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Introduction



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 J/y discovery
e 1973 3X3 CKM matrix is needed to explain the CP violation observed in kaons
e 1987 top mass limit inferred from loop contribution in B — B® mixing: m, > 50 GeV

[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¢t¢~ are FCNC processes that observables are altered by
can only occur via loop in the SM new (virtual) particles
? o S b > )> -
b ‘ >t ; ¥ /
\ /
MR ’ LQ
Rl 0= A
%4
T 5
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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 1 68 (1996) 11253101

* b — s¢t¢~ decays 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 »
Z -
ut

e point-like interaction as in the Fermi description of the neutron decay

* Local operators (long-distance): the corresponding
form factor is computed with, e.g., lattice QCD

e Wilson coefficients (short-distance): evaluated in
perturbation theory
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https://arxiv.org/abs/hep-ph/9512380

Probing New Physics with rare B decays

e SM operators for b — s¢* ¢ :
Oy’ = (3P wyb) (12"0)

O = (5Pwyb) ((47°0)

* The latest global fits prefer NP
contributions to C, and C,,

« NP can alter C but also introduce new operators

Precision

& measurements go
AHnp = 50 - :

e Due to several "anomalies", in order

of precision from the theory:

1. b - sutu~ differential branching

fractions and angular observables

2. BBy — p*u”)

3. Ry
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https://agenda.infn.it/event/25022/contributions/130214/

Anomalies in b — su™u~ differential rates

e Since Run 1, differential b — su*u~ rates (¢* = m}, ) at LHCb indicate a downward deviation wrt SM
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e Weaker muon coupling or a common issue with the had
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[JHEP 1809 (2018) 145]1[PRD 93 (2016) 074501]
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https://arxiv.org/abs/1602.01399
https://arxiv.org/abs/1503.07138
https://arxiv.org/abs/1512.04442
https://arxiv.org/abs/2105.14007
https://arxiv.org/abs/1403.8044

Angular analysis of B'® — K™®),+,~ decays

 Build optimised angular observable with reduced hadronic uncertainty

e LHCb measurements of P, on B —» K™ %u*u~  New measurement on B* - K tu*tu~ goes
decays deviate from the SM by 2.5 ¢ and 2.9 ¢ In the same direction
B - K*Olqu'u_ [PRL 125 (2020) 011802] Bt — K*+ T [PRL 126 (2021) 161802]
Q~4 1_ | | | | [
. LHCb Run 1 + 2016 ] : LHCb ]
[ | SM from DHMV i —4— Data 91fb .
05 | SM from DHMV i
- + . SM from ASZB
of —V\ : —1-
—0.5—— ( | ] _ ' E Z : A
i \ + —— I ] 1 F + .
n N - i
_1_ L L L L ‘7\41 1 I 1 L 1 1 ] L L L ] ‘1.5 I B T B -
0 5 10 15 0 5 10 15
qz [Ge\ﬂ/ C4] q2 [GeVQ/ 04]
<
* However, non-trivial charm loop contributions -
are present close to the -
7’
See e.g. [this talk by M. Ciuchini]
~
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https://arxiv.org/abs/2012.13241
https://arxiv.org/abs/2003.04831
https://agenda.infn.it/event/21800/contributions/110001/attachments/70696/88336/Ciuchini.pdf

The LHCb detector e B 30 (018, 1530021,

M4 M>
M3
SPD/PS 1 ap M2 R
Magnet T3 RICH2 MFICAL -
TlT2
§
I N B B L1 L1 ‘|‘ L1 >
5m 10m 15m 20m z
e High vertex resolution (VELO) e Particle identification capabilities (RICH+CALO+MUON)
opp =15 +29/py pm €, ~98% withe,_, $1%
(B travel distance 6(1 cm))
e Low momentum muon trigger e Excellent momentum resolution (T stations)
pr,> 1.75 GeV (2018) c,/p=0.5-10% (p € [2,200] GeV)

— 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
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Event 146539692

Run 174933 K
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collision point

Legacy analysis of B((;) — u u~ decays

[ LHCB-PAPER-2021-007]
[ LHCB-PAPER-2021-008]



https://arxiv.org/abs/2108.09284
https://arxiv.org/abs/2108.09283

Bg) — utu~ decays in the SM

e In the SM, BY and B decays to two muons are FCNC and helicity suppressed :

b pe b w R
ZBO 2 0
s 133 t 1 Vu
S - . -
X S W-— .
(tree) (penguin) (box)
dagsd o 2
T GFMW sin* Oy, 4m 1
‘%j(Bc(]) — IM-I_/’{_)SM _ 1 |CSM | fB B, m2 1 — K

/ /ﬂ \ m%q l_yq g=d,s

single Wilson coefficient & single hadronic constant (known at ~0.5%!)
[PRD 98 (2019) 074512]

e (Golden channel: very clean prediction in the SM

BB — uTu oy = (3.66+£0.14) x 10~
BB — utu gy = (1.03£0.05) x 10710 (oer 10 (2019) 232)
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https://arxiv.org/abs/1908.07011
https://arxiv.org/abs/1712.09262

B, — u*u~ measurements

——
Total

LHCb — = B} = uu”
BDT > 0.5 ---+ B =t

e 1984 The search begins at CLEO
BB - ptpu™)<2x107* (90% CL) [PRD 30 (1984) 11]

------ Combinatorial

0 +1.0
----------- B’ —h*h

------ B?S) — v (K)u*v,
0(+) 0(+)

e 2015 First observation of B — u*u~ with CMS +
LHCb (Run 1 data) (vature 522 (2015) 68-72]

Candidates / ( 50 MeV/c?)

15 B —a utu”
’ - A —puv,
e 2017 First observation of B - u*u~ with a single 0=, BE — Jpucv,
experiment by LHCb (4.4 fb~!) /&, | 1L -.IF
0 0.3 — - R PN . %
BB; — up7) = (3.0£06553) x 107 0 o 5200 52003600 3300 5000

[PRL 118 (2017) 191801] m,.- [MeV/c?]

ATLAS CMS LHCb Summer 2020

[E—

e 2020 combination of ATLAS, CMS and LHCb: < o T reliminary :
= osE 2011-2016data 3

o BB — ptu)=(2.697037) x 10~° g 0ak E

* 2.1 deviation from the SM ? 03k 3

R 02F =

A 5

e 2021 Will show here the "legacy measurement” 0'1;_ E
of LHCb on the full Run 1 + Run 2 data (9 b 1) 0L :

)

[ATLAS-CONF-2020-049]  BBY — u*u~) (107
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https://cds.cern.ch/record/2728059
https://arxiv.org/abs/1703.05747
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.30.2279
https://www.nature.com/articles/nature14474

Analysis strategy cn-parEr-2021-008)

* The strategy is well established since 2017 but introduces several improvements

e Select muon pairs with

— 6000
m,. - € [4900,6000] MeV forming a S
: % 5800
displaced vertex <
e Signal shape parameters calibrated from 3 5600
data S
5400
e Normalisation with B* — J/y( - utu )K"
and B - K*z~. We expect for BDT > 0.25: 5200
5000

 NBY - wtu gy & 104

| NB® - ptp gy~ 11

W

* The pre-selected dataset is dominated
by combinatorial background

e Use a a multivariate classifier "BDT" to
reject it, mainly exploiting isolation and =S

vertex detachment N \

* Events categorised in BDT bins:
simultaneous mass fit to measure %

w
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https://arxiv.org/abs/2108.09284
https://arxiv.org/abs/2108.09283

Backgrounds

[ LHCB-PAPER-2021-007]
[ LHCB-PAPER-2021-008]

Apply a strong PID cut on both muons,
three classes of backgrounds remain:

1. Combinatorial

2. Semileptonic backgrounds (with either
2 real muons or 1 misID hadron)

3. B((z,) — h*h~ - u*u~ (double misID)

e Estimates from simulation,
PID efficiency calibrated on

data

* The background
components are gaussian-
constrained in the fit

N,
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B> apu'y, : 91%4 EDG
Bf N K_,u+l/ﬂ 23+ 3 | [PRL 126 (2021) 081804]
0 -7 -+ [Nature Physics 10 (2015) 1038]
Ap—pu v, : 4x2
_ | [JHEP 10 (2015) 034]
B+ 7T+(O),M+,M 26 3| & [PRD 86 (2012) 114025]
T J/l//(ﬂ+,u_)/,t+1/ﬂ 72+03 [PRD 100 (2019) 112006]
22+ 1 [PDG] (LHCb inputs

B((;) > hth™ - utu=
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https://arxiv.org/abs/1910.13404
https://arxiv.org/abs/1509.00414
https://arxiv.org/abs/1207.0265
https://academic.oup.com/ptep/article/2020/8/083C01/5891211
https://arxiv.org/abs/2012.05143
https://arxiv.org/abs/1504.01568
https://academic.oup.com/ptep/article/2020/8/083C01/5891211
https://arxiv.org/abs/2108.09284
https://arxiv.org/abs/2108.09283

Mass fit

[ LHCB-PAPER-2021-007]
[ LHCB-PAPER-2021-008]
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e B = utu~ and BY — utu~y compatible with background only at 1.7¢ and 1.5¢
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https://arxiv.org/abs/2108.09284
https://arxiv.org/abs/2108.09283

Results

[ LHCB-PAPER-2021-007]

[ LHCB-PAPER-2021-008]

o BBV — utu~) = (3.091040+015y % 10 spot on

—0.43-0.11

~ 0.7

]
+

TR %06

previous LHCb result and SM compatible O:% 0.5

e Limits set with the CL, method: 0.4
[J. Phys. G28 (2002) 2693] 03
BB’ - ptu™) <2.6x1071° (95% CL) 02
B(BY — M+ﬂ_}’)mﬂ+ﬂ_>4_9 Gev <2.0%x 107 (95% CL) 0.1

0

x10” . .
— contours Icorrespond Ito 68%, 95|%, 99% CLI regions | | -
| LHCb |
~ 4.4 fo! n
— —9 fb™! ]
| | - Ix10™
0 1 5 6

e Achieved the most precise single-experiment measurement of the %(B° — u*u™) with ~ 15% error

e Most precise measurement of the B? — u*u~ effective lifetime (see —backup)

e BB - utu) limit at 2.5X the SM prediction: its observation in Run 3 heavily relies on the PID
[JINST 15 (2020) T12005]

e |HC synergy: ATLAS and CMS can achieve similar precision

e |HCb + ATLAS + CMS combination with full luminosity expected to reach < 10% precision
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https://iopscience.iop.org/article/10.1088/0954-3899/28/10/313
https://arxiv.org/abs/2008.01579
https://arxiv.org/abs/2108.09284
https://arxiv.org/abs/2108.09283

Legacy measurement of Ry

[ LHCB-PAPER-2021-004]



https://arxiv.org/abs/2103.11769

The cleanest observable: R,

BT — K*I*l™ is experimentally the easiest b — si*l~ channel to reconstruct at LHCb

e SM process is FCNC with % ~ 107’

SM NP example
U > U Uu > U
Bty _ W+ K+ K+
v/ Z° r
0~ 0~

e To avoid hadronic uncertainty, build observables with reduced contributions from QCD

e The R, (H=K,K*,...) ratio is free from hadronic uncertainties to a large extent and probes u/e
coupling strengths:

Gmax T[B— Hptp™]

172 dq2 The SM predicts R, = 1 with 6(1%)
Ry = Ionin 4 uncertainty [EPJC 76 (2016) 8, 440]
2
Imax "B — Hete™| 0
>
Trmin dg q> = m*(I"l7)
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https://arxiv.org/abs/1605.07633

Lepton Flavour Universality

e In the SM, the EW couplings of the leptons are accidentally equal (g, = g,

= g.), their only

difference is the masses (Lepton Flavour Universality)

e~ W T
W __ W __ W __
Je Ju gr

Ve Uy, Uy

» Well established property in Z — II; J/y — ll; n, K — v (with sub-percent precision):

I'(Z-uw)/T'(Z—ee)
I'(Z—17)/1'(Z—ee)

I'U/y—ee)T(J/y—uu)
- é}'j;g'e' T(r-uvw(tz—=evvw)] o
gT/ 8, [['(t—=eVV)/T (U—eVV)]
| 8/8 L EVVIT eVl
gM/ge (I(m—uv)/IT'(m—eV)]
gu/ g [IK —>UV)IT'(K—eV)]
- ;g;y;ge_ [TWouw)IT(W—=eV)]  |—e-
gr/g}l [T(W—=tV)/[T(W—uv)]

g /g [D(W—TV)/L(W—¢V)]

III|III|III|III|III
09 092 094 096 0.98
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ATLAS
/s =13 TeV, 139 fb"

—=— LEP (Phys.Rept. 532 119)

ATLAS - this result
Statistical Uncertainty

[ Systematic Uncertainty

updated!

Marco Santimaria

—e— Total Uncertainty
—
:
098 1 102 104 1.06 108 1.

0
R(t/n)=B(W—>1v)/B(W—-uv)

[(Tzoz) 818—€T18 LT 4Nl
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.030001
https://arxiv.org/abs/2007.14040

Present experimental picture

e The 2019 R, measurement from LHCb was done on

5! and it's 2.5 ¢ below the SM

e Belle 2 update on combined Ry — Ry,
[PRL 122 (2019) 191801]

1 1.03+028 1+ 0,01

[JHEP 03 (2021) 105]

e LFU tests also performed on other channels:

BO — K*Ol+l_ - RK*O

S

—

2.0 i
< [
s
;ﬁl I
1'0 __ ............................................................................................................................................................
[ —
0.5 5 fb~!
_ ® LHCh Belle
B BaBar Belle 2019
0.0 T T T N S (N T SR N N S SR
0 5 10 15 20
¢* [GeV? /']
e A) = pKI*l~ — R
<141 <
< Z
1.2__ g
1.0__ .............................................................................. ‘g
ol I e
0¢L LHCb4.7 fb! E
| | | |
0 2 4 0

¢ [GeV?/c]

e Will show here the "legacy measurement" of R, on the full Run 1 + Run 2 data (9 fb™!)

21)_

1.5 &
| o)
B o
— (o]

1.0 LJ— I 45 -~ O SO SN RESEURUURURUN SOSURTRTRTTRTT ’[\‘)
= ‘ =
8 =

0.5 = &
- _1 ® [LHCb Belle Ut
L. LHCbh3 1b BaBar Belle 2019

0.0 [T T T T N TN TN SO T NN N NN NN A L1
0 5 10 15 20

¢ [GeV?/c!]
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https://arxiv.org/abs/1903.09252
https://arxiv.org/abs/1705.05802
https://arxiv.org/abs/1912.08139
https://arxiv.org/abs/1908.01848

R, step 1: fits to resonant modes

[ LHCB-PAPER-2021-004]

rare /w JUV \ _rare
R _ BB = Kty BB* — Kteter)  NEh el (NIY Jemre
B(B* — KT J/y(utp))/ B(BY = Kt Jji(ete)) J/jb crare e b

ptpy “ptp ete™ "ete

e At LHCb Ry is measured as a double ratio wrt the resonant modes (J/y)

e Same event selection, separated by ¢

1.Mass fits to measure the vields:

rare, J/y, w(2S)

[ —_ -
Bt — K*J/(18)(0+07) Lot LHCb
% 10 3 +Data 4 fb’!
+ + +p— = —Total fit
T 10%E B (b i
~ - Combinatorial
dr 2 F
dg? 2 10°F
S 3
T £
< 10° «
BT — Ktpty- L) SO -
0 - B R
5200 5300 5400 5500 5600
[4m(0)?) — ¢ my, (K" utur) [MeV/e?]
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https://arxiv.org/abs/2103.11769

R, step 2: efficiencies

rar J/p J
BB+ — K*tpt ™) B(BY » Kteter)  NELEA NP [erare.

- B(B+ — K+J/¢(M+M_)) B(B+ — K+J/¢(e+e_)) - NJ/va grare [\yrare €J/¢

pru=\utp7 ete \ ete

Rk

2.Efficiency ratio(s) : The control of efficiencies is at the core of the analysis

To improve the momentum
resolution, a photon cluster in the
calorimeter is searched for

Electrons emit significant
bremsstrahlung photons at LHCb

Magnet ECAL

[ track _-~~ downstream

upstream P o
-~ rem
brem €

_—A-*-_ﬂl"-_ e track

air E2

 Efficiencies evaluated from simulation, with trigger, PID, B kinematics and ¢? resolution
calibrated from data
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https://arxiv.org/abs/2103.11769

R, step 2.5: efficiency checks

rare /-J/¢ J rare

P B(BY s Ktutu) B(BY » Kteter)  NELEA NP [erare.
T B(BT > Kt J/p(utu)) /) B(BY = KtJjp(eten))  nH¥ \grare | T prarel ¥
prp—\ ptp ete \eTe

* The double ratio cancels most of the ¢ — u systematic effects, however we check:

— stringent test as it requires muon and
= 0.981 4+ 0.020 electron efficiencies to be controlled
individually (not needed for Ry)

o _B(BT = KTJ/p(ut )
T B(BY = K+J/p(ete))

~~ 0.30r
= : LHCb
g 0250 simulation
= 0.20F
e 1y, tested in kinematic 0.15F
bins: no trend observed 010k
09 _ 0.053—
-1I2I3I4I5I6I7I8I9I10I11I12I13I14I15I16 0.00% I4_()HH4,5 50 IH5|,5|
max(p([M)), p(I")) x a(l*, I") bin number loglo(max(p( [M), p())
e Also in a different ¢ B(BT — KTy(2S) (™)) /B(BT — KT¢(2S)(ete™))
. Ry (2s) = ! © ) = 0.997 +0.011
region (y(25)) B(BT — KtJ/y(ptu~)) / B(BT — KtJ/i(ete))
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https://arxiv.org/abs/2103.11769

R, step 3: fits to rare modes

rare \ /¥ J rare

P B(BY s Ktutu) B(B* —» Kteter)  (NFRJe - NP eraxe.
A B(B+ — K+J/¢(M+M_)) B(B+ — K+J/¢(e‘|‘e_)) - NJ./I":D grare [\yrare €J/¢

ptp= "ptp— ete ) ete™

e 3. R, parameter of a simultaneous fit to e*e” and y*u~ rare modes

— o 240
Y, 600F LHCb 2 2204 LHCDb
> ok —4 Data 9 fb’! > 200 —— Data 9 fb’!
S T —— Total fit S 180 [ —— Total fit
™ 400 [ { 0000 B*™— K utu- g 1608 "Nl s 3 e Bt*— KT ete-
= - Combinatorial — 140 B B*— J/y(ete )KH
L 300F @ 120 B Part. Reco.
3 - < 100 Combinatorial
S 200 S 80F
S F N(KTutu—) ~ 3850 2 60
@) - <
100 O 40E .
OB L L atte 28 A AN o < 7, i
5200 5300 5400 5500 5600 5000 5500 6000

m(K*u*u~) [MeV/c?] m(K*ete") [MeV/c?]

. * 3 1s distance from the SM
Ri = 0.846 5535 (stat) T5513 (syst) -

e "Evidence" of LFU violation
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https://arxiv.org/abs/2103.11769

Conclusions

-9
x10
/Iﬂ 0.7 I l l I l I l I l I l 1 1 1 1 1 1
+3_. - contours correspond to 68%, 95%,99% CL regions - I I BaB aII' 2
.06 - : : 0.1 < g2 < 8.12 GeV?/c*
T B : [PRD86032012]
(@)
Ei(lS'— : Belle
Q - N , 10<¢2<60GeVct
04+ : [JHEP03(2021)105]
03
02 _1
! : LHCb 9 fb"
—e—i : 1.1 <g*><6.0GeV/c*
0.1+ - [LHCb-PAPER-2021-004]
O | | X 10_9 L l L L L L L L L L l L L
0 1 0.5 1 1.5

Ry

* Two very clean observables measured on the full LHCb dataset, protagonists in the
"anomalies" scenario

* Other legacy measurements on LFU tests ongoing: hope for a clarification in 1-2 years
* Synergy with ATLAS and CMS on several observables is essential

L HCb Run 3 to profit from extensive hardware interventions and fully software trigger

SIF 2021 Marco Santimaria 24/24



backup slides



CL, scans & co

ntours

[ LHCB-PAPER-2021-007]

[LHCB-PAPER-2021-008]
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BY — u*u~: normalisation

[ LHCB-PAPER-2021-007]
[ LHCB-PAPER-2021-008]

* Two normalisation channels are employed to compute the branching fraction from the signal yield

Candidates / ( 2 MeV/c¢?)

1.BT" > Jly(—> utu)K*

Two muons in the final state
— similar trigger and reconstruction
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2.B° > K*tn~

Two-body B decay
— same signal topology
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£1f, (13 TeV) = 0.254 + 0.008

[LHCb-PAPER-2020-046]
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BY — u*tu~ : observables

e By measuring the B - u*u~ o R R Lol ,:Sl’|5| —0or=0  ps=m7/2
. . . H U — 'l M
effective lifetime: Ayr = RETET 1 REH 0.8} , -
H L i ol
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[JHEP 11 (2017) 184] [PRD 97 (2018) 053007] included in 935(32 — utu7) via PHOTOS
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Mass fits: low BDT

regions

[ LHCB-PAPER-2021-007]
[ LHCB-PAPER-2021-008]
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Mass fits

high BDT regions

[ LHCB-PAPER-2021-007]
[ LHCB-PAPER-2021-008]
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BY — u*tu~ effective lifetime 1/2

[ LHCB-PAPER-2021-007]

[ LHCB-PAPER-2021-008]

Since the expected sensitivity on A% . " is low, the effective lifetime measurement introduces some
simplifications wrt the branching fractlon analysis:

 Tighter mass cut, m,., > 5320 MeV: mass fit model with B — u*u~ signal + combinatorial

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

Looser PID requirement (no misidentified backgrounds)

[NIM A555 (2005) 356—369]
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B) — u*tu~ effective lifetime 2/2 iCh-eanei2021-006)

e 2. The sWeights are applied to obtain the background-subtracted decay time distribution

* which is then fitted with an exponential X acceptance function

/C-A\ | ! ! ! ! | ! ! ': /(-ﬁ\ : ! ! ! ! | ! ! ! ! | ! ! ':
— LHC;b - — S LH(;b —
% 9 fb E % : 9 fb ]
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.Q — Effective lifetime fit ] .Q . — Effective lifetime fit
> e 2t [ -
_______ _F;H - 0 8 O SN O R s e S
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Decay time [ps] Decay time [ps

e The acceptance function (efficiency vs decay time) is tested by measuring the known B - K*7~
and B? - K*K~ effective lifetimes

| B | e Result compatible at 1.5¢ with AA*#" = 1
-=2.07x0.29x0.03 ps (SM) and at 2.20 with AAK* = —

et

i

* Run 3 data are needed to say more
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BY — u*u~ what's next?

e Combined power of % and 7, to * ~20% precision on the time-dependent
constrain MSSM CP asymmetry (S,,) with 300 fb~'

LHCb Run 4 projection
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