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|_epton universality

This talk centres around experimental tests of lepton universality.
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This very distinctive SM feature appears to be violated in semileptonic B

decays
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The black box
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Outline

Introduction to the relevant experiments

Charged current tree-level anomalies (today)

Neutral-current loop-level anomalies (Wednesday)

Outlook
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| et's produce some BS

* Firstly, let's produce as many B's as we can cope with.

 (Can do this in two ways:

In e+e- collisions At the LHC
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Both have advantages and disadvantages.
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Ihe experiments

* | will concentrate on the LHCb experiment, but its interesting to
compare to the B-factories, as they are quite different approaches.

~2000-2010 Large Hadron Collider

= 2009-present
~2000-2008 messsEEEEE e e
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Ihe experiments

* | will concentrate on the LHCb experiment, but its interesting to
compare to the B-factories, as they are quite different approaches.
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| HCb luminosity
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 Why don’t we run at the same luminosity as CMS/ATLAS?
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The luminosity bottleneck

e (Collision rate ~30Mhz
* Electronics can read out at 1Mhz.

 Must make trigger decisions based on only partial information.

~ D

Require high PT muon or high S5
ET ECAL/HCAL cluster. g 5 F
1.5 |

This saturates rather quickly ; 1 b

: (@)
for hadronic B decays. §b.5 L
0 e Tl e B W Ol s s W
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Luminosity (x10%)
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What's important for B physics

e (G0ood mass resolution
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https://doi.org/10.1140/epjc/s10052-016-4338-8
https://doi.org/10.1088/1367-2630/15/5/053021
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Why semi-leptonic decays”?

* A decay is semi-leptonic if its products are part leptons
and part hadrons.

Vv
’ I'
d—(B — Dlv)
dg?
we § ¥
JJ G2 Vs 2 ()
b > ¢ I I

. q q B EW QCD

* These decays can be factorised, greatly simplitying theoretical
calculations.

* Lepton universality ratios further cancel theoretical uncertainties.
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Types of semi-leptonic decay

Two types of semi-leptonic B decay

Charged current

pr/rt

Can proceed via tree level -large O(%)
branching fractions.

NP sensitivity up to about 1 TeV

Patrick Owen

Neutral current

b > v > S
t

V/Z e

/-

Forbidden at tree level - low O(10-6)
branching fractions.

NP sensitivity up to about 50 TeV
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Tree-level b — clv transitions

ut /e
b -
B@
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R(D™)
e Large rate of charged current decays allow for measurement
IN semi-tauonic decays.

(%) * Form ratio of decays with different
B(B — D TV) lepton generations.

B(B — D(*)EV) * Cancel QCD/expt uncertainties
(90% of R(D*), 50% of R(D)).

R(D™) =

e R(D¥) sensitive to any physics model favouring 3rd generation
leptons (e.g. charged Higgs).

ut )Tt ut /et ut /Tt
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Who has made measurements

* Three experiments have made measurements

BaBar Belle LHCDb
#B’s produced | O(400M) O(700M) O(800B)*
Production | ey, g | T(4S) = BB | pp — g9 — bb
mechanism
Phys.Rev.D 92, Phys.Rev.Lett. 115,
L Phys.Rev.Lett 109, 072014 (2015) 111803 (2015)
Publications 101802 (2012)

Phys. Rev. D 88,
072012 (2013)

* during run 1 of the LHC

Patrick Owen

Phys. Rev. D 94,
072007 (2016)

Phys. Rev. D 97,
012004 (2018)

Phys. Rev. Lett. 120,
171802 (2018)
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lau decays

T — UVV T — 3TV T — TV

More kinematic |
Large statistics information Good polarimeter

Efficiency largely cancels Precise tau flight
with muonic mode information

B — D*(t — uvv)v VS B — D*uv

No background from | Tau decay well

Tau decay well understood muonic modes understood

| will start with the measurements using 7 — uvv
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The problem with neutrinos

* At least two neutrinos in the final state (three if using 7 — uyv

* No sharp peak to fit in any distribution:
;:) o +++++"*++++++*+++++++++*++*wm”+*:_§

=5 3
5200 5400 5600 5800
m(K - utu~) [MeV/c?]

o Difficult to reconstruct
B rest frame (used to
discriminate signal
and backgrounds).

Nature volume 546, pages 227-233
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Reconstruction at the B-factories

e At B-factories, gain a lot information using a ‘tagging’
technigue.

e (Cleanest is to fully reconstruct
K hadronic decays: € ~ 0.1%.
s
Bag Bgig D/ 12 e (Qver 2000 final states are

reconstructed.

e (Can also use semileptonic
decays: € ~ 0.2%.

Belle II's new algorithm improves » Better efficiency but
things by a factor over a tactor 2. information is lost.
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Things don't get much worse
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In the end B — D™ v is not such a problem.
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Backgrounds

* Most complicated background is
B — DY)(DF — pX)

* Not such a problem for the B-

factories, why?

2.8
2.6 F

2.4 F

2.0 F

1.8 F

2.2

/f D,
e
b C
B D
q q

* Another important background

comes from SL decays to excited
charm states, B — D™*) v

* Missing more than a neutrino causes you to look more like a tau.

Patrick Owen
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Signal fits

* Three main backgrounds:

B — D*/lv
B — D**/v
B—-D*"DX
Belle [2]
§ o B—> D¥tv
BaBar [1] i B> Dlv
i | 3o | H‘, mE- Dy
40 = ;\ -D**(ﬁ/T) 10?— +
I ﬁ*ﬂ o

1

2

6 8
2 24
M,iss(GEV/c)

Candidates / (0.3 GeV*/c™)

Pulls

LHCb [3] =:-5%

4000F
3000F

2000F

—— Data

- B — D*tv
— D* H( X" X

— D*u
Comblnatorlc

1000F

9.35 < q’ <12.60 Misidentified

“““““““““““““““““““““““
o e S NEL L L e Con Do D

 Fit variables which discriminate between muon and tauonic mode.

 LHCDb fitis 3D also to lepton
energy and g2.

Patrick Owen
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1] Phys. Rev. D 88, 072012 (2013)
2] Phys.Rev.D 92, 072014 (2015)
3] Phys.Rev.Lett.115, 111803 (2015)
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Aside: Likelihood fits

* (General steps to determine a signal yield:

* Write down a probability density function, PDF, as a function of

parameters, A.

 Find the values of A which maximise the likelihood that the PDF
describes the data (using gradient descent).

02

N A
021 (/P

Patrick Owen

Once a tolerance has been achieved,
calculate the second derivate (Hessian
matrix) to determine the uncertainties.

“roe § Spaa
| ,‘ N B2 Div
40 — |\\ N D*¢lv
i NN H,+ W D**(¢/7)v
| N % []1Bkg.
20 - % 8l 1

24 Particle flavour fever school



Template fits

The fits use ‘templates’ to fit the data.
* This just means the PDFs are non-parametric.

For the LHCb case, we use histograms as the PDF.

Templates Parametric
é o = 50 LHCb E
= I o "M Signal E
0.15F = : E
>V, 60 ; ; =
" | o Combinatorial =
g — 50 =
S 8. 40 =
< 0.1f 8 =
g 1.1<¢’<6.0 [GeV*/c*] 3
[ = =
L 10 =
0.05} S 5

S P
0 E“+ﬁ++*tﬂ++++++*+w ++++ ¢ 4. +++ -t !H# +. _____ + _+_§

9, o B _ _ o
0 5 10 5200 5400 5600 5800
m2. (GeV/c?)® m(K* - u”) [MeV/e?]

miss

Pulls

Tends to be more tricky to introduce shape variation and MC

uncertainties into template fits.
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Blinding

* All NP sensitive analyses are blinded, which means that the result is

not looked at until the last second (once the analysis procedure has
been finalised).

* Thisis an incredibly important part of an analysis, to avoid conscious
and unconscious bias.

* Avoid training a selection on the data itself.

* What if an alternative model gives a much closer to result to the
SM?
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Hints of an excess?

* All experiments see an excess in the number of B — D*71v
candidates.

Belle il
» What’s interesting is that the Pmlﬁifi?é%%mos N
(Inclusive Tag)

experiments have rather different ... e
systematic sources. A e I

471x10° BB
(Hadronic Tag)

Presented at FPCP2015 i
772x10° BB (" ¢
(Hadronic Tag) i1

LHCb-PAPER-2015-025 | o
3.0 fb! ! —
(T—> UVv) '

| | 1 | 1 | - | 11 11 :l : | 11 | 1
0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45

Standard Model R(D*)
Fajfer et al, PRD 85 (2012) 094025
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Aside: Systematic uncertainties

* The definition of a systematic uncertainty is a bit fuzzy.

* Wide definition of anything that isn’t the uncertainty on the signal
dataset.

* Narrow definition of anything that won't scale with luminosity.
* [nreality, its anything that you cannot parameterise in the fit.

* Multiplying your likelihood by a Gaussian PDF which describes an
systematic uncertainty is usually the best way of including an
uncertainty.

 (Changing something and recomputing the result is not a very good way
to do things.
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Systematic uncertainties

e So what can we be worried about in this measurement?

—— Data
Py ——1——————7————1— B — D*tv
~ 4000F 9.35<q* < 12.60 GeV*/c* mm B — D*H,(— MX)X
N; N : B B - D**lv
[ Bl B — D*uv
(qj) 3000 — Combinatoric
o B ' Misidentified n
O’ L -
= 2000 *eo —
8 - :
S 1000 —
= _ -
g - —
5 il e S
:15 2__ ........................................................
VR R R R - S

-2 0 2 4 6 8 10
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R(D*) control samples

Anti-isolate signal to enrich particular backgrounds.

——— Data

B B — D'wv

B B — D*H (= MX)X

B B — D™l
Bl B — D*uv

| Combinatoric
Misidentified u

1500

1000}

Candidates / ( 0.3 GeV?/c*)

500}

This goes directly into the fit. lll be talking about the all the sources.
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Systematic uncertainties

e Systematic uncertainties affect the fit shapes and the efficiencies.

BaBar, Phys. Rev. D 88, 072012 (2013)

Fractional uncertainty (%) e . —_
Source of uncertainty R(DY) R(D™) R(D) R(D*™)  R(D) R(D*) Model uncertalni?les Absolute size (x1079)
Additive uncertainties Simulated Sample S1ze 2.0
PDF's Misidentified 1 template shape 1.6
B — D™ (1~ /t7)U FFs 0.3 0.2 02 0.1 02 02 = .t p :
D** — D™ (70 /n?%) 0.7 05 0.7 0.5 0.7 0.5 B — D gc(___) prX )_X Sha]ff C_OEI‘GC’CIOHS 0.5
B(B — D**{" ;) 1.0 04 1.0 0.4 0.8 0.3 ZE(B — D**77v.)/B(B — D"~ v,) 0.5
B(B = D**7"7,) 1.2 20 21 1.6 1.8 1.7 B — D**(— D*nm)uv shape corrections 0.4
*k () . . .
D™ = D7 2026 21 2.6 2126 Corrections to simulation 0.4
Cross-feed constraints . .
MC statistics 2.6 09 21 0.9 24 15 gomblnatorlal backgml_md shape 0.3
Foes 62 26 53 1.8 50 20 B — D**(— D**m)pu~ v, form factors 0.3
Feed-up//feed-down 1.9 05 16 0.2 13 04 B — D**(Dy — 7v)X fraction 0.1
Isospin constraints - - - - 1203 Total model uncertainty 2.8
Fixed backgrounds . . . s . —2
MO statistios 13 93 43 r . Normallzatlon ur'lcertalntles Absolute size (x107%)
Efficiency corrections 4.8 3.0 4.5 2.3 39 23 Simulated sample size 0.6
Multiplicative uncertainties Hardware trlgger efﬁ01ency 0.6
MC statistics 2.3 14 3.0 2.2 18 1.2 Particle identification efficiencies 0.3
B — D™ (1= /¢t7)7 FFs 1.6 0.4 1.6 0.3 1.6 0.4 Form-factors 0.2
Lepton PID 0.6 0.6 06 0.5 0.6 0.6 _ _—
T — U,V 1
7 /n* from D* — Dx 0.1 0.1 0.0 0.0 0.1 0.1 B( VY ,T) . . <0
Detection/Reconstruction 0.7 0.7 0.7 0.7 0.7 0.7 Total normalization uncertalnty 0.9
B(r~ — (" w,) 0.2 02 0.2 0.2 02 0.2 Total systematic uncertainty 3.0
Total syst. uncertainty 12.2 6.7 11.4 6.0 9.6 5.5
Total stat. uncertainty 19.2 9.8 18.0 11.0 131 7.1
Total uncertainty 22.7 11.9 21.3 12.5 16.2 9.0
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https://doi.org/10.1103/PhysRevLett.115.111803

Simulated sample size

The largest uncertainty in both cases is the size of simulation.

BaBar, Phys. Rev. D 88, 072012 (2013)

Fractional uncertainty (%)

Model uncertainties

Absolute size (x1072)

Source of uncertainty R(D%) R(D*°) R(DT) R(D*T)  R(D) R(D*)
Additive uncertainties
PDFs
[MC statistics 6.5 2.9 5.7 2.7 44 20|
B — DY (1~ /™) FFs 0.3 0.2 0.2 0.1 02 0.2
D** — DX (z°/n%) 0.7 0.5 0.7 0.5 0.7 0.5
B(B — D**{"vy) 1.0 0.4 1.0 0.4 0.8 0.3
B(B — D**17v,) 1.2 2.0 2.1 1.6 1.8 1.7
D™ — DWrr 2.1 2.6 21 2.6 2.1 26
Cross-feed constraints
[MC statistics 2.6 0.9 2.1 0.9 24 1.5 |
fpxx 6.2 2.6 5.3 1.8 50 2.0
Feed-up/feed-down 1.9 0.5 1.6 0.2 1.3 04
Isospin constraints - - - — 1.2 0.3
Fixed backgrounds
[MC statistics 4.3 2.3 4.3 1.8 31 15|
Efficiency corrections 4.8 3.0 4.5 2.3 39 23
Multiplicative uncertainties
[MC statistics 2.3 14 3.0 2.2 1.8 121
B — DY (r= /{7)v FFs 1.6 0.4 1.6 0.3 1.6 04
Lepton PID 0.6 0.6 0.6 0.5 0.6 0.6
7°/x% from D* — Dx 0.1 0.1 0.0 0.0 0.1 0.1
Detection/Reconstruction 0.7 0.7 0.7 0.7 0.7 0.7
B(t™ — (" vevr) 0.2 0.2 0.2 0.2 0.2 0.2
Total syst. uncertainty 12.2 6.7 11.4 6.0 9.6 5.5
Total stat. uncertainty 19.2 9.8 18.0 11.0 131 7.1
Total uncertainty 22.7 11.9 21.3 12.5 16.2 9.0

[ Simulated sample size 2.0
Misidentified 1 template shape 1.6
BY — D** (7= /u~)v form factors 0.6
B — D**H.(— uvX')X shape corrections 0.5
B(B — D**77v,.)/B(B — D*u"1,) 0.5
B — D**(— D*nr)uv shape corrections 0.4
Corrections to simulation 0.4
Combinatorial background shape 0.3
B — D**(— D**m)u~ v, form factors 0.3
B — D**(Dy — 1v)X fraction 0.1
Total model uncertainty 2.8
Normalization uncertainties Absolute size (x1072)

| Simulated sample size 0.6 |
Hardware trigger efficiency 0.6
Particle identification efficiencies 0.3
Form-factors 0.2
B(r— = p"v,v;) < 0.1
Total normalization uncertainty 0.9
Total systematic uncertainty 3.0

Patrick Owen
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https://doi.org/10.1103/PhysRevLett.115.111803

A word on simulation

At the LHC, it takes 25ns to produce an event.
It takes about a minute for fully simulate an event.
Roughly 1 in 100 collisions has a bb pair.

The branching fractions of the decays involved are O(%) level,
multiplied by O(10%) for the D decay.

That still leaves 4 orders of magnitude difference in the production
rate between simulation and data.

Producing enough simulation is difficult, and usually requires Iots
of tricks.
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B — D*T1v

* The next one is related to B — D**rv decays.

BaBar, Phys. Rev. D 88, 072012 (2013)

Fractional uncertainty (%) e . —_
Source of uncertainty R(DY) R(D™) R(D) R(D*™)  R(D) R(D*) Model uncertalni?les Absolute size (x1079)
Additive uncertainties Simulated Sample S1ze 2.0
PDF's Misidentified 1 template shape 1.6
B — D™ (1~ /t7)U FFs 0.3 0.2 02 0.1 02 02 = .t p .
D** = DW(x°/x*) 0.7 05 0.7 0.5 0.7 0.5 B — D EC(__i prX >_X Sha]ff c_ozrectlons 0.5
B(B — D** (" 7;) 10 04 10 0.4 0.8 0.3 B(B — D**17v;)/B(B = D" 1v,) 0.5
B(B — D17 7,) L2 20 21 1.6 1.8 1.7 B — D**(— D*mm)uvr shape corrections 0.4
*k () . . .
D™ = D7 2026 21 2.6 2126 Corrections to simulation 0.4
Cross-feed constraints . .
MC statistics 06 0o 91 0.9 ou 15 Combinatorial background shape 0.3
. . . . 4 1. = . ot o
7o 62 26 53 18 50 20] B — D**(—= D*"m)u~ v, form factors 0.3
Feed-up/ feed-down 19 05 16 0.2 13 04 B — D*t(Dg — 1) X fraction 0.1
Isospin constraints - - - - 1203 Total model uncertainty 2.8
Fixed backgrounds . . . s . —2
MO statistios 13 93 43 r 51 15 Normallzatlon ur'lcertalntles Absolute size (x107%)
Efficiency corrections 4.8 3.0 4.5 2.3 3.9 23 Simulated Sample S1Z€ 0.6
Multiplicative uncertainties Hardware trlgger efﬁ01ency 0.6
MC statistics 2.3 14 3.0 2.2 18 1.2 Particle identification efficiencies 0.3
B — D™ (1= /¢t7)7 FFs 1.6 0.4 1.6 0.3 1.6 0.4 Form-factors 0.2
Lepton PID 0.6 0.6 06 0.5 0.6 0.6 _ __
T — U,V 1
7 /n* from D* — Dx 0.1 0.1 0.0 0.0 0.1 0.1 B( VY ,T) . . <0
Detection/Reconstruction 0.7 0.7 0.7 0.7 0.7 0.7 Total normalization uncertalnty 0.9
B(r~ — (" w,) 0.2 02 0.2 0.2 02 0.2 Total systematic uncertainty 3.0
Total syst. uncertainty 12.2 6.7 11.4 6.0 9.6 5.5
Total stat. uncertainty 19.2 9.8 180  11.0 131 7.1
Total uncertainty 22.7 11.9 21.3 12.5 16.2 9.0
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https://doi.org/10.1103/PhysRevLett.115.111803

B — D*T1v

* People are worried about B — D**rv, it has its own puzzles.

LHCb, PRL115,111803(2015)

(*)_ (*)_ /-\1800 e _r -1 - - -4
BF(D 'I'V,) + BE(D' 'nlV,) —e— 13 —— Data
o 1600 BN B - D™tv
0 B B — D*H (- X)X
© 1400 BN B > D"l
¥y (%) (o (*) S 12 B B - D'uv
BF(D"17)) + BE(D'nl¥,) + BF(D 'l 7)) o 120 Combinatorial
3 1000 Misidentified p
=
o
S
@)

800 -

600 -

Inclusive BF(X I'V)) o~ 400 -

200 r

R N I e e e e et e "8 Tied | e P
65 7 75 8 85 9 95 10 105 11 115 %0 2 4 6 80
Branching fraction (%) m; .. (GeVicr)

From S. Hirose @ FPCP 2016

* Forthe LHCb measurement it is controlled using data with an
extra pion added to the D”.
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Form factor uncertainties

* The uncertainty on QCD has an impact on the measurements.

BaBar, Phys. Rev. D 88, 072012 (2013)

Fractional uncertainty (%) e . —_
Source of uncertainty R(DY) R(D™) R(D) R(D*™)  R(D) R(D*) Model uncertalni?les Absolute size (x1079)
Additive uncertainties Simulated Sample S1ze 2.0
PDF's Misidentified 1 template shape 1.6
B — D™ (r /(" )v FFs 0.3 02 02 0.1 02 02 = T ; ;
D** — D™ (7% /%) 0.7 05 0.7 0.5 0.7 0.5 B — D HC<__> prX )_X shape cozrectlons 0.5
B(B — D**0" 1) 1.0 04 1.0 0.4 0.8 0.3 ZE(B — D1 v,)/B(B = D*u"7v,) 0.5
B(B — D**7 v,) 1.2 20 21 1.6 1.8 1.7 B — D**(— D*nm)uv shape corrections 0.4
*k () . . .
D™ = D7 2026 21 2.6 21 26 Corrections to simulation 0.4
Cross-feed constraints . .
MC statistics 2.6 09 21 0.9 24 15 gomblnatorlal backgrm_md shape 0.3
- ) v, rorm lactors .
fo 62 26 53 1.8 5.0 2.0 B — D™ (— D* )~ v, f fact 0.3
Feed-up/feed-down 1.9 0.5 1.6 0.2 1.3 04 B — D*+(DS — 7v)X fraction 0.1
Isospin constraints - - - - 1203 Total model uncertainty 2.8
Fixed backgrounds . . . s . —2
MO statistios 13 93 43 r 51 15 Normallzatlon ur'lcertalntles Absolute size (x107%)
Efficiency corrections 4.8 3.0 4.5 2.3 3.9 23 Simulated Sample S1Z€ 0.6
Multiplicative uncertainties Hardware trigger efﬁcjency 0.6
MC statistics 2.3 14 3.0 2.2 1.8 1.2 Particle identification efficiencies 0.3
Lepton PID 0.6 0.6 06 0.5 0.6 0.6 — —

T = U ULV 1
7°/x% from D* — Dx 0.1 0.1 0.0 0.0 0.1 0.1 B( VY .T) . . <0
Detection/Reconstruction 0.7 0.7 0.7 0.7 0.7 0.7 Total normalization uncertalnty 0.9
B(r~ — (" w,) 0.2 02 0.2 0.2 02 0.2 Total systematic uncertainty 3.0

Total syst. uncertainty 12.2 6.7 11.4 6.0 9.6 5.5
Total stat. uncertainty 19.2 9.8 180  11.0 131 7.1
Total uncertainty 22.7 11.9 21.3 12.5 16.2 9.0
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https://doi.org/10.1103/PhysRevLett.115.111803

Form factor uncertainties

* The uncertainty on QCD has an impact on the measurements.

I
: —— (B — Dlv)

GrlVe|"f(q°)

P

EW  QCD

LHCb PRL1 15 111803(2015)

/N 1LJU

It you fit g2to determine the signal, then your
measurement will depend on QCD

Patrick Owen

;: 220 | I | | LHCb
S 200
% 180
v 160
N
3 140
; 120
2 100
o
5 80
=
O 60

40

20

q2 (G€V2/c4)
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| atest LHCb measurement

Phys. Rev. Lett. 120, 171802 (2018)

Tr~ 7T X decays.

e First measurement with 77 — «

» No background from B — D*™ v

» Normalise signal yield to decay B — D* ntn o™

k_(pr=BRE =D¥Tv,) | NE =DTTv) 1 E(B = D¥ ax')
had BR(B' = D* n'n x") NB'—=D* xrn'n ) BR(t" = n'n ()W, ) «B" = D* 1'v.)

BR(B" =D mn'n ")

R(D*)=K, (D*)x :
( ) had( ) BR(BO %D _‘LL+VM)

 Why don't we just directly measure R(D*)?
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-lignt distance cut

Phys. Rev. Lett. 120, 171802 (2018)
» Huge background from B — D"**)3xX

* Reduced by requiring a flight significance > 4c.

U oY I8 LA s BO—D*+
/y B—D* '’ (+N) / —D™TV,
",: : i\; g\\-_—’) VT
Do D°
A ) y _
y "I \\\‘ TEO ,S ceoe Bo l: ‘:5 ........ /"-\\ VT
B ‘\ / \\-_,/, + e 1\‘ H
) Seam” T S’
Tt A -
>4
PV - PV Oy, -
p p + P P
@ : -@-

 Why don't the B-factories do this”

Patrick Owen 40 Particle flavour fever school



Ihe 3 dynamics

Phys. Rev. Lett. 120, 171802 (2018)
 Largest background from B — D) (D} — 37 X)X

* Exploit the difference in the 3m dynamics between the D and the T.

D: > KK'n Preliminary
~ 2.5 "

——
@(1020)

m(K *)? (GeV¥/ e’

Example Dalitz plot

- L. L. L. L1 L1 ,
85 1 15 2 25 3 35 4
m(K K*)? (GeV?/c')
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BD | discriminant

 Largest background from B — D")(D} — 37X)X

T T T T T T T

S 03F | —~ N i
N; ' t ® 7 (;U b @ 3
0 025F + - o ++ -
2 C ] 2 0.08 __ + .
lo”\- 02 LHCDb simulation B 2 . :*' + + ]
N - ] < o ]
— 0.15F ¢ Signal - Z 0061 4 + + i
5 C ¢ + 5 : . * .
£ o1b . # Background 3 £ 004p, 4 o 4ot
:-9 C - '-9 - +e oy
o) o I-:. e, _ at .
5 005F =", Caa, 3 5 002 - —
@) .l - . Tag O B :I - ll

0% e ; Oh L ey temtgaann,. 1

500 1000 1500 2000 2500 500 1000 1500

max[m(z*77)] [MeV/c?]

min[m(z*w~)] [MeV/c?]

~ 0.09
N

= 008

¢ 0.0
07

>

<+ 0.06

= 005

— 0.04

O

= 003

2

= 0.02

=

O 0.01

() lal
300

Rag®®

t | :j#“",,_-:- .

1 M

L | L L L
4000 5000
m(D - x*) [MeV/c?]

1 1 1

Can combine this information into a multivariate classifier.

* A multivariate classifier is something which uses machine
learning to exploit correlations between variables.

* A good exampleis aBDT.

Patrick Owen
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What is a BDT?

* A decision tree is a series of selections which can isolate
different categories of data.

Survivors of Titanic

E is sex male? E

/AN

| survived )

is age > 9.5?

i \ 0.73 36%

( d'ed’J is sibsp > 2.5?
0.17 61% / j
Idledj Sumved |
0.05 2% 0.89 2%

Patrick Owen

A decision tree can be trained on data
by, splitting the sample recursively
until the discrimination doesn't get any
petter.

Sequential selections can exploit
correlations in features.
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B0o0osting

 The problem is that decision trees can quite easily follow statistical
fluctuations in the data, known as overtitting.

* This can be remedied by creating an ensemble of trees (boosting).

 Several approaches exist, the (2% 40
easiest to imagine is bagging, e
whereby a random sample of N\
the input Is taken and a used to
train a decision tree.

Resamples

Models

* More efficient methods also T
exist e.g. AdaBoost.
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Fit variables

 Once the BDT has been combined, fit it to discriminate background

from signal.
- B —1 - 1T T I — T T T T
& 0.1[LHCbsimulation | _ +H ]
- T 8= i i
° AlsousetheTdecaytimeasitis 3 [ . by :
. 0.08| % Signa -
generally a bit shorter than charm = & "7 4 ;iwoend .:*-""**- t+
hadrons. 0.06F LA PR ; -
| | | o 0.04 - ) +* 3
 Final variable is g2, similar to the : . to. t
muonic analysis. 0.02- . M .
| = & I-' -
0 - . _.l-_' "f‘. o ..'F'-l“:.lé
04 -0.2 0 0.2
BDT response
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Signal fit

Phys. Rev. Lett. 120, 171802 (2018)

: 52500 JE— T
) < | ]
Perform 3D template fit to L e Preliminary — :
determine signal yield. 5 2000 .
W B :
C= 1500 . —
1000 |- -
I - -

= -

> 500~

&8 -

% 5 10
92 [GeV?/c*]
~ T = — — , , ! : : : —
& 6000 . - 5 = LHCb Prelim; 3
\O - LHCD Preliminary 3 2 3500 reliminary =
= i ] = Dat ]
= 000 & 4 & 3000 _° Total model =
—_ L - - - BB Dty -
~— 4000 - S 2500 Dty =
2 00l | S o0f s f
[ 7 - *D+ 7
5 3000 | 4 200 - A X E
— . i D*D0X ]
- 2000 :_ _: é 1500 - =comb.bkg. ]
C . L%) 1000 E— =
0 = 0k
0 0.1 0.2 0.3 0 0.0005 0.001 0.0015 0.002

BDT T [nsec]
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Control over backgrounds

Phys. Rev. Lett. 120, 171802 (2018)

 Both the B and D decay part of B — D™)(D} — 37X)X need to

be controlled.

|solate the background by
looking at the low BDT region.
This is used to control the Dgt
decay.
S00F T T T T T T T T T T T TS
§ 180 LHCb Preliminary ? E
C 160 - . =
<t 140 ;_ ’ T§:21 model _;
N 120F B’ — D*D, =
~ [0 M B —DD: } E
- - B’ — D*Dy,
8 80:_ B B — D#*D, X 3
n 60F B, — D*D, X 3
40 E comb. bkg.
20 F ; -
0% 5000 5500

2000

4500 .
M(D rnta ") [MeV/c?]

Patrick Owen

2000 =

1500 p=

1000 =

500

Candidates/(40 MeV/c?)

—&— data .

Dy — n'm, M'p

-Dsﬁnm np |

Other D_ decays

- Non-D_ background

0
200

800

600
min[m(rtn)] [MeV/c?]

1000 1200

* The B decay part is isolated by
looking at fully reconstructed

47

Ds+—>3ﬂ
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Result

BR(B" = D* 1'v.)

K, (D¥)=
tad BR(B’ - D* x*nn*)

BR(B' =D n'n x")
0 *_
BR(B" — D" u'v,)

R(D*)=K, ,(D*)x

 Dominant systematics from external
BFs, efficiency corrections and
background shapes.

Patrick Owen 48

Phys. Rev. Lett. 120, 171802 (2018)
 Combine signal yield, efficiencies and external info to determine R(D*).

BaBar had tag
PRD 88 (2013) 072012
0.332+0.024+0.018

Belle had tag

PRD 92 (2015) 072014
0.293 +£0.038 £ 0.015
Belle SL tag

PRD 94 (2016) 072007
0.302+0.030+0.011
Belle 1-prong

PRL 118 (2017) 211801
0.270 = 0.035 = 0.027

LHCb muonic
PRL 115 (2015) 111803
0.336 = 0.027 = 0.030

LHCDb 3-prong

LHCb-PAPER-2017-017
0.285+0.019+ 0.029

LHCb average
0.306 £ 0.016 = 0.022

Fajfer et al. (SM)
PRD 85 (2012) 094025
0.252 = 0.003

0.1 0.2

03 04
R(D*)
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Combination

e All experiments see an excess of signal w.r.t. SM prediction.

T T T | T T T T |
BaBar, PRL109,101802(2012)

% o<F -
@ 0.5 :_ Belle, PRD92,072014(2015) sz = 1.0 contours _:
sk LHCDPRUIISIR03OIS) oy Average of SM predictions | *
: LHCH,PRLIZITISON0N)  RDW=025% 20005 1 Horizontal bands refer to R(D*),
[ Average . .
B S ] ellipses refer to both R(D*,D)
035 T =
03 \l l __:
025 I :
02 | E
0.2 0.3 0.4 0.5 0.6
R(D)

Latest HFLAV average [1] quotes 3.86 from SM prediction

[1] https://hflav-eos.web.cern.ch/hflav-eos/semi/
summer18/RDRDs.html
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What now"?

* Main priority is to clarity the existence of any NP signal.

Improve the precision of Rp-ratios. Explore other b-hadron systems.
L,\"G 09:' ! ! ! | ! ! ! ! | ! ! ! ! | ! ! ! T
TSL08E LHCb arXiv:1405.6842 -
ok T E
0 Ex | | - H
10 20 30 40
p.. [GeV/c]

 We are already doing this with the current data in hand.
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Beyond R measurements

NP can also alter angular distribution of decay products.

* e.g. charged Higgs boson would mean isotropic distribution of
the lepton pairs.

x2/ndf =20.3/19,p=37.6%

w
o
T

w
(@)

v2/ndf=35.1/19,p=1.4%

n - +
R ST T NN SO SO TR SO NN SO SN S SO A T S W I R TR W NN TN SR AT TR NN SO MO SO T S T S N’
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
Py [GeV/c] Py [GeV/c]

$. SM EJzOI_CT:O-36 Belle compared the D*
S | S I momentum for different models.
§ ol gm_

Eventually want to do a fully angular analysis
of the decay.
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| atest result from Belle

arXiv:1612.00529, submitted to PRL

* First result to use hadronic 7 — wv decays.

A

[ Tanaka, 1994]

Pr V\éq-
®er
/éJ_ WRHT .
| -
e
5 3

o
[T

Patrick Owen

. Fake D* and qQ@
- Data

51000
= 800

B signal B->D*Iv,
7 B->D**Iv, and
rcross feed [l Zadron}/cl: B

A
o
7

oo
o
T L —

Events / (0.05 GeV)

0.2 04 06 0.8 1 12 14
EECL(GeV)
Also first measurement to measure T
polarisation.
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Future measurements

 We at LHCb are furiously working on several R measurements.
 R(D), R(Ac) with muonic and semileptonic tau decays.

e Some of these will try to relax the physics assumptions behind the
signal models.

 We are also looking at the feasibility of an angular analysis,
resolution is key here.

We are here
. l Guglielmo De Nardo at SUSY 2018
g “C Goal of Belle Il/SuperKEKB
* Belle-ll will also come online soon: they 5c . Fhsez  Phases
: - 22 F c

will also make precise measurements  § = £ g4

including ones inaccessible to LHCb: =~ = 8 & " suws

e.g. B—>1v. Ty 6 Ne
£ o Flavour MILESTONE
55 o 5-10 abt
& T 3018 2019 2020 2021 2022 2023 2024 2025
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Half-time

LHCb and the B-factories have collected a huge number of B
decays and have tools to study them in great detall.

They all point towards a larger than expected decay rate of B — D" 1v
but no single measurement is above 30 still inconslusive.

The measurements are difficult and complicated, but | hope |
have convinced you that the systematic uncertainties are well
understood and calculated.

The future is bright for these measurements, with new R
measurements and angular analyses on the horizon.

Next lecture we will move to.b — sf¢ which is rather different
(easier) experimental challenge.
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Back-ups

Patrick Owen 55 Particle flavour fever school



R(D™) control samples

Anti-isolate signal to enrich particular backgrounds.

o
N
-
=]
o

2000
1500F

1000F

Candidates / ( 0.3 GeV?/c*)

500

o0 2 46 820
m2.  (GeV-/c™)

miss

Patrick Owen

1800 LI DL L L DL L L |
—~— Data

1600 B B —> D*tv
I B - D*H (— vX')X

I B — D**lv

I B - D*uv
Combinatorial

Misidentified

Candidates / ( 0.3 GeV?/c*)

m2. (GeV?/ch)

miss
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Candidates / ( 0.3 GeV?/c*)

R(D™) 3D fit

3D fit used to discriminate signal from backgrounds

60000 F

Patrick Owen

L L L L |

—— Data

B B > D*tv

I B — D*H,(— X)X

B B - D**lv

Il B > D*uv
Combinatorial

[ Misidentified p

Candidates / ( 75 MeV )

30000
25000
20000
15000
10000

5000F

500

1000

1500

2000 250
E,* (MeV)

Candidates / ( 3.25 GeV?/c*)

208
200

Good agreement seen everywhere

S/

Particle flavour fever school



Can 2HDM explain it”

 BaBar’s sees a similar enhancement to both R(D) and R(D*).

 Thisisn't what you'd expect from a 2HDM type II.

BaBar, Phys. Rev. D 88, 072012 (2013)
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Testing LFU with other hadrons

* Unlike at the B-factories, b-quarks at the LHC are free to hadronise

into all sorts of different flavoured particles.

7001

* An example is the Bc
meson, produced ~ 200
times less often than
regular b-hadrons.

- W
b C

Bc JIP

(. (a

)

Candidates/ (5 MeV/c?

100F

6003
5003
4003
3003

200F

of

30000

/N

d o« B
1 7% 25000
- ~ -
] E B
| S 20000
1 2 g
- [0p) |
1 2 15000
- < C
1 < B
1 " 10000}

% -
1 O

5000(

N

* TJesting lepton universality here involves measuring the ratio R(J/).

- B(BS = J/yYTtTv,)
R(J/¥) = B(BF = J/bto,)
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1he mailn iIssue

* Due to the low B¢ production, get a huge amount of background
from B—>J/P h X decays, where the h decays into a muon.

& 50—
» Control samples obtained jk 100 Kaons LHCb -
in the data by reversingthe £ & E
muon ID requirements, and £ £ E
selecting specitic hadron 5 k Protons -
species using the RICH 2 % E
information. 3 -100F s E
150 <100 -50 0 50 100 150

Bachelor track DLLP I

* Main difficulty is controlling cross-feed between the different
hadron species.
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R(J/L) measurement

* Similar approach to R(D*) measurement.

* Main difference due to large presence of fake muon background

(due to low B¢ production rate).

5000 == —— D e -y,
Mis-ID bkg, B /v +it comb. bkz,
J7y comk. bkg. B s - yH?
B, — z(1Pi'v, W R > w2S)i'y, R(J/w ) — 0.710.17 (Stat) ]
B 2 ety

Candidates / ( 0.6 GeV?/c*)
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- 0.18 (syst)

e Within two sigma of SM and NP models
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