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“Sorry Doc, we had a load of Anti-
Matter around 13 billion years ago,
but it got lost when we moved”
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3 Generations of fundamental particles — How do we know?3/s1

1) LEP: The heavy Z boson decays into 3 light neutrino types.
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3 Generations of fundamental particles — How do we know?4/s1

1) LEP: The heavy Z boson decays into 3 light neutrino types.

4 neutrinos

3 neutrinos

\2 neutrinos

Number of events

Krachten

90 91 92
Collision Energy (GeV)

Leptonen

* No additional weakly interacting light fermion generations.




3 Generations of fundamental particles — How do we know?s /51

2) LHC: Higgs production:

Loop diagram is proportional to the
mass of the heaviest fermion.
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» 3 Flavour generations

* Top is the heaviest fermion flavour.
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Flavour Universality in the Standard Model

* Quark and lepton generations interact identically
* No difference between particles of different generation
* No matter — antimatter asymmetry (CP Violation) by construction
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Weak NC: Weak CC:
di Z ' w

qi
* Universality violation: masses > Higgs !

* Higgs coupling is not universal, and mixes generations (i < j)
* Complex couplings: allows for CP Violation!
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Flavour Universality = Symmetry Breaking

 Weak charged current interaction: (i i) Today P
Life on earth . @
Flavour states: Acceleration \— 11 billion years
Dark energy dominate . RS )
i=1 [ = 2 i =3 Solar system forms\ S8 E ameif
Star formation peak \& 3 hilfion years
d S b Galaxy formation era\ \ . :
>’V\/\N\/ Earliest visible galaxies\———— 700 million years
+ +
u w c w t w 3
Recombination Atoms form

Relic radiation decouples (CMB)\ ¢ )

Matter domination

Onset of gravr

Nucleosyntk
Light elements

Nuclear fusion

Electroweak transiti—a
Electromagnetic and weak nuclear
forces first differentiate

* Higgs: redefines quark states in mass eigenstates:
q J Yl j (i &) 661 mi (i & 1) (z‘urag]dt uniflicagi(tm tranlsition
flavour  _~®&-—-——--—--—- _ Mmass = o —=—==== :?]rfclgiigi:eremiate . SR
qi H 661 H Quantum gravity wall

Spacetime description breaks down




Flavour Universality = Symmetry Breaking

 Weak charged current interaction: (i i)
Flavour states:

=1

Mass states:
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* Higgs:
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redefines quark states in mass eigenstates:
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Flavour Universality = Symmetry Breaking = Flavour Mixingy/ s

* Weak charged current interaction: (i < j) Today 14 billion years
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Flavour Universality = Symmetry Breaking = Flavour Mixing st

* Weak charged current interaction:

d
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tm

m.ov. P L — -

Weak interactions mixes the

generations of mass eigenstates.

violating phenomena.

* Complex couplings V;; allow for CP

At least 3 generations required!
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Flavour Structure: Interactions vs Higgs

* Forces are flavour universal

* Higgs interaction almost purely 3" generation
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top-Yukawa: Y;; = 1.0 ?!




Flavour Structure: Interactions vs Higgs

* Forces are flavour universal

* Higgs interaction almost purely 3" generation

o O

€ 1) T m

q; m; =Y,
m,=05MeV  m,=05MeV  m,=18GeV Lo
m H
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S ton-Yukawa: Ye. = 1.0 21 NN
Flavour Puzzle: What is the origin of these Higgs couplings across generations?

" Higgs coupling is large for 3™ generation, small for 2" generation, tiny for 15t generation

Perhaps new particles/forces may show a similar deviation from flavour universality?
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Flavour Puzzles and the LHCb Experiment

1) Three generations and the origin of CP violation
=) 2) The amount of CP violation in CKM

3) Measurements of CP violation with LHCb

4) B-decays and Flavour Anomalies ==
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Flavour Changing Quark Interactions
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Flavour Changing Quark Interactions
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Flavour Changing Quark Interactions
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Flavour Changing Quark Interactions
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Flavour Changing Quark Interactions — CP Violation

= ; W—
2 | Charge+23 | Charge:—1/3 Flavour changing C“”e”jf/’
v 6| |
z - |
= | h—»
E% 4 — U
3 U
2 - Complex coupling
- b constants are the
1 - source of CP viol.
* Vekp: Cabibbo Kobayashi Maskawa matrix Ve Vus Vb
 CP violation: particles and antiparticle processes Vokm = Vea  Ves Ve

have complex conjugated coupling constants Vie@ Vis Vi



The CKM matrix Vi - 3 Generations

* Wolfenstein parametrization: Vegp =

1-1/, 22 y) AA3(p — in) \ |
) 1-1/,22 AA? )IF\\ air
2 Lincoln Wolfenstein | /
AA3(1 —p—in) —AA% 1

=>» 1 CP violating parameter




The CKM matrix V -k - 3 Generations vs 2 Generations 11/51

* Wolfenstein parametrization: Vegp = Vekm =
1-1/,22 y) A23(p —in) 1-1/, 22 2
—A 1-1/, 22 A2? ( 1 1-1, Az)
A23(1 —p —in) —AA? 1
=» 1 CP violating parameter =» No CP violation!

* 3 generations is the minimal particle content to generate CP violation (In Standard Model).



The CKM matrix and unitarity triangle

: : .. : Triangle in the complex plane:
* The CKM is a unitary mixing matrix ° PIEXP

(p,n)

a=m—p—y
veooves VN v v ; Veo Ve

u C td ud us ub 1 0 0 Vuqud A,13(1—p—i77)
Vi Vi Vi | Vea| Vs Ve )={0 1 0 -

Vie Vo, Val) NWea|l Vis Vi 0 1

* This implies: VCJFKM Vekm =1

* Orthonormality: V:,Veq + VipVia + VipVua =0

— \ n / ~0 / (0,0) Vc*bl./cd (1,0)

* Wolfenstein parametrization:

1
1—5/12 A A3 (p —in)

Vekm = ~2 1—=-)2 AN2
A —p—in) —AI? 1



The CKM matrix and unitarity triangle

* The CKM is a unitary mixing matrix
* This implies: VCJFKM Vekm =1

Triangle in the complex plane:

(p,n)

a=m—[—y

Vu Vc th Vud Vus Vub 1 0 0 Vib Vud tlil /{;Cél —p—in)
Vs Ves Vs |[{[Veal| Ves Vep |=10 1 0 A3 (p + in)
Vio Voo Vol Neal Vis Vi 0 1

* Orthonormality: V:,Veq + VipVia + VipVua =0

— . X+ / — 0 (0,0) (1,0)

* Wolfenstein parametrization: s N 3
Vet = - 1- %/12 AN N> B , :
AB(A—p—in) —AN2 1 o B "R T~




The CKM matrix and unitarity triangle

* The CKM is a unitary mixing matrix
* This implies: VCJFKM Vekm =1

Triangle in the complex plane:

(p,n)

a=m—[—y

Vu Vc th Vud Vus Vub 1 0 0 Vib Vud tlil /{;Cél —p—in)
Vs Ves Vs |[{[Veal| Ves Vep |=10 1 0 A3 (p + in)
Vio Voo Vol Neal Vis Vi 0 1

* Orthonormality: V:,Veq + VipVia + VipVua =0

——>+\+/=0

Experiment: CKM in terms of angles/phases:
 The phases are observable in different quark
transitions
* The phases should be consistent with one
single CP violating freedom —> test the SM

excluded area has CL> 0.95(1
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How large is CP violation?

* To explain the absence of antimatter in the universe requires
: : A
a primordial baryon asymmetry of: —E

n,

0.7 — | ' e TR T T T S
0.6 T Am dAm ° e % —f
05 —g- - —f 10,000,000,001 10,000,000,000
SRS e o
04 -5 o s N —
= E8 A L s . . . .
03 - N \* ¢ Large CP violation requires large mixing
0z - ; - TN = and large phases in the CKM matrix.
2 § oBb 3 ¢ Surface of unitarity triangle
0.0 I (.x' L e . L Lo s L e :
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

e Jarlskog criterion (1987) f8r amount of CP violation:

det[M, M}, MgM}] = 2i ] (mZ —m2)(m2 — mZ)(mZ — m?)

mz — mZ)(m2 —m3)(mg —m})

2 _
From CKM: Agp/T}* @ - Too small

* Explanation requires existence of new massive particles.




How to search for new massive particles?

1. Direct searches: produce particles on-shell in collisions; ‘energy frontier’:
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Measurement CP Violation: e.g. B-meson decays

Decay BY » K*m~ has two amplitudes Ay and Ap with
a relative complex weak phase ¢ and strc&pg phase §:
U
K+

“Penguin”

CP Violation

—0
BO - Kt~ B - K nt:

A= AT + Apei¢ei5

|A|1? = |Ar]? + |Ap|? + ArAp(eiPel + e7%e19)

|A|? = |A7|? + |Ap|? +ATAp(e‘i¢ei5 + ei‘f’e"w)

e
|A — A|? = 4 ArAp sin ¢ sin 5@

/T = AT + Ape}id)ei(g

LHCb measurement 2020: arXiv:2012.05319

0 . — ) ) -
B - K"n™| CcPviolation! |B - K nt
7000 :_ ------------- -\S -m(m_: I | B |
- LHCDb Preliminary = = LHCb Preliminary
6000— [“D’ 6000 Vem =
= B"—>K*m- n - ﬁ B oK+
5000— S 5000
- B oK - 5 = B'—>K T+
4000/ W5k S 4000 B 5
= B'—K*K ™, > - B'>K*K ™,
3000 B st £ 3000 JN—
- 3-Body bk > = .
2000 ody bkg. M 2000 . 3-Body bkg.
1000 = ’ ! Comb. bkg. 1000 = ! E Comb. bkg.
0 0
5 52 54 56 58 6 6.2 5 52 54 56 58 6 6.2
m, . [GeV/c?] m . [GeV/c?]
Arl K+ Arl K~

CP violation is a pure gquantum interference effect




Measurement CP Violation: e.g. B-meson decays

LHCb measurement 2020: arXiv:2012.05319

Decay BY » K*m~ has two amplitudes Ay and Ap with
a relative complex weak phase ¢ and strong phase §: 0 +,_ - —0
U s B">K'n"| cpP violation ! |B

All CP violating phenomena result from
3 quantum interference experiment

- K nt

LHCb Preliminary

§0—>K Tt

- B’ 5K T+

B'>K*K ™,

‘Tree” %3 |
: : 0752 54 56 58 6 62 050 54 56 58 o o2
CP Violation . me. _[GeV/e] m, . [GeVic?]
B 5 Kt~ B > K nt:
L _ g A + A_ —
A =AT+Apel¢ela A =AT-|—APe l¢el6 TI K TI K

oo BT AW ﬁ/‘\@)
=t s ez s ey | 9] e B | ey
A = 1Arl? + 1457 + Ardp(e Vet + grem") Apl Apl

|A — Al* = 4 ArAp sin ¢ sin 5@ CP violation is a pure quantum interference effect




A deeper connection?

* Feynman: “In the end all quantum phenomena are
manifestations of the double slit experiment.”

\
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ELECTRON Ez
GUN
WALL BACKSTOP
F:z=l‘*"|+‘i"zl2

* A thought: assuming CPT symmetry: CP violation = T violation
Quantum interference €<= arrow of time?
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Meson mixing: does the experiment work?

{ B — B9 mixing |
0 -+
B > D™ 1w Phys.Lett.B719 (2013) 318
o T — T Tt T 1 7
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Meson mixing: does the experiment work?

| O
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BO mixing |
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Three types of observable CP violation

a) CP Violation “in mixing” : 1964 (CCFT)
* Prob(K°— K9) # Prob (K° » K9)

|e|=(2.228 £+0.011)x 103  (PDG)
* Also called: indirect CPV

b) CP violation “in decay”: 1999 (NA48 & KTeV):

Interfere dispersive and absorptive:

M
KO/ .12 \ﬁ

« Decayrates T(K® - n*n™) # (K9 > ntn™)
Re(g’/€) = (1.65 + 0.26) x 103 (PDG)
* Also called: direct CPV

Interfere decay amplitudes:

A= ao(K—nm) + A2(K—nm)

c) “mixing induced” CP violation: 2001
(Belle & Babar):

sin 2 =0.699 + 0.017 (PDG)

Interfere direct and mixed:

> J/Y K

N,

36



A Bormio induced analogy: Three types of Flavour Violationaws:

1. “In Mixing” 2. “Direct” 3. “Mixing induced”

(interference of 1. and 2.)

vvvv

(Mirtilli) (Braulio)

- Interference experiments lead to interesting effects!
(Constructive or destructive??)



Type-1: CP violation in mixing: A¢; (By) en Ag; (By)

* Interfere dispersive and absorptlve:F . Produce equal amounts of
M - D;u™ T Y(pFu~ B, and B, . Decays:
B;)/‘ 12 70 cﬂmeas — (Ds 1u™) (Ds ™) S s+ _y )
; s _ Bs » Diut ; By — Diu~
N— _%I‘12 7 F(DS ,LL+) —+ F(D;_[,L_) s 2 Us U s 2 Us

o If Apmeas * 0, then:
LHCb Rates: B> B # B> B

0 )
B =D uX

O /\ o

(17 World average

Theory x 10

=>» CPV violation in
mixing does not happen

001 in B) and B2 mesons:
o e B - B goes at same
00l DO rate as B - B
_ B factory * Contrary to € in kaons.
_, . . | .
002 -0.01 0 O'OIASL(B%')OZ LHCb: BY :PRL 114 (2015) 041601

BY : PRL 117 (2016) 061803




Type-2: Direct CP violation: B — Dh

* Interfere two decay amplitudes

JHEP 12 (2021) 141
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B* — Dh* D — KIK*r¥ [30] Run 1&2 Updated
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BY — DK*® D — hth™ [33] Run 1&2(*) Updated
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BY — DK*® D — Kdrtr 34] Run 1 As before
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Type-2: Direct CP violation: B — Dh

* Interfere two decay amplitudes

JHEP 12 (2021) 141
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B* — Dh* D — K{hth~ [26] Run 1&2 Updated
B* — Dh* D — KIK*r¥ [30] Run 1&2 Updated
B* — D*h* D — hth™ 27] Run 1&2 Updated
B* - DK** D — hth~ [31] Run 1&2(*) As before
B* — DK** D — hta—atn 31] Run 1&2(*)  As before
B* — Dh*ntn— D — hth~ [32] Run 1 As before
BY — DK*® D — hth™ [33] Run 1&2(*) Updated
BY s DK*0 D htoatn  [33] Run 1&2(*) New
BY — DK*® D — Kdrtr 34] Run 1 As before
BY — DFr* Dt - K ntrt [35] Run 1 As before
BY —» DFK* Df - hth 36] Run 1 As before
BY » DFK*ntn~ D+ — h+h_7r+ [

ClIN—

Run 1&2

New

_n



Type-2: Direct CP violation Charm? D® — KK and D° — mmaa/s1

* Interfere two D®decay amplitudes: m_,/é Tt m e
_ '0' !
|Vud| |Vus| uble ty ."'o q
"lllcdl |[,cs| |l,cb| DO q
|th|e_lp _|Vts|elﬂs Vbl - K-,m™ - - K, m~
— — u )
u u

DO—>K+K_andDO—>T[+T[_""'{""""""'E791 e

E - [ LHCb Prelimin E

« 2019: Observation of CP violation FOCUS N 0'006; ] Previous L?éb dverags ;

difference in charm decays PRL 122.211803 L CLEO 0.004~ [ |New LHCb average =

-~ —_— Belle [ 1

AAcp = Acp(D° > KK) — Acp(D° - mm) 35 | - 0.002 - g

T T abar ' ]

AAcp = (=154 + 29) X 10~ - — CDF 0F g

—»— LHCb 3 fb~1  —-0.002F 3

° . [ 1 1 1 ’ "‘ LHCb 5.7 fb™ :. N T N T

?022.Ewdena?ofdnectCP\noonn %@ —mmmeee=== | Preliminary 0004 =5 004 0,002 0 0.002  0.004

in specific charm decay PRD D 104 072010 2 A1) ad

. \ _g' — 6' - 'é - "16" ' ICHEP 2022
ACP (D - KK) = (6 8 + 5.4 + 1. 6))( 10 ACP(K_K-i-) [10—2] ad(DO N KK) — (77 i 5.7 )X 10—4

. {thn)
Extract direct CP component using: Acp = af,+ o AY > @0 —»nr) = (23.2+6.1 )x@o




Type-3: CP violation in interference of mixing and decay  2s/51

° Decay-time dependent 2 F fl @) 4| | First observation of
2 400 || | CP violation in B factories
: : . - F Belle: PRL 87, 091802
CP V|O|at|0n. 2 200:_ : Babar: PRL 87, 091801
Ao (t) = [.p () —Tpop(t) |& L ’
CP — 2=
[5 () + Tpf(0) Eg;z_ :
W - i\ T
Interfere direct and mixed : ng;
_ - 2 =
BY > K 2 04 =
\ / /% K ] [ similar measurement LHC
ei2B N— I
0 |
p B _ ——— IR
) v, | v & | LLHCh | 3
b > 3 q=t,.c:,u > d g I _;
d " ;9 ~ OE — l v X:
Ve Vio y .%f’ 01 i_ ﬁi;# _i
|Vud| |Vus| |Vub|e 4 T‘? —0.2 ;— —;
_|Vcd| |Vcs| |Vcb| go —0.3 E | JHEP 11 (2017) 170 t [ps] 9_2
—j i U T B S S =
Viple ' _|Vts|elﬁs Vel 0.4 5 10 15




Type-3: CP violation in interference of mixing and decay  26/51

04 T | T I T I T I T
 Decay-time dependent CP violation: b IE ggif}ifﬁﬁafgg@ JHEP 11.(2017) 170 |
0.2 i Corﬁoin/;bti(gnu s
A (t) . FE(S)—>f (t) _ FB(S)—>f (t) i LHCb ~ & = 5 )
cp(t) = - _ ]
Up gy (8) + T (O) T T
* Angle: B > J/Y K sl oal
= CL for the inner (outer) contour is 30% (87%)
IHEP 11 (2017) 170 05 06 07 08 09 1
sin 2[5
|Vud | |Vus | |Vub | e—iy ;C:l DO 8 fb~! HV
~[Veal Vs Vel o o

|th | e‘iﬁ —IVtSIeiﬁS |th| CMS 116.1 fb~?

SM no penguins
CDF 9.6 fb~?!

LHCb 4.9 fb~?!

* Angle Bt BY = /¢ ¢

Eur. Phys. J. C79 (2019) 706

0.5 0.3 0.1 0.1

%3285 [rad]




Type-3: CP violation in interference of mixing and decay  27/51

* Decay-time dependent CP violation: Vual Vsl Vuple™
* more similar asymmetry measurements _|Vcd|_ Vsl _ Vebl
Viple™  —Visletfs [V
> T B > KYK~ B! >D§Ki
lzp\ 2N " p\ e
ers 0 i2y — e 0 elV
BS e 9 B
Q C
é‘ O'SEHI"H"H L ”l:' @ O.l_lIII||||||||||||||||||||||||||||||_| \-'150.2:— + | ]
S 04 LHCb s p - LHCb. ] < 1=
- ] | - ] O_ —
= 030 191" - s [ 1o l ] : =
é 0.2; Tt~ sample = 5 0.05 I(gslt(a S?Irlnple - — 020" Update expected soon _
0.1F OS tagging ] < S8 N 04F (t — to)mod(2m/Amy) [psH
) A SE— ? e a— - e s
—0.1f - : < 04l] JHEP 11(2014) 060 | LHCb
—025_ —f B ] v’é 0,2:_ T ]
-03; o5 1| OTN— ‘
0 43_ JHEP 03 (2021) 075 3 = JHEP 03 (2021) 075 -
Q.o O 505 0101502 02505035 | ¢ + ‘-
Y2 4 6 8 10 12 14 A4 010 0.2 U2 B0 U y (t — to)mod(27/Amy) [ps]
Decay time [ps] (t-ty) mod (272/Am) [ps] 0 091' 02 — 03




CKM triangle: bringing all together

| : I 1 1 | I I 1 I 1 l I I 1 l I Ll I

| PDG 2021 \—

0.6

(My) conclusion on CP observables

LHCb makes many CP violation
measurements. The CKM triangle
04 becomes a precision measurement.
Although some puzzles are open,
the CKM prescription sofar survives
confrontations with more and more
precise data.

0.2




Flavour Puzzles and the LHCb Experiment

1) Three generations and the origin of CP violation
2) The amount of CP violation in CKM

3) Measurements of CP violation with LHCb

=) 4) B-decays and Flavour Anomalies

5) Outlook/conclusion




B decays and Flavour anomalies

* SM does not have
Flavour changing
N neutral currents

 CKM: Flavour changing
charged currents

* Neutral currents are possible
via higher order processes:

- Flavour Oscillation
Decay via
» yvia ” via “Box diagram”:
Penguin diagram”: _
B-K'utu- Bs = B
Z boson w
0O—
uct A u,c,t
B meson K* meson @
w




B decays and Flavour anomalies

m}“‘< : o B - D'ty
«“ . . ” D* )
Semileptonic decays B - D*uv

b) b — sltl™ neutral current: “Suppressed” = rare decays

5 B+_)K+'u+‘u—
g W > Ric = Bt - Ktete~
b

B® - K*u"u~
“ ” W/Z RK* — 0 *0 -+ -, —
Rare decays BY - K*Ye™e




a) Semileptonics: Ry and Ry~

b H C l V : 9? B T | T T T T | T T T T | T T T T | T T T ]
a B Ay? =10 contours 7
allowed charged current Z oL 2021 A= .
04 2021 _
_ LHCb15 _
B / BaBarl2 _
o _ BR(B ~ D'tv) 035 [~ o \ =
D* = C \ LHCHI8 ] ]
BR(B — D*uv) = T | =
03 = . I
pr/rt _ ¢ I BN ; 7
SM: . 025 = 3 Betlel9 ~ Bellel5 .
) , | Long standing “E SM :
B ~ " " - Belle 1 7 PRD 94 (2016) 094008 World Average —
3o deviation || b R swmesn e R(D) =033 50026 20014 =
¢ : L R(D) = 0.298 + 0.004 PLB 795 (2019) 386 R(D*) =0.295 +0.010 £0.010 -
D* B = . PRL 123 (2019) 091801 p=-038 ]
R(D ) 0.254 + 0.005 EPJC 80 (2020) 2, 74 P(XZ) =28%
= PRD 105 (2022) 034503 -
,U,+/’7'+ u+/T+ 1 ] 1 1 1 1 | 1 1 1 1 | 1 1 1 1 1 1 1
0.2 0.3 04 0.5

R(D)

- New LHCb result replaces LHCb15...

Potential large NP effect =» Involves 2" and 3™ generation leptons




Update RD* and RD Wlth T — MVTVH, Paper expected soon

Challenging reconstruction:

- missing neutrinos Event candidate

- underlying event
- muonic tau only

-
-
~——
S
-~
-
-
—~—
-
-
—-—
—~—
-
-~
-
-
-
-
-
—~—
~—
-

—~—

~———
~~~~~~~
~~~~~~~~
~~~~~
~~~~~

=>» backgrounds!

First combined Ry and Rp+ LHCb measurement.
Extensive systematic checks:

~.

~ -

~s,
~
~
~
~.
~,
~
~.
~
~.
~
~
~
~<.
~

- Select displaced D°(—» K*trn)ut
- Add or veto D** —» DO

Internal fit uncertainties UR(D*)(X10_2) O'R(D)(XIO_2) 0 .
Statistical uncertainty 18 6.0 - Trigger on D", add U. Template fits:
Simulated sample size 15 4.5
B — D™ DX template shape 0.8 3.2
B — D** ¢~ ¥ form-factors 0.7 2.1 il T T 54 = 3 J >
RA A o > — Data 3 foy 30107 %€19.35, 12.6] GeVZ/c” LHCH|  30[x107 ¢€[9.35, 12.6] GeVZe* LHCb
B(B— D*(Ds — 7v)X) 0.3 1.2 0 ¥ D u C D u
MisID template 0.1 0.8 - B—D uv ~20F 20k
B(B— D**7tu) 0.5 0.5 %0 o [
Combinatorial < 0.1 0.1 - B —D uv o C % C
Resolution < 0.1 0.1 - B — D*+MV %10__ ~ 10 =
BT ot sy e L CombkmisID g s [ 0

. . s = 2/ 4 ~ - 27 4
B0 s Dy model uncareainty y o BB -D uv S [x10] ¢°E1935,126] GeViet LHCb( 3  Fx1o® ¢°E[935. 12.6] GeVe* LHCD
Data/simulation corrections 0.4 0.75 B D(*) DX § 3 D +u' _g 3 D +y'
Coulomb correction to R(D*1)/R(D*?) 0.2 0.3 - = ) —é‘ 25 '
misID template unfolding 0.7 1.2 = = n
Baryonic backgrounds 0.7 1.2 - B — va = O I
Normalization uncertainties O’R(D*)(Xlo_z) O‘R(D)(Xlo_2) - B—Dztv O 1 1:
Data/simulation corrections 0.4xR(D*) 0.6 XR(D) 7 Stat. Unc. 0 0 F

T~ — p~ vV, branching fraction 0.2 x R(D*) 0.2 x R(D) 0 5 10 1000 2000
Total uncertainty 3.0 8.9 mﬁl s (Ge\/'2 / c4) E;’; (MeV)




Rp+ and Rp: LHCb 2022 Result

—~~
b ¢ Standard Model ¢ LHCb 3-prong
~ [—] BaBar 2012 1 HFLAv 2021
2022 Result: o 0.4 [ Belle 2015 (hadtag) & LHCb Muonic (Previous)

[ ] Belle 2019 (sltag) [ This work (stat only)
R(D*) — 0.281 + 0.018 + 0.024 ¢ Belle 2017 (1-prong) This work (stat+sys)
R(D®) = 0.441 + 0.060 + 0.066

p =—0.43 0.35

1.90 agreement with SM

0.3

CERN seminar 19-10-2022

0.25

Paper expected soon

02 025 03 035 04 045 05
R(D)

Run-1 hadronic taus and Run-2 data analysis ongoing =» much more to come.



Ry« and Rp: LHCb 2022 Result - Update of HFLAV

R(D¥*)

! | ! ! ! ! | ! ! ! ! | ! ! ! I | I I I Q O .4 T I T T T T I T T T T I T T T T I T T T
- ) i — -
- 2021 ezioemon 3 S ¢ JIAVNA 2022 52 oo -
04 2021 — ~ " [ Preiim. 2022 BaBarl? i
[ LHCb15 - 035 aBar =
i BaBarl) - - Bellel5 i
[ aBar - - L T -
035 — L LHCb18 ] -
L i 03 1 —
- = - q LHCb22 -
03 ] - ! ‘ -
: = - - > AN N —
: - B 11 15 : O .25 = ’I‘ — — ]
elle i -
025 = — C J
- S M% (2016) 094008 . B Bellel7 PRD 94 (2016) 094008 Average i
B Bellel7 PRD 5 World Average 7] B ) R(D) =0.358 £ 0.025 = 0.012 n

n (2017) 115008 i PRD 95 (2017) 115008

02 4 HFLAV SM Prediction  JHEP 1712 (2017) 060 R(D)=0339 £0.026 £0.014 | 02 {-HFLAV SM Prediction  JHEP 1712 (2017) 060 R(D*)=0.285+0.010 £0.008 =
Tk RD)=02980004  [LF 0000 0 R(D¥)=0.295+0010 +0010 B R(D) = 0.298 + 0.004 e ggig; o p=-0.29 .
PRL 123 (2019) 091801 - = _ = -
B RD*)=0254£0005  ppjc g <(2020>) 2,74 18(‘2)0 ;328‘7 - | R(D*) =0.254 = 0.005 EPIC 80 (2020) 2, 74 P(x’) = 32% i

B 1 I 1 1 1 L I PRD|105 (2922) ()3|4503 1 I 1 1 X : f 1 1 1 n L I L L L L I PRDI1 05 (2922) 03I4503 L I L L L L I L L L

0.2 0.3 04 0.5 0.2 0.3 04 0.5

z
>

R(D)

New average: slightly lower R(D*), slightly higher R(D), reduced correlation.
agreement/tension with the SM: 3.30 = 3.20



b) Rare decays: b = s [T1™ transition: suppressed neutral current/s:

1 < Effective Hg;miltonian'
3 @ W Hy=——Lv,vx Y (€M 4 AV ),
b 2 + \/5 i Wilson coefficients (;
tree b — ccs
J/w(IS)ﬂ ‘/’/ charmonium

resonances

.-

i DifT‘erentiaI (q )decay rates:

o B+ — K+ ,BO - KO ,Ll , ) ”1#(25)
Bs > ¢t Ap > AptuT ar T ﬂ
. ReIativer large theory uncertainties dg?

Less theory uncertainty (charm loop) =

C(,), e
ii. Angular observables (eg P5’) low o s
Nas X h ¢, ¢
B—)K ‘u+'u ,B+—)K +M+.u central \J L/i’\_i

iii. u/e Universality ratios Rk, Rk, ... g* =m*(£¢)
* Theoretically robust




b) i. Differential decay rates of Rare Decays: b —> s utu~

37/51

BT - Ktutu~

JHEP 06 (2014) 133

B - K*utpu~
X107

Em][.CSR Lattice —e-Data

q L L L U B
% S B+ s K+ M+ M_ —:
Q LHCb -
~

X 3 —
[o'e) L

o [+ +++++ :
- 2 _+_'+' ]
N@‘ 1 :_ ]
"O N

E B

. 1 PR I TR ST TR SR Y SN S SR T SN T
o 00 5 10 15 20
¢ [GeV?%/ 4]

JHEP 04 (2017) 142

N'—OlS L L L
Z [ LHCb ]
< 0 *0 ,+,,— iy
= I BY - K™ u"u 1
= 0.1 —
L, 1
Q L ]
% - -
0.05- g } —4— _I —
I ——]
O- P TR T T [T TR T TR T R S ST TN TN NN TR TR i

0 5 10 15

g [GeV?/c4]

B° — K°ut ™ JHEP 06 (2014) 133

dB/dg? [10® x ¢*/GeV?]

dB(BY — ¢utu)/dg? (GeV c*)

B[ CSR

Lattice —&—Data

I I L
BOeKOM-'-‘LI/_ _:
LHCb 4
| PR I W T TR TR N .:
10 15 20
g [GeV?/c4]
B, — ¢puT T PRL127 (2021) 111801
x 1078
wE " trcy NS
n © LHCb 3fb™!
12 SM (LCSR-+Lattice)
0 "] SM (LCSR)
[ SM (Lattice)
8'_ ]
6E+_¢ Jhy W(2S) .
_ —f— X
4F = =+ ==
b e ]
. ! L | L 1 | L L :
% 10 15

g* [GeV?/c*]

_|__

BT — K*TuTpu™  JHEP 06 (2014) 133
Em.CSR Lattice —e-Data
S Wp——7T 7T T T T 17— ]
% B*— K*+‘u+‘u_
O i i
X - ]
0 10_ N ~
5 0 - :
—_ [ i
N@ 5_ —-
o - ]
] | i
" 1 | - " PR PR
S 5 10 15 20
g [GeV?/c4]
Ap — ApTp™  JHEP 06 (2015) 115
v-,: 18: L L L ]
c\i 1.6 ;_ SM prediction _;
@ 14:_ —®= Data —:
T 12F =
T 18 3
= 08F o =
= E ]
< 0.6:— ,,,,,,,, E
) 0.4'—[ : =
< 0af —+ LHCb 3
SN G S L
0 10 15 20

g* [GeV?/ ¢4



b) i. Differential decay rates of Rare Decays: b —> s utu~

37/51

Bt — K+p,+p,_

JHEP 06 (2014) 133

B -5 Koutp~

JHEP 06 (2014) 133

Bt — K*+p,+p,_

JHEP 06 (2014) 133

BEICSR  Lattice - Data WEICSR _ Lattice --Data 0 .-.PC,SR. . .Lellttim? > Data
feum L A DAL B B Q o ' o I ' S _: N I % ]
5 B—oKww | g Pk % | Bk wu
O LHCb 4 9 4 LHCb 4 9 i5f LHCb -
< 1 < 1 = i ]
o S) ) _

] X [
°?x : °<.>x ’ = 10F + > B
= of o+ 3 =2 + + = :
QY E ] N 5 _
R {3 ot 5 -
S obe - = T L
* Branching fractlons related to b - s u* u~transition consistently lower than predlcted */cH]
B® — « Anomaly or common issue with form factors? Theory uncertainty ~ 20 — 30% ) 115
’_015X1I M . XIO_O ._"_‘ 18_ - r r 1 r r +r.[ ¢+ 1t 1t 1 Tt 1711
i L T < 4E T T T T3 LHCb9fb ' T . E E
% | LHCb <\Ilw 14 - LHCb © LHCb 3fb—] c\; 1.6 E SM prediction i
S\D BO — K*0,+ utu Z 12 SM (LCSR+Lattice) S 14F ..
2 01 1 © 0 "] SM (LCSR) s 12F
& R i SM (Lattice) N: ! E
= i 1 =2 sH - = F
2 I 1 % F ¢ Iy v(2S) 1= 0.8€ 777777777777777777
0.05F _— 3. - S 06 . .
i E_'— + —LT_ S gb = R —— T JE E
- I i 1 Lk :
i 1 %= 2F i E g 02F° 1, . + LHCb —;
o 5 0 1 = % 5 015 o s 10 15 0

g [GeV?/c4]

g* [GeV?/c*]

g* [GeV?/ ¢4



b) ii. Angular observable P

e LHCb: Study angular distribution
of the produced particles

Q= (cos@l,COSQIo(b)/

——————>p

| PRL 125 (2020) 011802

LHCb Run 1 +2016
| SM from DHMV

5

[u—

i i B® > K*0u*u~ (2020) |

+1 4

Jhp(18S)
P(2S)

\ o s 10 15
\ ~3c from SM q* [GeV?/c*]

PZ: count blue minus red:




b) ii. Angular observable P

e LHCb: Study angular distribution
of the produced particles

| PRL 125 (2020) 011802

LHCb Run 1 + 2016 ]
|| SM from DHMV
i i B® > K*0u*u~ (2020) |
OF
: 2 n :
~0.5F = 2 -
[ = s —
- N + = —
-1 A D B
0 10 15
g [GeV?/c4]
LS PRL 126 (2021) 0161802
i LHCD preliminary |
e |, - SM from DHMV ]
7 SM from ASZB ]
0.5 F
L g /-\ BT - K**utu~ (2021)
T 0f T ]
-0.5
-1 ]
150 —_—— 1|5 —




b) ii. Angular observable P

Recent results:
BY - K*%u*u~ with 6 fb~1 (~4600 evts)

PRL 125 (2020) 011802

Bt - K**utu~ with9 fb™1 (~700 evts)
PRL 126 (2021) 161802
B, » ¢utu~ with9 fb~1 (~1900 evts)
e LHCb: Study angular distribution JHEP 11 (2021) 043
of the produced particles -

| K 330 o SM
=
2| K**F+ 310 |—e—] =
) =
S o 190 —o—| -
- @)
0
I
0 2 4

Vector coupling C,




b) ii. Angular observable P

Recent results:
B - K*9u* ™ with 6 fb~! (~4600 evts)

Intruiging coherent and consistent pattern
However, charm loops can mimic shift in C9
B, — ¢pu™u~ with 9 fb~™* (~1900 evts)
e LHCb: Study angular distribution JHEP 11 (2021) 043

of the produced particles -

| K 330 o SM
=
2| K**F+ 310 |—e—] =
) =
S o 190 —o—| -
- @)
0
I
0 2 4

Vector coupling C,




¢
S
/ﬁ
+ +
e
7/\’2\“-< .
m,e
Electrons are the limiting factor in the measurement
* Less efficiency =2 1/3 compared to muons

* Less resolution = more backgrounds, systematics ECAL

T1-T3 : ﬁrom_(_)?}f‘);:‘?.....

magnetic field

/ —
[IES i ‘ S
PV .

_BR(BT > K*p*u™)
- BR(Bt - Ktete")

_ BR(B® » K"u*u™)
"~ BR(B? - K*ete™)

Mass resolution: muons vs electrons

—I B —>IJ/¢(66)II(*
— B J/(u) K

8 6 ~ 140 MeV
06 o ~ 40 MeV

04FMissed y
—>

1.0

ECAL |

resolution

"2FBrem

0.0

4.6 4.8 5.0 5.2 5.4 5.6
m(Knll) [GeV/c?]



b) iii. Universality: R and R+

240

W : —— Data 9 fb™
> 180 — Total fit
S = 160B MM Bt> Ktete
) W S 140 Bl B - Jiy(ete K
b + _+ g 120 B Part. reco.
7/\’21,\_< He g 100 Combinatorial
T 80F
- - S 60 _
M ) e LCG)S 40 K+€+e
Use resonant modes for control (R = 1): 28 T }
+7- +7- 5,000 5,500 6,000
B > J/Y(TI7)K and B = ,5(1717) March 2022: ’ . ’
m(K*ete™) (MeV ¢~
(18 tree b — cTs Nature Phys 1 (2022) 277 ™ ) ( )
R 600 | LHCb
N - —— Data 9 fb™’
C (7) ” (25) ; 500 C — Total fit
7 / T B— K'u'u”
dar T % - Combinatorial
2 —
g g% € [1.1, 6] GeVZ/c* o S00F
< C
[ -
central | 8 100 :_ B+ - K+‘u+#_
0 T:-?I"'T‘:‘T o e
5,200 5,300 5,400 5,500 5,600

m(K*u*u") (MeV ¢)



b) iii. Universality: R and R+

(A
S
) e
+ _+
b u",e
v/ Z
March 2022: -
Nature Phys 1 (2022) 277 u ,€
BaBar

0.1<g?<8.12GeV? ¢™*
Ref. 1°

Belle

; 1.0<g?<6.0GeV2c™

Ref. 3

LHCb 5 fb™
11<qg?<6.0 GeV2c™
Ref. '

LHCb 9 fb™
1.1<g?<6.0 GeV2c™
This work

LHCb

BR(BT > KT u*u™)

K~ BR(B* > K*ete)

1.5

A Belle
0.55 v LHCb Run 1
e LHCb Run 1 +2015 + 2016
-- SM prediction
0.0 I I | |
0 5 10 15 20
2 2 /4
GeV
March 2022: o)
Nature Phys 1 (2022) 277 ~30
2.0 —
BR(BO N K*,u+,u_) Belle preliminary
RK* Ry« = T
BR(BY® - K*ete™)
1.5
F 2
£ 1.0 — 1 -t =
I
‘ = BaBar
0.5 A Belle
e LHCb
m SM prediction
0.0 | T T
5 10 15 20
q? (GeV2/c*)




b) iii. Universality: R and R+
LHCDb only

[JHEP,2020,40 (2020)] ! AO _>ng€ Situation Spring 2022
RpK 1 2e0.1,6] Gev2/ct — :; 457 el 1o
I | ’
[JHEP08(2017)0525] o I BO N K*OEE Together W|th the P5)
R | a°€[1.1,6] GeV</c [ o l 2 4o ] )
K* 7 ¢2€[0.045,1.1) GeV/e! : 3fb71,5 7, and branching ratios:
| “cautious excitement”
[PRL 128 (2022) 191802] l
R Ot T q® €[0.045,6.0] GeV%/ct | N : lg;b'—i II{Z(;M
| s L.
[PRL 128 (2022) 191802] : 0 0
R KS — ¢*€[1.1,6] GeV?/c! | o i B; fb_'>1:r§55€£
l
[Nat. Phys. 18, 277-282 (2022)] [
BT > Kt
RK - 2 €[l1.1,6] GeV2/c? —e—i : 9t~ 31
,3.1c0
: Update Dec 2022 "R,” :
(F)lustration purposes : ——-SM simultaneous Rg and Ry+...
| | | | |
0.0 0.2 0.4 0.6 0.8 1.0 1.2



b) . Universa“ty: RX Dec 2022: Simultaneous Rg+ and Rx

S * New inclusive data-driven mis-ID treatment

W form — e and K— e (affects electron mode)
+,,— * Invert PID electron to pions and kaons
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b) iii. Universality: R and Rg+ : What changed: electrons 4e/51

* Ry March 2022: m(K*ete™) Mis-ID rate from D*~ — (Km)m : electron mode reduced —0.1
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Anomaly situation

e Excitement about muons
* Branching ratios low = theory uncertainty?
* Angular observables deviate = cc-bar loop?
* Universality ratio = electrons changed

0.6
B Belle’09
0.5 CDF’11 (B)
® BaBar’l2
£ g ¢ LHCb'14 (B")
= LHCH'22 (B*(e))
e HPQCD’22
>
-
)
3 0.2+
HH
0.1- ""|-I-|_._|
0.0 T T | T
5 10 15 20

2 2 1.4
patrick.koppenburg@cern.ch 2022-12-20 q [Gev /C ]

[PRD 86 (2012) 032012], [PRL 103 (2009) 171801], [PRL 107 (2011) 201802],
[JHEP 06 (2014) 133], [arXiv:2212.09153], [Parrot, Bouchard, Davies]

* Overall anomaly statues

* Muons did not change
* Ball partly back to theory community
* More to come on taus

0o~

Suppressed Depressed
penguin ¢ penguin

S

Oh my gosh....
A .
o

&2

=y
I'm so FREAKING excited!!!

1gmnagenarator.nay

Me: Dec 2022

Me: March 2022



Flavour Puzzles and the LHCb Experiment

1) Three generations and the origin of CP violation

2) The amount of CP violation in CKM
3) Measurements of CP violation with LHCb

4) B-decays and Flavour Anomalies

m)| 5) Outlook/conclusion

“Mr. Osborne, may I be excused?
My brain is full.”
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Conclusions 50/ 51

Today 14 hillion years
Life on earth BL “ :
* Flavour puzzle: A e @ “,."-."“‘:" e
L. . . Solar system forms\ *= s drm = ¥
* Origin of generation structure and matter anti-matter Star formation peak 3 bilfion years _
. ” k Galaxy formation era\ \ X ;
asymmetry IS Stl un nown' Earliest visible galaxies v 700mi|ljonyear_s
* The CKM paradigm for CP violation still stands e s N e
* Experimental tests getting more and more precise Matter domination 5,000 years —
Onset of gravitational collapse : 9
L. Nucleosynthesis 3 minutes —
e B-decays are a sensitive tool for searches for BSM it lmens creted -, He Lt Y

Nuclear fusion begins —— 0.01 seconds

qguantum fluctuations
* Semileptonics with taus are intruiging: more to come
e Rare decays show deviations from theory for muons; but |||t o

forces first differentiate

Quark-hadron transition
Protons and neutrons formed

electron/muon universality ratio is consistent with unity. Supersymmetry breaking
Axions etc.?
° L k f d t It ; t | _3 Grand unification transition F=—
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Inflation

Quantum gravity wall —— Al
Spacetime description breaks down )
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Asanas with Props

The ancient yogis used logs of wood, stones, and ropes to help them practice asanas
effectively. Extending this principle, Yogacharya lyengar invented props which allow
asanas to be held easily and for a longer duration, without strain.
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This version of the posture requires considerable strength in the neck, shoulders, and back, requiring
of practice to achieve. It should not be attempted without supervision

YOGACHARYA IYENGAR IN SETUBANDHA SARVANGASANA )
wears
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