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Introduction: LHC is a heavy flavour quarks factory

The LHCDb detector has been designed for the study of
hadrons decays containing the b and c quarks. Huge
cross-sections @LHC and largest samples, mainly
produced in pairs in tight cones around either beam.

In LHCb acceptance (forward arm detector for Lhch e

precision measurements in the range 2<n<5):

- 1.4x 10" bb pairs per fb! (v/S =13 TeV)
« (O(10'%) ¢ pairs per fb!
< OU0B) K9 mesons per fb

As opposed to B-factories (BaBar & Belle(-11)), all
species of b-hadrons produced: B* & B° (“B, & B,”),
B., B, Ay, Z,,, Q ... (i.e. including b baryons). In the
rough proportion : 40% B*, 40% BY, 10% B,, 0.1% B_ & 10%
b baryons. (see e.g. Phys.Rev. D100 (2019) no.3,
031102; arXiv:1902.06794). = LHCb does physics in s-,
c-, b-hadron decays (not only*).

*e.g.: EW and QCD physics in large n @ LHC, Heavy quark
production, conventional and exotic spectroscopy (Paolo Gandini)
and lon and fixed target physics (Valery Pugatch).
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https://indico.mitp.uni-mainz.de/event/191/contributions/3200/
https://indico.mitp.uni-mainz.de/event/191/contributions/3138/
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. CKM parameters & CP Violation (CPV):

* |Vgl| from BO — D™ pro
(LHCb-PAPER-2019-041, arXiv:2001:03225 & sub. to Phys.Rev. D)

« CP & P violation in A% — pmm*m
(LHCb-PAPER-2019-028, arXiv:1912.10741 & sub. to Phys.Rev.Lett.)

Gintts prinespianly dblle o X

Rare decays & Beyond the Standard Model
(BSM) studies: (

« Test Lepton Universality in A% —pK-I*I-
(LHCb-PAPER-2019-040, arXiv:1912.08139 & sub. to JHEP)

|+ Search for the very rare KO —p*y decay | '3
3 | (LHCb-PAPER-2019-038, to be sub. to Phys.Rev.Lett.) :

i — N/
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https://cds.cern.ch/record/2706102
https://arxiv.org/abs/2001.03225
https://cds.cern.ch/record/2698326
http://arxiv.org/abs/1912.10741
https://cds.cern.ch/record/2704709
http://arxiv.org/abs/1912.08139
http://cdsweb.cern.ch/search?ln=en&p=LHCB-PAPER-2019-038*&f=&action_search=Search&c=LHCb+Publication+Drafts

Detector & Data

Multipurpose detector in the forward region

« tracking efficiency > 96% (multibody final states!)

» excellent vertexing: impact parameter
o(IP)=15+29/P; um & decay time resolution ~ 45 fs

» very good momentum resolution: dp/p ~ 0.5 - 1.0%

o(mg)~25MeV/c? for 2-body

» excellent PID: (u/KID 97/70 % for (m — p,K) misID of
few)

* Hardware (LO: calo and muons )+ Software flexible
trigger (HLT) input rate: 1 MHz

small Py and low mass objects

« stable running conditions constant number of PVs

 online real time analysis alignment and calibration
fully automated

2008 JINST 3 S08005]

—~ 2.3 . 2018 (6.5 TeV): 2.19 /b
2017 (6.5+2.51 TeV): 1.71 /b + 0.10 /fb

2.1 B 2016 (6.5 TeV): 1.67 fib
2015 (6.5 TeV): 0.33 /b

Ever increasing integrated data/year rate

1.8 . 2012 (4.0 TeV): 2.08 /ib
1.6 221;821:53?;:;11112 LHCb has recorded about 9 fb-' of pp collisions:
’ -1fb'@7TeV RUR 1
-2 fb'@ 8 TeV

- 6 fb' @ 13 TeV - Run 2 total is 5-6 times Run1
(2017+2018 are 2/3 of the total dataset, given the
cross-sections increases and trigger changes)

Integrated Recorded Luminosity (1/fb

Month of year

= LHCb has yet submitted more than 500 papers , ==
bl % 4
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The Standard Model (SM) & the Unitary CKM Matrix
2 mixing of the 3 quarks families & CP violation

* the Higgs boson gives mass to elementary bosons & fermions (quarks, leptons)
through Yukawa couplings but there is not only that ! :

Equarks [Z i q2 1 7 .J] ke Zm V"DLIs ...... e
Q\ﬁ H L,,-—\VU )

charged currents (EW) 1mply transitions between quark families : quarks decays [there
are no neutral current changing flavour (FCNC) at tree level (i.e. GIM mechanism )].

~ d
u  1-A%2/2

Verm = | c A

S

A

1-A2/2

¢ AM3(1-p-in) -AA?

+ OO
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AA3(p-in)

A\2

(VVi=1)

1

\

* strong hierarchy in EW V;; couplings
for the 3 families (wrt diagonal
couplings ocAN ~ (0.225)N : » Cabibbo
angle).

* KM (Kobayashi-Maskawa) mechanism :
3 generations 3 4 parameters: A, A, p

& 1 complex part n which phase is
the unique source of CPV in SM.
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The CKM Matrix : the unitary triangle & the very rich phenomenolgy of quark flavors

4 d - S - b f_.\ =>4 parameters (A, A, p & n) to be
< <~ <L obtained/tested wrt data:
u " '_\\%py K'_\\%ﬂy BQ‘; nucleons, K, D, B, & top quark
= - = physics.
Vouu = =7 =37 | pe= 7 2 unitarity relation in B, system
ckm= ¢ D - D K :.D (1t line/ 3 column):
Vg V> Vig Vi
_ B W ud L:kb 1 td {? —
¢ BDMBU BSmBS t \( Vea Vcb + + Veao Vcb O
N b) O(1)+ O(1) + O(1)

Unitarity triangle in the (p,n)
(p.M) ©:

Parametrisation « a la Wolfenstein » phase invariant complex plan

& valid at any orders in A @ CKMfitter
(EPJ C41, 1-131, 2005) :

p+ i = - Vid Vi | Vi |-
"y Vv R
cd cd Yeb
AZI ‘VUS,E
Wud‘2 T |Vus‘2

(0,0) ——11,0)
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|V, | from B%, — D.*)- pu*v

A2X4 — ’VCb|2
’Vud‘z T Wus’2




Introducing |V | (i.e. b— c transition)

O inclusively, i.e. b-hadron — X_[*v, & A8 pTTTT e | AR RARRE RN ARARS=
o ) . S 46F BoDrlv Ay?=1.0 contours —

© Not very difficult-to-calculate: quarks =~ in QCD = " F BoDIv E
states S5 LE oo Inclusve E
e er. . . = Tk Soppy vV |:GGOU =

@ difficult to ensure pure incl. selection 4 M World Aversge v oitnks 3
=> inclusive average: |V, | = (42.19 £ 0.78) x 1073 38 N
3.6 =

d exclusively, e.g. B — D™ I*y, 34F =
© much easier to do experimentally 32F E
® need form-factors (FF) to interpret results: 3E VAL
quarks in strongly bound system ;2 2 s
. . — -3 Sl = B BN BRI PP o S S B B i ol BN =

=» exclusive average: |V | =(39.25 + 0.56) x 10 Py T 7 Sy

-3
V[ [10°]

O Long standing discrepancy : slight tension between averages!
= Caprini-Lellouch-Neubert (CLN) FF parametrization used in excl. measurements cause of
tension (i.e. Bigi et al. Phys. Lett. B769 (2017) 441& Grinstein et al. Phys. Lett. B771 (2017) 359) ?
= New measurements with B* and B° by Babar (2019) and Belle(2018) uses also Boyd-
Grinstein-Lebed (BGL) FF param. (more general, but truncation of series in BGL somewhat
arbitrary).
= need to compare both parametrizations

= LHCb can help with B% — D,*)- n*v, decays that have interesting features:
 Easier lattice QCD calculation of FF (“heavy” valence quark) allows for better precision
 Expected less contamination from D**, feed-down, mostly decaying to DK®*)

i
LS
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https://arxiv.org/abs/1903.10002
https://arxiv.org/abs/1809.03290

Measuring |V, |& FF in B% — D*) p*v | [LHCb-PAPER-2019-041)

O Model decays with : CLN and BGL parameterisations to investigate possible differences
O Side-products: measure also BF of the two B, exclusive decays

U Need to:
» Extract signal yields of exclusive B%, decays from inclusive D, (— ¢(KK)m)u* sample
= Normalize to a reference decay. Use D'(— KKm)u* : same final state and similar kinematic to suppress

efficiency biases, measure the ratios
= Take as external input f./fy, BF of B? and D™ decays - these external inputs will bring the dominant

uncertainty

B(B) — Dyu"vy,)

R =
B(B° — D utv,)’
R = B(B‘(-?) — Dzilu’JrVM)
B(BY — D* uty,)

O Decay rates :

= 4-D, vector case:
can be decomposed in terms of 3 helicity amplitudes that in turn depend on 3 FF: h,; (w),

dT(B — D*puv) 3mime. G345 5 Ri(w) & Ry(w)
— ' a,,0 2
dw dcos 0,, dcos O dx 16(4m)4 nEW [ A(w, 04,05, x)|
= 1-D, scalar case:

can be written as a function of 1 FF

dI'(B — Duv Gim? ‘
( dw ) - 4?37731) (mp + mD)QUI%:wQ(’wQ — 1)*2G (w) |?

The 4-velocity w=(m?z+m?,.-q?)/(2mgmy; . ), where g2 is the square of the pv invariant mass
= but, g% can not be measured directly ®, because of the neutrino...
g
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https://cds.cern.ch/record/2706102

Run 1

Measuring |V, |& FF in B% — D{*) p*y | [LHCb-PAPER-2019-041)

data only

->» final state not fully reconstructed (y/m® from D* and also v,): employ novel

strategy to constraint (J(i.e. q%). Use reconstructed variables
correlated with g* which preserve information on the FF — p, (D)) .

Separate signal/remaining Bckgds after selections

in 2-D view.

=» fit signal and reference yields (expressed from decay B

(s)

A

(D)

rates) and MC simulation templates of FF for CLN and BGL : P T

* p, (D p*) (i.e. transverse to the BY, flight direction)
* Mgy = (MZ(Dgpu*)+ p2, (Dyp*))12 + p, (Dgpu*)

primary vertex

LHCb Simulation preliminary

= 25 1.8 o
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= 1.2 E
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analysis ~ o
Q iy
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LHCb Simulation preliminary
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https://cds.cern.ch/record/2706102

Measuring |V, | & FF in B% — D,*) p*v, [LHC-PAPER 2019041
un 1 data only

LHCb Simulation preliminary

LHCb Simulation preliminary

=]

2 cannot fully reconstruct 30 - R
recoil variable w (for form s < Ez'D
factors!), L= L E o=
o -~ 1.2 +
but p,(D. u*) is a good proxy. - . 2
L S U > 1.1 %
& also has some small 5 1 i b > o ’
. 0.5 1 1.5 2 2.5 0.5 1 1.5 2 2.5
correlations for the B% —» D* <. P (D7) [GeV/c] o P (D) [GeVic]
l’l‘+0p, decay W]th hel]C]ty angles . lLHCb Simulation prelimina 5 . lLHCb Simulation preliminar
< o3 ) —; ® os 0.7
cosfp and cos b, B 3zﬂ
Z 02 2 z 02 03
= white line: average/profile = £ S - I
L OE o4 % F os h
| o6 | —06 0.2
T -os = -os 0!
1 L 1 1.5 2 .5 0 t 105 ] s > 35 0
Cmr':? pJ_(D;) [GeV/c] cr:E pJ_(D;) [GeV/c]

Data
45 x10° = LLHCb

» Selection inherited from LHCb-PAPER-2017-004
(B; and D lifetime measurements)

* Cut m(KK) around the ¢ mass for both D and D,
to have same kinematics for signal and
reference decays

* Select also same-sign D~ u- combinations to
model combinatorial bckgd

Candidates per 2 MeV/c?

9
-

%00 1850 1900 1950 2000 2050 |~
My . [MeV/ic?] & %
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https://arxiv.org/abs/1705.03475
https://cds.cern.ch/record/2706102

Measuring |V, | & FF in B% — D,*) p*v, [LHC-PAPER 2019041
un 1 data only

=> first, fit reference channel, keeping
total signal yields floating N,

Candidates per 0.2 GeV/c?
Candidates per 0.23 GeV/c

Candidates per 0.1 GeV/c2

- MW/////////////MW”

05 1 15 2 25
P l(D;) [GeV/c]

Candidates per 0.115 GeV/c
=

=>» for signal fit: express signal yields
N®), in terms of N®™)

sig

2
@l %
V. Tisserand, LHCb, LPC Clermont FD B 12
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Measuring |V | & FF in B, >

[LHCb-PAPER-2019-041]

D,*) p*o,

Run 1 data only

CLN form factor (FF) fit

Parameter Value

|[Vp| [1073] 414 +£0.6 (stat) +£1.2 (ext)
Gg(0) 1.102 #+ 0.034 (stat) £ 0.004 (ext)
p*(Dy) 1.268 + 0.047 (stat) £ 0.001 (ext)
p*(D*) 1.23 +£0.17 (stat) £0.01 (ext)
Ry(1) 1.34 +0.25 (stat) £0.02 (ext)
Ry (1) 0.83 +£0.16 (stat) &0.01 (ext)

=>» Very nice compatibility

BGL form factor (FF) fit

Parameter Value

[Vis| [107%] 42.3 + 0.8 (shait)ck 1.2 (ext)
G(0) 1.097 +0.034 (stat) £ 0.008 (ext)
dy —0.0172 £ 0.0074 (stat) £ 0.0007 (ext)
do —0.256 =4 0.047 (stat) &= 0.002 (ext)
by —0.060 + 0.068 (stat) =+ 0.013 (ext)
ao 0.0374 4 0.0086 (stat) 4= 0.0008 (ext)
a 0.28 +£0.26 (stat)+=0.08 (ext)
c1 0.0031 &£ 0.0022 (stat) £ 0.0006 (ext)

T
B{—D, u'v,

Note: (details in backup)

Here external inputs systematic
] errors only (dominated by f./f,)
E & when adding experim. syst.
. largest systematic on |V.]| is
. from D", — KK model

x10° x10°
S JFLHCh sy, 1 S SFrhce
% 8 N B 152
& _F+Data-CLN NCEN
+ 'F+Data-BGL ]
— Of-Fit-CLN 1 = 12F
o 5p—Fit-BGL = 10;_
2 4 5 8k
@ 3 @ oF
s 2 5 4F
2 S
S 1 = 2F
=] I SRV SO U ) S
O 05 1 15 2 250 0.5

p| (D) [GeVic]
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https://cds.cern.ch/record/2706102

Results |V, | & FF in B9, — D ,(*) PO, | [LHCD-PAPER-2019-041]
Run 1 data only

Summary: in this novel approach for exclusive determination of |V |
= exploit ratio B% — D) urv /B®— D™ u*v  to cancel systematics
= MC template-based fit in plane:

* helps to suppress Bckgds

« express FF dependence in terms of observed quantities

ALEPH [PLB 395, 373 (1997)]
CLEO [PRL 82, 3746 (1999)]
Belle [PRD 93, 032006 (2016)] i

|
o — T \ [t ][ Qve : r -3 BaBar [PRD 79, 012002 (2009)]
oy = (414 £0.6(stat) 0.9 (syst) £ 1.2(ext)) x 10 -

BaBar [PRL 104, 011802 (2010)]

© Consistent results from both FF parametrizations:

Lfcb

."fr
| cb

. q . q q DELPHI [PLB 510, 55 (2001
tension exclusive with inclusive average reduced DELIR’HTBSPLCH, 213((2mi])]

BaBar [PRD 77, 032002, (2008)] aanl
BaBar [PRL 100, 231803 (J088), il
BaBar [PRD 79, 012002 (2009)]  ~ < I E

~

Belle [PRD 100, 052007 (2019)] S S R
Exclusive BF measurements: BaBar [PRL 123, 091801 (2019)] Fol-x
LHCb [LHCb-PAPER-2019-041] (preliminary) =~

B(BY = D7 iu,) = (249 £ 0.12 (stat) £ 0,14 (syst) 2016 {ext)) X 107 | —scrusve average LAY 2010
BB D7y, ) = (5,38 +0.25 stat) +0.46 syst) £ 030 ext) x 1073 | e e ARV |

B(BY = D)
B(B! = Diyty,)

- (S
ol
V. Tisserand, LHCb, LPC Clermont FD e 14

ALEPH [PLB 395, 373 (1997)] H—— |

BGL — (_123 i 08 (Stﬂt) 'i_' 09 (S\'St) i 12 (QH)) X 10_3 CLEO [PRL 89, 081803 (2002)] ._..|__H..:'_'_H

OPAL [PLB 482, 15 (2000)]
~ | OPAL [PLB 482, 15 (2000)] —

=j CLN
== BGL

10 20 30 40
— 0464 + 0,013 (stat) £ 0.043 (syst) V.| [107]
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Search for CPV in b-baryon decay A% — pmrm*m
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Search for CPV in b-baryon decay A% — pmrm*m

» Violation of C/CP (C/CPV) symmetry is one of the necessary 3 Sakharov
conditions for the matter wrt anti-matter asymmetry in baryogenesis
after the early Universe.

« The predicted amount of CPV in the Standard Model (SM) is far too small to explain

the absence of antimatter in the Universe. As-of-yet no CP violation in b-

baryons has been observed, though the CKM mechanism predicts sizeable Matter v Anti-matter
amount of violation.

» Possibly there are other sources of CPV beyond the SM. Need to search
for CPV effects extensively as large LHCb dataset opens new field in
heavy flavour physics precision measurements and many searches yet
performed.

Tree « VAV, ~ A Penguin & ), VAV~ 4’

x=u,c,t
u
Ay {d
- . T :W,
ud
W

« Transitions governed b — udu tree and b — duu penguin amplitudes of similar size
* Large relative CKM weak phase a=Arg(V*,\V.q/V* ;xVuq) iN SM
=> Potential non negligible CPV effects in the SM

@l
V. Tisserand, LHCb, LPC Clermont FD e 16
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https://indico.cern.ch/event/856075/attachments/1925647/3197319/CERN_seminar_CPV_baryons.pdf

Search for CPV in b-baryon decay A% — pmrm*m

 CPV can be measured by comparing yields between baryon and antibaryon decays (i.e.
direct CP violation): but highly diluted by experimental effect (i.e. b-hadron production
and charged particles reconstruction asymmetries).

« Rather use integrated and triple-product asymmetry (TPA) measurements :
’

Measure CPV via f—(P-)vioIating aymmetries in Ny P T T g0

. . o t os 1T
» Triple products in A\, rest frame T = spin and momentum reversal operator

o
~»
I

"'-]>I

7, (ﬁnfzﬂ X F,r+) x sin @
Fp ’

(5} X Fﬂ_) o sin @

fast

» T(P)-odd asymmetries:
Nag(C3>0) =Ny (C; <0
Ny (C3>0) + Ny (Cr <0

T

)
)
Nz (=C3 > 0) = Ngy (—C; <
<

A= ( 0)
! N7y (—€f>0) + Nz (—éf 0)
. 1 _
R . T—odd _ 3 R
» CP-violating observable: arp ¢ = 5 (AT - AT)
. 1 _
» P-violating observable: a}f“:’dd = B (Af + Aj:)

e | S —

/5
@l %
V. Tisserand, LHCb, LPC Clermont FD B 17



First indication of CPV in b-baryon decay A% — pmmm

With Run 1 (3 fb-") [Nature Physics 13, 391-396 (2017)]

Scheme on dominant resonances” Scheme on ® angle intervals

, LHCb  Scheme A - LHCb  SchemeB -
g 20_ '@ ! mlt_z(A +A ) [i _E g 205_ a;"—ndd:E(A +I) Il—_

;. OFodogrrirey s OfF-ggegrgeory
2 —20F - 2 20p 2 .
g j—lg q};‘“fd X%’ndf:?’/ .9/12 - - g —g a}'; "ddl lendf—T2Q.?/ 10 - e
E L odc X _AI E E - odd __ A g
%‘1 20_ “gf : _EEE(A'! _:?) ] 5 20 _ ”(Ir’ iu D) (A7 —Aj) i _
Ofp-#-d-gtg ooy ]
- ] _ ¢ ¢ 8]
0! P 20} * e
e al 2 2/ndf=21.1/12 E F e al M ¥*ndf=305/10 ]
5 10 1 2 3
Phase space bin |®| [rad]

 Integrated results compatible with CP (@ 3.30) & P (2.20) conservation
 Largely insensitive to production & decay asymmetries
e Low systematic uncertainties <1%

» Already triggered some theorists (e.g.: JHEP 10 (2016) 005, Nature Phys. 13 (2017) 322, PoS
ICHEP (2016) 531, Phys.Rev. D95 (2017) 09300).

@l
V. Tisserand, LHCb, LPC Clermont FD e 18


https://arxiv.org/abs/1609.05216

Q 6.6 fb'! data analysed (Run2) =» signal yield = x4 signal yield Run1

New search for CPV in b-baryon decay A%, — pmm*m
with 2011-2017 datset

O Applied 2 different methods to search for CPV:

e Triple Product Asymmetries (TPA), new optimization

« Energy Test [(test statistics), thermodynamics independent model like, or statistical two-sample

comparison technique (Energy=0 if similar samples)] applied here for the first time

O Improved understanding of decay dynamics:

- Simplified A% — pm*m amplitude model including main contributions N** 1 (p a,(1260)") with
m(pm*m,.) < (>) 2.8 GeV/c? (plus other and also : A*(1234)**(—pm*)m & a, » pmn) =» identified

interesting regions for CPV-odd and separate it to avoid dilution

« A% — A*(pKm*)m validiation control sample (i.e. no CPV expected)

3500

Events / ( 0.005 GeV/c?)

S W
S o
S &

500

Niig = 27 600 + 200

3000 |
2500 |

2000 |

LI B I B N B N NN B B B B NN B L R

AR
- LHCDb ¢

- /1.;: — pratn
S /1;: — pK xta
- B LS K'maa
..... Comb. bkg

Part. reco -]

—— Full Fit

e A
——? I

Y56 57 58
m(A%, — prrTIT) [GeV/c?]
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50000

40000

0055 GeV/c?)

5 30000

0

Events / (

[LHCb-PAPER-2019-028]

=» 2 new binning schemes

Ncontrol = 434 500 & 800

20000 F

A
r LHCb

10000 -

I
— Al = AUpK 7]
-- Al > Al (pKT) KE
_____ Comb. bkg R

Part. reco

= Full Fit

5.4 . .
m(AOb —,>A+C(PK'TT+)TT ) [GBV/CZ]

5.8

o SS
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https://arxiv.org/abs/1612.04705
https://cds.cern.ch/record/2698326

New results for CPV in b-baryon decay A% — pmrm*m

[LHCb-PAPER-2019-028]

TPA method (systematic negligible wrt to statistical uncertainties)

Scheme A: based on hel1c1ty angles

Scheme B: on & angle mtervals

5 30; LHCb scheme A ‘aT odd é 5 212? LHCb scheme B,
= ndof=23.6/16 = =5 ndof=18.5/10
8 ?3: 3(( ndot 502 }g AGT -odd = 8 105_ ; ndoi }74 3/ 10
= = — e 5E0—
= = - ~ = =
e ﬁﬁ= | et
E 200 5 E s
é:,; 30 | a1 region :Cj —20E ,
30¢ xlf_ngoi}é; 316 I SCheme A _E %22— f“’j"l{*z?i'{‘({ " scheme B, |
20F  x/ndof=25.3/16 = £ ¥*/ndof=27.9/ -
10 - 198 i
S = SEMEE LS A e e =i
= E —5E
el es I e
S0k Y
2 4 6 8 10 12 14 16 0 0.5 1 1.5 2 2.5 3
Bin D| [rad]
al#99 = —0.70 £ 0.70 + 0.17

» Integrated TPA measurements :

alrodd — _3.98 4 0.70 & 0.17

» Both TPA and Energy Test methods (i.e. search for non-null asymmetries):
» suggest CP conservation at 2.8-2.9 ¢
» first observation of P violation in b-baryon decay at the level of 5.5 ¢ !

V. Tisserand, LHCb, LPC Clermont FD


https://cds.cern.ch/record/2698326

Test of Lepton Universality with A% — pK-I*l-

R X <

THERE'S SOMETHING
VERY ODD HERE!

CHLIS MADDEN

V. Tisserand, LHCb, LPC Clermont FD



Rare b-hadron decays & b — sil anomalies

FCNC (|AF | =1, forbidden at Tree level) sensitive
to indirect effects of “New Physics” (NP or BSM) in loops/penguin diagrams :

=» Quantum corrections due to virtual effects (AE.At~A) = deviations wrt SM predictions
precise measurements and precise calculations.

=> Open gates to yet inaccessible energy scales at accelerators : Ayp> 0.5-2x104 TeV

= Accessing new couplings/phases in loops/boxes : CPV &/or rare decays

= Many observables: asymmetries ( Ag, direct, time dep: C, S, ...), angular/amplitude analyses (transversity/helicity),
structure of currents (V-A), polarization (RH y ?), Lepton Universality, BFs > or < SM pred. ?

SM b —sl*l-

ot
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.
.
.
.
.
.
.
.
.
.
.
.
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.
.
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S
o

BSM b —sl*l-
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Rare b-hadron decays & b — sll anomalies

[JHEP 06 (2014) 133]

Lattice -e-Dalta
T T

15 20
q* [GeV?¥c4]
[JHEP 06 (2015) 115]

B*— K*Jr‘,u*‘u_ g
LHCb

Ry

b—sll decay rates
systematically below
the SM predictions

B .CSR Lattice —#Data W ].CSR Lattice —e=Data . ].CSR

— T T . T — T T T — o 20 ‘

> B'=K'uuw 7 % B'—=K'wu 3§ %

9 LHCb 4 © LHCb 4 ©

(&) L] ] o

X X 3 X
il b b

o =) 3 ©

= +* = 1 =

[ A e o _+_ 4 o

S el 4 il

= = B =

— — - —

% 1 % 1 1 L 3 % 1
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g* [GeV¥c4)
[JHEP 09 (2018) 146]

15 20

4q* [GeV?/c4

s [JHEP 04 (2017) 142]
. —0.1558 . . .
+ B LHCh ] ., ' 1z LHCb
E 3 = SM pred :E 1‘2_ ) 1077 GeV~? g
S mme e L :
O E + LHCb (3fb) & : —+
g oF . 1.() 1|5 0.2 F p— « SM prlediction G- Lt - .
N # 1G] 0 g 10 i » 0 5 10 s
¢ [GeV? 2 |GeV¥ et
BO N K*O”—F”—
i Wy 1 ' ' ' ' | ' ' 1 ' I | _
e LHCbdata ©o ATLAS data i
b—sll angular analysis = Belledata © CMS data .
Local tension with SM predictions  *~°Bit [T SM from DHMV ]
P SM from ASZB 1]

(2.8 and 3.00)

[LHCb, JHEP 02 (2016) 104]

V. Tisserand, LHCb, LPC Clermont FD
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Intriguing deviations in rare b — sll decays :
Lepton Flavour Violations ?

Lepton Universality (LU) tests vs g%(ll) :

(i.e.

SM = UNITY (i.e.x1-few)
de(B—>H,u o )dq

NP or not NP ?
2™ ys 115t lepton families)

o de(B—)I—ge"‘e )dq2

PRL 122 (2019) 191801

JHEP 08 (2018) 055
1 1 | 1 I I T | Ll 1 I I |

2.0 B [ T | I
- ’ T

15 BT — KTete T Y ]
L i — ]
- _ 0.8 - - . e mmmmmmmF e ——a 7]
- T ) T e ¥< I e

10 rﬁ- i - =5 1 ] UWoL~——--" T TTTTee T ® LHCh
ey = 3 BIP
N i 0.4 Y CDHMV ]

0.5 - 1 BO N K*0€+£_ B EOS ]
- ® LHCh A Belle 0.2 - € flav.io ]
- ® BaBar V¥ Belle2019 LHCb * JC

0.0 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 0.()_IIII]I | T 5 6 ¢ 5 [ o
0 5 10 15 20 0 1 2 3 4 5] 6

¢ [GeV?/cY ¢ [GeV?/c']

V. Tisserand, LHCb, LPC Clermont FD

LHCb deviations @ 2-2.5 o (R¢- with Run1 only data and Ry with Run1 + 2016)
Crucial to add more data and measure LU in other modes and b-hadron decays

Also some tensions in b->clv in B -»D(*)to wrt B ->D(*)u/ev
(i.e. 3rdvs 1rst & 2nd family)

A
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https://arxiv.org/pdf/1705.05802.pdf

Method for Test of Lepton Universality (LU) in A% — pK[*[

[LHCb-PAPER-2019-040]

1) In the SM:

Run 1 + 2016 data

3) Exploit the well test LU in J/y modes:

BR(B—Hu*p™)

Ry =

BR(B—He'e™)

= 1+ O(107?)

2) Experimentally:

N(B—Hu" pu) e(B—~He" e™)

RHOC

N(B—Hete™) e(B—>Hutp)

From mass fit From MC simu.

+ calibration samples

BR(B—HJ/yp(p"p~))

=1

TJI/b = BRBSHJI d(ete )

e as stringent cross-check

e to build double ratio — cancel systematic effects

N(B-Hu"p™) ¢(B~HeTe™)
Ry — N(B=HI[f(u* ™)) e(B-HI[y(eTe))
B = " Npohere) e(B—HuTy~)
N(B-HJ[j(ete™)) e(B=HJ[p(utp))

R =

p

B(A)— pK~efe™)

B(A)— pK=Jhp(— ete))

B(A)— pK~ptu”)

B(Ay—= pK=Jfp(= ptp))

=First test of LU with b-baryons, using A% — pK-p*u-and A% — pK-e*e decays

V. Tisserand, LHCb, LPC Clermont FD
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https://cds.cern.ch/record/2704709

: : - AO -[+]- [LHCb-PAPER-2019-040]
Test of Lepton Universality (LU) in A° — pK-l*l R 1 T 9016 data

B(A}— pKete) B(A)— pK—ptu”)
B(A}— pK=Jpp(— ete™))/ B(A— pK~Jfp(— ptu~))

Rk =

p

Note : use of inverse definition due to
expected small yields in rare electron
mode (better LLH numerical behavior)

® R is expected to be unity in the SM [Fuentes-Martin et al.]
e Complementary to Ry due to fractional baryon spin

= Side-products:
e A,— pKe*e never observed before — first observation
e BF(A,— pK p*p’) never measured before — first measurement

/5
@l %
V. Tisserand, LHCb, LPC Clermont FD B 26


https://cds.cern.ch/record/2704709
https://arxiv.org/abs/1909.02519

Test of Lepton Universality (LU) in A% — pK-l*I- [LHRCul:leflszé-12£Lz-tC;401

=» Simulation describes hadronic pK- structure (pentaquarks)
=> Selection adapted form A% — Al*l- angular analysis [JHEP 09 (2018) 146]

& Ry. LU Test [JHEP 08 (2017) 055]
= LU test performed in the region (J/y € [6,11] GeVZ/c*):
e 100 MeV%/c*< g2 < 6 GeV?2/c*
e M(pK) < 2.6 GeV/c?

/']

2
2

¢’ [GeV
=
| 'g‘ '
GeV
=

SR e T - . A S——— .0 2
5 529 6

. 5 TRy g
m(pK u ) [GeV/c?]

m(pK ete ) [GeV/c?)

=» Bremsstrahlung effects in the ee channel (even with corrections)
=» Special electron/muon Hardware trigger

4
V. Tisserand, LHCb, LPC Clermont FD [y 27


https://cds.cern.ch/record/2704709
https://arxiv.org/abs/1808.00264
https://arxiv.org/pdf/1705.05802.pdf

. : . AQ _[+]- [LHCb-PAPER-2019-040]
Test of Lepton Universality (LU) in A% — pKl*l R 1 + 2016 data

Resonant modes q%e [6,11] GeV2/c* (pKJ/y): mass fit R AR Rl
— better mass resolution for m(A°%; )

x10° x10°

A SRR REAEEE B AARE REREEE [ T &= " .? &= 0 [ * & & L G F ¢

— A) = pKJ/y
Combinatorial

i BB - KKk Iy

D s -5y

I pK -swap

[ — A) = pKJ/y

Combinatorial

gL BB — KKy
L -0 =—*0

T BB —-K Jy

6 - pK -swap ]

4[N_=40980+220 =

L :
O: i

54 55 56 57 58 54 56 58 6 6.2
m,,,(pK~uu) [GeV/c?] m,,,(pK~e*e™) [GeV/c?]

Candidates per 5 MeV/c?
|

Candidates per 9 MeV/c?
(9

: N_=10180+140 ]
0.5F ete: -

Efficiency cross-check: single ratio r,,, known to be LU

—1 _ NAy—= pK~Jp(= een)) | e(My— pK— I/ ppT))
W NA)— pK-Jhp(— ptp=)) — e(A)— pK—JAp(— ete™))

« including stat. and syst.

| r'1J/W=0.96iO.05 | * Compatible with 1 (validated to be flat in kine & topo
vars: P;(A%lmax), m(pK), 6,)

« Also checked with y(2S) : S

A
- (S
.
V. Tisserand, LHCb, LPC Clermont FD faya= 28



https://cds.cern.ch/record/2704709

[LHCb-PAPER-2019-040]
Run 1 + 2016 data

Test of Lepton Universality (LU) in A% — pKI*l-

Mass constraint not possible — larger
mass ranges, degradation for electrons

Non-resonant modes: mass fit

NQ.) - I ! ! ! | ! ! ! | NQ.) L L
; 140 -_ — A) = pK utum ] S 45 — A% = pK-ete
é) - LHCb g —— ﬁ 40 LHCb Combinatorial 3
120F 5~ KK 3 - Ay~ pK-nee 3
= " N =444+23 [{ W8 K ww = 35 WA - oKy
$— r S g :
2100 - Tty = Q 30 E
S 80F E 8 25F E
St : 3 2ol N =122+17 :
= 60 3 = : okl
& 40 u S 15 3 =
X 10F
20 sE
0 . . | 1 3 0 = Uy N S W | S S
54 <o 5.8 5 s Pl 6

m(pK " uru) [GeV/c?] m(pK ~e*e™) [GeV/c?]

In 0.1 < g2 <6 GeV2/c* and m(pK’) < 2.6 GeV/c2:
e First measurement of A% — pK-p*u-branching fraction
e Then derive first observation of A% — pKe*e- decay mode (significance >70)

0 -
B 0K ) e

uncertainty dominated by knowledge of A, hadronization fraction at LHC *’; mi@
V. Tisserand, LHCb, LPC Clermont FD faine

= (2601401010297 5] IOFHB(A% PHEE)| g = (B1E04202£03755) x 107



https://cds.cern.ch/record/2704709

Result for test of Lepton Universality (LU) in A% — pK-I*I- [LHRCut:Ii;AEIEZ%-126()Lz-t(;4O]

In 0.1 < g2 < 6 GeV2/c* and m(pK')<2.6 GeV/c2:

o first test of LU in b-baryons (stat. dominates -15% &
main syst. from fit model, MC corrections, norm. mode):

R — 1.17 g1 = 0.07

<
0.1<g2<6 GeV?2/c?

-log(likelihood)

p— (%] [FF R S [=) ~ o]

PR 0 A=ems0GeV e e b kN A statrsyst
e inverting likelihood profile: e T
RPK’O.1<(]2<6G6V2/C4 — 086t8%‘% + 0.05 ilél:_ R
@ o
: _ PK
—Test of LU: Ry, compatible o
with unity @1c & previous Ry, 1.0]
measurements (i.e. <1) 1 ‘{ |
0.8

- So far, the puzzle remains and all the Test | (41 LHCD
of LU favours lower than 1 R, values L e e e

- Nee.d to add more data (add 2017+2018 part of ) [Gevg /cJ‘]
Run2 (i.e. x2) + Run 3 after 2021): q

e to study m(pK-) spectrum

e to split g2 ranges for higher sensitivity

2
@l %
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https://cds.cern.ch/record/2704709

Search for the very rare decay K° — p*w
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Introducing the very rare decay K% — p*w [LHCb-PAPER-2019-038]

« Strongly suppressed Flavour-changing Neutral Current (FCNC) transition
the cousin of B%, — pw
- Dominated by long distance contributions through K% —vy.
« BF(KO — p*u)= (6.84+ 0.11)x10?, in agreement with the SM.
« Allows to set model-independent bounds on the CP-violating phase of the s — dll amplitude.
« SM prediction: BF(K% — u*u) = (5.18 £ 1.50,p + 0.02¢,)10°"2
[JHEP 05 (2018) 024], [JHEP 01(2004) 009], [NPB 366 (1991) 189].

) Jfﬂﬁ 107°; CERN PS
Kg—= 4 (3.1 x 10-7)
L’\’\.
s S J—
10-7{ Nothing since the 70s !!
s I —— S o # —
W T - LHCb (3211)
Koq w.cth v, A K% u,c,th ‘Ijj% aé 10_8’ *(9 x 10 )
J W M |d —P—’JIHIV p §
£ LHCb (Run-l)
= (8 x 1019
— 1077; o
Some constraints already in-place for many 2
BSM scenarios (possible large virtual effects ? e (i
o —10 ]
in loop/boxes) : leptoquarks [JHEP 02 (2018) 101], ¥ '
SUSY [JHEP 04 (2018) 019] [JHEP 05 (2018) 024] and 2 Expected for the Upgrade
. . SM
extensions of the SM [prL 119:201802]. 1011, JRCTRRTRD
=» Still room, with the present constraints
10—12_

@l
V. Tisserand, LHCb, LPC Clermont FD e 32


http://cdsweb.cern.ch/search?ln=en&p=LHCB-PAPER-2019-038*&f=&action_search=Search&c=LHCb+Publication+Drafts

Measuring the BF of the very rare decay K%, — p*p-
[LHCb-PAPER-2019-038]

« Use huge 2016-2018 Run 2 LHCb Ks dataset (5.6 fb-1 @ 13 TeV & KO x-sec~ 0.6 barn !!
[JHEP 05 (019) 048])

* New reconstruction and triggering since Run 1 :
v" New muons tracks implemented at HLT1 software trigger (use relatively low occupancy
in muon chamber for p-ID online) : down to Pr= 80 MeV/c & re-optimization of HLT1,2
=>» gain about 1 order of magnitude on K% — u*u- rate wrt Run1

Use KO, — m*m" as control/normalization sample

 Similar - selection to that of K%, — pru O (10°) for 2016 only!

» Only trigger and particle identification requirements
are different.

* BF from ratio (most of the systematic effects cancel):

LHCh
2016 (1.6 ")

T

_ NH T Epr _
B(Kg - H‘i‘u ): c;?served % 5s‘flectlon % E'gger X .Ul % B(Kg - 7T+7T )

Candidates/2.0 MeV /¢?
>

obseed “slctin Etrigger “muon D 10° —— Corrected simulation

From fits + Data
— L— Only K = ity
to data S . ! . . .
470 480 490 500 510 520)
Similar for . M(mtr™) [MeV/c
Different
both

o SS
B3 33
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http://cdsweb.cern.ch/search?ln=en&p=LHCB-PAPER-2019-038*&f=&action_search=Search&c=LHCb+Publication+Drafts
https://doi.org/10.1007/JHEP05(2019)048

Results for the very rare decay K% — p*l | (11ch-paper-2019-038]

1 LHCb

10"

—
-
o
|
I

Candidates/1.0 MeV/¢?

1021~ : ‘ ‘ :
480 500 520 540 560 580

M () [MeV /&7

S 102 L Ll

O .\ _ T T T \. _ T

480 500 520 540 560 580
M (ptpe™) [MeV /2]

Candidates/1.0 MeV/c’

Candidates/1.0 MeV/¢”

1075
1014
10°4

1074

10°
10!
10
10!

1024

4 among the 20 fitting bins

10_18() 556;1 520 540 560 580 (10 MVA x 2trigger types)

M) IMeV/e] with highest S/B ratio

K — ptp
R = ot
————— K¢ — ntw
""" Combinatorial

— vI‘CJTFlI

480 500 520 540 560 530
M{p~p™) [MeV/e?]

result obtained from the posterior probability of the

o 10
& LHCb
S8
|
6 Run I only
----- Run IT only
44 — Combination

branching fraction in the fit (Run2 data only):
B(KS — 't u™) <22(2.6)x107 1% at90(95)% CL

Minimum: B (K2 — ptp™) = 1.037978 x 10710

Combining with Runi:
B(KE — ™) <21(2.4) x 10712 at 90(95)% CL

Minimum: B (K% — ptp—) =0.9419 22 x 1010

V. Tisserand, LHCb, LPC Clermont FD

= 18-40 times the SM predictions


http://cdsweb.cern.ch/search?ln=en&p=LHCB-PAPER-2019-038*&f=&action_search=Search&c=LHCb+Publication+Drafts
https://arxiv.org/abs/1209.4029

Conclusions & outlook

LHCb exploits an unprecedented dataset of b-,c-,s-hadrons, of any kinds, to
challenge the Standard Model of Particle Physics :

0 CKM and CP violation physics:

* New exclusive methode to measure|V,| from B% — D,*) u*v,
(LHCb-PAPER-2019-041, arXiv:2001:03225 & sub. to Phys. Rev. D)

« Search for CP & observation of P violation in A% — pmmm
(LHCb-PAPER-2019-028, arXiv:1912.10741 & sub. to Phys. Rev. Lett.)

O Rare decays for test of beyond the SM studies:

« Many intriguing indication of deviations in b — slT1~ decays
=> perform Test of Lepton Universality in A% —pK*l"
(LHCb-PAPER-2019-040, arXiv:1912.08139 & sub. to JHEP)

« Search for the very rare K.—»u*u- decay: more than 3 orders of magnitude

gained on the upper limit (i.e. SM x 20-40) since the beginning of LHCb
(LHCb-PAPER-2019-038, to be sub. to Phys. Rev. Lett.)

Yet the statistics is a still a key issue. Many more to come with first phase
of LHCb upgradre of LHCb Run3-Run4 (2021-2030): ~ 50 fb' and second
phase of LHCb upgrade after (2030-2038): ~ 300 fb"

= towards ultimate test of flavour physics on many subjects.

. i
SN
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Measuring |V, |and FF in B% — D /™) pu*v | [LHCb-PAPER-2019-038]

Run 1 data only
Data sample, selection:

m analysis based on 7 and 8 TeV data 3 fb™ )

m use BY — D™ "t v, decays

m trigger on high py u associated with 1-3 charged displaced tracks
m offline, select u™ plus three tracks consistent with D, — K"K 11~

B My € [1008,1032]MeV/c” to suppress BG under D, peaks, and
keep signal and reference channel kinematics similar
B Mmg+g-+ mMassinlD or D, range
m produce clean D, peaks by optimising selection using track/vertex
quality, vertex displacement, pr and PID criteria
m measure yields relative to reference decays (B" — D™ u*v,)

m only partial reconstruction: D (= (K"K )1t )~

W cross-contamination between D~ u™ and Dy u™" samples below 0.1%

(based on simulation)
m combinatorial BG from same-sign D, u~ candidates

m veto misreconstructed/mis-IDed BY — ¢ (= u*pu )p(— KK ),
A) = Al (= pK mt)u v,X and B, — D, 1t™

s
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http://cdsweb.cern.ch/search?ln=en&p=LHCB-PAPER-2019-038*&f=&action_search=Search&c=LHCb+Publication+Drafts

Measuring |V, |and FF in B% — D /™) p*v | [LHCb-PAPER-2019-038]

Run 1 data only
Analysis strategy:

m signal and reference yields from fit to 2D distribution of p ,, Mcos
m use B! modes are signal

B easier LQCD calculation due to heavier s quark

m FF theory calculations available for whole g spectrum

B less contamination due to less contamination from partially
reconstructed decays)

m 2D templates from simulation (signal, reference decays and
physics bkg) and same-sign data (combinatorial bkg)

m floating FF parameters used to rebuild the 2D templates for signal
and reference decays at each fit iteration

m B) — D" utv, yields expressed as a function of |V, | by
integrating over the respective differential decay rates (equations
in 2 slides)

m FF described by either the CLN or BGL parametrization, with some
parameters constrained to their LQCD determinations

m all other yields left free to float in the fit

- S
@l
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Measuring |V, |and FF in B% — D,®)- pu*v LHCh-APER.2015-037)
un 1 data only

Analysis strategy illustration:

LHCb Slmulatlon plehmmaly ]LHCb Slmulatlon plehmmaly
'% : +p2I(D) 0. 8(] % [ | —+—p2(D )=0.80
2 = D) = 1.00 Z 0.8 —= pAD )= 1.00
>0.8F """ - >\-or Lo 4 .
5 :ip @)= 1.20 s iP‘D;>=‘-3‘-‘- recalculate 2D templates in
= - pAD7) = 1.40 = [ B, D) =140 ]
2 0.6f 1 BV & - p, (D p*) - m,, for each FF
< I < [ ]
0.4 ] 04 . parameter change
0.2 - 0.2} .
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5
p J_(D}) [GeV/c] p J_(D}) [GeV/c]
LHCb Simulation plehmmaly LHCDb Simulation plehmmaly
% 1: | | I—+—RL{I) 0.20 '?—; [ | | I—+—Ril) 0.80 ]
% i —RL(H 0.80 308_ —R(l) 1.00
E’O'S: s+ R(1)=1.60 % ' R, (1)=1.20 ]
Eo_(,:_ —{"Rtlll 220 ] Eo-é 5 T R(1)=140 ]
< [ <
0.4F - 0.4
0.2} - 0.2
P N R SR L = P I N R R ]
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5

2 J_(D}) [GeV/c] P J_(D}) [GeV/c]
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Measuring |V, | & FF in B% — D,*) p*v,

=> first, fit reference channel, keeping
total signal yields floating N®™)

[LHCb-PAPER-2019-041]

Run 1 data only

—_—
[

| S I S =

Candidates per 0.2 GeV/c?
Candidates per 0.23 GeV/c

Al
E B-D,
- BfaD:',u*vﬂ
F /|Phys. bkg.

[ Comb. bkg.

o Lo
= wn

[ I Y
= wn

,_.
=

Candidates per 0.1 GeV/c2

Candidates per 0.115 GeV/c

5 )
() == i DT i :
05 1 15 2 25 s s TR REY
p| (D) [GeVie] My [GeV/c?] p (D) [GeVlc]
> for signal fit: express signal yields N®),
Details: in terms of N®),
Ns(j‘g) = NCOT [ dr(Bg*?;_W"u)dg where

w forBY - Dy u*v,
mC = 0 *—
(w,cos0,,cos0p,x) forBs — Dy u'v,

() = (k) (k)
| N(*) = ,N"f‘?/'g o
(B(B“HD(*)*LPLV”)’

~ - __'+__ -1-'
mK=L8D K KT ) gng K* = L=

BDy K"K 1)

fa BMO >KYK—17)

V. Tisserand, LHCb, LPC Clermont FD

~ fa BDF D X)BD KK 1)
m take a f/f4 measurement from an independent data sample

with £ efficiency ratio signal/reference mode

al



https://cds.cern.ch/record/2706102

Measuring |V, |and FF in B% — D /™) pu*v | [LHCb-PAPER-2019-038]

External inputs:

Run 1 data only

external inputs (experimental/theory, preliminary):

Parameter Value

— — _ Parameter Value
fg/deb(DS - K K+TT )XT[PS] 0.01913 £0.00076 T TO066 £ 0.0050
B0 -K KT ) 000993 +0.00024 hyll) 0.902 % 0.013
BD* D7) 0323 +0.006 CLN parametrisation
) _ _ 2 1072 + -
BV - D i vy) 0.0231 £ 0.0010 f;“(g)l) 1%3;88%1
sl k=t p=(Ds 299 %005
(8(5 D™ u Eu) 0.0505 £0.0014 R parametrsation
By mass [GeV/c ] 5.30688 +0.00017 G(0) 1072+ 0.037
Dy mass [GeV/c”] 1.96834 = 0.00007 31 1(35{18?2
D* mass [GeV/c*] 2.1122 +0.0004 2

@l
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Measuring |V, |and FF in B% — D,®)- pu*v LHCh-APER.2015-037)
un 1 data only

Systematics:

Uncertainty
CLN parametrization BGL parametrization
Vel p*(Ds) GO) p*(DF ) Ri(l) Re(D) | Vel di d2 GO) by ¢t do 4
Source [10°] [107%] [107%] [10°'] [10°'] [10°'1][10°F] [1073] [10°°] [10°% [L0?] [107°] [107°] [10°]
Fslfax @Dy - KK m ) (XT) 0.8 0.0 0.0 0.0 0.0 0.0 0.8 0.0 0.0 0.0 0.3 0.0 0.2 0.1
(/S‘(D - K K'mm) 0.5 0.0 0.0 0.0 0.0 0.0 0.5 0.0 0.0 0.0 0.3 0.0 0.2 0.1
@B(D* =D X} 0.2 0.0 0.1 0.0 0.1 0.0 0.1 0.2 0.0 0.1 0.5 0.2 0.5 0.3
BB - D pu w} 0.4 0.1 0.3 0.1 0.2 0.1 0.5 0.6 0.1 0.1 1.3 0.4 1.1 0.7
(/S'(B“ - D* utvy) 0.3 0.1 0.2 0.1 0.1 0.1 0.2 0.4 0.1 0.1 0.8 0.3 0.7 0.4
m(BY), m(D™ ) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.0 0.2 0.1
NEew 0.2 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.0 0.0 0.3 0.0 0.2 0.1
ha (1) 0.3 0.1 0.2 0.1 0.1 0.1 0.3 0.4 0.1 0.1 0.9 0.3 0.8 0.5
External inputs (ext) 1.2 0.1 0.4 0.1 0.2 0.1 1.2 0.7 0.2 0.8 1.3 0.6 0.8 0.8
D™ —= K"K 1 model 0.8 0.0 0.0 0.0 0.0 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Background 0.4 3.2 2.2 0.5 0.9 0.7 0.1 4.9 1.5 2.3 6.9 2.0 5.2 2.0
Fit bias 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.0 0.0 1.8 0.4 1.6 0.4
Corrections to simulation 0.0 0.1 0.5 0.0 0.1 0.0 0.0 0.1 0.0 0.1 0.1 0.0 0.2 0.1
Form-factor parametrization - - - - - - - - - - - - - -
Experimental (syst) 0.9 3.2 2.2 0.5 0.9 0.7 0.9 4.9 1.5 2.3 7.2 2.1 5.4 2.0
Statistical (stat) 0.6 4.7 3.4 1.7 2.5 1.6 0.8 7.4 4.7 3.4 6.8 2.2 8.6 2.6

preliminary, [ LHCb-PAPER-2019-041] in preparation

m largest systematic uncertainties on |V,.,| from f/f4 and
Dy = KTK~ 1™ model

@l
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Search for CPV in b-baryon decay A, — prrmm

[LHCb-PAPER-2019-028]

e (CPV can be measured by comparing vields
between baryon and antibaryon decays &: strong phase

0: weak phase

_ N(B —>f) _N(B —>f) x sin(51 . 52)Siﬂ((91 _ 6]2)

" NB—=f)+NB—f)

ACP

v" The decay receives contributions from at least two amplitudes
v Sensitive to baryon-antibaryon production asymmetries Ap(B)
v Sensitive to charged particle reconstruction asymmetries Ap(f)

e Measure AAqp =Acp(B = f) — Acp(B — ) to
mitigate the effect of the experimental effects
e P-even CPV test

2
ol %
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Search for CPV in b-baryon decay A, — prrmm

[LHCb-PAPER-2019-028]

Measure CPV via T-(P-)violating aymmetries in A) — ph~h*h™:

® C;=p;- (Pz XP3) I

For A) particle:

—P2X—P3
? -
For AY antiparticle: + —P3

e |s the P violation different between
particle and antiparticle”
e P-odd CPV test

V. Tisserand, LHCb, LPC Clermont FD
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Search for CPV in b-baryon decay A, — prrmm
g [ [LHCb-PAPER-2019-028]
Sensitivity to CPV

» Complementary approach to other measurements

o: strong phase

0: weak phase

ag;"dd X COS (5even — 5odd)sin (é'even — Godd) T-even amplitudes
not sensitive if Seven—0odd = T/2 Or 3711/2 T-odd

Phys. Rev. D 92 (2015) 076013

» By construction, Az, A=, al;29d and oZ~44 are largely insensitive to

v particle/antiparticle production asymmetries
V' detector-induced charge asymmetries
— reduced systematic uncertainties

» Sensitive to potential new physics effects

W. Bensalem, A. Datta, and D. London, New physics effects on triple product
correlations in Ap decays, Phys. Rev. D66 (2002) 094004, arXiv:hep-ph/0208054

A
)
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Search for CPV in b-baryon decay A, — prrmm

[LHCb-PAPER-2019-028]

Phase-space integrated results
TPA method

» First observation of P violation at 5.50 in a b-baryon decay

» No sign of CPV integrated over phase space

Asvmmetr Dataset
Y Y Run1+Run2 (2011-2017) Run 1 (2011-2012)
A,f (%) —4.684+0.99+0.24  —2.56+2.05+ 0.44
A= (%) —3.2904+0.99 +0.24  —4.86 +2.05 & 0.44
Tﬂdd (%) —398+0.70+0.17| —3.71+ 1.45 +0.32

C;dd (%) —0.70+0.70+0.17 1.15 4+ 1.45 4+ 0.32

2
ol %
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Search for CPV in b-baryon decay A, — prrmm

[LHCb-PAPER-2019-028]

Results in bins of phase space

LHCb-PAPER-2019-028

TPA method
e Comparison wrt the previous result
R S R
E'—Q' 103_ ,&Ruﬂ1+Run2+ _;
i 0;$%—Fé:——— A
“F-10E- b e =E
20E 3
205_' LANEL IR L L AL L B B L L I_'i
= 10E E
; Ot e
<-10F =
_2.0;_ $ + _;
0 0|5|1|5|22|5é
IPI [rad]

e Compatibility at the level of 2.60 checked with pseudo experiments

V. Tisserand, LHCb, LPC Clermont FD
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Search for CPV in b-baryon decay A, — prrmm

[LHCb-PAPER-2019-028]

Results in bins of phase space

TPA method LHCb-PAPER-2019-028

Binning scheme Dominant contribution Hypothesis p-value
Aq 10 _ CP-conserving 9.8 x 1072

(helicity angles) b7 Py P-conserving 1.8 x 107°
As A0y N+ CP-conserving 6.4 x 1071

(helicity angles) P-conserving 6.4 x 1072

_ : -3
B Entire sample CP-conserving 5.0 x 10

(in |®|) P-conserving 3.5 x 1077
By A0 —s pa— CP-conserving 4.7 x 1072
(in |®|) b= P P-conservin 43 x 107% | 5. 50
Bs o _ CP-conserving 3.4 x 107 |2 .90
(in |®|) Ay = N | P-conserving 1.9 x 1073

A
)
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Search for CPV in b-baryon decay A, — prrmm

Second Approach: Energy Test [LHCh-PAPER-2019-028]

@ Model independent, statistical

11[}%3 wz_y wij
I= Z n(n — 1) Zn(n—l _Z%’

1,J>1 1,J>1 ,J
two-sample comparison J 4
technique ve—e Y e_ ety 5
] @ v W - @
@ Samples — matter/antimatter - “eo ©© @
events in the Phase Space @ e o Yeo o
- ~— -
—d? /2682 . . - et - — -
o U(d;) = e /%" . Weighting
funCtlon ? 180— Distance paramet 3.2 GeV?
— N % 1602—
@ n,n: .number of Ap, Ap - L hch
candidates £ \20F- SIMULATION
@ dj: distance in phase space 3
@ o: distance parameter to be o
. . 40 —
optimized -
20
% R R O ¥ T 31073

V. Tisserand, LHCb, LPC Clermont FD
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Search for CPV in b-baryon decay A, — prrmm

[LHCb-PAPER-2019-028]

Second Approach: Energy Test

@ Going from sample (I to Ill) or
(Il to IV) constitutes a CP

transformation .

@ Can look for CPV in two ’
combinations: | 1 | I_V _
P-even (I 4+ II) VS (I” i IV) Particle, C;>0 Ant-Particle, -C <0
P-odd (I + 1V) vs (Il + 11I)

@ P-violation: (I + I11) vs (Il + 1V) v Particgc - Ami_ParIﬁIdIe =0

@ By construction insensitive to
global production and detection
asymmetries

2
@l %
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Search for CPV in b-baryon decay A, — prrmm

[LHCb-PAPER-2019-028]

Sensitivity studies: Energy Test method choice of 0

Three values of & chosen:

@ 13GeV?/c?* - mean distance
between events in the phase
space

@ 2.7GeV?/c* - mean distance to
the 600th nearest neighbour

@ 1.6GeV?/c* - mean distance to
the 600th nearest neighbour
with m?(prtn__ ) < 6GeV?/c?

slow

V. Tisserand, LHCb, LPC Clermont FD

101 4
102 E

1073 3

p-value

107 E
105 E

10°° E

1077 A

0 2 4 6 8 10
5(GeV?)

P-odd CPV included in sin(¢) amplitude
of the N*T cascade topology

o SS
B3 51
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Search for CPV in b-baryon decay A, — prrmm

Energy lest results

[LHCb-PAPER-2019-028]

CP(P)-symmetry hypothesis (with permutation test)
) | 1.6 GeV?2/ct 2.7 GeV?2/c* 13 GeV?/c?

V. Tisserand, LHCb, LPC Clermont FD

3.1 x 1072 2.7 x 1073 1.3 x 1072
1.5 x 1071 6.9 x 1072 6.5 x 1072
1.3 x 10™° 4.0 x 1077 1.6 x 101

p-value (C'P-conservation, FP-even)
p-value (C P-conservation, FP-odd)
p-value (P-conservation)

Permutation test to take into account LEE

(Look Elsewhere Effect) S101E i E

5 - I LHCb Preliminary 3

% B N — & =27 GeV¥ce i
[ ] _ h P-even null hypothesis

107 E T podtmmiponess

2 | P-even data .

E I —— — P-odd data .

2107 F | 3

Overall P-even CPV significance is at i | ]

2.80 (taking into account LEE) S S A b i T n T
0 5 10 15

. . -5

P violation exceeds 50 T [107]
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Search for CPV in b-baryon decay A, — prrmm

[LHCb-PAPER-2019-028]

e \isualise the regions where CPV is concentrated
e Select events that contribute mostly to the Test Statistic

N* contribution

Fi

a1 contribution

;

m— L I A7 L B AL L L s o~ ——— T T T T T T T T
- = _9__ - 1
> 2200 LHCb Preliminary = > - LHCb Significance of T, values .
(g 2000 | Significance of T values 3 cg 1200 [ Preliminary | o 90 >s>15 -
— 1800 B 20 >s>15 = — - B 15 >s>10
< 1600 15 >5>10 = o 1000 B 10 >5>05 -
o 1400 F B 10 >s>05 E — os
8_‘ E 05 = 8—4 800 — 2 s .
7 1200 F- ”s = 2
= 1000 = 600 I
S s00f - 1 2 )
S 600F - E 5 400F e
< 400 3 3~
= E 200 — —
© 200F E © -
L PR T TR TR [ TR SR T TR NN TN TR TR T (N TR T T T IR S T (N T S T T R T T R R R .
l31 2 3 4 5 6 GD 1 2 3 il 5
m(prm, ) [GeV/c’] m@r ) [GeV/c?]

P-even CP-odd configuration

|
- (S
.
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Test of Lepton Universality (LU) in A% — pKl*I-

[LHCb-PAPER-2019-040]
Run 1 + 2016 data

Electrons at LHCb

Hardware trigger
Larger ECAL occupancy — tighter thresholds
for electrons:

e ep.>2700/2400 MeV in 2012/2016

e p,>1/00/1800 MeVin 2012/2016
[LHCb-PUB-2014-046, 2019 JINST 14 P04013]

Mitigated by including events triggered
independently of the signal (TIS)

— analysis performed in 2 trigger categories

V. Tisserand, LHCb, LPC Clermont FD

Interaction with detector material
Electrons radiate much more Bremsstrahlung

Recovery procedure in place

ECAL

Magnet

e miss some photons and add fake ones
e ECAL resolution worse than tracking
— worse mass resolution for electron modes

=
'f?‘z‘ W 54
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Test of Lepton Universality (LU) in A% — pKI*I-

[LHCb-PAPER-2019-040]
Run 1 + 2016 data

=» Simulation describes hadronic pK- structure: phase-space in MC + PHOTOS final state QED
radiation, rich structure in data. Correct MC following amplitude analysis of A, — pKJ/y in

data (Pentaquark discovery [PRL 115 (2015) 072001])

=> Selection adapted form A% — Al*l- angular analysis [HEP 09 (2018) 146] and Ry LU Test [JHEP 08 (2017)

055]
» Preselection: p and p; requirements, acceptance, PID
« Mass vetoes: ¢, A, DY, y—e*e’, B*—>K*ll and p—K swaps

« BDT against combinatorial background using kinematic information suppresses ~97% of the bckgd

while retaining ~85% of the signal
» Corrected mass cut against partially reconstructed backgrounds

in the region (J/y € [6,11] GeV2%/c?):

e(0.1<qg?<6GeVZ/c*
e m(pK) < 2.6 GeV/c?

2/C-l]
:/CJ]

T UEUH g P00 3 14
=» Bremsstrahlung effects = SRR LRl St 2500 _ —_ 12
. . > . >
in the ee channel (even with 10 . 1
corrections) .

=>» Special electron/muon
Hardware trigger

Lo
xR

5 5.5 6

m(pK 1 1) [GeV/c?]

V. Tisserand, LHCb, LPC Clermont FD

------

5 5.5 6

m(pK ete) [GeV/c’]
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https://cds.cern.ch/record/2704709
http://arxiv.org/abs/1507.03414
https://arxiv.org/abs/1808.00264
https://arxiv.org/pdf/1705.05802.pdf

Test of Lepton Universality (LU) in A% — pK-I*I- [LHFfua'iAsz%}z: 1121(;40]

Corrections to simulation

e Hadronic pK™ structure: phase-space in MC, rich structure in data
o correct MC following amplitude analysis of A, — pKJ/{ in data (Pentaquark discovery)

> 2200 —a— data
o A kinematics and lifetime = 2000 t @ LHCh e Eebinond
. . . . 1800 —=— P(4450)
e Particle identification (PID) response T o -
T Sk b A= PRI o ats
e Event multiplicity “oE o7
, e A(1690)
e Trigger response o ;\ 57 Ao
: cetee- A(1820
. : N P s A§1830;
Very good agreement between data A by
. ] l KT i T A
and MC after all the corrections ™,

Efficiency extraction from corrected MC

V. Tisserand, LHCb, LPC Clermont FD
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Test of Lepton Universality (LU) in A% — pKI*I- T s 2016 dats

Selection and backgrounds

e Preselection: p and p, requirements, acceptance, PID
o Mass vetoes: ®, A, D°, y—e'e’, B*->K'll and p —— K swaps

e BDT against combinatorial background using kinematic information
o trained on A, — pKll MC and data side-band: m(pK'll) > 5825 MeV/c?
o separated BDTs for e and p final states and run periods
o suppress ~97% of the background while retaining ~85% of the signal
e (orrected mass cut against partially reconstructed backgrounds
o forrare electron mode only A

dXe)
a = p(pK)/p,(ee) w

B Direction of Flight P(B)

—rnviniacayd = dEERP---==———m———— - P
pcorr(ee) =ax p(ee) W B vertex
IHEP 08 (2017) 055 Vettex P{Y,)
Y

i
J_ s
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Test of Lepton Universality (LU) in A% — pK-l*I- [LHRCul:zAflszé-12£1dz-tC;401

Nonresonant modes: extracting R-lpK

Simultaneous fit to electron and muon mode, in various data-taking and
trigger categories. Observables are fit parameters:

| L N (A — pK~Jhp(— ptp™)) e (Ay— pK~pty™)
N¢ AO K + - b X =
Wi i ) = e B = (+-) €(A— pK-Jp(= ptp-))
- BN Ni( A= pK-Jii(= ere)| [ e(0= pKete)
1/ A0 - . 1
Sl e = R B — (+0-) = pE- TR o))
observables
from resonant-mode fit rg = B(A)— pK~ptp™) /B(A) = pK~Jj))
from corrected MC
from PDG

i
§
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Test of Lepton Universality (LU) in A% — pK-l*I- [LHRCU'E:'?AT'EZ%-12£L;(;4OI

Systematic uncertainties

R'“IDK measurement statistically dominated, main systematic uncertainties:

e Fit model: partially reconstructed background shape in A, — pK'ee
o nominal: A, — pK*ee, K* — K'rt%; alternative: nonresonant A, — pKm’ee decay

e (orrections to simulation: alternative binning, control modes, etc

e Normalisation mode uncertainties: yields and efficiencies

e Others:m__ cut efficiency, g? migration

corr

i
J_ s
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. : . AQ _[+]- [LHCb-PAPER-2019-040]
Test of Lepton Universality (LU) in A% — pK-l*l R 1 + 2016 data

Systematic uncertainties

Uncertainty treatment depending on whether there is correlation between
data taking and trigger categories:

o uncorrelated: gaussian constraints included in the mass fit
o MC corrections, normalisation mode uncertainties

o correlated: gaussian smearing of likelihood profile
o decay model corrections, fit model, m_ _cut efficiency, q° migration

i
J_ s
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1076}
1077}
Some constraints already in-place for many BSM T 108} =
scenarios: leptoquarks [JHEP 02 (2018) 101], SUSY T =
. 1077} ~
[JHEP 04 (2018) 019] [JHEP 05 (2018) 024] and extensions of % =
o
the SM [PRL 119:201802]. 10-10] o
=
10711} -
35 x10-12
1‘;5 X ! . L ! . .
. AR >0 00 02 04 06 08 1.0
30 L4 x Ke
x Af“ <0 £ x x
— 25
1 !
+:. 20 €K/€K (+) -
T
m 10-

BSM in KO, — p*u-

BKP—-utpu~) ol - A ‘ ‘ L .
-10 -05 0.0 0.5 10
[JHEP 05 (2018) 024]
[PRL 119:201802]
Aol W 61
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the very rare decay K° — p*y

* Main background from m—p mis-ID TE
(including decay in flight) =
« Veto inelastic interactions with the <
detector material VELO and RF foil 8
« Use a Boosted decision tree MVA §
discriminator 5

=» Analysis done in 10 bins of the classier
for each trigger category (20 bins in
total, as 2 types of LO triggers: trigger
on signal TOS or on the rest on the
event TIS).

» For bckgds description see back-up
stides (K% — m*m, K% — mu*v,, KO —
wp (y)-..)

(signed) » [mm]

* Main systematic uncertainties comes
from the determination of the trigger
efficiency:

Hardware trigger (LO): 11%
Software trigger (HLT): 13%

« Total systematic varies between 19%
and 23%, depending on the trigger
category and BDT bin.

V. Tisserand, LHCb, LPC Clermont FD
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the very rare decay K% — p*p

Backgrounds from other strange decays

[LHCb-PAPER-2019-038]

Branching fraction

KO — ptp—~y

[KT = =Tuta

| S+ — put

AY — pr

® For K% — puTp~ no candidates
overpass the mass threshold.

A% — puv

® Irreducible background. ® Bsm (K9 — putp=v) = (1.45+0.27) x 1079
0 — —11
® Befr. (K = putp~) ~1071 * B(K? = utpu—) = (3.59+0.11) x 107
*5 SM candidates expected in the ® Di-muon spectrum displaced to the left, no
final dataset. candidates in the fit region.
® (Considered in the di-muon mass fit. ° Kg — ut v~ even more suppressed.
® \ery rare decays.
® Di-muon mass below the Decay
thresholds. I KE I

(6.84 +0.11) x 10—°

(9.4 +0.6) x 10~8
+1.8 —8
2.271 3 x10
(63.9 £ 0.5) %
(1.57 £ 0.35) x 10—

® For K2 — w7, applied a veto
using the Armenteros-Podolanski
plane [Phil. Mag. 45 (1954) 13].

V. Tisserand, LHCb, LPC Clermont FD
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the very rare decay K% — p*w [LHCb-PAPER-2019-038]

Backgrounds from resonances

Decays from resonances have been con-

sidered as possible backgrounds [ppg: e These resonances decay promptly.
Decay Branching fraction .
o
w(782) = 79T | (1.34+0.18) x 10 7 }?nolly thgse Com'ngljrom ¢ an(:] b
" s u+u ~ (3.1 4+ 0.4) x 104 adron decays could survive the
w (782) — nnt (89.3 + 0.6) % trigger and selection requirements.
_|_
n T (4.22 & 0.08) % ® Decays in the pionic mode are not

visible in the K2 — 77— selection.

® MC studies showed that none of them
Q is expected to appear in the final
selection.

Fy O
-
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s
&' ...................................................... 7/7-‘-0
................................................................................... _|_
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the very rare decay K% — p*w [LHCb-PAPER-2019-038]

Systematic uncertainties

Biggest systematic comes from the determination of the trigger efficiency:

® Hardware trigger (LO): 11%
® Software trigger (HLT): 13%

Other sources of systematic uncertainties are:

® Efficiency of the muon-identification, cross-checked using J/v — pu™p~ real and simulated
data. Low statistics for low-p7 muons, so also need to use Kg — v to cross-check.

® Systematic on the correction for data-simulation differences.
® Efficiency ratio between K% — pu+tu~ and K9 — 7w .
® BDT response across the years.

® Determination of the no-bias trigger rates.

Total systematic varies between 19% and 23%, depending on the trigger category and BDT bin.
Lowest values are in the TIS category and higher BDT bins.
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the very rare decay K% — p*w [LHCb-PAPER-2019-038]

Summary of the analysis strategy

Analysis using data from 2016, 2017 and 2018 using:

® Two trigger categories defined by the hardware trigger (LO):

- TIS: candidates from triggered events where the signal decay (K2 — ut ) could (or not) have
satisfied the trigger requirements.

- xTO0S: candidates from events exclusively triggered due to the presence of the signal decay.
® HLT selection common for both trigger categories.

® Topological selections, followed by cuts in the Armenteros-Podolanski plane [phil. Mag. 45 (1954) 13]
to reduce contamination from A° decays.

® One BDT classifier trained for each trigger category (common across the years).
® Analysis done in 20 bins of the BDT classifiers.

® Use muon-identification optimized for strange decays.

® Normalization channel is Kg — w7, taken from trigger-unbiased events.

® Fit to the di-muon invariant mass, calculating the limit on the branching fraction from the
posterior probability.
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LHCb upgrade schedule towards 50/fb and 300/fb
in 12 and 20 years !

2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 ..
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Upgrade | a+b: 50fb~! after Run 34+4 at £ = 2 x 1033 cm— 25!
Upgrade Il: 300 fb~! after Run 546 at £ = 2 x 103% cm 251
Full Belle 2 detector data taking starting 2019, 50 ab™ " sample 2025
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LHCb upgrade schedule phase 1

SOFTWARE TRIGGER

THES

LHCb 2015 Trigger Diagram

40 MHz bunch crossing rate

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

450 kHz 400 kHz 150 kHz
h# H/HH e/y

oooooooooooooooooooooooooooooooooooo

. Software High Level Trigger

Partial event reconstruction, select
displaced tracks/vertices and dimuons

Buffer events to disk, perform online

detector calibration and alignment

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

I I1 11

12.5 kHz (0.6 GB/s) to storage
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LHCb Upgrade Trigger Diagram

30 MHz inelastic event rate
(full rate event building)

-Software High Level Trigger

Full event reconstruction, inclusive and
exclusive kinematic/geometric selections

L}

Buffer events to disk, perform online

¢ & 0 0

detector calibration and alignment

L+

Cr \.
Add offline precision particle identification
and track quality information to selections

Output full event information for inclusive
triggers, trigger candidates and related
primary vertices for exclusive triggers
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LHCb: Trigger/detector upgrade phase 1 for Run 3
starting in 2021

LHCb Upgrade Trigger Diagram

30 MHz inelastic event rate
(full rate event building)

e %#'CEDe R

Tnjjer ar\d Online

-Software High Level Trigger

Full event reconstruction, inclusive and
exclusive kinematic/geometric selections

L

Buffer events to disk, perform online

Fi Tracke

Technical Design Report Technical Design Report Technical Design Report

o —t
A i

[e—

detector calibration and alignment

2V

[
UPGRADE

LHEb
Add offline precision particle identification | Software & (.'ompu{ihg

and track quality information to selections

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

L > L)

2-5 GB/s to storage

Removal of LO bottleneck and move to full software trigger will increase
efficiencies, by a factor of ~ 2 for hadronic modes

Upgrade | replaces frontend electronics: readout at inelastic 30 MHz rate

Far reaching detector upgrades to improve occupancy, radiation hardness
Vertex Locator — Pixel; Main trackers — SciFi Tracker, UT; RICH photodetectors
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LHCb: upgrade Phase 2 (U2)

Physics case for an LHCb Upgrade 11

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

The LHCD collaboration

Abstract

The LHCH Upgrade II will fully exploit the flavour-physics opportunities of the HL-LHC, and study
additional physics topics that take advantage of the forward acceptance of the LHCbD spectrometer. The
LHCb Upgrade I will begin operation in 2020. Consolidation will occur, and modest enhancements of the
Upgrade I detector will be installed, in Long Shutdown 3 of the LHC (2025) and these are discussed here.
The main Upgrade II detector will be installed in long shutdown 4 of the LHC (2030) and will build on
the strengths of the current LHCb experiment and the Upgrade 1. It will operate at a luminosity up
to 2 x 10** cm 2571, ten times that of the Upgrade I detector. New detector components will improve
the intrinsic performance of the experiment in certain key areas. An Expression Of Interest proposing
Upgrade II was submitted in February 2017. The physics case for the Upgrade II is presented here in
more depth. CP-violating phases will be measured with precisions unattainable at any other envisaged
facility. The experiment will probe b — s/T¢~ and b — dft¢~ transitions in both muon and electron

arX1v:1808.08865v3 [hep-ex] 24 Sep 2018

decays in modes not accessible at Upgrade I. Minimal flavour violation will be tested with a precision
measurement of the ratio of B(B?— putp~)/B(BY— utp~). Probing charm CP violation at the 107°
level may result in its long sought discovery. Major advances in hadron spectroscopy will be possible,
which will be powerful probes of low energy QCD. Upgrade II potentially will have the highest sensitivity
of all the LHC experiments on the Higgs to charm-quark couplings. Generically, the new physics mass
scale probed, for fixed couplings, will almost double compared with the pre-HL-LHC era; this extended
reach for flavour physics is similar to that which would be achieved by the HE-LHC proposal for the
energy frontier.
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Ideas for LHCb:
upgrade Phase 2 (U2)

Focusing block

MAGNET STATIONS Phosadeacors
New scintillating fiber stations
on the inside of dipole magnet
Improved low-pr tracking

Quartz plate

10° 10
Momentum it g, [MeV/c]

Mirrored edge ———

Side View Tungsten

M5
MIGHTY TRACKER Magher & WJECAL ms M4
. 5 / / Magnet Stations SciFi TORCH __ Shielding
New silicon stations ___ &Silicon  RICHZ, TORCH

cker |

around beamline for PID for pr < 10 GeV
radiation hardness and IR ; with 15 ps timing
granularity = i :::1:::‘%,5\: ‘ (70 ps per photon for
& 51/ A ~30 photons)

S 1111 B e N — N~ MUON
= e Hex—=E Improved shielding and
Phase-II Upgrade 2 replacement of MWPC

Fine grained calorimeter with timing (<50 ps)
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Table 10.1: Summary of prospects for future measurements of selected flavour observables for LHCb, Belle II and Phase-II ATLAS and CMS. The projected

&

LHCb sensitivities take no account of potential detector improvements, apart from in the trigger. The Belle-1I sensitivities are taken from Ref. [608].

Observable Current LHCb LHCb 2025 Belle 11 Upgrade 11 ATLAS & CMS

EW Penguins

Rk (1 < ¢* < 6GeV2c?) 0.1 [274] 0.025 0.036 0.007 -

Ri+ (1 < ¢2 < 6GeV3c?) 0.1 [275] 0.031 0.032 0.008 E

Ry, Ryk, Rx = 0.08, 0.06, 0.18 - 0.02, 0.02, 0.05 -

CKM tests

~, with B? — Df K~ (32)° [136] 4° i°

7, all modes +Ten)° (6N 1.5° 1.5° 0.35° -

sin 28, with B® — J/¢K? 0.04 [609] 0.011 0.005 0.003 -

¢s, with BY — J /¢ 49 mrad [44] 14 mrad 4 mrad 22 mrad [610)]

¢s, with B — D} D, 170 mrad [49] 35 mrad - 9 mrad -

%%, with B? — ¢¢ 154 mrad [94] 39 mrad - 11 mrad Under study [611]

al) 33 x 1074 [211] 10 x 1074 - 3 x 104 -

| Vi |/ | Ves| 6% [201] 3% 1% 1% -

B2, B'—utu—

B(B — ptp~)/B(B? — ptu~) 90% [264] 34% - 10% 21% [612]

TBO s it = 22% [264] 8% - 2% —
M - = = 0.2 —

b — ¢f~r; LUV studies

R(D*) 0.026 [215,217] 0.0072 0.005 0.002 -

R(J/v) 0.24 [220] 0.071 0.02

Charm

AAcp(KK — mmr) 8.5 x 1074 [613] 1.7 x 104 5.4 x 1074 3.0 x 10~® -

Ap (= xsin¢) 2.8 x 1074 [240] 4.3 x 105 3.5 x 1074 1.0x 107% -

zsin ¢ from D° — K+n~ 13 x 10~ [228] 3.2 x 104 4.6 x 1074 8.0 x 1075 -

x sin ¢ from multibody decays

(K3m) 4.0 x 1075

(K%nx) 1.2 x 10~4

(K3m) 8.0 x 10~
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