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The power of indirect searches

* Precision measurements are a powerful tool to unveil new particles indirectly :

e 1970: charm presence invoked from the suppression of K —» u*u~ before the J4) discovery

e 1973: 3X3 CKM matrix is needed to explain the CP violation observed in kaons

—0
* 1987: top mass limit from loop contribution in B® — B° mixing: m; > 50GeV

[PRD 2 (1970) 1285] [PTP 49 (1973) 652-657] [PLB 192 (1987) 245-252]

* Because of the large b mass, rare B decays offer a rich phenomenology for indirect searches of New
Physics (NP)

b — s¢*¢£~ are FCNC processes that can observables are altered by new
only occur via loop in the SM (virtual) particles
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.2.1285
https://www.sciencedirect.com/science/article/abs/pii/0370269387911774?via=ihub
https://academic.oup.com/ptp/article/49/2/652/1858101

Effective theory for rare B decays

e b - sf*f” can be described with an "Effective Hamiltonian", where high- and low-energy contributions
are factorised (M, < My,)

Full theory Effective description
4%
b S
t t
0 e
Z -
ut

* "point-like interaction" as in the Fermt description of the neutron decay

Gr Z ; N - Wilson coefficients (short-distance): evaluated in perturbation theor

- Local operators (long-distance): the corresponding form factor is
computed with, e.g., lattice QCD
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Probing new physics with rare B decays

* SMoperators for b - s£* 4™ * NP can alter ¢{” but also introduce new operators
() _
Oy” = (sPw)b) (£v*4) AHnp = Gy O. Precision measurements
- 1 . .
g’g _ (SPL(R)b) (g,), ~ g) A " Qo we_II beyond collision
energies
— - The latest global fit prefer NP contributions to Cy and Cy
[Stangl @ Ta Thuile 2021] flavio
15 1 y . Input from B? —» u*u~ (here from the latest
[ ATLAS+CMS+LHCb combination)
. - And input from Ry and Rg-
,%}E 0.5 /
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L = * Both B —» uu and Rg SM predictions have robust and very
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The LHCb data taking

* LHCb exploits the large pp — bbX production cross section in
forward direction (2 < n < 5)

o(pp —» bb) = 144 ub at+/s = 13 TeV PRL 118 (2017) 052002

* Run 2 luminosity levelled to 4.4 x 1034 cm™2s~1 (>x2 design
value)

e LHCb dataset: 3 fb™! (\/Sgun1 = 7,8 TeV) + 6 fb~1 (\/Srunz =
13 TeV)
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2017 (6.5+2.51 TeV): 1.71 /ffb + 0.10 /fb

2016 (6.5 TeV): 1.67 /b
2015 (6.5 TeV): 0.33 /ib
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https://arxiv.org/abs/1612.05140
https://arxiv.org/abs/1412.6352

The LHCb detector

. JINST 3 (2008) S08005
M4
seDps L M Int. J. Mod. Phys. A 30, 1530022 (2015)
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* High vertex resolution (VELO) * Good particle identification capabilities (RICH+CALO+MUON)
Op = 15 + Zg/p'r um Eﬂ ~ 98% with En—m < 1%
* Low momentum muon trigger e Excellent momentum resolution
pr(u) > 1.75 GeV (2018) 2 =0.5—-1.0% forpin[2,200]GeV

p

—> narrow mass peak
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https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta
https://arxiv.org/abs/1412.6352

B — uu decays in the Standard Model

* Inthe SM, BY and B? decays to two muons are FCNC and helicity suppressed

_ . 2 W w
b /J+ - -
70
B’ < B! i1 | Ve
? j | ; - o
(tree) (penguin) (box)
quG;{M{ﬁf sin® @y, . dm; 1

BBy — u*p sy = (€0 Vs Vit 11 f7 quz I -

‘”\ mﬁql—yq

single Wilson coefficient and single hadronic decay constant (known at 0.5%)

877 q=d.s

* Very clean prediction of the SM branching fractions
BBY — putpu)gy = (3.66 £0.14) x 107
BB = utu Yo = (1.03 £0.05) x 1071 HEP 10 (2019) 232]
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https://arxiv.org/abs/1908.07011

By — utu~:

not only branching fraction

e By measuring the B — u*u~ effective lifetime: - =
0.8+
X
prpT _ putuT 0.6} r
M Ag;ﬂ_ = il i 04} o
T = TBS 1 " 2A yS T yS Ri " +RL " = 0.2} ’ (1) ’S
Urp— 1 2 1 utu~ AFS i y i —
— +A — .00 =
s - Al - s 20 2 02 Non’iscalar \ =
7‘ I f / / O
<-04 ¢ [ NP/C}), CY) B
,u u- . —0.6r | | x
we can extract the asymmetry 4,." (=1 in SM) _J 08| | j = 1S], psfree [P =1 pp=0 | 12
. B 1 op=Ir/2 == ¢pfree; |S|=0;|P| =1£10%||
Clean observable - additional NP constraint TR =1 s =0 0 L
06 08 10 12 L 4 6 18 20 22 24
R = BRexp(Bs’ -_)/BRS}I(BS - ﬂ'—i—ﬂ'_)

e e _ . 100 - Bl
* Sensitivity to B = u*u~y (ISR) at high m,,,: new observable 2
included in this analysis oy -
b pwt | S
L =)
|_\
=
0.1f =
2
}u_ . m,, [GeV] (0]
00— e L b b e e o
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* SM prediction at 0(1071°) for m,, > 4.9 GeV /c? * Bremsstrahlung (FSR) experimentally included in
JHEP 11 (2017)184]  [PRD97 (2018) 053007] BF (B? - uu) via PHOTOS
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https://arxiv.org/abs/1708.02649
https://arxiv.org/abs/1712.07926
https://arxiv.org/abs/1204.1737
https://arxiv.org/abs/1311.0903v3

Experimental status of B — uu measurements

PRL 118 (2017) 191801

e 2015: First observation of Bs->mumu with LHCb and > :z LHCH __;Om_l)u - :
CMS Run 1 data ~ I BDT>05 - B o e
3 254 A mmmees Combinatorial —
” - B?s) —h'h" .
e 2017: First single-experiment observation by LHCb with é 20F e B o O,
Run 1 + 2015/16 data 2 B o fb - e
~ 102_ B. — Iyu'v, _;
sE -
0 ipihees | L . = = +4"L' .
e 2020: ATLAS+CMS+LHCb combination using Run 1 + W02 A e R v
2015+2016 data ”
Y ATLAS LMS LH(,b Summer 2020 _
D F ' Preliminary .
= 05F 2011 - 2016 data =
S ok
* BF(Bg - p*u7) = (2.691535) x 107° r ok 3
2 gaf -
e t(Bs—putu™)=1917)31 ps S :
0.1F E
e BF(B° - u*tu)<19x107° @ 95% CL 0E- ;

BB — ) (107
LHCb-CONF-2020-002
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https://cds.cern.ch/record/2727207
https://arxiv.org/abs/1703.05747

B — uu analysts strategy

[LHCb-PAPER-2021-007]

. — 6000 - e — e f———————————
* This is the "legacy measurement” of LHCb on the full Run 1 S o - LHCb ]
+ Run 2 data (9 fb~1) g 380 Kot 9fb' 3
* The strategy is well established since 2017 but introduces < 5600 . Preliminary
several improvements 3
5400
* Select muon pairs with m,+,- € [4900,6000] MeV/ forming a 2200
displaced vertex 5000
* Signal mass region is blinded until the analysis is finalised 0 CE T

* The BFs are extracted through a fit to M+,

* The selected dataset is dominated by combinatorial
background

* To reject it we use a multivariate classifier "BDT" (Boosted ~=
Decision Tree) \

* The algortthm primarily explotts track isolation and vertex w
properties
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BDT calibration

[LHCb-PAPER-2021-007]

o] ~ ' | ' ' ' | ' ' ' | ' | =

BDT flat for signal BDT and decreasing for combinatorial bkg. 2 10k <

Events are categorised into 6 "BDT bins”. 3 1 —— ) ;

oy E ~ S < & & |

We measure the branching fractions with a simultaneous mass - :
oy . . . = -1

fit in 10 categories (2 Runs X 5 BDT bins) S F 3

(The first bin [0,0.25] is excluded since it's background- 107 £ Lo E

domlnated) 10_3 _E G—fotil Combinatorial | + ?;

—e— Weighted B — u*u- MC a

10_40 I I 012 — 014 — OI.6 — 018 — 1

BDT

= 1.6 — - - r 111 ]

The signal BDT output s calibrated on data-corrected simulation 2 LHCh :

14 eighted B — K*z~ data ]

Cross-checked on B - K*n~ data é i T Welghted £ — e MC i

Shape corrected for PID and trigger efficiencies g 12 % ~

o - e — i

BDT-lifetime correlations accounted for in the B - utu=(y) z = 1 == —

signals - | — ; =

0.8 ¥ =

06L | L | | i

0 0.2 0.4 0.6 0.8 1

BDT
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Mass shape callbration

[LHCb-PAPER-2021-007]
- The B?S) — u*u~ mean and resolution values are measured on data

- The mean is obtained from BY - K™~ and - The resolution is interpolated from mass fits to cc
By —» K*K~ data for B® - u*u~ and By - u*u~ and bb resonances:
Omut ) = 21.96 + 0.63MeV (Run2)

3
3
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2 TE - - B, - KK~ 2 C Combinatorial .
v 6 Combinatorial = »F K Y(1S) = w'w 3
= 5 Ay = ph” ~ E Y(25) = p'uw
% 3 N 2 Y(38) = pwuw
5 4 I 15k =
S 3 5 - .
S S 10F -
] 2 8 o 3
O m E 5 E

' T TR T R T T -l_--_‘l":l"‘l I T R T T T T R 0 vty R 1 * g N i | Lok \\u R | L L L .
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Normalisation of signal yield: mass fit

. , : , , o [LHCb-PAPER-2021-007]
- To measure the branching fraction, luminosity and cross-section uncertainties are

avolded by computing the ratio to a well-known channel

- Two normalisation channels are employed: perform mass fits to compute the yields

LBY = J/Yp(= pTur)K
Two muons in the final state — similar trigger
and reconstruction

2.B%Y > Kt~

Two-body B decay — same signal topology

x10 10°
Db T T — S T
> 300 LHCD :? E X 12k LHCb -
> ssoF.  # Daact I E o : # Daa6fb” -
> : Fitted model B\ . S 10F B —>K'n
ST B'—JyK* r 3 " o A B, »K'm~ ]
: u - == Comb. background . 0 - : 8 [ Combinatorial ~]
§ 150 :_ == B*—=Jlym* . '. _: § 6 L ----- Part. reco. _:
5 1005 Preliminary | | : 5 - ;
3 3 , | E g 4r ~
R 4 ® - -
= N f s 3 g - Prelimi -
S SOF s \ = S 2f reliminary =
n o _ ST TP 0 ol Ly

5200 5250 5300 5350 §)100 5200 5300 5400 5500 52§00

my, «[MeV/c?] m,.__ [MeV/c?]
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Normalisation of signal yteld: results

- The observed signal yteld is converted into a BF according to:

Qg
B~
F Ty

B(‘Bgs — #—I_ﬂ_) — Bnorm < ?6”0?‘??1 xifno*rm
; 4Wno:r‘m . ESigJ | fd,s

XNpg ot

« BF and yield of the normalisation channel

« Signal/normalisation efficiency ratio

- Ratio of hadronisation fraction (for the BY)
Very recent LHCb combination f,/f;(7TeV) = 0.239 + 0.008, f./f;(13TeV) = 0.254 + 0.008

- Combining the two normalisation channels we » Assuming SM signals we expect:
obtain the following "single-event sensitivities" :

N(B? - utu )y = 147 + 8
@po_ - = (249 +0.09) x 10711 (Bs' = 11 s

- NGB - utu)ey =161£1

a = (6.52 + 0.11) x 10712 |

BO—utu~ —
N(BS - p*u=y)su =~ 3

@go_,+y—y = (2.98 £ 0.11) x 1071
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Backgrounds

After applying a strong PID cut on both muons, three classes of backgrounds remain:
1. Combinatorial, over the full mass spectrum (floating component)

2. Semileptonic backgrounds (partially reconstructed) populating the left mass sideband

doubly misidentified background, peaking in BY - u*u~ mass region

New measurement of B> up and Ry at LHCb, 6 April 2021

Matteo Rama
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Semileptonic backgrounds

* Channels with one misidentified hadron: B® - n~u*v,, B = K~u*v, and Ay, = pu™v,
* Channels with two muons in the final state: B*(® — g+ y*y~ and Bf - J/y(utp )utv,

* Each source is estimated by normalising to the BT — J/Y K™ channel:

—e—

| '
f | B, | elot l
AT 03 IIT Jx T T
Ny =N+ /0K B s €L
, d..FB+—>,J/t:'Jf&+ €B+— ]/ K+

e Efficiency- and BF-corrected B - J/YK™ yield

* Branching fraction and hadronisation fraction for background mode X

Inputs mostly from LHCb:
* Total background efficiency

B’ — Jr_y"'py 9] +4 PDG
| PRL 126 (2021) 081804
; . 0 -+ .
* Estimated background events in the B — K"p™y, : 23%3
high BDT region (BDT> 0.5): A= puD, : 4+2|  Nature Physics 10 (2015) 1038 "

LHCb

+(0) +0), + — . JHEP 10 (2015) 034
B*O — 2t Outu™ © 26231 BRD 86 (2010) 114025

B: = J/W(#+M_)M+vﬂ - 7.2x+0.3 PRD 100 (2019) 112006LHCb
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https://academic.oup.com/ptep/article/2020/8/083C01/5891211
https://arxiv.org/abs/2012.05143
https://arxiv.org/abs/1504.01568
https://arxiv.org/abs/1509.00414
https://arxiv.org/abs/1207.0265
https://arxiv.org/abs/1910.13404

Bisy = h*h'™ = p*u~ background

B decays to two hadrons (m, K) form a peaking background when both final-state particles are misidentified as
muons

. This contribution is estimated by normalising to B® - K~ events:

Npo_ p+. — 1 N :

_\""B">K™m trig

NB—>hh—>uu = trig X X}EBO—)rg"'],L_ X Ehh*##
| €B0oktn- -

L

*ffBMKw-/B—mha
S |

- Efficiency corrected B —» K*n~ yield
- B® - K*m~ contribution within the total B¢;, - h*h'~  PDG

 Trigger efficiency and double misidentification rate (from data)

- Each B - hh channel is weighted according to its expectation to make the total B?s) - h*h'™ > u*tu”

- An alternative estimate is performed on hu data (single misidentification) to cross check the result

- Estimated background events in : —- g .
the high BDT region (BDT > 0.5): | By 2 A"h™ " s pium22+ 1]

T —— e
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https://academic.oup.com/ptep/article/2020/8/083C01/5891211

Branching fraction measurements

I . r . . [LHCb-PAPER-2021-007]

& BT T T i
] - : -9
; 4 = LHCb —e— Data ] | 0.7 XlO' | I ' N I
§ 0. 9 fb! Total . h I LHCb _
T k BDT =0.5 = Bl—ouw - 306 g
= 30 el - }os] s -
d —— B—u'uy . o 0 i o
Z A B—h'h - 53.0 ne _
§ 20 e X,—~huv, _ Q™ i _
‘_§ - ‘ B()_’WO(+)MH ] 03 |
:-g - + ’; ------ Combinatorial i B
s 10— | | i 0.21- i
N 3 \ 4_ - ]
-:------.... SRRRRELEH o ~ % \ S 0.1 N
) PP _*L LS SR Sl 2o <2« i R
Eﬁ I | I | 0 | | | x10
0 1 5 6

5000 5500 6000 c 6
M., [MeV/c?] BB~ w'w)

B(BS - utp™) = (3.09%345 (stat)I13 (sys)) x 1079 (10.80)

e BY -5 utu~ and BY - utu~y compatible with 0 signal hypothesis at 1.7¢ and 1.50

B(B° - utu™) < 2.6 x 1071% (95%CL)
Limits with the CLs method
B(BSQ — 'u+'u_y)mu+u_>4'9GeV < 2.0X 10_9 (95%CL) [J. Phys. G28 (2002) 2693]
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https://iopscience.iop.org/article/10.1088/0954-3899/28/10/313

BY — u*u~ effective lifetime: measurement

. [LHCb-PAPER-2021-007]
Since the expected sensitivity on A" is low, the effective lifetime measurement introduces some
simplifications wrt the BF measurement:

- Tighter mass cut, m+,- > 5320MeV: mass fit model with BY —» u*tu~ signal + combinatorial

ut
. Looser PID requirement (no misidentified backgrounds)

- 1. Mass fit on two BDT bins is performed to extract sWeights

[NIM A555 (2005) 356-369]

U O35E] LHCb Prelimi Data. 2 L A :
> LIICD Preliminary. 2 00, = 25 LHCb Preliminary ® D3 -
L 30 9 ib e B’ - % 0 fb—l — Tgtal ]
> 25 E . 035=BDT<055 Combinatorial < 20 055 <BDT < 1.00 _-,(Q‘ﬁ. w3
@\ AN = EMWMN 77 mmmm ‘ombinatorial 1
- 20§/ o ]
D~ \ — 15 -
< 15f ) S 10 5
W 10 CET " A : E
z 5 L whe e = s 5 -
o N \ +- £ = :
'_5 0 . L S . . _| . . . . . — g 0 . | -
= 5400 5600 o800 v, B = 5400 5600 5800 6000
~ M- IMeV/ce] S m. [MeV/c®

uru
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https://arxiv.org/abs/physics/0402083

BY —» u*u~ effective lifetime: results

LHCb-PAPER-2021-007
- 2. The sWeights are applied to obtain the background-subtracted decay time distribution | |

- which is then fitted with an exponential X acceptance function

= 10; _(Lj}flg‘lb Preliminary ‘z é‘ 10;— LH(_?_‘P Preliminary —;
> SF 0.35 < BDT <0.55 E = 8 I 053 < BDT = 100 E
g of : S of
= - = :
§= 4E a= 4
= - = -
S SHE!:
V) S S S _ OF
0 5 10 15 o 5 10 15

Decay time [ps] Decay time [ps]

. The acceptance function (efficiency vs decay time) is tested by measuring the known B® - K*n~ and
B —» KTK~ effective lifetimes

. Result compatible at 1.50 with 4 *~ =1 (SM, Ty ~ 1.6 ps)

Tty = 2_-97 T 0.29 = 0.03ps and at 2.2¢ with AZ;”_ = —1(ty, ~ 1.4 ps)

- Run 3 data are needed to say more
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B™ - K71™I~ and related decays

e They occur through b — sl*l~ transitions but, in contrast to B — [*1~ decays, they contain a hadron in
the final state

NP example
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Flavour anomalies in b — sl™1~ transitions

Over the past decade we have observed a coherent set of tensions with the SM predictions

e Inb — sl™l™ transitions (FCNQ)
B —» K®[*~ branching fractions and angular

* Branching fractions , ,
) 2 ~ . . observables potentially suffer from underestimated
B = K™uu™, Bs = oumu”, Ap = Au™p hadronic uncertainties

 Angular analyses 5 % W@

B - K®Ou*u~ Ay - Autp”

C

* Lepton flavour universality involving u/e ratios "
BO - KMO1*|= Bt > K+t~ g
7
LFU observables as BE’S) — u*u~ decays have very clean theory predictions
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Lepton flavour universality test

* Inthe SM couplings of gauge bosons to leptons are independent of lepton flavour
—>Branching fractions differ only by phase space and helicity-suppressed contributions

e Ratlos of the form

B(B — K" p~) sM .
B(B— KKXete—)

RK(*} e

In SM are free from QCD uncertainties affecting other observables
- 0(10_4) uncertainty [ JHEP12 (2007) 040 ]

e Upto 0(107%) QED corrections [EPJC76, 440 (2016) ]

Any significant deviation is sign of New Physics.
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https://arxiv.org/abs/1605.07633
https://arxiv.org/abs/0709.4174

Lepton flavour universality test

BaBar:[PRD86(2012)032012],Belle:[PRL103(2009)171801

_l LI l LI L L l | | L L ]' L L L [ L L L I LI L L l_ ¥ 2'0
i ] oS i
R O : - LHCb
NRZE o -
i i 1.5
{].8 — ; 7 :
0.6 ; ® L.UCL _. 10 R { """""""""""""""""""""
O BIP ) i $
0.4 Y CDHMV ] i BaBar
o B EOS ] 05 s Belle
0.2 - 1 ® flav.io 7 i
i LHCb ® JC ) - e LHCb Run 1 + 2015 + 2016
T — 00'....| A PR BT B
0 1 2 3 4 D § 0 5 10 15 20
‘ T2/
{[“} [(1(‘\-‘ /(fl] qg [(}ev2/c4]
<14k Top left: B® » K*°1*1™ Ry, 3fb~1
S [ JHEPO8 (2017) 055 ]
1.2F )
] Top right: BT - K*I*l™ Ry, 5fb~1
] o [ PRL122 (2019) 191801 ]
1 1 |
08} I | Bottom: Ay = pKI*1™ Ryk, 4,7fb*
] HEPOS5 (2020) 04
=i LHC [ ) 05 (2020) 040 ]
1 | | |
(] I 1 I 2 1 I 1 _J: 1 I I () |
¢ [CeV?/cY q° = dilepton mass squared
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https://link.springer.com/article/10.1007/JHEP08(2017)055
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.191801
https://link.springer.com/article/10.1007/JHEP05(2020)040

R with the full LHCb dataset

6.0GV? dB(BT—K* 1) 1

1.1 GeV? dg? aq
6.0 GeV? dB(B+—K+tete™) 1g2
1.1 GeV? dqg? adq

Rk =

Measurement performed in 1.1 < g* < 6.0 GeV?/c*

* Previous measurement [PRL122 (2019) 191801] used 5 fb~! of data:
e 3fblofRunl+2fb~1ofRun2(2015+2016)

* This update:
e Add remaining 4 fb~! of Run 2 (2017+2018)

e 9 fb1in total, 2x the number of B mesons as in previous analysis
* The analysis strategy is the same as in the previous measurement

* arxiv:2103.11769, submitted to Nature Physics
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Electrons vs muons

* Electrons lose a large fraction of their energy through Bremsstrahlung in detector material

Magnet ECAL
Y
E,
Upstream ) Downstream
brem ,,/’};'_\a brem
s ey
e~ N
K ‘
Air E;

* Most electrons will emit one energetic photon before the magnet.

—> Look for photon clusters in the calorimeter (E; > 75 MeV) compatible with electron direction before the
magnet.

—> Recover brem energy loss by “adding” the cluster energy back to the electron momentum.
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Electrons vs muons

* Even after the Bremsstrahlung recovery, electrons still have degraded mass and g resolution

Plots from previous result, LHCb [PRL122(2019)191801]
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* LO calorimeter trigger requtres higher thresholds, than LO muon trigger, due to high occupancy.

- Use 3 exclusive trigger categories for e*e™ final states

1. e* from signal-B; 2. K* from signal-B; 3. rest of event

* Particle ID and tracking efficiency larger for muons than for electrons

New measurement of B> up and Ry at LHCb, 6 April 2021
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Measurement strategy

rare J J/p rare

- B(BT — Kt ™) B(Bt — Ktetem)  NZ7_ ;f”“ y NT¥ _erare.
A B(B—i_ — K+J/Tff (,“_'_:“ )) B(B—I_ — K+J/'¢(E+E_)) NJ/H” crare \rare J/

[TV Vi T ete— E"‘e_

Rk s measured as a double ratio to cancel out most systematics

Bt — K+J/(18)(¢+¢7)
[
e Rare and J /Y modes share identical selections apart from cut on g* B = KT (25)(¢7¢)
* Yields determined from a fit to the invariant mass of the final state d%
particles 1

control channels in data

* Efficiencies computed using simulation that is calibrated with Bt — K*FJ LJ K/\\

[4m(¢)?] —

[1.1,6] GeV

q* = dilepton mass squared
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Selection and backgrounds

* As in our previous measurement, use particle ID requirements and mass vetoes to suppress peaking
backgrounds from exclusive B-decays to negligible levels

e Backgrounds of e.g B* —» D%(— K*e~v)e*¥: cut on my+,- > mpo

* Mis-ID backgrounds, e.qg. B - Kng’_)eJ,)n(‘_,e—): cut on electron PID

* Multivariate selection to reduce combinatorial background and improve signal significance (BDT)
arxiv:2103.11769

LHCb
simulation

>4880

[a—
o

®
B— K ete

e Residual backgrounds suppressed by choice of m(K*1"1™) window
e B > K']/p(ete)

B"— K ;_e‘e‘

Candidates / (a. u.)

LN

B H(=>JyX)K
- or B—J/y H(—= K" 1)

* Model in fit by constraining their fractions between trigger categories and
calibrating simulated templates from data.

0 1 1 1 1 1 1
4600 4800 5000

| PR T [ —

5200 5400 5600
m(K "ete) [MeV/c?]

Cross-check our estimates using control regions in data and changing m(K*1*17) window in fit
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Effictency calibration

Following identical procedure to our previous measurement, the simulation s calibrated based on control data
for the following quantities:

* Trigger efficiency.

* Particle identification efficiency.

e B* kinematics.

* Resolutions of g2 and m(K* ete™)

Verify procedure through numerous cross-checks.
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Cross check: measurement of J/pst

e To ensure that the efficiencies are under control, check

- B(BT = K J /()
rj) = B(BT — K+J/i(ete))

known to be true within 0.4% [PDG].

=1

- Very stringent check, as it requires direct control of muons vs electrons.

e Result;

71 = 0.981 + 0.020 (stat+sys)

* Checked that the value of 7y, is compatible with unity for new and previous datasets and in all trigger
samples.
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Cross check: 17 VS kinematics

arxiv:2103.11769

* Test efficiencies are understood in all kinematic regions by checking 7y, is flat in all variables examined.

~ — 0.30
B e
> i = LHCD
2 T LHCb £ HCb e
S| = BT - K*J/y(eTe™)
=T <020
I 3

09 0.05

IilﬁX(p(fﬁ), p(}_)) x o1, f_)ibill 111111-1be1‘ | logm('max(p( 1), p(f_j))
* Flatness of r; 4, 2D plots gives confidence that efficiencies are understood across the entire decay phase space.

—> If take departure from flatness as genuine rather than fluctuations (accounting for rare-mode kinematics),
bias expected on Ry 1s 0.1%

Matteo Rama New measurement of B> uu and Ry at LHCb, 6 April 2021 32



Cross check: Measurement of Ry,

Measurement of the double ratio arxiv:2103.11769
b B(BT 5 KTu(2S)(upm)) /B(BT = K*y(25)(e"e))
P(2S5) — B(B+ N KJFJ/'@(/!JF/{-_ )) B(B+ . K+J/h’i’(e+e_ )) Fit to new BT = y(2S)(I*17)K* data
B ' —~25000
= p LHCb
< 20000 |- ' —— Data 4
N2 s Total fit
%lSOOO:_ ------- B'— w2S)(uu)K*
* Independent validation of double-ratio procedure at g% away from J /i 2 10000 Combinatorial
. . . 50005— '
* Result well compatible with unity: : J L
5200 I l5300 - .5450. = ISSbOI — I5600
Rl/)(ZS) — 0-997 i 0-011 (Stat+syS) 117u1(23)(K+;1+;1*) [MeV/c2]
- can be interpreted as world’s best LFU test in ¥(2S5) — [*1~ = Loooo - ﬁ 3{_&; .
f; 8000 |- Total fit
Z L[ B e B:;*) W (_;’S:}(e:e:)ﬂjg
oaf || e
% 4000 |- _ ] ;: ;j:{s&yu--ymfﬁ
S . B B — X (JWX)H(KX)
2000 Combinatorial

5200 5400 5600

M0 S)(K+e+ e) [MeV/c?]
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Systematic uncertainties

Dominant sources: ~1%

e Choice of fit model

* Associated signal and partially reconstructed background shape

e Statistics of calibration samples

* Bootstrapping method that takes into account correlations between calibration samples and final measurement

Sub-dominant sources: ~0.1%

* Efficiency calibration
- Dependence on trigger biases
- Precision of the g% and m(K*e*e™) smearing factors

—> Inaccuracies in material description tn simulation

Total relative systematic of 1.5% in the final Ry measurement
- Expected to be statistically dominated
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Measurement of Ry

arxiv:2103.11769

e Ry is extracted as a parameter from an unbinned maximum likelihood fit to m(K*u*u™) and m(K*e*e™)
distributions in BY - K*I*l” and BT - J/Y(lT17)K™ decays

3 o0F LHCb T 0 LHCb
% 500 3 —— Data 9 fb™ % 200 —— Data 9 fb™
> ’ — Total fit S 180 —— Total fit
™ 400 0 F} 00000 e B'—= K'ptu < 160 2 [ — B' > K'ete
= - Combinatorial =~ 140 BB = Jyle'e )KT
fl_é 300 % 120 B Part. Reco.
E 2005 § lgg - Combinatorial

_ + 4+, = -
8 F N(K"p"p™) ~ 3850 'g 60 N(K*tete™) ~ 1640
“ 100F S 40

n ; 20 = e .

gE+= o o .1, WD ob— . = 5
5200 5300 5400 5500 5600 5000 5500 6000

m(K utu-) [MeV/c? m(K ete”) [MeV/c?]

* (Correlated uncertainties on efficiency ratios included as multivariate constraint in likelthood
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Measurement of Ry with full Run 1 and Run 2 dataset

T I BlaBa;‘
. - . 0.1< q?jﬁﬁ_%.llﬁz GeV?/c?
_ +0.042 +0.013 S
RK —_ 0.846_0_039(Stat _0_012(5:)75) Belle
| 1* ' HEPGBCOIDI0S
* p-value under SM hypothesis: 0.0010 :
- evidence of LFU violation at 3.1 ¢ LHCb 9 b
—— [EHCEPAPER 3031604
* Compatibility with the SM obtained by integrating the profiled 1 l l

o
n
—_

likelihood as a function of Ry above 1 ' | . R,
arxiv:2103.11769

N : 14
* Taking into account the 1% theory uncertainty on Ry -
[ EPJC76(2016)8,440 ] 2E LLHCb
of 9 fb!

Profile of —In( L/ L)
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https://arxiv.org/abs/1605.07633

Measurement of Ry with full Run 1 and Run 2 dataset

T I | BlaBa;‘ o
: . : EE{BS%_(};:%‘]E:] e
—_ +0.042( +0.013( )
RK o 0'846_0.039 Stat _0.012 SyS : * : ]1306113 6.0 GeV?/c*
n [THEP03(2021)105]
* p-value under SM hypothesis: 0.0010 :
- evidence of LFU violationat 3.1 ¢ LHCb 9 fb!
el [ Ot P APER 3021604
* Compatibility with the SM obtained by integrating the profiled N S N ——
likelihood as a function of Ry above 1 - ! ' R,
e Taking into account the 1% theory uncertainty on Ry [ EPJC76(2016)8.440 ] sF ILIHICI'bI T -' o ['1 ]
: — SM prediction 7]

—=— electrons 9fb!

-1
—e— IMUONS 3ib —

e Using Ry and previous measurement of BF(BY » K u*u™)
[JHEP06(2014)133] determine BF(B™ —» K*e%e™).

* [t suggests that electrons are more SM than muons

: I

= * 7

dB(B*Y - K*tete™) i1s o 4 , : :
a7 — (28.6_1_4(stat) + 1.4(Sys)) X 1077c*/GeV RS T
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Next years: LHCb upgrade-I and upgrade-Il phases

LHC Run 3 schedule shifted by +1yr
2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031

qe [ R s T

% Upgrade la Upgrade Ib [ Upgrade || =»
9 fb-1 23 fb1 50 fb-1 300 fb!

0.1 abl 5 ab! 50 ab1

150 fb! 300 fb! 3000 fb!
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B — uu uncertainties predictions

[LHCB-PUB-2018-009, ATL-PHYS-PUB-2018-005, CMS PAS FTR-18-013]

LHC Run 3 schedule shifted by +1yr
2021 2022 2023 2024 2025 2026 2027

qe [ R s T

2028 2029 2030 2031

% Upgrade la Upgrade Ib [ Upgrade || =»

LHCb 9 fb1 (rl+r2) 23 fb! 50 fb! 300 fb!
BF(Bs —» up)  4+0.46 x 1079 +0.30 x 107° +0.16 x 107°
t(Bs > )  40.29 4+ 0.03 ps +0.16 ps +0.04 ps

BF(B® - up)
BF(° S o) 65% 34% 10%

CMS 61 fbl (r1+2016) 300 fb? 3000 fb-!
BF(Bs - up)  +0.70 x 1072 +0.44 x 107° +0.26 x 107°
t(Bs>u)  +0.51 + 0.09 ps +0.15 ps +0.05 ps
BF (B° - )

BF (BY > uu) 100% 48% 17%

ATLAS 51 fb-1 (r1+2015/16) 3000 fb-1
BF(Bs » up)  40.75 x 107° +(0.46 — 0.55) x 107°
BF (B - up) <2.1x10710

+(0.28 — 0.54) x 10710

Matteo Rama New measurement of B> up and Ry at LHCb, 6 April 2021



R, uncertainties predictions

LHC Run 3 schedule shifted by +1yr
2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031

qe [ R s T

[LHCB-PUB-2018-009, BELLE2-PAPER-2018-001]

%% Upgrade la Upgrade Ib [ Upgrade || =»
LHCDb 9 fb-1 23 fb-1 50 fb-1 300 fb-1
o(Rg) 0.041 0.025 0.017 0.007
0 (R o) 0.10 (Runl) 0.031 0.020 0.008
Belle I 5 ab 50 ab!
o(Ry) 0.11 0.04
0(Ry+0) 0.09 0.03

NB: The above Ry and Ry+o uncertainties refer to 1 < g% < 6 GeV?/c*

CMS in 2018 has recorded ~ 1.2 x 101° trigger-unbiased b decays (B_parking), which allows to select B » K e*e™
decays otherwise not triggerable. = CMS expected to enter the game (future projections N/A to my knowledge)
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Conclustons

e Updated B - utu~ and Ry measurements with the full Run 1 + Run 2 dataset of LHCb. Both provide
theoretically very clean observables that test SM and constrain new physics scenartos.

* Most precise single-experiment measurement of B(BS — u*u~) with ~ 15% error. No evidence of
B° —» u*tu~ signal: evidence in Run 3 will rely on hadron misID performance. Most precise measurement of

7,+,-, but still not able to exclude portions of the 4*-*  physical region.

[TRNT

* Most precise measurement of R confirms and strengthens tension with SM lepton flavour universality
hypothesis. Many more b — sl*¥1~™ measurements underway with the full LHCb dataset.

e X 3 more data in Run 3 starting next year and much more foreseen in Run4&Runb5.

* Input from CMS, ATLAS and Belle Il will be important
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BACKUP
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B — uu mass resolution calibration

50
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Resolution [MeV/c?]
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: lu : : : l :
5000 10000
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B - uu low BDT region
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B — uu high BDT reglon
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B — uu(y) fit results
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B) - K*K~ lifetime measurement

L 4004y He T D 700f LHC
> 350f g fiy 1 3 600 9fb
= 300 0.35<BDT <0.55 1 S sgof 0.55<BDT<1.00
=z 250 e Data 1 2 400f e Dat
= 200} e Total E R - s Total
2 150} === B> K'K” 1 g 30—k
-H ].Dﬂ IEEEEER Eﬂﬂ]hiﬂﬂm:[iﬂl _z -E 2{}[] E: EEEEEEE Cﬂm]]]]]ﬂtﬂ[iﬂl
5 50 4 = 100f
E T -E"‘:; =,
U 5{1{}{} 5200 5300 5400 525{}{} O Sq{]{} 5200 5300 5400 3500
M. [MeV/c?] m.. [MeV/c?
E : | LII-ICI | E E : LII-ICI | E
400 - = 500 C E
% - 01b n % = 9 1b -
S 300F 0.35 <BDT <0.55 1 S 400F 0.55<BDT < 1.00 E
— - . ~— C ]
S 200F 1 8 2% E
: | = 200p :
100 ] - =
'g : : 'g 100 E
U ﬂ - e E L N ) ) - .' ! . u D b R T B R I -
0 5 10 0 5 10
Decay time [ps] Decay time [ps]

Tk+k- = 1.433 =0.026 ps  consistent with WA
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BO ™ lifetime measurement
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Tk+x— = 1.012 £0.016 ps consistent with WA
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B — uu measurement history

? Zoom on LHC
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B — uu BDT definttion

@ 0241 . . 8 1 ! e
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B — K171~ events split by trigger categories
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LHCb perspectives

Table 7.2: Estimated vields of b — seTe™ and b — de e processes and the statistical uncertainty
on Ry in the range 1.1 < ¢? < 6.0GeV?/c¢! extrapolated from the Run 1 data. A linear
dependence of the bb production cross section on the pp centre-of-mass energy and unchanged
Run 1 detector performance are assumed. Where modes have vet to be observed, a scaled

estimate from the corresponding muon mode is used.

Yield Run 1 result 9fb~' 23fb~' 50fh~t 300fb~"!
BT — KTete™ 254+ 29 [274] 1120 3300 7 500 46 000
BY 5 K*0¢te~ 111 + 14 [275 490 1400 3300 20 000
BY— gete — 80 230 530 3300
A — pKeTe™ - 120 360 820 5000
Bt s ntete™ - 20 70 150 900
R x precision Run 1result 9fh~' 23fb~' 50fb ' 300fb
Ry 0.745+ 0.090 + 0.036 [274] 0.043  0.025  0.017 0.007
Ry« 0.69+0.11+0.05 [275]  0.052  0.031  0.020 0.008
R; ~  0.130  0.076  0.050 0.020
R,k ~ 0.105  0.061  0.041 0.016
R ~ 0.302 0176  0.117 0.047

New measurement of B> up and Ry at LHCb, 6 April 2021
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LHCb perspectives

Table 10.1: Summary of prospects for future measurements of selected flavour observables for LHCb, Belle IT and Phase-II ATLAS and CMS. The projected

LHCh sensitivities take no account of potential detector improvements, apart from in the trigger. The Belle-II sensitivities are taken from Ref. [608].
Physics case for an LHCb
Observable Current LHCb LHCb 2025 Belle 11 Upgrade 11 ATLAS & CMS Upgra de /|
EW Penguins -
Ry (1 < ¢* < 6GeV3c?) 0.1 [274] 0.025 0.036 0.007 - arxtv.1808.08865
Ri- (1 < ¢ < 6GeV3eY) 0.1 275 0.031 0.032 0.008 -
Ry, Rpi, Rr - 0.08, 0.06, 0.18 — 0.02, 0.02, 0.05 -
CKM tests
~v, with BY = Df K~ T5e)° [136] 4° - 1° -
~, all modes (F29)° |167] 1.5° 1.5° 0.35° =
sin 23, with BY — J/¢K? 0.04 [609] 0.011 0.005 0.003 —~
¢s, with BY — J/v¢ 49 mrad [44] 14 mrad - 4 mrad 22 mrad [610
¢s, with BY — DFD_ 170 mrad |49 35 mrad — 9 mrad -
$35, with BY — oo 154 mrad [94] 39 mrad - 11 mrad Under study [611]
af) 33 x 10~* [211] 10 x 10~ - 3 x 1074 -
|T‘fub|/”‘fcb| 6% |201: 3%, 1% 1% B
BY, B—sputp—
B(BY — ppu~)/B(BY — ptu) 90% |264] 34% - 10% 21% [612]
TBO su+u- 22% |264 8% — 2% -
Sup - — — 0.2 -
b — cf—17; 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 — 7m) 8.5 x 10~ [613] 1.7 x 10~ 5.4 x 104 3.0 x 1073 -
Ar (= zsin ¢) 2.8 x 10~ [240] 4.3 x 107° 3.5 x 1074 1.0 x 1077 -
xsing from DY — K¥r~ 13 x 10~% |228] 3.2 x 104 4.6 x 1074 8.0 x 1073 -
zsin ¢ from multibody decays — (K3m)4.0x 107 (KJ7r)1.2x10~% (K3m) 8.0x 10~° —
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Belle Il perspectives

Table 5: Expected errors on several selected observables in radiative and electroweak penguin

B decays. Note that 50 ab™! projections for B, decays are not provided as we do not expect The Belle Il Physics Book

to collect such a large T(5S5) data set. arxiv-1808 10567

Observables Belle Belle 11
(2017) 5ab~! 50 ab!

B(B — K*"vp) <40 x10°° 25% 9%
B(B — Kvp) <19 x10°° 30% 11%
Acp(B — X qv) [1072] 224+4.0+0.8 1.5 0.5
S(B — K27%5) —0.10+0.31+£0.07 0.11 0.035
S(B — py) —0.83+0.65+0.18 0.23 0.07
ApB(B — X 0707 (1 < ¢2 < 3.5 GeV?/cY) 26% 10% 3%
Br(B— K utu )/Br(B— K ete) 28% 11% 1%
(1 <q?<6GeVZ/eh
Br(B — K**(892)u ) /Br(B — 24%, 9% 3%
K*t(892)ete) (1 < ¢* < 6 GeV?/et)
B(B. = v7) < 87x 1076 23% -
B(B, — 77) [1077] — <08 —

BF(B° - ut)gapar <52%x 1078 @320 fb™1=>» <4 x10°@50ab?
Phys.Rev.D 77 (2008) 032007
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CMS perspectives

Table 3: Estimated analysis sensitivity for different integrated luminosities. Columns in the CMS-PAS-FIR-18-013

table, from left to right: the total integrated luminosity, the median expected number of recon-
structed BY and B" mesons, the total uncertainties on the BY — y"u~ and B — u*u~ branch-
ing fractions, the range of the significance of BY observation (the range indicates the £1¢ of the
distribution of significance) and the statistical uncertainty on the BY — ut ™ effective lifetime.

L (fb~Y) | N(Bs) | N(BY) | 6B(Bs — pup) | 6B(BY — up) | o(B® — up) | 8[t(Bs)](stat-only)
300 205 21 12% 46% 1.4 —3.50 0.15 ps
3000 2048 215 7% 16% 6.3 —8.3¢ 0.05 ps

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsBPH#Projections
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SuperKEKB lumtnostty projection

¢ Peak luminosity projections:
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsBPH#Projections
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LHCb upgrade plan

LHCDb upgrades plan & strategy

~5 visible ~50 visible
interaction interaction

~1 visible
interaction

LHCbh—e LHCb Upgrade |— o———_LHCb Upgrade | —
LS3
- -1 LS2 - = 33 - HL-LHC - e 1 A =1 3 " -1
Ln= 100 et upgrateay |~ ~ 2> 1° aTLasicms o L o0 T Lgd L= 1-2x 10T=L85 =Lin~ 300M
Fhase 2 upgrades
v o 2 s e 2 o e 1 2 s 2 | |

LHCb Upgrade |: incremental

improvements/prototype detectors

LHCb Upgrade |
Installation starts

LHCb Phase-| upgrade ongoing now during LS2 for Run3 and Run4
 full software trigger and readout all detectors at 40MHz

+ replace tracking detectors + PID + VELO and #~ 2 x 1033 sec! cm™
+ Consolidate PID, tracking and ECAL during LS3

LHCb Phase-Ill upgrade during LS4 beyond Run4
+ Use new detector technologies + timing to increase ¥~ 1.5 x 103% sec’! cm™

ICHEFP2020, 28 July — 6 August 2020 Federico Alessio, CERN 6
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