Carcoop

i as,
Tom Gaylg

We don’t know if the flavour anomalies are a fluctuation
or a revolution

* Intense experimental program ongoing verify anomalies
 Coming decades will be dominated by Heisenberg
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Clearly influenced by M. Charles
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Experimental environment: e*e-

Lepton collider Hadron collider
(collision of pointlike objects) (collision of extended objects)




1600800003
™Y/ T LI R B
O g (CLEO)

T(5S)

Cleanest way to produce B mesons:
e*e” collisions at

Vs = 10.58GeV

-
o
T ™

~1.1M BB pairs per fb-’

Obb / Ocontinuum ~ 1/3

Lo
LAy ™7

o:l IT(TS) I 1 l‘l!‘(lzsl) J 1 I1:(3IS)I 1 J

9.44 10.00 10.33 10.53
9.47 10.03 10.37

Mass (GeVic?)

Y (4S) Energy Scan

| PEP-II / BABAR
preliminary

BB pair is produced in a coherent state
- two B mesons evolve until one decays

LHCDh
\ \ g \)




At = Az/py c

Belle  ~200 um
Belle I ~130 um
LHCDb ~1cm




~ Decaytimeresouon

x10° At resolution

2] PP x10°
== I — @ 350
> | d:::, iogn ig :: -~ [ Bellell Belle I
= : ’ LHCb © - Simulation @ Bias = '0003 ps
= 20 pr @ Resolution = 0.77 ps
*3 I § 250
2 " 200 Belle
°o @ Bias =0.20 ps
10; - @ Resolution = 0.92 ps
i 100
: 50
0— 0.2 0.2 = s 3 3 4

At - Gen. At/ ps
decay time [ps]

LHCb, arXiv:1405.7808[hep-ex]  Belle Il, B. Oberhof, CKM 2018
Performance of vertex locator B — J/yK,

B, — J/yo

28032023  JohannesAlbrecht 87/82 (g
ncp




~ 3k

‘;’ ¢ All combined
2 [ — B%> JyKg
0

- | — Bo-> V(2S)K
~2kF- — B>y Kg
[//) &
t ~ —— Fit result
g |
> i
m -

1k

52 522 524 526 5.28 5.3

lb

M, (GeV/c?)

—_ —_
) o
4 w

Candidates / (4.5MeV/c?)
)

TSl .
' (LTI TPres

vefegmnnia ., 0 TR

...... B J K 2
....... BY— JW K ]
=== Comb. background ]

=
]
....

‘e
.
-
.
%
e
e
0
-
-
e,
L

.
-
L
cay
e,

e

PR T [ T T
5200

PR I T T
5300

500 5500 5600
m(J/ KJ) [MeV /¢?]

Belle, 711 /b
PRL 108 (2012) 171802
arXiv:1201.4643 [hep-ex]

FWHM ~2-3 MeV

LHCb, 3/fb

JHEP 11 (2017) 170
arXiv:1709.03944 [hep-ex|

FWHM ~10 MeV

Note: resolutions not mentioned
in the papers (not part of systematics)
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Experimental environment: pp (or pp)

Hadron collider
(collision of extended objects)

[Karl Jakobs]




- PoonColisins

* Protons are complicated objects
— Valence & sea quarks, gluons

« Available energy of “proton” collision
depends on partons

x; = Bjorken x

!
S — 'xl . xz * S (fractional momentum)

of parton P b,c

« Energy of particular collision unknown,
but distributions known

— hadron colliders “scan” a wide energy range
— Average s’ ~0.1s

— Dominant process @ LHC: gluon fusion

LHCDh
\ \ g \)




Gluon-Gluon-Fusion:

b
X, X5
8K
b

* Proton collisions at 7-13TeV:
huge heavy flavour production cross sections
— In LHCb acceptance: 75kHz bb and 1.5MHz cc
— ~1/10 events contains b or ¢ signal

LHCDh
\ \ g \)




Gluon-Gluon-Fusion:

* Proton collisions at 7-13TeV:
huge heavy flavour production cross sections
— In LHCb acceptance: 75kHz bb and 1.5MHz cc
— ~1/10 events contains b or ¢ signal

« ATLAS & CMS get more b produced, but less specific
detector...

LHCDh
\ \ B \)




LHC 2012 RUN (4 TeV/beam LHC 2011 RUN (3.5 TeV/beam)
7 | | 1 I 1 I !

25 | | | 1 1 1 1 1 1 1 1 T
—o— ATLAS 23.269 fb™' —o— ATLAS 5.626 fb~!
. —a— CMS 23.269 fb™! T gl cms6.136 b |
o]
£ 50 H—o— LHCb2.192fb~" : - 2 —— LHCb1.217 fb~!
2 —o— ALICE 9.678 pb~! Fy 5 ||—o— AUICE 4877 pb~! |
§ PRELIMINARY § | PRELIMINARY
£ 151 - £
Es £ 4l .
T T
3 3
C | C 3L -
g 10 g
4 4
= £
i 87
0] i - (]
= > 2
o) o 1 ’
o o
Mar AprMay Jun Jul AugSep Oct NovDec Jan Mar Apr May Jun Jul Aug Sep Oct
Month in 2012 Month in 2011
(generated 2013-01-29 18:28 including fill 3453) (generated 2012-06-21 00:39 including fill 2267)

Full dataset: ATLAS =CMS =10 * LHCb

LHCDh




~ Keysforflavour-physics Il: mass resolution

Y(1S), Y(2S), Y(3S)

900—
0 Proliminary Y (18): : NS s =T
"§ 700 \s=TTeV 1 o~ 46 MeV w0 |n*| < 2.4
2 600 _[""4"1’- =
N 500
E 40055;##@%#
2 3002— i
§ 2005
o 5306 5865R06TataTsag TioosTison 120 % 85 ° o5 10 105 11 11812
M(wp*) (MeVic?) uruT mass (GeV/et)
momentum mass resolution
resolution JIgo>up
op/p =0.4-0.6 % 13 MeV
CMS opt/pt = 1-3 % 40 MeV
ATLAS Opt/pt = 5-6 % 71 MeV
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~ Keysfor flavour-physics I: IP and vertex resolution

Primary vertex resolutions ( 25 tracks):

LHCb [um] ATLAS [um]
15.8
15.2
76

60 20-40
100 40-60

o(y)
a(z)

Impact parameter (IP): IP resolution vs 1/pT

100
90 E_ —=— 2010 Data,\E =7 TeV ——

Ly

- 3 F
° - o -
IP2 l./ ————— B— ....-' l"l’2 40:

52?:?&1 i3 o(IP) ~ 25 pm
> signal @ 2 GeV/c
..~"". e | .

1/p, (c/GeV)

LHCDh
\ \ g \)




Photo Detectors

Cherenkov Angle (rads)

10* 10°
Momentum (MeV/c)

LHCDh
\ \ B \)




~ Keysfor flavour-physics IV: Partile Identiication

« The LHCDb experiment is equipped with two Cherenkov

detectors
~ B > hh
. - B 5 Kn
Kaon identification: KoK: 95.5% #n-K: 7.1% | :>— BO_s 7 7t
B, > KK
B->h*h- without and with RICH Particle ID
CDF Run Il Preliminarny dar =6.11 fo™
% N 42/ndf = 65.09/79 - :
$ 10 x 2 | | 3 [ 1 B%Kn
§ - 300F LHCb - LHCb BY>Kn
g | 3 3 ] T By
8 I - - B—~KK
5 1025 200 - "~ B—3-body
- - : " 7777 Comb. bkg
o E
10 1001
05 R R W vt S

5.2 5.4 5.6 5.8 L _ 9 - i 2
Invariant m-mass [GeV/c?] K 7~ invariant mass [GeV/c“] K ntinvariant mass [GeV/c”]
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- BaBar / Belle CDF / DO ATLAS / CMS LHCb
(ee) (pp) (PP) (pp)

s [GeV] 10.58 (Y(49)) 1980 7000 / 8000 7000 / 8000
BB production coherent BB Incoherent BB state
state
Gpp [1D] 0.0011 6.3 75 94

in acceptance

L [fb-] 550/ ~1000 ~10 150 9
bb pairs in 0.01 0.6 ~200 ~15
acceptance

[10™]
Cc pairs in ~0.01 4000 300
acceptance

[10™]

What does 1/ab mean? N(bb) = Lumi * x-section
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