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Rare decays with decay rate ~ 107°

Forbidden at tree-level, involve

Heavy NP could be same order as SM

Experimentally very accessible

No neutrinos in final state

Several complementary final states and
observables



Meet the

2 Anomalies

Flavor Changing Neutral Currents

Rare decays with decay rate ~ 107°

Forbidden at tree-level, involve

Heavy NP could be same order as AM

Experimentally very accessible

No neutrinos in final state

Several complementary final states and
olbservables

Flavor Changing Charged Currents

Not a rare decay with decay rate ~ 1072

Tree-level transition

Heavy NP smaller than SM amplitude

Experimentally challenging

At least two neutrinos in final state
when studying 7-leptons



FCCC: b — ctU, and friends

R(D*) [ R(D*) sm

1.6

1.4

1.0

0.8

- b—oqTU;
B b— qluy
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R

Current Current
Obs. World Av./Data SM Prediction Significance
R(D) 0.340 £ 0.030 0.299 £0.003 1.20 }3-10
R(D™) 0.295 £ 0.014 0.258 £0.005 2.50
P, (D*) —0.384+0.51792, —0.501 4+0.011 0.20

Fr+(D*) 0.60+0.08+£0.04 0.455+0.006 1.60

R(JAY) 0.71+0.17 £0.18 0.2582 + 0.0038 1.8¢
R(r) 1.05 £ 0.51 0.64140.016 0.80
R(D) 0.337+0.030 0.299 4+ 0.003 1.30 }3.60
R(D*) 0.298 +£0.014  0.258 £0.005 2.50
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FCNC: b — s and friends

[arXiv:2103.11769] B_|_ N K+bﬂf

- : BaBar

0.1 < ¢><8.12 GeV%/c*

N , Belle

1.0 < ¢ <60 GeV?/c*

LLHCb 3 fb!

10 < ¢2<6.0GeV?/c*

LLHCb 5 fb!

1.1 < ¢2<6.0GeV?/c*

3.10| . | LHCb 9 fb!
i 1.1< q276.0 GeV?/ ¢
I [ [ [ [ [ [ [ [

0.5 1 1.5

R(K)

Observables of choice:

B(BT — KT up)

RIK) = B(BT — Ktee)

BO K*O

B(BY — K*0ee)

In SM = 1 4+ small corrections

Angular relations and
kinematic dependence:




Time to get effective

Nice lllustration
from L. Girillo

b W= s b z
_’-
- 4 resembling A7
£ R-decay W+
Zo
7~ Lz
lntegrate
out >Mw
S C
_k_’ / + é / +
—_ \\\2 o Y\Kﬁ
Vs Y%
G Gr
%eff:_F Vi Zci@i Hoft = —=Veb Zci@i
2 i T \/5 i T
[c,. = Cop + CNa [c,. = Coyp + CNID
SM: Vector ( (y ) and Axial-Vector ( () leptonic SM: Vector - Axial-Vector current

currents

Further contributions from b — sy™ operator ( C; )
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Measurement Strategies

Signal

\ B 1. Leptonic or
R— b— qTU; Hadronic 7 decays?
b — q f ﬂg Some properties (e.g. T polarization) readily
/ accessible in hadronic decays.
Normalization l = €, U
E_

2. Albeit not necessarily a rare decay of O(%) in BF, TRICKY to
separate from normalisation and backgrounds

LHCDb: Isolation criteria, displacement of 7, kinematics
B-Factories: Full reconstruction of event (Tagging), matching topology, kinematics



Measurement Strategies

3. Semileptonic decays at B-Factories Signal
_ - n
» et/e- collision produces Y(4S) — BB K\
> Fully reconstruct one of the two B- n €< D™ /, -=77
mesons (‘tag’) — possible to assign all DO ~
particles to either signalortagB AW __---~ .

> Missing four-momentum (neutrinos)
can be reconstructed with high precision

Pmiss — (pbeam — PBtag — Pp() — pé)

v’ Small efficiency (~0.2-0.4%)
compensated by large integrated
luminosity

Nice lllustration

Tag from C. Bozzi



# 10

Measurement Strategies

4. Semileptonic decays at LHCDb

> No constraint from beam energy at a
hadron machine, but..

> Large Lorentz boost with decay
lengths in the range of mm

v’ Well-separated decay vertices

v/ Momentum direction of
decaying particle is well
known

» With known masses and other decay
products can even reconstruct four-

momentum transfer squared g2 up .
to a two-fold ambiguity e lustation
2 2
q = (pr o qu) Even bit more complicated

for leptonic tau decays
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Late St R ( D (*)) frO m Bel Ie E&)%j:r%z%gi?: 161803, April 2020

» Reconstruct one of the two B-mesons (‘tag’) in Signal
semileptonic modes — possible to assign
all particles in detector to tag- & signal-side

» Demand Matching topology +
unassigned energy in the calorimeter

EECL to discriminate background from signal

Eextra — EECL — Z Eiy

i B I L R L L L
E i Signal — B - D(*)tv ]
Qo 0.2 Normalization — B - D(*) v 1
< B ]
0.15 :_ — Background _:
e .
0.1 .
:_l_l_' '_‘ E
0.05 :_I:%E ~
0 : . A P S B R S s s - Tag
0 0.2 0.4 0.6 0.8 1 1.2
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Separation of signal & normalization

» Use kinematic properties to separate 5 — DOy signal from

B — D¢y normalization

0.15

Arbitrary units
o
=

0.05

In case you are wondering how a cosine can be outside [-1,1]: it’s because the reconstruction

cos 0

B-D*|

2 2
EVIS’ mmiss — pmiss
[ ] [ |
H B
H B Signal
B . B E-
Normalization

uses measured energies and the definition assumes only a single missing neutrino
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Separation of signal & normalization

» Use kinematic properties to separate from

» Construct BDT with 3 variables:

0 0.2 0.4 0.6 0.8 1 1.2

EccL (GeV) > @ B DT

Signal-enriched selection with cut on Ogpt



Separation of signal & normalization

» Use kinematic properties to separate

» Construct BDT with 3 variables:

0 062 04 06 038 1 1.2
Ecc (GeV)

Signal enriched selection with cut on Ogp

from
(" )
R(D) = 0.307 £ 0.037 + 0.016
k72(D*) = 0.283 +0.018 = 0.014 )

Most precise measurement to date
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*) R. Aaij et al (LHCb),
LHCDb Measurement of R(D*) ryeiecioi oo

» Tau reconstructed via = r+z+7-(79)v, only two neutrinos missing

Although a semileptonic decay is studied, nearly no background from B = D* Xu v

TG r—— > Main background: prompt
Xb = D*nrr + neutrals

s .. BF ~ 100 times larger than signal,
all pions are promptly produced

> Suppressed by requiring

" N e, minimum distance
V between X, & r vertices (> 4 o)

OAz : resolution of vertices separation

LZ = . Reduces this background
PV Az>4o n’-“ by three orders of

P P + .
- " magnitude
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LHCb Measurement of R(D*)

» Tau reconstructed via = r+z+7-(79)v, only two neutrinos missing

Although a semileptonic decay is studied, nearly no background from B = D* Xu v

> Main background: prompt

— 104 §_ T T T ' T —§
S - R LHCb simulation a
§ __ Prompt (D*7x7X) __
:'g 10° - B Double-charm (D*DX) =
Fg E B Signal (D*7v) E
8 10 = =
ol » Suppressed by requiring
minimum distance
I between
8 4 0 4 8 12 16 20
AZ/OAZ
> Remaining double charm bkgs:
Xs — D*D<*X ~ 10 x Signal > Reduces this background
Xp = D*D+X ~ 1 x Signal by three orders of

Xp = D*Dso*X~ 0.2 x Signal magnitude
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LHCb Measurement of R(D¥*)

> Remaining backgrounds reduced via isolation & MVA

Require signal candidates to be well isolated

l.e. reject events with extra charged particles pointing K+
to the B and/or 7 : V T | BD*riy,
Events with additional neutral energy y Ve
are suppressed with a MVA y ~
VT
More information about that in backup ‘ B i
T
Z &
PV Az>40 T_[+
Lt

. Missing (neutral) energy in a
I cone around the 3it
"~ direction
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LHCb Measurement of R(D¥*)

> E . . D f. 2 2000 4, 1800
& o 1600 -

xtraction in 3D fit to g decay| =z

2 . % 1400 . g 12002_

MVA : g2 : T decay time S time| &w:

el — -

' | i
Invariant masses of 3z system \ g2 recor)structed W'th 400 | 2 00k
Invariant mass of D*3x system some tricks (more In 20 (g) =

Neutral isolation variables backu p)

4 Bins 8 Bins 8 Bins
> Components:

1 Signal component for t— r+z+7-(7%)v

11 Background components

> ~ 1296 + 86 Signal events

Purer MVA Selection

> Using normalisation mode
and light lepton BFs:

60F 4 Data
t — Total model

50 :_ -Bo — D*—.L.+ v,
40 E_ B — D"t* v,

More information about normalization in backup b BB DD
F B — D" 3xX
20F mmB— DD(X)

- [ Comb. bkg

10}

R(D*) = 0.286 = 0.019 (stat) = 0.025 (syst) ——______} FIE - -
+ 0.021 (norm) v el 4 [GeVict




LHCb R(A,.) Measurement
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.y

Same experimental Method: exploit vertex
separation

- - p —_
Ur.: =
: K =

. n

] T g

o ©
:A+ S
AW 7 =
O

e T.
T — T
7 e
/ I 5 ﬂ 7T
Ve ;
- 50

——

pp collision

Target ratio:

-
C(AF) =

C

B(AY - Afr70,)
B(AY — Af3m)
Nsig

N’I’LO’I"’)’I’L

6’I’LO’I"’)’I’L 1

B(t— — 3n(7%)v,) y

€sig

Nice lllustration
from L. Grillo

LHCDb simulation

T IIIII|T| T IIIIIII| T IIIIIII| TT

I:lAg — Prompt A'mmwtnX
c

B - o
|:|A‘b’ - ATV

107 Long-lived
10
Signal
1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 | 1 1 1 1
-10 -5 0 5 10 15
Azlo
ms, € [mp —45MeV,my, +45MeV]
S S
% 100 LHCD
> - 31fb
(5 I~ ¢ Data
E 80_— T(gtal model_ Bkg
© b B A, = AD; "
~ - AL AID* CompOS|t|0n
£ 0l ﬁg = ADS constrained
E - A > A.2593)D: by fit
- B A, — A2625)D;
40r AE — D] * to Ly
- . A, — 0D;
B I Combinatorial
20
O_ + X
4200 4400 4600 4800 5000 5200 5400 5600 5800
m(Al ) [MeV/c?]




» Extraction in 3D fit to
MVA : g2 : T decay time

T

Kinematic and angular information of 3«
system, neutral energy in cone around
3z direction

N(A) — AT 77v;) = 349 £ 40
N(AY) = AT D; (X)) = 2757 + 80

External input:

93(/\2 - Aft0)=(1.50£0.16 £0.25+0.23) %

First observation with 6.1 ¢!

More external input:

R(AY) = 0.242 % 0026, % 0.040,,,, + 0.059

2 1600
1400
1200
1000
800

Candidates / (0.33

600 £
400 [
2008

LHCb
3 fb!

0.5 1.0 1.5 2.(

- - D
= 25001 LHCD A
g- N — Total model
~ : & 3 fb_l 0 + =
n A, —A
£ 2000 W s
3 B AV AID;(X)
9 B
5 1500 F . Ag—>A:D_(X)
C W - ADx)
1000 [ Combinatorial
E ————
500

|

0.2 04 0.6 0.8 1

t. [ps] BDT output
1400 ) - LHCb
> T 30 S
& 1200 3 3
o o 300F
xQ ) - —— Data
31000 C Z 250 :— — Total model
& 800F g 00k M -,
= C e - A= AD(X)
g 600: % 150 ElA-AD 0
400 F 100E -Ail—v'ﬂzﬁ”({o
L - Combinatorial
200 F 50 F
0 5 10 0 5 10
¢* [GeV?/c!] g [GeV?/c#]
Compatible with SM
) P +
ext R(AH)gy = 0.340 £ 0.004

F. Bernlochner, Zoltan Ligeti, Dean J.
Robinson, William L. Sutcliffe,
[arXiv:1808.09464, [arXiv:1812.07593]



%(D(*))

R(DNgm

R(D)gy = 0.299 + 0.003
R(D*)gy = 0.258 + 0.005

|

HFLAV arithmetic average

of SM Calculations

More Recent SM Calculations:

BaBar B->D*

https://arxiv.org/abs/1903.10002

- R(D*)=0.253+-0.005

R(D*) / R(D")

1.6

1.4

1.0

0.3

Gambino, Jung, Schacht using Belle 2019 data

https://arxiv.org/abs/1905.08209

- R(D*)=0.254 +0.007 -0.006

Bordone, Jung, van Dyk using Belle 2019 data
https://arxiv.org/abs/1908.09398

- RD=297+-0.003, RD*=0.250+-0.003

FB, M. Sevilla, D. Robinson, G. Wormser
[Rev. Mod. Phys. 94, 015003,arXiv:2101.08326]

B Belle 2015

BaBar 2012
Belle 2020
Average (pp++)

+

B

elle 2017 :
LHCb 2015 )
LHCb 2018

LHCb R(A])
LHCb-PAPER-2021-044
0.242 +0.026 = 0.040 = 0.059

SM prediction

PRD 99 (2019) 055008
~1 o with input from
PRD 92 (2015) 034503
I | 0324 + 0.0P4
L H C b ! L1 ! L1
0.2 0.3 04 0.5
C R(AY)
| |
LHCb R(JAp)
PRL 120 (2018) 121801 A
0.71£0.17 £0.18
SM prediction
PRL 125 (2020) 222003 ~1.80
0.2582 +0.0038
| I R S AN N RN N R R S |
-0.5 0 0.5 1
\ =/ R(J/ )

Note that there is a difference in stat. coverage for the 2D
(89.3%) versus 1D measurements (68.3%)

0.50

075 1.00
R(D)/R(D)sm

See also: https://hflav-eos.web.cern.ch/hflav-eos/semi/spring19/html/RDsDsstar/RDRDs.html
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https://arxiv.org/abs/1903.10002
https://arxiv.org/abs/1905.08209
https://arxiv.org/abs/1908.09398
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Lepton Universality Tests

Lepton Universal transitions in the SM Observables of choice:

B(BT — KT up)

* Very precise SM predictions R(K) =

(K) B(BT — Ktee)

QCD uncertainties cancel, uncertainties ~ 10~ 0 0
o _ B(B" = K™ pp)

R<K ) — 0 *0
But ~ 1 % QED correction B(BY — K*9¢ce)

[Bordone et al., EPJC 76 (2016) 8:440]
INn SM = 1 4+ small corrections

* LHCDb Challenge: Identifying electrons

Results in less electrons (lower trigger rate) with
worse resolution (Bremsstrahlung)

muons electrons
7 e 710 2 — :
Recover brem < c% i i
in this region o ‘1‘ \'_' (QD) 20 - 10° QZO_ E
racker RIC ) ) — B ]
l\ |L N@ . N@ .
15 100 15§
........ I ”
) e v
lul .. 5 .. . 10 5

ahm - —

54 56 58 60
m(K u*u) [GeV/c?]

50 52

0746 48 50 52 54 56 58 60

m(K*ete~) [GeV/c?]

10°

10*

10°

10?

10
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Lepton Universality Tests

Lepton Universal transitions in the SM Observables of choice:

Very precise SM predictions R(K) = B(BT — K+ [L [1)
B(BT — Ktee)
QCD uncertainties cancel, uncertainties ~ 10~

BO K*O
But ~ 1 % QED correction B(BY — K*Vee)

[Bordone et al., EPJC 76 (2016) 8:440]
INn SM = 1 + small corrections

Belle (II) Challenge: Very rare decay .

Hermetic Detector

=
. . '\\A\?\
Excellent electron (& muon) reconstruction efficiency \ ‘

%
s A
Known initial state, tagging for missing energy % ) o
information N
&
; \\
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LFU @ B ” [ariv:1908.01848)]
e e [arXiv:1904.02440]

Full Belle data set (0.71/ab) < o SR | | |
( b3 N, =140 16 3
L(N) 50:— _: L(N)
Bt - K" (K*z®, Kzt ¢ 2 3
0 0 gr+— x0.0 g £
B - K" (K'n~,Kin") ¢ g g
Fit to beam-constrained mass,
energy difference used in = _
multivariate bkg suppression & _5 E
555 524 536 538
> M, (GeV/c?)
_ 2
MbC - \/Ebeam — |pB| ~ Mp -
AE=FEz—FE .., ~0 Targets low and high g*
15| __ )
Multivariate background suppression o ’ | ’
g/ 1.0+ ' ry 7]
Consistent with SM expectation, % ==
statistically limited 7 7
05| +e 1
: 4+ Data for B and B* modes |
+ + - I SM prediction
Belle also measured B™ —» K™t oo
LFU ratios of 0 S 10 15 20
B’ - KJ¢¢ s,

q =My,



LFU @ Belle

[arXiv:1908.01848]
[arXiv:1904.02440]

Belle Il is starting to pick up steam:

First results presented at Moriond EW this year
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(PDG: (1.064-0.09)x 10 )

(PDG: (1.1940.20)x 10~ °)

(PDG: (1.0640.10)x 10 °)

Entries / [0.0033 GeV/c?]

Entries / [0.0078 GeV]

2 f Belle T1
o b £ dt =189 b~}
20
15

10 F

(] (6]

52 521 522 523 524 525 526 527 528 5.29
M, [GeV/c?]

-0.15 -0.1 —0.0é — 0 = 0.05 ‘0.1
AE [GeV]

B — K¢T¢~




LFU @ LHCb: Strategy

Experimentally even

better: measure double ratios

~ )
)+~ (ot
ROK)) — BB - K utuo) .y BB — K'eTe™) :
BB — Jy(— utuH)K®) BB — Jy( — ete ) KO)
\_ W,
Q
> | I
= 14015
— | . Lepton-flavour universal!
o ¥(25)
C7
a
1 ccl C§" ana C1y

4 [m(p)]?

Cross check with y(25):

interference
contributions from CC
above open charm

—>q° q - mff

R%QS) B B(BT - w(2S)(— utu )K™) /ZS’(BJr — y(28)(— ete”)KT)

B(B*

= J/w(—= p u")K)

= +
B(B+ —> J/l//(—> e—{—e—)K_|_) 0986 —_ 0013
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BB - Ktutu)

B(BT - Ktete)

R(K*) =

BBt = Jly( = ptu )KY) BB+ = Jly( — eten)K)

Electrons
q° = mbgf € [1.1,6) GeV?

240
220 LHCb
200 —— Data 9 fb™!
180 — Total fit
160 Nl 3 e Bf— K'ete"
B B — J/y(ete )K"

B Part. Reco.
Combinatorial

Candidates / (24 MeV/c?)
=
o

80 E

60

408 .

208wl 4.

0 1 1 1 1 1 4 12 ied B
5000 5500 6000
m(K'e*te~) [MeV/c?]
10°

—~ 240 &
2 220 LHCb
> 200 —— Data 9 fb’'
> 180 —— Total fit
o 160 [} e B*— Jiyp(ete)K*
— 140 B Part. Reco.
% 120 B — J/y(ete”)m*
< 100 Combinatorial
g 80
= 60
O 40

20

Candidates / (7 MeV/c?)

Candidates / (4 MeV/c?)

1 1 1 L 2
5200 5400 5600
my, w(K Tete™) [MeV/c?]

q* =m2, € [6,12.96) GeV*

Muons
q° = mbgf € [1.1,6) GeV?

600 - LHCb
P —— Data 9 fb’!
500 L — Total fit
400 p T B'— K -
- Combinatorial
300
200 F
100
0 I TR R e
5200 5300 5400 5500 5600
m(K*u*u~) [MeV/c?]
x10°
400 £ LHCb
350 ﬂ —— Data 9 fb’'
300 E_ _ T:)tal fit )
= g e B*—= Jiy(uwu)K
250 - BY— Jlyp(uru)mw
200 Combinatorial
150 F
100 F
50 F
= L IR T
5200 5300 5400 5500 5600

my,, (K Tutur) [MeV/c?]

g* =m2, € [8.68,10.09) GeV*



BB - Kdutu~)

BB - ng+e_)

R(KY) =

BB — Jly(— putpu)KY BBO — Jly( — ete)KY)

Electrons
g =m>, € [1.1,6) GeV*

N D .
% -3 LHCb  § Data9fb E
S - — Total 1
S04 [, A B'— Kjetew 3
~ N Comb. Back. .
g s W B = Kntam ]
2 -B"ej/zp(ae;) Ky -
5: 10 B Part. Reco. K -

5
S R . sv oo e oo oY BRE
5000 5500 6000
m(K{e*e~) [MeV/c?]
§:104§4 L =
% - LHCb } Data9fb! ]
E 10° = — Total E
ST . B'— J/y(ete) Ky ]
% 10% ¢ Comb. Back. =
= F 0 3
%‘ F B)— J/yp(ete) K -
g 10 3 =
S - H E
1 E_ ..........

- Il Il Il | Il Il Il | Il Il Il | « 11 i | 1l 1
5200 5400 5600 5800 6000
m(J/y KJ) [MeV/c?]

g =m;, € [6,11) GeV?

Muons
q* =m;, € [1.1,6) GeV*

T 90F T '_1 =
> ooF LHCb § Data9fb i
ﬁ - — Total =
—_— 70 — BOéKO T, —
S 2 | s u 3
= 605_ Comb. Back. E
% 50;— _;
5 40F E
g = ]
o 30F b

20 E

10 :

0 = e -+ 3

L ] L
5600

m(Kgutu) [MeV/c?]

; : ; ; ;
LHCb $ Data9 b

— Total

Comb. Back.

Candidates / (10.5 MeV/c?)

+4 ¥ 4,

""" B"— J/y(uuw) K

BY— J/y(utu) Ky

| i . RN i i : | i
5200 5400 5600

m(J/y KJ) [MeV/c?]

g* =m;, € [8.98,10.21) GeV*



Summary LFU Tests

Phys. Rev. Lett. 125 (2020) 011802

2.0

RK*O

1.5

1.0

B = Kty

b @® LHCbH 7]
2.10- I, 2m.fl-0 BaBar 4
B Belle
0.0 T T T T T T T T T S T S S
0 5 10 15 20
q° [Ge\/Q/c4
c§14__ Ab — pK_€+€_
121
10_. ...................................... } ........................................
0.8} |
] <10
og} LHCD |
o 2 4 6
2
JHEP 05 (2020) 040 GeV7/c]

arXiv:2103.11769

BT - K"~

BaBar

0.1 < ¢2<8.12GeV¥c*

. Belle

3.10

10 < g% <6.0GeVc*

LLHCb 3 fb!

10< ¢?<6.0GeV?%c*

LHCb 5 fb!

1.1 < g><6.0GeV%c*

LHCb 9 fb!

1.1 < ¢2<6.0GeV?c*
I

0.5 1

1.5

1(*+£+£—

BY — Klg!ﬁé_l

1.40|—— |

1.50*— |

R Belle
1.1 <¢q*<60GeV?*c*

R, Belle
0.045 < g2 < 1.1 GeV?*/c*

R Belle
10< q*<60GeV?c*

R,..LHCb 9 fb"
0.045 < g2 < 6.0 GeV?*/¢*

R . LHCb 9 fb"

1.1<¢2<6.0GeVc*
] ] ] ] ]

0 | | 1
arXiv:2110.09501

2 3
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Angular Analyses @ LHCDb

B — K*up and B, — ¢uu decays fully described by 4D decay rate:

d*T(B—Vutp™) 9
dq2d<)

- 2 N
327 -

(¢®) ()

Measure angular observables as a function of q2

Candidates / 0.1

Candidates / 0.1

40

F LHCb2016 B0 _, g0,

25<q*<40GeV¥c*

LHCb 2016
20 25<q*<40GeVcH

Candidates / 0.31

30

20

10

L LHCb 2016

25<q?<40GeV¥c4

1

=2

0

2

iy _-E

¢
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SA
)
S

I

400 -
300 |

200 F

Candidates / ( 10 MeV/c?)

100 F

9fb! 1
“ ~1900 events

~ " LHCb -

— data —
— total ]

------ combinatorial
............ K == T e S0P N =l :
L i % . | o e

— By = gutw

0 5300

l5500l I5600I Tr;7(
m(K"K u*u™) [MeV/c?]

5400

200 -

100

Candidates / (8.5 MeV/c?)

5200

LHCb
9fht

Bt - K* u ™
~700 events

Phys. Rev. Lett. |
126 (2021) 161802 |

5400 5800 60(

5600
m(KJmtptu~) [MeV/c?]
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=)
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200

100

Candidates / 5.3 MeV/c?

| " LHCb 2016 _
BY — K*0u T
~2200 events

Phys. Rev. Lett. -
125 (2020) 011802 |
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* SM prediction challenging, but
uncertainties smaller than for BFs

* Optimised observables where hadronic

uncertainties cancel out at 1st order (e.g. P5")

* A growing number of global fits to

b — stl results (and others)

Algueré et al: arXiv:2104.08921
Altmannshofer et al: arXiv:2103.13370
Ciucchini et al: arXiv:1903.09632
Geng et al arXiv:2103.12738

Hurth et al: arXiv:2104.10058
Kowalska et al: arXiv:1903.10932

* Global tension with SM:

BY — K*0u+u_ — 3.30 —— E

Bt — K*uty~ - 310 —e—o| S—

Bs — opp 190 | o i

JHEP 11 (2021) 043 —2 —1

* Theory uncertainty under scrutiny

Charm resonances could

0 1
Re(Cy — CSM)

have an undesired impact
on measurements and
precision of SM

BO N K*Olu—i—u
5~‘” 1 ! ! | | ] ! | ! ! ]
LHCb Run 1 +2016
| SM from DHMV :
0.5F b
OF :
: 2 = 0
-0.5 = n [ —
- 5. @/
- ~ —+ > —4+
-1 A A A N
0 5 10 15
Phys. Rev. Lett. 125 (2020) 011802  ¢? [GeV?*/c*]
BT = K" "u" "
1.5 ——1r - - r - - - - T T T |
: LHCDb ]
1 —— Data 9fb! —_
—1 A " | SM from DHMV 1
0.5 _'= SM from ASZB _
A7 0 S S
0.5 F l L .
Lo g = 10 1

predictions

Phys. Rev. Lett.126 (2021) 161802

¢ [GeV?/c]
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BT - KTup @ Belle |l

B* - K*vi event 0
(Belle II simulation)

b — svv complementary probe, |
free of charm resonances

Implausible measurement for LHCb:
e.g. single charged Kaon in final state,
nothing else

Feasible with Belle ll, arXiv:2104.12624
building on inclusive tagging technique

Multivariate background subtraction

I T :
: " . 0.93BDT,<0.950.95=BDT,<0.97:0.97<BDT,<0.99: 0.99<BDT,
essential, already competitive with 63/fb [ i : :
CR11 :Belle 11
400 -— 2 [ . : -
- H2L> :[£dt = (63+9) b
Average I : B SK*up -
‘l.] 0.4 300 I ' —
IV T o T 3 Neutral B
I N Belle II (63 b, Inclusive) o l
: 9 T'his work q>) Chafged B -
, _ 1
I lBt)e—(lllt'el’(R?)(}(il()fll?() III SL) u-] 200 Contlnuum B
i 0£0. 96, 0 _ Data
i . Belle (711 fb~!, Had) : Z
: 30+16 PRD87,111103 100 scaled by 2 _
1 l 1
I UIB\aPTaERg)%? ]91 2{.)1(:5 ’ Had + S L)
o A | L L ) | L L L | L L ) | L L L
0 2 4 6 8 10

0
0.5 2.0 2.43.5052.0 2.43.50.52.0 2.43.50.52.0 2.4 3.5

5 + + 2
10° x Br(B*—K * vi) pr(K*)[GeV/c]
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Global New Physics Fits et

* Combine the information from so many observables and channels fitting
the EFT coefficients [B. Capdevila, M. Fedele, S. Neshatpour, P. Stangl,

Flavour Anomany Workshop '21]

1.50

1.25

1.00 1

0.75 1

0.50 1

NPpu
Cio

0.25 -

0.00 1

—0.25

—0-50 T T T T T T 1

-1.7 -150 -125 -1.00 -0.75 -0.50 -0.25 0.00 0.25
NPu
Co

Global fit

NPpu
Cio

1.50

1.25

1.00 A

0.75 1

0.50 1

0.25 -

0.00

—0.25 A

_0.50 T T I 1 Ll T T
-1.25 -1.00 -0.75 -0.50 -0.25 0.00 0.25 050 0.75

NPu
09

LFU ratios & B, — puu only

* Attempt to have a best estimate of combined global significance to SM fitting all
WC together: 4.3 o tension with SM [arXiv:2104.05631] with only clean observables
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Summary & Conclusions

Semileptonic and rare decays offer excellent probes to search for new physics

Measurements of semileptonic decays with 7 make use of SM nature
of process in extraction (qz, méiss, Dy), i.e. not straightforward to

make interpretations of enhancements

Measurements of rare decays have no missing particles, clean extraction possible.
Experimental challenges are identification (LHCb) and small BF ~ 10~° (Belle I

Hint of Lepton Flavor Universality violation in combinations ~ 3 — 40
Looking forward to new experimental measurements:

LHCDb will record unprecedented number of B mesons in Run 3, Belle Il is
ramping up and both have a very complementary physics program and both will
shed light on this.
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Run 2 Run 3 Run4 Run5 Runb6
BN N\ N — R(D)
_ 16 \ " RWYH-H
© Bt T K By T T T ssssass D** 1 o
é 14 \\ R( (a)) 1 é
> R(D;”) >
g 12 =
= =
£ 10 =
g S
g 5B W\ | B\ N\ g
q OB NN e g
= 4 | R S =
2 Pessimistic ] ]
LHCDb unofficial 1
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W © © O 4 ¥ O 29 0 a4 v O D O
AN P VI S VAR VR A A I M A M M
FIFTSSFTIFTISSSS
Data sample up to year
18 \ —— R(D*) (had FEIL lep 7)
16- --- R(D) (had FEI, lep 7)
= — R(D*) (SL FEI, lep 7) ~
= 14 --- R(D) (SLFELlep7) | &
21 — R(D') (had FEL, had ) | 2
'S F R(X) (had FEI, lep 7) =
E 10; R(w) (had FEI) E
= g =
5 ° z
= 4+ _SSS=R===Tog =
2 Pessimistic
- Belle II unofficial
0 ‘ ' : ‘ :
FIFIFIIFFesese
e A

FB, M. Sevilla, D. Robinson, G. Wormser
[Rev. Mod. Phys. 94, 015003,arXiv:2101.08326]

Run.2 Run?s Run4 Run b5 Run 6 ‘
18 3 \\____, —— R(D)
16} ==c2 R(D")

: ............ R(D**)
14 — R(DY)
12_ — R(A,)
10} Voo R(AD)

: — R(J/¥) 1
8 . . :
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18 —— R(D*) (had FEI lep 1)
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—— R(D*) (SL FEI, lep 7)

147 ---- R(D) (SLFEL lep7) |
12+ o~ R(D*) (had FEI, had T) ]
» —— R(X) (had FEI, lep 7)

10: —— R(x) (had FEI)
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. Belle II unofficial == :i
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Physics case for an LHCb Upgrade |l

o N 1 Ll l T Ll Ll U I Ll 1 T Ll l T 1 I 1 _
O F ——SM : -
(] - —
Y, 2F scenario ll i
< - — scenario | .
1.5 -
1 -
0.5 -
O -
-0.5F -
-1 -
_1 5- 1 | | - l ]
-3 -2 -1 0 1
AReC,
2 0 [T T s T v T 7 7 T v T 7 7T T T 7 T T T T 3 T ¢+ 7 7 7 T 3T J 7 77 1]
T ” | Belle-2 Projections: Inclusive b-ssll
L Huber, Ishikawa, Virto '2016
1 5 _ Contours: SM Pull with 50/ab: BR & AFB

Red: Exclusive Fit (arXiv:1510.04239 [hep-ph]) —

Yield Run 1 result 9fb—' 23fb~' 50fb~*' 300fb~*
Bt Ktete 954 +£29 [274] 1120 3300 7500 46000
BY— K*0gte— 111 + 14 [275] 490 1400 3300 20000
Bg — peTe” - 80 230 530 3300
Ag — pKete~ - 120 360 820 5000
Bt — ntete™ - 20 70 150 900
Rx precision Run 1 result 9fb=' 23fb=* 50fb~" 300fb~"
Ry 0.745 4+ 0.090 + 0.036 [274] 0.043 0.025 0.017 0.007
R0 0.69 £0.11 £0.05 [275]  0.052 0.031 0.020 0.008
Ry - 0.130 0.076 0.050 0.020
Ry - 0.105 0.061 0.041 0.016
R, - 0.302 0.176 0.117 0.047
The Belle Il physics book

Observables Belle Belle I1 Belle II

0.71ab™" S5ab™" 50ab~"

Rk ([1.0,6.0] GeV?) 28% 11% 3.6%

Rk (>14.4GeV?) 30% 12% 3.6%

R+ ([1.0,6.0]1 GeV?) 26% 10% 3.2%

R+ (>14.4 GeV?) 24% 9.2% 2.8%

Ry, ([1.0,6.0] GeV?) 32% 12% 4.0%

Ry, (>14.4GeV?) 28% 11% 3.4%



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

to collect such a large 7'(55) data set.

Observables Belle Belle 11
(2017) 5ab~! 50 ab™!
B(B — K*Tvp) <40 x 107° 25% 9%

B(B — KTvp)

<19 x 1076 30% 11%



Meet the Hadronic

“Measurement Matrix” or
inclusive SL
tagging tagging
Belle:
Phys.Rev.Lett.118,211801 (2017)
Leptonic J Phys. Rev. D 97, 012004 (2018)
T / (D* had tag)

Hadronic / x N
Polarisat
. ® olarisation

LHCDb: ®
Phys.Rev.Lett.115,111803 (2015)
(D*, Leptonic 1)
Phys.Rev.D 97, 072013 (2018) g2 = (pg - pD(*))z Pps Dy
Phys.Rev.Lett.120,171802 (2018)

(D*, Hadronic 7)

Belle: Belle:
Phys.Rev.D 92, 072014 (2015) “« D D* /A — | Phys. Rev. D 93, 032007 (2016)
(D/D* had tag, g2?) (= had tag)
Phys.Rev. D94,072007 (2016) L
Polarisation
(D*, SL tag, po+, p)
BaBar- l & older work, e.g.
Phys.Rev.Lett. 109,101802 (2012) Belle:
Phys.Rev.D 88, 072012 (2013) Prel. Belle: https://arxiv.org/pdf/ Phys.Rev. D82 (2010) 072005
(D/D* had tag, q2?) 1901.06380.pdf (D*, incl. tagging) (D/D* incl. tag)



https://arxiv.org/pdf/1901.06380.pdf
https://arxiv.org/pdf/1901.06380.pdf
https://arxiv.org/pdf/1901.06380.pdf

Opportunity for detector upgrade in 2026
* increase resilience against background
* improve performance

Goal: prepare Lol’s by end of 2020

Polarization and/or
luminosity upgrades?

<

10 ____Roadmap 2020 70
' —Lpeak Before IR upgrade —h:nt. Luminosity
= 8 —Lpeak After IR upgrade 85months/yr 60
V) 1
; : 12
@ 6 v =
S RF 40 3
X [partial] —
Z R (Qcs*) 130 2
g 4 O 2
= TOP PMT M
£ PXD 120 T
= —
= [
© 10
[J]
(a8
0 (Tuning) 0
2019/1  2021/1  2023/1 2025/1 2027/1 2029/1 20311
ByImm] 10 06 05 0.3
Run 1 LS1 Run 2 LS2 Run 3 LS3 Run 4 LS4 Run 5 LS5 Runb6
2011 2012|2013 2014|2015 2016 2017 2018|2019 2020 2021|2022 2023 2024|2025 2026 2027|2028 2029 2030 2031|2032 2033 2034 | 2035|2036 2037
1.1 20| - - 103 1.7 1.7 22| - - - |83 83 83| - - - |83 83 83| - 50 50 50 - 50 50 |fb!




Limiting Systematics

Systematic uncertainty [%]

Total uncert. [%]

Result Experiment 7 decay Tag MC stats D™y  D**lv Other bkg. Other sources | Syst. Stat. | Total
BABAR ® {vv Had. 5.7 2.5 5.8 3.9 0.9 9.6 13.1| 16.2
R(D) Belle” lvy Semil. 4.4 0.7 0.8 1.7 3.4 5.2 12.1| 13.1
Belle® (v Had. 4.4 3.3 4.4 0.7 0.5 7.1 17.1] 18.5
BABAR * {vv Had. 2.8 1.0 3.7 2.3 0.9 5.6 7.1 9.0
Belle” lvy Semil. 2.3 0.3 1.4 0.5 4.7 4.9 6.4 8.1
R(D") Belle® 12%7 Had. 3.6 1.3 3.4 0.7 0.5 5.2 13.0| 14.0
Belled nv, pv  Had. 3.5 2.3 2.4 8.1 2.9 9.9 13.0| 16.3
LHCb® arm(r)y — 4.9 4.0 2.7 5.4 4.8 10.2 6.5 12.0
LHCb' Y — 6.3 2.2 2.1 5.1 2.0 8.9 8.0/ 12.0
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Latest R(D")) from Belle: Systematics

Uncertainty [%]

Result Contribution
Sys. Stat.
B — D™y, 0.8
PDF modeling 4.4
Other bkg. 2.0
R(D) €sig/€norm 1.9
Total systematic 5.2
Total statistical 12.1
Total 13.1
B — D™y, 1.4
PDF modeling 2.3
Other bkg. 1.4
R(D™) €sig/€norm 4.1
Total systematic 4.9
Total statistical 6.4

Total

8.1

# 44



# 45

LHCb Measurement of R(D*): Systematics

Uncertainty [%]

Contribution Sys. Ext.  Stat.
Double-charm bkg. 5.4

Simulated sample size 4.9

Corrections to simulation 3.0

B — D**lv bkg. 2.7

Normalization yield 2.2

Trigger 1.6

PID 1.3

Signal FF's 1.2

Combinatorial bkg. 0.7

Modeling of 7 decay 0.4

Total systematic 9.1

B(B — D*nrm) 3.9

B(B — D*{v) 2.3

B(tT — 37v)/B(rT — 3n7°v) 0.7

Total external 4.6

Total statistical 6.5

Total 12.0
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LHCb Measurement of R(D¥*)

» Actually measure BF relative to B9 = D*ntxtn

BR(B' — D* 1'v.) _ N(B’—=D*1'v,) 1 eB"—=D* xa'n)

Khad(D*)= 0 -+ -+ - 0 +—+—)< + +—+0—>< 0 -+
BR(B"—=D* a'n"n™) NB =D*¥nan) BRx =aanx(n)v) €eB —=D*¥1tv)

> Measured to about 4% precision

> Dedicated control samples for remaining backgrounds

Xp = D**Ds*tX ——— Use Ds* = 37 and fit m(D*Ds) to constrain individual contributions
Xp & D*D*X ———» Use D+ — K3r to correct g2, but float in fit

> Extraction in 3D maximum likelihood fit
to MVA : g2 : T decay time

Invariant masses of 3z system

Invariant mass of D*3x system
Neutral isolation variables
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LHCb Measurement of R(D*): g2

4-fold ambiguity: 3m
T 0
|ﬁ | _ (m?iﬂ' + m’?’)|ﬁ3ﬂ'| COS @377\/(777’72' B mi2§7r)2 B 4m3|ﬁ3ﬂ’|2 SiIl2 0 \\\\ Lab
- = 2EZ — |72 cos? 0 Vv aboratory
(B3, — |P3x|? cos? 6) frame
D*t

L (mP., + Mo )|Ppar| coOs @D*T \/(szo —mb,.)? — 4m%|Pp.r|? sin® ¢ B0 0'

. 2(E%, . — |Ppar|?cos? ) S
Can be approximated by doing: QY

2 2 2 2
. [ms—m _ M%Ho — M
Omaz = arcsin ( — T 3”) 9! = arcsin [ —B— 2T
2mr|p37r| szO |pD*T|

Possible to reconstruct rest frame variables such as tau decay time and q?2.
These variables have negligible biases, and sufficient resolution to preserve good
discrimination between signal and background.

Slide from C. Bozzi
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LHCb Measurement of R(D*): Control samples

Use exclusive D,—3x decays to selecta X,—D™ D," X control sample

Determine the different X, —D™ D_* X contributions from a fit to m(D*Ds):
 B°—D*D,, B>—D*D *, B>—D*D,,*, B>—D*D,_,’, B.—~D*D X, B—»D**D_X

sl

only 20% of D, originates directly from B, 40% originates from Ds*, 40% from Ds**

 Uncertainties in the fit parameters propagated to final analysis.
LHCb-PAPER-2017-017

—200F T - T T T ] —~ 100F ' T
NQ . vg B 7
S 180 LHCD Preliminary o~ - LHCD Preliminary
© 160 2 80| -

E 140 ® Data O B :
:\f‘l Tgtal model e - N
_ 120 s B’ 5 D*D, — 60 —
~ 100 N B’ - D*D* < _ ’
& B° e D‘Dsl : B ]

5 S0F mmmB-D*D.X w 40 7

LE 60 Bos — D’Ds X Q:) : :
40 P comb. bkg. LE 20 - —

20 = -

0 4500 5000 5500 %

MD r*rrt) [MeV/2]

Slide from C. Bozzi
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LHCb Measurement of R(D*): Control samples

LHCb-PAPER-2017-017

X,—D™ DX decays can be isolated Z 00— —
H . 1 ..
by selecting exclusive D'—K-=3n L%) 128 LHCb preliminary
decays (kaon recovered using B data +
— Total model

isolation tools). 120
A correction to the g? distributions is 100
applied to the Monte Carlo to match 80

data. %0
40
In contrast to the D.* case, most 20
3n final states in D* and D° decays 0, s 10
originate from D" 2K%*3n [GeV?/cH

Unfortunately, this constraint does not exist
for the D* mesons, K3ntt® is poorly known,

For the D°, the inclusive 4 prongs BR

constrains strongly the rate of 3w events

the inclusive BR is not measured

We let the D* component float in the fit

Slide from C. Bozzi
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The two categories of measurements

1st Category

Measurements that have no or trivial or
negligible dependence on parameter of interest

Example: Right-handed currents & |V, |

4G
Log = —T;Vulg) (ﬂ'yMPLb + €gr ’EryuPRb) (vy* Prl) + h.c.,
8 [ | I | I | I I | I | I | I
i == B - X,lv |HFAG BLNP
Un ~ B-tv |HFAG y
B ---B->nlv |HFAGavg.w/
3 B
X 5
~
o L=
" S S
= 4‘ — //
// B // —
3 - _|
- Standard Model — -
2 | | | | | | | | | | | | | |
-04 -03 -02 -0.1 0 0.1 02 03
€R
Decay |Vup| X 10>  er dependence
B — wfév 3.23 +£0.30 1+ e€er
B — Xulo  4.39+0.21 VIt

B—-71v, 4.3240.42 1 —e€r
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The two categories of measurements

>

f R

2nd Category

Measurements that have non-trivial
dependence on parameter of interest / other params.

Let’s say you want to use the measured R(D'") ratios
to learn something about the anomaly and your favorite
model that could explain it!
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The two categories of measurements

2nd Category

Measurements that have non-trivial
dependence on parameter of interest / other params.

. ' I ' I
i El World Average
| . SM (BLPR)

""""" 2HDM Type Il |
D1 02 03 04 05 06

ﬁ f‘
» Let’s say you want to use the measured R(D'") ratios

to learn something about the anomaly and your favorite
model that could explain it!
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The two categories of measurements

2nd Category

Measurements that have non-trivial
dependence on parameter of interest / other params.

T ‘ T
B BaBar sM
B . BaBar 2HDM Type II, tan B /m_, =0.5 (GeV'™h
- [l sMm BLPR)

2HDM Type Il
04 05 06

Predicted value for
tan B / mu, = 0.5 GeV-1

» As it turns out, not that easy — the measured points

themselves are extracted assuming the SM and kinematic
distributions sensitive to the Pol are altering the measurement
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NP Interpretation Strategies for H, — H v

What you
can do today

Just fit ratios, hope that bias is small
#1 . .
with respect to the current precision

Frankly a perfectly sane strategy; after all the
experiments do not provide any other information
one could use and not all measurements might
have such a strong dependence as e.g. BaBar

What we should

allow you to do

#0 Fold your model into the MC
simulation, directly confront the data

Provide theorists with direct
measurements of Wilson
coefficients; these can be used to
confront your favorite model

l

#3

a fairly prominent problem
|

1 WORKING DRAFT
2 Publishing statistical models: Getting the most out of
s particle physics experiments

4 Kyle Cranmer 1*, Sabine Kraml 21, Harrison B. Prosper 38 (editors),
5 Philip Bechtle % Florian U. Bernlochner 4, Itay M. Bloch 5, Enzo Canonero 6,

6  Marcin Chrzaszcz 7, Andrea Coccaro 8, Glen Cowang, Matthew Feickert 10, Nahuel
7 Ferreiro lachellini 112 Andrew Fowlie 13, Lukas Heinrich 14, Alexander Held 1,

8 Thomas Kuhr 12’15, Anders Kvellestad 16, Maeve Madigan 17, Farvah Mahmoudi 14’18,
9 Knut Dundas Moré 19, Mark S. Neubauer 10, Maurizio Pierini 14, Juan Rojo 8,

10 Sezen Sekmen 21, Luca Silvestrini 22, Veronica Sanz 23’24, Giordon Stark 25,
1 Riccardo Torre 8, Robert Thorne 26, Wolfgang Waltenberger 27, Nicholas Wardle 28,
12 Jonas Wittbrodt ©%°

[to appear soon]

Benefit: no biases, more sensitivity as shape of all

kinematic distributions help distinguish between models
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Slightly dramatic example of what could happen

Produce fit shapes / eff.
with some NP

1.1 . - e
R: SquL s 8TquL = 0.25(1 + z)
[ recovered ]
T '_
S _
2 .
true value
0.8 ) ) | ) ) | ) ) ) ) | )
0.9 1.1 1.3 1.5
R(D)/R(D)sm

Im[SquL = 8TqLZL]

Determine Z (D)
using SM shapes / eff.

—

Determine NP couplings
from measured % (D)
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06 ! ] T T T T T T T T T T T T
I R5: SquL o 8TquL = 0.25(1 +i)
1 recovered -
0.3 r i
i true value
of : _
A SM
-0.3 i
0.6 — -
-0.6 -0.3 0 0.3 0.6

Re[SquL = 8TquL]

Note: the values were chosen intentionally not to reproduce the measured values to avoid the
temptation to correct measured values..



HAMMER — a tool to correct H, — H v to arbitrary NP

Challenge: Produce MC for each NP working point

Need a MC generator that incorporates all NP
0 effects and modern form factors

(e.g. EvtGen does not)

Very expensive; MC statistics is
already one of the largest systematic

uncertainties on these measurements

SM or Phase-space MC can be corrected

HAMMER offers a to NP or FFs via ratio of event weights

solution to these problems tensor that encodes

R To correct angular enCOde hadroniC amplitUdeS Of given
distrbutions one form factors process
® (L needs to do this
’ ! forallD*and ¢
7 ¢ &) decay products \ /
dIree” /dPS ; ' FT .
dreld/dpS Z aif3j o
a7z757j

'ﬁf}“l 5
e
i 5

>
A
rrrrrrr ""|

BERKELEY LAB

sum independent of Wilson coefficients ¢,
https://hammer.physics.|bl.gov/ — can exploit this to create fast predictions
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An Illustrative Toy Example =&eess sttt

_'(2107IIIIIIIIIIIIIIIIIIIII
S M SMB—-Dtv MSMB—-D*tvCF lMMB—-Dlv MB-—-Dlv
>
(NN

10°F ... R,LQ:S  =8T,  =025+0.25]
2 s N guL = ¥ .

il S Df 2 Categories: D¢, D*¢

= - Binned 2D fitin m2. : | p¥|

miss

Corresponds to a guestimate of how an
analysis with 5/ab of Belle Il data could look
like in a single channel

_.(9107IIIIIIIIIIIIIIIIIIIII
o BmSVB—-D*tv M B—-D"Ilv
>
LLI

10°F ... 3 = _ .
R LQ:S,, =8T,, =0.25+0.25] D K f
- T, =025

Vgq = 0.25
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A toy example

NP’

e N R B T

' B
04 -02 0 02 04 0.6
Re[SqUL]




