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B Physics 7
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» B physics is the study of bound states containing one b quark and their decays/dynamics.
» b-hadrons decay in a multitude of final states, allowing the study of a wide range of physics.
» They are copiously produced at the LHC: 10'! b produced per fb~!

» Non B physics is great too! But | had to somehow restrict the topic



Experlments (two out of many on the slides) 3
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»  @electron-positron collideres

» Collisions @Y (4S) (or Y(5.5))
centre of mass energy

pp collision

Magnet RICH2 n\)

» Constrained kinematics

» Backgrounds: other physics
processes, beam background

» @Hadron Colliders

» Higher bb production cross-section

» Many b-hadron species to study

» Backgrounds: high particle density
environment, b-hadron momentum

/
’,
>\ag side signal side

determined from final state particles




Linguistics

» Today's topic: Semileptonic b-hadron decays
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» “Semileptonic decay” refers to a final state with leptons and hadrons

» Except for LHCb people, where with “Semileptonic b-hadron decay ” refers to tree level
b — c and b — u transitions, with charged and neutral leptons in the final state

» Today not much about b — s#7¢ transitions, e.g. B = K /"¢~ (again, they are
great too...)



Why tree-level semileptonic b-hadron decays?
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» The fundamental (theoretical) advantage of semi-leptonic decays is the non-coupling of
the leptonic system to the outgoing hadron.

» The fundamental (experimental) disadvantage of semi-leptonic decays is the non-
reconstructible neutrino in the final state

» Experimental advantage: about 10% of all b-hadrons decays — very large samples allow
for precision tests of the SM (evaluation of systematic uncertainties is crucial)

» Access to many interesting observables



Why tree-level semileptonic b-hadron decays? 6

» Access to many interesting observables Lepton
=, u—, e~ Universalty

B flavour oscillation CKM matrix )
parameters elements 7,
Veb
—

Hadronic interaction (Form Factors)
/ \ and New Physics contributions
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Semileptonic b-hadron decays @LHCb 7
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https://arxiv.org/abs/1812.10790

Techniques for semileptonic decays (@LHCb)



The fundamental problem: partial reconstruction 9
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» The missing neutrino is the fundamental experimental
problem with semileptonic decays (@LHCb)

» Cannot reconstruct the invariant mass of L(BY)
b-hadrons & the momentum of the b-
hadron is underestimated




The fundamental problem: partial reconstruction 10
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» The missing neutrino is the fundamental experimental
problem with semileptonic decays (@LHCb)

» Cannot reconstruct the invariant mass of L(BY)
b-hadrons & the momentum of the b-
hadron is underestimated

» The 'visible mass’ (invariant mass of the decay product we do

reconstruct) has poor signal/bkg discriminating power

» Need approaches to (1) isolate the signal (2) get correct kinematics (within resolution)



Denial 11

» We may or may not need a B invariant mass like object, e.g. when studying B — DuvX

» Samples are signal dominated (%B(B — DuvX) ~ 10% (| V., |))

» Displaced muon
» Clear D peak

» One can fit simultaneously m(K*z~) and

log(IPp) to separate the semileptonic decay:
from prompt charm
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» Useful or not? - it depends on the analysis - no separation from other semileptonic b-
hadron decays including Dy in the final state



Bargaining: use the (partial) information/make assumptions 12
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» We can make an assumption about the missing (parallel) component: p;, = py,;

D.is * P, S @ Lorentz invariant: one can always boost along the flight direction, in a system
where p, ;. vanishes

» Dyis P = Evis °pJ_+pJ2_ - \/mvzis_l_sz_ 'pl+pJ2_



Bargaining: use the (partial) information/make assumptions
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Depression and acceptance 14
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» This is a consequence of the assumption we made

» High-end of the spectrum: resolution effects
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» One can define the corrected mass also for massive
missing particles

3000 4000 5000 6000 7000 ) The width of the distribution depends on the
M., (Kt ut) [MeV/c?] ,
available phase space
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» One can calculate the expected error on m

>

» Select events with low o(m

>

O

m

C

_ [MeV/ c?]

COT‘I/'(

Corrected mass [MeV/c?]

have fun with Jacobians)

As expected the error on secondary vertex dominates

COFI/')

Improves separation between signal and background, but greatly reduces event yield.



Getting the correct kinematics: ¢~
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» The corrected mass is constructed assuming p,, = p;,;; (only one quantity fixed)

» If we assume the nominal mass of the parent b-hadron, we can obtain p,

» We can then calculate g? = = squared invariant mass of the dilepton system = squared
invariant mass of the virtual W

» The mass is a squared quantity (in energy-momentum conservation), one obtains two
solutions (and only once is correct).
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P [GeV]

g : which solution to choose 17

» Randomly pick one?

» Or: experimentally one solution occurs more frequently than the other (due to the
acceptance of the sub-detectors, selection criteria of the analysis...). One can choose this

» Or: Try to get an independent measure of the B momentum, and compare it with the
two solutions. Pick the closest

» How to get an independent estimate: B momentum is correlated with flight length and
angle wrt to beam axis — use a linear regression to predict B momentum

JHEP 2 (2017) 021
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» Signiticantly better than random choice


https://arxiv.org/abs/1611.08522

g : which solution to choose L

P. . [GeV]

Randomly pick one?
Or: experimentally one solution occurs more frequently than the other (due to the
acceptance of the sub-detectors, selection criteria of the analysis...). One can choose this
Or: Try to get an independent measure of the B momentum, and compare it with the
two solutions. Pick the closest
How to get an independent estimate: B momentum is correlated with flight length and
angle wrt to beam axis — use a linear regression to predict B momentum
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Significantly better than random choice


https://arxiv.org/abs/1611.08522

g~ : which solution to choose
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» Randomly pick one?

» Or: experimentally one solution occurs more frequently than the other (due to the
acceptance of the sub-detectors, selection criteria of the analysis...). One can choose this

» Or: Try to get an independent measure of the B momentum, and compare it with the

two solutions. Pick the closest

» How to get an independent estimate: B momentum is correlated with flight length and

angle wrt to beam axis — use a linear regression to predict B momentum

— Regression
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https://arxiv.org/abs/1611.08522

g2 : DNNs?

4
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Normalised Entries/(0.25 GeV/c?)

Using DNNs and training on specific
decay mode works a bit better

No silver bullet

0.45

0.4

0.35

0.3

0.25

0.2

0.15

0.1

0.05

:I T T T | T T T T | T T T T | T T T T T T T T T T T T

= o *_ 4 — LRNN

= By > K u'v

= Et ~~~ DNN

- —— RNN

= RS il

3 —+ A E

- Sall + =

- = -

E RIS N TR T NS S I NN R w

.5 4 4.5 5 5.5 6 6.5 7 7.
M, [GeV/c?]

5

Fraction of corrected solutions [%)]

Porep /(10 GeVic)

20

120
% phecod @ LinReg FV @ LlinReggy ®LRNN -®SNN -®DNN -@RNN
100 — —
80— —
60 —
40— —
20— —
B 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 j
0 2 4 6 8 10 12 14 16 18 ) 420
a? (uv) [GeVTc]
Correlation: 89.1
400 | T T T T | T T T T | T T T T | T T T T T T T T T T T T | T T T T | T T T T ] | 45
- *_ =
350 = Bé) — K M +U 1 —40
300— — —35
— [ |
250 — - 190
- _ 25
200— —]
- ._ 20
150 — —

— ] 15
100— o 0
50— —;
O : 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 : 0

0 50 100 150 200 250 300 350 400
P1rue /(10 GeV/c)



Other approaches: proxy variables

» p(D,): fully reconstructed and
highly correlated with w (g?)

» Useful, e.g. to extract |V, | and B0
hadronic form factors with B) sz .........._. e T
decays

» Good sensitivity to the form factors, depending
on w (energy of the D) in the B rest frame)
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Other approaches: collinear approximation 22
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Other discriminating variables are often used: m,,%u.ss
: : Mp
Approximate the B momentum withp, = —-p_ .
Vis
If only one neutrino missing, the distribution peaks at 0, otherwise higher values

Also energy of the muon in the B rest frame is discriminating
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Other approaches: collinear approximation 23

Any approach you use to get the kinematics: you need to account for the resolutions,

4
bin-to-bin migration (and their non-trivial dependences)

» Often used templated fits: let the MC tell you how your ‘reconstructed’ distribution is,
given the physics model (using TRUE quantities) and the detector effects (which you
measure and simulate)
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» If you want to change physics model: need to re-weight in TRUE quantities...



Other approaches: explicit case of modelling resolutions 2%

Neutral mesons H
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https://arxiv.org/abs/1409.8586

Other approaches: explicit case of modelling resolutions 25
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Other approaches: case of neutral meson mixing
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» For decay-time dependent measurements

T(f, tt'rue) = Ne_rdtt'r‘ue |:

1+AD+E—

d
2

» The B decay time is corrected using the factor (from Monte Carlo):

k =

Preco /ptrue

» The k-factors are also used to model the decay time
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Other approaches: using B* — B*K~ decays 27

» Use B — BYK™ decays
» Add additional (narrow) resonance (kinematic constraint)to the decay chain

» Constrain BT mass, fitin B*% mass (or

: " 2 2
constrain to BY, mass), calculate m,;  ( )

» Useful to extract B — D, D*D**uv fractions

» Main issue: the number of BT gets reduced

by a factor ~100 when requiring the B

~ 1000 ——m@——m™™@@™———r————F————7—————T1———————— —~ 800 —1— —
O — * - 131 % - —— Bkg. sub. data 3
N - LHCb ] 8 700 - LHCb - *Og .Sll ata 3
% 800 — - s - B, signal =
> = ] S wof B Dy 3
T 600 B, —>B"K ] = sof g B —D ‘uv E
~~ _ = - -
x ~ 1 2 400F =
& — 1 > = =
Fg 400 — ‘ ] 300 ;— _;
E 200 s 200 - E
< - ,E s E
© z 100 F- 3
0 o E
3
= 2 f o
= — F
& LK =

100 120 140 160 180 200
m(BK) - m(BY) - m(K) [MeV/c2]

0 20 40 60 80




Vertex isolation: charged Isolation 2

» When looking at Cabibbo-suppressed semileptonic decays (|V,,|), need to fight |V, |
background.

» Two handles: c-hadron flies a few mm and decays (mostly) into few extra (displaced) tracks

» Vertex y* is poor for |V, | background

» Vertex y° increases slowly when adding closest tracks

» In reality: construct a multivariate classifier to use as much as possible available information

» Run over all tracks in the event which are “close” to the pu vertex, evaluate BDT for them



Vertex isolation: charged isolation 29

PAPER-2020-038, arXiv:2012.05143 More difficult for neutral particles
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» Run over all tracks in the event which are “close” to the pu vertex, evaluate BDT for them

» As expected performs better for channels with at least one extra track than on channels
with additional neutral particles

» Different analyses use different techniques, but the idea is the same

» Charged vertex isolation usually most powerful (high-level) variable to extract signal in
semileptonic decays.

» Essential also to select regions enriched of specific physics backgrounds we want to model


https://arxiv.org/abs/2012.05143

Vertex isolation: neutral isolation

Background rejection

- MVA Metli’nod: -
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» Main issue with the neutral particles: one does not know their point of origin (e.g. PV or
decay vertex)

» Neutral isolation mostly much less powerful than charged isolation

» Similar strategy: see if you find neutral objects in vicinity of signal decay



|V . |and | V. | and differential measurements
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How do you measure |V ,|?

AB is proportional |V, |2 — let’s just count events! d a

Or almost... b

Electroweak + phase space

dF(FO — ﬂ-—l_:u_y,u) _@ |Vub‘2|pﬂ‘ f_l_(qQ)B /‘

dg? \ 2473

QCD component
encompassed by

form factors

Similar for | V_, | transitions, e.g. B - D utv

Slightly more complicated with a vector meson in the final state, e.g. D"~ versus D~
(= more form factors)

That means: to measure |V .| (or | V,,|) we need to know (or measure) the form factors

Note: |V, ,| (or |V.,|) do not depend on the form factors, but the “QCD component” does

Absolute branching fractions are hard to measure at LHCb: Z luminosity, bb cross section,
hadronisation fractions (e.g. f; ) not well known - Ngo_ g, = Z - 0 2 - f - B(BY — Kuv)
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)

| V.,,| decays: much more background than |V_,| decays(|V, | < |V,,|)

» Use isolation techniques and multivariate classifiers

Hadronic system has lower mass (e.g. K vs D) - coming usually with more background

Samples are sizeably smaller — have not (yet) determined |V ,| and hadronic form

factors at the same time (used theoretical predictions)
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» Strategy: measure ratio of branching fractions

/ﬁ; — 1.470 & 0.115(stat) 4 0.104(syst)
W. Detmold, C. Lehner and S. Meinel

Rrpp arXiv:1503.01421

of Ag — pu~ U and Ag — ATu o

Vol B(AY = pu )
Vel B(A) — A1)

Belle measurement arXiv:1312.7826
B(AY = PTTL) 2 >15Gev2 /et _ N(AY = pu~1y,)
B(Ag — Ag_,u_V_,u)q2>7G€V2/c4 N(Ag — Ag_(—> pK_T('_'_),LL_V_'u)

e(A) = AF (= pK—71)u~1y,)

X 5 — x B(Af — pK~7™)
e(A) — pu—vy)
18000 ———————————————————
150005_ =§,§?$;:$1£ LHCb E » Normalisation mode reduces systematic
: -D”;F;VV uncertainties and dependence on fy9
12000 Y

x » Use the corrected mass variable -
2000¢ unfortunately not very clean - templated fit
6000 ¢ » Histograms from MC that can be scaled up

or down until the overall shape fits.

Candidates / (50 MeV/c?)

3000 F

3000 4000 5000 \

Corrected p u~ mass [MeV/c?]

~ 15k A) - Afp v decays


http://arxiv.org/abs/1312.7826
http://arxiv.org/abs/1503.01421
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» Different spectator quark wrt B — zuv Low g2 - High il
e A I L B AL
| V| BB, — Kuv) ‘%07 SHMpZCcéO;gls%Egg&ﬁgg& Rus.
y Measure = Rpr 3 :
| Ve | BB, = D,uv) ~@0.6 1
S . Tos 3 Fittemplated from
» Use mlwrr to |der1’cc.|fy signal and describe EDOA 1 simulated samples
sample composition > :
P P = 3 corrected to
» Different form factors predictions: 0 3 describe the data
» Low g?: LCSR based on [JHEP08112] 0.1 3 ’
» High g*: LOQCD based on [Phys.Rev.D100,034501] o —
q? [GeV?/c4]
Low g High g2
w .
T Npo i o, (low) = 6922 + 285 iy, (high) # 6399 + 370
CI00F 4 Daw fl e veea 4 L2s00F | o
% 1400 —+— Total HCII) - % - LH( 11) :
= 1200 [ B: — K7y, , 2167 1 So000f v 21
Q "F— H—~H(—KXuX 1 o ¢F ]
. <
ZI0E— B — kv, 3 Tis0fF 3
$ 800 B—ct(— uu) KX 1 3 - .
S 600F 1 Sio00f .
o ] = - .
S 400 1 £ _ I ]
ST S 500F .
O™ 3000 @00 s000 O S0 4000 5000

Mg, [MeV/c?] m,,. [MeV/c2]


https://arxiv.org/abs/1703.04765
https://arxiv.org/abs/1901.02561
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Different spectator quark wrt B® — zuv Low g2 .
N U
14 B(B; — Kuv £
Measure Vi = Ry &, H) 3"
|V, | BB, = D,uv) ~@0.6
Use m, . to identify signal and describe =
sample composition S

e
W

Different form factors predictions:

» Low q2: LCSR based on [JHEP08112]

e
o

]
—_

High g7

| 1 1 1 1 | 1
[JMILC 2019 [ JUKQCD 2014
[JHRPQCD 2015 [JLCSR, Khod. & Rus. -

L |
» High g*: LQCD based on [Phys.Rev.D100,034501] o~ B AT
e '9. q2 [GeV?/c4]
| | T & B | 9 ]
LLHCb = 6F z 2 LHCDb A
—_ Q Q ]
0 - R i L= i
B, =K u V. o LCSR (Khod.& Rus.2017) Z 5 = — —
q? <7 GeV?/c* B > > 51 4 -
B! =K u*v, ~e- LQCD (MILC2019) 4 [Vl Inclusive 257GV
@ > 7 GeV2/ch - IV, Exclusive B 777 i
— B 2 ]
/ig ; ém\;//‘i - LQCD (Detmold2015) 3 ’A”/\'mw =
qz> eV</c - EQ
Vsl /N Ve (PDG) ™ = :
e T
] ) ) ) ) ] ) ) ) ) ] )
0 0.1 02 35 40 ‘l‘% 0
[ Vio I/ Ve | °

Measuring differential decay rate will help understanding B, = Kuv


https://arxiv.org/abs/1703.04765
https://arxiv.org/abs/1901.02561
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4

Different spectator quark wrt BY — zuv

Measure = Ryp
|Vcb| QQ(BS _>Ds/’”/)

Use m, . to identify signal and describe

sample composition

Different form factors predictions:

» Low q2: LCSR based on [JHEP08112]
» High g*: LQCD based on [Phys.Rev.D100,034501]

Lots of interesting theoretical work S prTYy,

on B, = Duv (e.g. [PRD 99 (2019) 60000 4 Daa iy o
S "+ Total LLHCD :

11451 2], [PRD 101 (2020) 07451 3] ) © 50000 _—-BO—>D_M+V 1 —
S x T e 2 tb ]
7140000 - — B{—D, u'v, E
Z30000F  BDs #VIDL DX, =
3 F  B—D| ity -
$20000F B, D, DX E
5 - .
10000 |- — MisID =
@) " ’

3000 4000 5000 6000
m,,, [MeV/c?]


https://arxiv.org/abs/1703.04765
https://arxiv.org/abs/1901.02561
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45 x10° Sssbaa LHCD
» Perform relative measurement: S II'I'I
BB, —» D" u*v) _ Npo—p@rpry R % ] | | :
BB — DO—ptv)  Npo_perys E I I

5 11 |) 2f%kDg
” o | E
» Fittom,,,, and p, (D) distributions to extract 3 é I I E
S ]
| V.,,| and form factors. 2D template to model g I . I I E
the data, including efficiency = I I I E
O AL E

O et e

dNobs Ndr(yvcby, ha,,...) e(p Mo 1800 1850 1900 1950 2000 22050

dpJ_ndor'r B dpJ_ndorr PL> Heorr K+K' [MGV/C ]

» Constrain form factors from lattice QCD [PRD 101
(2020) 074513, PRD 99 (2019) 114512].

» Normalisation ./ contains measured B reference yields, input branching fractions,

relative b-hadron production probabilities f./f; and B? lifetime


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.074513
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.074513
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.114512
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» Fittom,, and p,(D) distributions to extract | V_,| and form factors

x10°
e B A L L

35E BY—Diutv, < _ LHCb-
30F |BI=D; v, :
-/ |Phys. bkg. M ]

= [l Comb. bkg.

22
20
18
16F
14§
12
10
8
6
4
2
0

Candidates per 0.1 GeV/c?

05 1 15 2 25

Candidates per 0.115 GeV/c

= -
M., |GeV/c?] p l(D;) [GeV/c]

» The sample is signal dominated

» m,,,, allowsto separate between D and D}

» 2-Dimensional templated fit: Histograms from MC that can be scaled up or down until the
overall shape fits.

» Take limited number of simulated events into account by allowing for fluctuations in each bin.
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» LHCb was not built to measure |V_, |,
but still achieves a good precision

» Always need to rely on precision of
normalisation channel (i.e. an external
measurement). For this measurement also

rely on f./f,

» Noinclusive |V_, | measurement so far,
investigating sun-of-exclusive approach

» Complementary measurement of
B — D=ty for factors

ALEPH [PLB 395, 373 (1997)]
CLEO [PRL 82, 3746 (1999)]
Belle [PRD 93, 032006 (2016)]
BaBar [PRD 79, 012002 (2009)]
BaBar [PRL 104, 011802 (2010)]
ALEPH [PLB 395, 373 (1997)]
CLEO [PRL 89, 081803 (2002)]
OPAL [PLB 482, 15 (2000)]
OPAL [PLB 482, 15 (2000)]
DELPHI [PLB 510, 55 (2001)]
DELPHI [EPJ C33, 213 (2004)]
BaBar [PRD 77, 032002 (2008)]
BaBar [PRL 100, 231803 (2008)]
BaBar [PRD 79, 012002 (2009)]
Belle [PRD 100, 052007 (2019)]
BaBar [PRL 123,091801 (2019)]
LHCb [LHCb-PAPER-2019-041]

—Exclusive average (HFLAV 2019)
------- Inclusive average (HFLAV 2019)

CLN
BGL

CLN
BGL

40
VI [107]



Differential measurements

» First 1D-differential measurements

» Measurement of the shape of
0 4
the By — D;"u"v, decay rate

\

Fully reconstruct D.~ — Dy

v

x10°
B 1 I 1 I 1
100

)
[e)

o
(e}

Pl

Candidates / ( 1.35 MeV/c?)

2100 2150 2200
m(D5y) [MeV/c?]

» Signal yield measured in bins

of hadronic recoil parameter
W = Vpo " Vp:-

data

0 =

By — D, u'v,
*_

B) — D, ttv,
*_

H, — D X,

combinatorial

B — D ["v,

JHEP 12 (2020) 144
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https://arxiv.org/abs/2003.08453

Differential measurements @LHCh m e

» First 1D-differential measurements 3 10w
@)

» Measurement of the shape of e

*__
the B} — D, u*v, decay rate S s
% LHCb %3000 LHCb
$_ o = 11l<w<1.17 = 2500 117 <w=<122
» Fully reconstruct D, — Dy = = 20
?"3/ %1500
» Signal yield measured in bins S < 100
g =500
@)

of hadronic recoil parameter
w = VBO ‘ VD*—

/\q_‘ 3 .5 1 T T T |
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=) 3F
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Differential measurements @LHCh

» First 1D-differential measurements

Candidates/(233 MeV/c?)

Pull
Lbows

» Measurement of the shape of e

0 *_ 4 Mo IMeV/c?]
the B, = D ,~u"v, decay rate G w50 ' ' ' Q0 ' ' —
H > 3000 LHCb > 3000 LHCb
= L1l <w=1.17 = 2500 117<w =122
*k_ . 2500 . w=1. . w=1.
» Fully reconstruct D, — Dy % 2o 3 2o
E 1500 g 1500
L] L] L] L] N N 1000
» Signal yield measured in bins g 1w 5
S 500 £ 500
. . U K
of hadronic recoil parameter ; w bin
o = 2 o - " 5 ; ., - ; -
W = Vpo * Vs v R ——
BS DS _gsoo ' 2000 Fraction of Ngg;fr’i 0.183 0.144 0.148 0.128 0.117 0.122 0.158
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https://arxiv.org/abs/2003.08453

Expanding differential measurements "

» Fully differential decay rate X

. | a\

» Helicity angles (and derived observables) are
sensitive to New Physics contributions and Or
hadronic interactions (Form Factors)

dl'(B —» D*¢v) 3mpmb.G#

6
2

= New| Ve > Y I (w)ki(07. 0p. ) 3
dwdcosf,dcosd,dy 16(4r)* T S
N~
: o
i Hi(w) kzwua@D’X) =
D* — D~ D* — Dr° N
1 H2 (1 +cos?0p)(1 — cosb,,)? sin® 0p (1 — cosf,)? <
2 H? ~(1+cos?0p) (1 + cosb,,)? sin® 0p (1 + cos,,)? o
3  H 2sin® 0p sin® 0, 4 cos? fp sin® 6, 0
4 H,H_ sin? 0 sin® 0, cos2x —2sin? 0 sin? 0, cos2x =
5 HiHy, sin20psind,(1 —cosf,)cosxy —2sin20psind,(1 —cosb,)cosx &)
6 H_Hy —sin20psinf,(1+cosf,)cosy 2sin20psind,(1+ cosb,)cosx 0
E
al

» Full description using the possible three helicity states of the D* - measuring the angular
coefficients does not separate hadronic and NP effects, but also doesn’t make assumptions

» Measurement of Angular Asymmetries (Belle Il)
» Measurement of the 12 Angular Coefficients

» Direct determination of New Physics Wilson Coefficients (and hadronic Form Factors)


https://arxiv.org/abs/2001.03225

Towards full angular analyses @LHCb

4

4

Fully differential decay rate - in g% (or w) and

helicity angles

Resolutions (worst case: rest frame approximation)

LHCB-PUB-2018-009, arXiv:1808.08865

Arbitrary units

Arbitrary Units
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https://arxiv.org/abs/1808.08865

Wouldn't be nice to measure angular asymmetries? 6

= % _
Forward — Backward Untagged Belle | B — D T¢©
-1 -0
A o cost,dl'/dcost, — | | cosO,dI'/dcost,
FB = ,
01 cosf,.dI'/dcosb, + di) | cosf.dI'/dcosb,
C.Lyu ALPS '23
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o Thma R,, = 1.001 £0.009(stat) = 0.021(syst)
Eso- ++ +++ 8 12} ++'_’_+++
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= I, il Py =0.521 110005 1 0.007,

é? 15 + % ar —— —4—
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https://docs.belle2.org/record/3502/files/BELLE2-TALK-CONF-2023-034.pdf

Lepton flavour universality



More charged leptons ? 8

Non-reconstructable neutrino(s)

- ¢ decay mode BR[%]

o*
.
.*
.

Primary Vertex

(op collision) T — uov | 17.39+0.04

T — 3TV 9.31+0.05

T — 377’y | 4.62+0.05

T — TV 18.82+0.05

T — pV | 25.49+0.99

» Partial reconstruction = unconstrained kinematics

» Partial reconstruction — large backgrounds when missing more than one neutrino: need to
fully exploit vertex topology information, track isolation, available kinematic information

» Taus @LHCb: muonic decay (direct comparison with Ho—Hcpv) or hadronic (3-
prong) decay: better constrained kinematics using the tau decay vertex

» Electrons @LHCb: fewer electrons than muons (lower selection efficiency) and with worse

resolution (Bremsstrahlung) - but less noticeable once you have already unconstrained
kinematics



Lepton Universality 9

» In the SM the only difference between B — D75

and B — D(*Hﬂ_l/_ﬂ is the mass of the charged lepton < .\\)

, . BB - DY)
The ratio R(D™) = —
¢ BB - DOu-v,)
charged Higgs, leptoquarks

Is sensitive to e.g.

» Hadronic form factors mostly cancel (except
helicity suppressed amplitude)

» D and D* different spin mesons: different physics sensitivities

» Two recent LHCb results: R(D™) with 7 = uvv and update of R(D*) with 7 — zzzv



R(D™) with 7 — pvv Measurement strategy 50

» Separate (partially reconstructed) signal, normalisation and background decays

» Can use B flight direction to measure transverse component of missing
momentum (no way to measure longitudinal component)

» Use approximation to access rest frame kinematics
Coll imati =B R(D™)) =
, Collinear approximationp, 3 =——"p, . ( ) =
Vis
» 20% (asymmetric) resolution on B momentum
— 10

q
D W A L O o O

- IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

Background

[y

500 1000 1500 2000 2500
E [MeV/c?

-

» Large MC (and data) samples needed to model and
incorporate in the fit uncertainty on template shapes



R(D (*)) with T — 12072 % Measurement strategy 51

. | I LHCb-PAPER-2022-039
» Three dimensional templated fit in me. Eﬂ . g B — D*7r1
» Projections show signal enriched (isolated) region, Run 1 (2011-2012) / ,B — Dtv
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--------------------------------------------------------------------------------------------------

» Shape variations of all major backgrounds controlled using data samples


https://arxiv.org/abs/2302.02886

Track isolation and control regions
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Track isolation and control regions

B decay

Underlying event

D decay ¢ i

Dy~ signal region

pp collision
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https://arxiv.org/abs/2302.02886

B — D** backgrounds

» Signal region + 3 control region for DO and D* - simultaneous fit in 8 regions

—— Data (3fb ")
B 3-D v
" B—>D1v

D%~ + 1 extra pion
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D** backgrounds: include the four known resonances,
individually floating yields

Updated model from Bernlochner and Ligeti all
parameters unconstrained
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.014022

B — D** backgrounds

» Signal region + 3 control region for DO and D* - simultaneous fit in 8 regions

D°u~ + 2 extra pions
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» Heavier D** backgrounds: (including non-resonant)

» No theory model: cocktail sample, variation in g* slope

m (GeV)

—— Data (3 fb™)
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B — DD backgrounds

» Signal region + 3 control region for DO and D* - simultaneous fit in 8 regions

DY~ + at least 1 extra K
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» B — D’DX backgrounds

» Spread from an ensemble of alternative models taken as

systematic uncertainty

—— Data (3 fb™)

B 3-D v

" B—>D1v
B—D'"'D X

B -0 uv
Comb. + misID

B B-D%uv

B 3-D " uv

B B-D"uv

» Third largest
uncertainty after
statistical and
systematic due to
simulation statistics



Muon (mis)identification

Events

Background from particles mis-identified as muons

Low momenta of muons from tau leptons: easy to mis-ID other particles as muon

Data-driven methods needed to describe these backgrounds: reconstruct B — Dh decays
(selection identical to the signal but the muon-ID), understand the composition of the

B — Dh sample and estimate the background shape using PID efficiencies (from data too)

Define a sample region to validate the model obtained

Worry about details (e.g. how about 7 — uv decays?)
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Internal fit uncertainties oR(D*)(x107%)  or(poy(x107%) Correlation
Statistical uncertainty 1.8 6.0 —0.49
Simulated sample size 1.5 4.5

B— D" DX template shape 0.8 3.2

B— DW¢—15, form-factors 0.7 2.1

B— D**u~ v, form-factors 0.8 1.2

B (B—D*D; (=7 17,)X) 0.3 1.2

MisID template 0.1 0.8

B ( B— D*r v, ) 0.5 0.5

Combinatorial < 0.1 0.1

Resolution < 0.1 0.1

Additional model uncertainty OR(D*)(x107%)  oR(po)(x10~?)

B— D®DX model uncertainty 0.6 0.7

BY— D**p~v, model uncertainty 0.6 2.4

Data/simulation corrections 0.4 0.8

Coulomb correction to R(D*T)/R(D*Y) 0.2 0.3

MisID template unfolding 0.7 1.2

Baryonic backgrounds 0.7 1.2

Normalization uncertainties OR(D*)(x107%)  oR(po)(x10~?)
Data/simulation corrections 0.4xR(D*) 0.6xR(DY)

T~ — pu~ vV branching fraction 0.2xR(D*) 0.2xR(D?)

Total systematic uncertainty 2.4 6.6 —0.39
Total uncertainty 3.0 8.9 —0.43




R(D*)witht — zzmr Measurement strategy 59

» Compared to measurements using 7 — uvv

» Different background composition:

» No B — D" Puwv (large) components
» Additional B - D*nrnX backgrounds
» B — D*DX with D* — rraX

» Need external input: measure rate relative to B — D*nrnn
» Update including LHCb 2015+2015 dataset

» Topology (e.g. flight distance of tau) suppresses “prompt” background

'e' Suppress 99% of this bkg
(originally x100 the signal)
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R(D*) witht — mrzyr Background modelling 60

» B — D*_(DO,DJF,D:)X backgrounds
» B — D"~D]X the largest contribution

» Use BDT classifier based on dynamics and the 7z resonant (sub) structure

>
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0.5

to separate signal from B — D" "D}X
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LHCb simulation
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Anti-D{ BDT response

Use data control region to model backgrounds

[BO — D*-fv,} w K m [B_. D*D(X) J
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R(D*) with t — mmzr Background modelling
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IIIIIIIIIIlllllllllllllllllIIIIIII
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B — D*_(DO,DJF,D;F)X backgrounds

Can use D, = nxnm mass peak to select a pure B - D*DX sample
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R(D*) witht — 7y Background modelling 62

» B — D"~ (D° D*,DHX backgrounds

» Use BDT classifi

to separate sig

—_
)
)
()

» Use data contro
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25 ps)

Candidates / (0

» Three dimensional templated fit in
g%, decay time, Anti-D BDT output

N(B' - D" ~tv) = 2469 + 154
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Latest LFU experimental results

B(BY — D7)

() —
R(ID™) = B(B® — D™ [v)

R(D¥) =0.281 +£0.018 £ 0.024 p=—0.43
R(D) = 0.441 + 0.060 = 0.066

64

BaBar 2012, had. tag 0 g
0.332 + 0.024 + 0.018 - - =

Belle 2015, had. ta; : i
0.293 = 0.038 = 0.01 5 —0
Belle 2017, (hadronic tau)
0270 = 0.035 + 0.027 T ®
Belle 2019, sl.ta%

0283 +0.018 +0.014

b7 + 0,024 —

LHCb 2023, (hadromc tau)
0.257 +0.012 =0

BelleII 2023, had tag d
0.267 = 0.040 = —

Average

0.284 £0.012

HFLAV SM Average

0.254 = 0.005

PRD 95 %2017) 115008

0257 =0

JHEP 1712 (2017) 060

0.257 = 0.005

PLB 795 (2019) 386

(l;‘l%slé 123 (2019) 9,091801
EPJC 80 (2020) 2,74
0.247 £ 0.006

EPJC 82(2022) 12,1141
0.265 £0.013

EPI( 87(7()"7) 12,1083
0.275 £ 0.008

arXiv:23 ()4 () 3137[hep-lat]
0.279 = 0.(

(%1X1\ 7306 07657[hcp lat] ' ‘
759 — e |
arXiv: 7 ()3 ll‘%Sﬁ|th ph]
0.258 = 0.012

HFLAV
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New Belle Il result at Lepton Photon

= 0.267 T3:935(stat.) ¥0:055 (syst.

)


https://indico.cern.ch/event/1114856/contributions/5423684/attachments/2685890/4660084/2023-07-04_LP2023_KojimaFinalVer_main.pdf

Conclusions

65

» Semileptonic decays are a great tool to probe the fundamental structure and parameters of
the SM, with controlled theoretical uncertainties.

» Main experimental challenge with semileptonic decays (@LHCb) is the missing neutrino. Have

developed ways to mitigate this in the last ~10 years.

» Many exciting results (and challenges) to come
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R(D*) witht — zrrmy Systematics 67

Source systematic uncertainty (%)
PDF shapes uncertainty (size of simulation sample) 2.0
Fixing B — D*~ D} (X) bkg model parameters 1.1
Fixing B — D*~ D°(X) bkg model parameters 1.5
Fractions of signal 7+ decays 0.3
Fixing the D 7tv, and D***7Fu,_ fractions s
Knowledge of the D — 37X decay model 1.0
Specifically the Df — a1 X fraction 1.5
Empty bins in templates 1.3
Signal decay template shape 1.8
Signal decay efficiency 0.9
Possible contributions from other 7% decays 1.0
B — D*~ D7 (X) template shapes 22
B — D*~DY(X) template shapes 1.2
B — D*~ D} (X) template shapes 0.3
B — D*3nX template shapes 1.2
Combinatorial background normalisation e
Preselection efficiency 2.0
Kinematic reweighting 0.7
Vertex error correction 0.9
PID efficiency 0.5 =
Signal efficiency (size of simulation sample) 1.1 R(D*) — K D* B(BO - D 37T:I:)
Normalisation mode efficiency (modelling of m(3m)) 1.0 ( ) o ( ) 0 % 1
Normalisation efficienc ' i ' B ( B g D 24 )
y (size of simulation sample) 1.1 H
Normalisation mode PDF' choice 1.0
Total systematic uncertainty e
Total statistical uncertainty 5.9

K(D*) = BB wDiag) e N o 1
~ B(BY— D*37%)  Nuiorm &sig B(rt— 3nE(n0)7;)



Expanding differential measurements 68

» Fully differential decay rate

» Helicity angles (and derived observables) are
sensitive to New Physics contributions and

hadronic interactions (Form Factors)

dT'(B - D*¢v)  3mgmp.Gp

dwdcos8,dcosO,dy ~ 16(4x)*

» Hadronic Form Factor parametrisation

» Boyd, Grinstein, Lebed (BGL)
[Phys. Rev. D56, 6895 (1997)]:

» Caprini, Lellouch, Neubert (CLN)
[Nucl. Phys. B530, 153 (1998)]:

6
ewl Voo |’ Z A (W)k(0z, 0. %)

f(2) Z b,z s \/_
Pf(z)d;f(z) . vw+1+v2

1 n.—1 .

Fi(e) = Pr (2)¢F,(2) nz=:o et

ha,(2) =ha (w=1) ( 1 — 8627 + (53p% — 15)2° — (2312 — 91)2°
Ry (w) =R;(1) — 0.12(w — 1) 4+ 0.05(w — 1)?
Ry(w) =Ry(1) +0.11(w — 1) — 0.06(w — 1)*



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.56.6895
https://arxiv.org/abs/hep-ph/9712417

EFT: modelling New Physics (and hadronic) effects 69

» What if we want to tell apart all possible NP contributions(s)

< .)\)) Wilson coefficients
C;=CM 4t

quark, e.g. b

» HAMMER tool (F. Bernlochner, S. Duell, Z. Ligeti, M.
Papucci, D. Robinson, Eur. Phys. J. C 80, 883 (2020) )
to re-weight MC events and obtain “dynamic”
templates, (for-)folding in the experimental resolution

Number of experiments

» Extract Wilson Coefficients and hadronic Form Factor
parameters from a fit to data (JINST 17 T04006)



https://gitlab.com/mpapucci/Hammer
https://link.springer.com/article/10.1140/epjc/s10052-020-8304-0
https://arxiv.org/abs/2007.12605

EFT: modelling New Physics (and hadronic) effects
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https://hammer.physics.lbl.gov/HammerManual.pdf
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1
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https://arxiv.org/pdf/2101.08326.pdf
https://arxiv.org/abs/1808.08865
https://arxiv.org/abs/1808.08865

Untagged Belle | B — D"t/ 0
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» D* — DY — Kn|r + charged lepton L. Belle ll _ [cdt=18937b"
 BOLD e, = signal
. . . . [ : : : . mmm Trueé D" background
» The neutrino direction is reconstructed 20.0} : mm Fald D® bbckgrund
' i i = [ . §:pata :
inclusively using the known angle cos 05y @ | et G
) ) w» 15.0F : :
between the B and the Y = D* + £ direction &
c
o 10.0
. . . S
» Theyieldin 10 (8) bins of w,cos 6], cos OV = a8
and x is extracted by fitting cos 05, and
AM = M(Knn) — M(Kn) e 1.3 1.4 1.5
w
. . dt =189.3fb ! Belle Il [cdt=189.3fb?
» Partial decay rates are determined from the [edt=189.31 Belle II [edt=18931
unfolded (SVD arXiv:hep-ph/9509307) yields Jodi=18030 Belle I fed=10930 "
Belle 1l [cdt=189.31b Belle 1l [edt=189.31
. 20.0 : :::aé. baCkoroundE §°"D':*e‘9. 35.0F : : F’J'vo‘*e'V.
» Main challenges: accurate background s} e re o scigrouna | 00 ' | :
- § Data ! | I a | :
: H @ 159F sy M unk. I | @ 25.0 |
model, slow pion tracking and i | i 5 i E
tatistical correlation tween bin § 109} ' | 5 ' |
statistical correlations between bins 5% .9 S D) - M) kA
g 5.0f B ™ 100 : ' 1156
BGL truncation order determined by -4 ! ! : 5
Nested Hypothesis Test [Phys. Rev. D100, 013005] 0.0 0.0

=4 -2

Values Correlations X~ /ndf
g X 10° 0.894+0.05 1.00 0.26 —0.27 0.07
50 x 10°  0.54+0.01 0.26 1.00 —0.41 —0.46
b, x 10° —0.44+0.34 —0.27 —0.41 1.00 0.56
¢ X 10° —0.05+0.03 0.07 —0.46 0.56 1.00

40/31

=1

cos By

1

“Y70.142 0.144 0.146 0.148 0.150 0.152 0.154 0.156
AM [GeV/c?)

LQCD used only for normalisation at zero recoil (w = 1)

C. Schwanda FFK'23

imi Veolmaw F (1) = (P (I)E()l 0 ) F(1) = 0.906+£0.013
Vmgmp: \ Pr(0),(0) . 906::0.
| Vel g = (40.9 £ 0.3(stat) + 1.0(syst) £ 0.6(theo)) x 1072



https://docs.belle2.org/record/3607/files/BELLE2-TALK-CONF-2023-057.pdf
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» D* — DO[ — Kr|lr + charged lepton . Belle Il | [cdt=189.3fb~!
55D e T, s Signal -
» The neutrino direction is reconstructed _ 200} ; :::?,z:ccgrfx:z
inclusively using the known angle cos 6,y ® ol SR
between the B and the Y = D* 4 £ direction g E World averages [HFLAV 2021]
G 10.0 p#
L . 2 V = (39.1 + 0.5) x 1073
» Theyieldin 10 (8) bins of w, cos 6l,cos 8V = .. Veblexcl. = ( )
: _ ' - —3
and x is extracted by fitting cos 0y and | |Vuplexe. = (3:51£0.12) X 10
A P.Horak FPCP'23 3 A
| V| x 10 Reference

» P Untagged B —> D*EV 409 1 12 (BGL) To be submitted to PRD :T__
Untagged B — D/v 38.3+ 1.2 (BGL) [arXiv:2210.13143]
» 1 Tagged B — D*fv 37.9 £ 2.7 (CLN) [arXiv:2301.047169)]

I

5 V| X 10° Reference

. Untagged B — wlv 3999 FU 25 [arXiv:2210.04224]
Ni |
— Tagged B — mev 3.88 £ 0.45 [arXiv:2206.08102]
{u, X 103 0.89+0.05 1.00 0.26 —0.27 0.07 LQCD used only for normalisation at zero recoil (w = 1)
bo x 10°  0.54+0.01 0.26 1.00 —0.41 —0.46 . y
Bl X ].03 —0.444+0.34 —0.27 —-0.41 1.00 0.56 40/31 IV'(I)")E\\'I(I) = » 177L - (P ((|)I;((:)| (0)> ]_—(1) — 0.906+0.013
& x 10° —0.054+0.03 0.07 —0.46 0.56 1.00 ] et ockaishio s
C. Schwanda FFK/23 | Ve lgop = (40.9 £ 0.3(stat) = 1.0(syst) = 0.6(theo)) X 1073



https://docs.belle2.org/record/3607/files/BELLE2-TALK-CONF-2023-057.pdf
https://indico.cern.ch/event/1166059/contributions/5407740/attachments/2655635/4599713/fpcp_vcb_vub.pdf
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Forward Backward o 0
), costdl'/dcost), — | _ cosO,dI'/dcosb,

Apg = — 0
01 cosf@,.dI'/dcosb, + ui) | cosf,.dI'/dcosb,

_Lyu ALPS ‘23

Belle Il Preliminary [cdt=189.3fb Belle Il Preliminary [cdt=189.3fb"!
60_5°-»o‘+z-v, 16F BO-»D"* 1"
= Al o e
O
8 50 + 0 12 '_*_‘+
2 aof =4 - o 10}
S —— e
x 30} —— s 8t
b a 6F
3 20 o
s Fitted BGL T 4}
10f Fitted CLN 5 Lt
¥ Experimental data
95 11 12 13 14 15 %00 =075 —0.50 —025 0.00 025 050 075 1.00
w cos 6,
. Belle Il Preliminary Jedt=189.3fb7 Belle Il Preliminary [cdt=189.3b"
G A sf BO»D" 1,
% 18
a .
w15 + + % 4 + +
T © + + L ’ 4
n
S12f |7 i ;
X
-—>- g —— —— % H_'
' i
a '—.—'I *——— : 2F
S 6f kS
o ~
S =
5 3t 1t
8502075 =050 —0.25 000 025 050 075 1.00 th 1 3 4 = s

cos By

R,,, = 1.001 £ 0.009(stat) = 0.021(syst)

Atg = 0.219 + 0.011 £ 0.020,
Aty =0.215 0,001 £ 0.022,

AApp = (-4 £+ 16 £ 18) x 107°

F; =0.521 10,005+ 0.007,
B =10.534 0,005 £ 0.006,
AFy =0.013 = 0.007 — 0.007,

1 dI 3

5 1-F
— = —<FLCOS Oy +
[ dcosBy,

L .
sm29V>



https://docs.belle2.org/record/3502/files/BELLE2-TALK-CONF-2023-034.pdf
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» Aim: measure the full set of angular

asymmetries as function of g2 (or w) A 01 cosd,dI'/dcosh, — B  cos6,dI'/dcost,
0 cost,dI'/dcost, + | | cosf,.dI'/dcosb,
ol (w) = (d—r)*”+1 - JO |x a7 iiiiiﬁii)
* dw 0 4 dwdx '

: dX — d(sin x cosd,,)

FB
Sy
S, : dX — d(cosxcosb,,)
S
S, : dX — d(sin 2y)

0

F 3
42
s il B
/ /] e e d cos OgdqQ’
[0
/

-1

:‘

d2
dq?dy’

4 =w/2 3rm/4 - 57/4 3w/2 Tn/4 2
dx

T T ] T-T-T+]
| 0 /4 =w/2 3n/4 7f 5t/4 3w/2 Tn/4

[#x/2 x 37/2 on 1 0

/ / / / dx !/ /] dcosf dq2dc030*dx
0

/2 ™  3m/2 0

™

T 1 0
d o*
/ /] X [/ /] cos dq2dcos0*dx
L0 0 1

™

D* t
f<—eo---»V — D*
L . 2 2 2
D* zero-recoil Wiow Whigh D* maximum-recoil o PB * PD* B mp +m D — @

| | | S =5 =
! Winel ' ' W mpmpx 2mpm p=
1.0 © 1.275 1.5




with at least p-values of 0.12

Angular asymmetries @ Belle I 76
g y [arXiv:2301.07529]
Belle II (2023) (Preliminary) larXiv:2301.04716] £ gt = 189 fb~?
5 o — *  Whigh » .
AFB Wincl. - —— : Wlow —m
) T — —_— Wincl ®
S3 —— —— SM vy YN
|| —— —— 77/ Belle (2023) y —_—
PO w Belle IT (2023) @
55 —_— B et ] Bobeth, et al. 2
—_—— —_— —_—
S7 e — —_—— o
—_— —_— —_—
Sg — s —— -
—_—— —_—— ——
R R B N L 7 U ERE B O U L T B (N U B B TR G U O B A T U T BRI U R OB U TR I B I T AU D O B T T SRV ) (R B TR B A U B BV O B A
-0.2 -0.1 0.0 0.1 0.2 -0.2 —-0.1 0.0 0.1 0.2 -0.2 —-0.1 0.0 0.1 0.2
A® — A%y AP — AR AA= AF — A°
D* ¢ )
pPE—eo--->» vV P D
D* zero-recoll Wiow Whigh D* maximum-recoil 1000 Belle II (2023) [Ldt =189 fb?
l = | > ¢ Exp Data
Wincl. w | I Signal
1.0 1.275 1.5 oo | B Background -
: : LA w o
» First experimental measurement of complete g | “re Wi : 8')
., 600 :
set of angular asymmetries g | cosO,€[-1,0] : cos@ € [0,1] o
O : %)
. o S o0 E
» Signal extraction in v invariant mass-squared = I
2 . i K . 200 - .
(M. ) in two w-bins plus w-inclusive range _ S
» No evidence of Iepton universa“ty violation 1.0 025025075125 -1.0 -0.250.250.75 1.25 2.0

M2

miss

2
Mrzniss = (pe+e‘ ~ PB,g — PD* pt’)

(GeV/c?)?]



https://arxiv.org/abs/2301.07529
https://arxiv.org/abs/2301.04716
https://indico.cern.ch/event/1166059/contributions/5407658/attachments/2655436/4598758/plewis%20FPCP%202023%20(1).pdf
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Systematics and Branching Fraction

B(B? — Kuv)
B(BY — Dsuv)

[%]

Uncertainty All ¢* low ¢* high ¢?

Tracking 2.0 2.0 2.0

Trigger 1.4 1.2 1.6 0 — 4+ o

Particle identification 1.0 1.0 1.0 B(BS — K H V'“) E li

o (o) 05 0F 0F <V ‘2 ol xternal inputs

Ccorr . . . T

Tsolation 0.2 0.2 0.2 By cb D

Charged BDT 0.6 0.6 0.6

Neutral BDT 1.1 1.1 1.1

¢?> migration — 2.0 2.0

Efficiency 1.2 1.6 1.6 _

Fit template 2 i Measured yields and

Total 0 +5.0 efficiencies from simulation
B(Ds; — KKm) 2.8 2.8 2.8

» Systematic can be reduced with larger
data (and MC) samples

B(BY — K~ utv,) = (1.06 & 0.05(stat) & 0.04(syst) & 0.06(ext) + 0.04(FF)) x 10~*


https://arxiv.org/abs/2012.05143

