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e Lesson 4: Mixing and CP violation



Rare decays of B mesons

What is a rare decay?

Four-leaf clover: 1/10000, symbol of good luck



Rare decays of B mesons

e b—s,d quark transitions are Flavor Changing Neutral Currents (FCNCs),
— in the SM they only can occur through loops (penguin and box diagrams),
excellent probe for physics beyond the SM
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Experimentally — leptons/photons with high transverse momenta
Theoretically — observables can be calculated in terms of Wilson coefficients



Rare decays of B mesons

What do we need?

e A lot of data! — High luminosity and large b cross section (LHC experiments, BELLE II)

e High momentum and impact parameter resolutions —
- high mass resolution
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Rare decays of B mesons

Reconstructed mass resolution

oy (J/y —pp’)

LHCD collaboration, Phys. Rev. Lett. 110, 021801 (2013)
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Rare decays of B mesons

How do we measure branching fractions?
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e Absolute branching fractions:
— we need to know precisely how many events are produced and reconstructed
[Reconstruction efficiencies are taken from simulation and validated with data]

Ny .., =2XNggXBR (B—>1V)X BR (T—>UVV) X &,

5 known from the B recoil hemisphere (YL xo

e+e——>Y(4S)) 7



Rare decays of B mesons T T

(et ~ 1cm) K+
PV BY/B° sV

. . . ¢/K*°
e Relative branching fractions: (1 hight)

— we need a well known and abundant normalization channel
[Ratios of efficiencies are taken from simulation and validated with data]

Neg—in . (BBY > 07)>  Blo—KK) e ”
— X

Npo_, ko~ fy B(B° — K*%%) B(K* — K) Eij_)K*O’Y

f, gives the probability of hadronization of a b quak into a B, meson
f, gives the probability of hadronization of a b quark into By meson

If we use the same data sample, Zand 6, , , guark C@Ncel in the ratio

Efficiencies usually have different contributions, and some of they
cancel in the ratio — less systematic uncertainties

€sel = €acc X €trigger X €reco X €offline X €E4PID X €4PID

Detector event event Background
geometry selection reconstruction subtraction 8



Rare decays of B mesons

How do we compute expected values?

Remind the Fermi's theory of the f decay:

We can consider the 4-point fermion vector current, coupled under Fermi's Coupling
Constant G,.
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One can consider any description depending on the energy scale we are working on



Rare decays of B mesons

How do we compute expected values?

Same idea for FCNC processes:

— OPE: a series of effective vertices multiplied by effective coupling constantsCi.

AM — F) = (F|Hess|M) = Z V( 'K \F|O,-(/1,)\]\[>

CKM Wilson Hadronic Matrix
couplings  Coefficients Elements
(L =scale)

10



Rare decays of B mesons

— OPE: a series of effective vertices multiplied by effective coupling constantsCi.

]
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Ci= CiSI\/I+ CiNP
C’i — C’iSIVI+ C’iNP

Primed C’;— right handed currents:
suppressed in SM

Electroweak scale ~ 1/My
New Physics scale ~ 1/M yp

Loy Gra® 2 .
Ex: F(B? _>au /Ll )N%més‘ff;ﬁ I/rbr/rs|2‘2m;t("10 2

Hadronic uncertainties in decay constants or form factors
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Rare decays of B mesons

— OPE: a series of effective vertices multiplied by effective coupling constantsCi.

Some examples of dependences in B decays:

Decay C—f./) Cg) C%)
B — Xs X
B — K*~ X
B— Xsutp~ X X X
B— Kutpu~ X X X
B— K'utpu~ X X X
Bs — pt X

12



Events/(3MeV)

Rare decays of B mesons B—>K*y

First measurement of the radiative decay

B—K*y at CLEO Il at the Y(4S)
[Phys.Rev.Lett. 71 (1993) 674]
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Rare decays of B mesons B—>K*y

AE = (EK* +E7) _Ebeam ~

MB — \/Ebea,me — (ﬁK* ""ﬁ’y)Q

8 Pr————r——7—rr— 1?2 ——— 7




Vi Vid

Even more suppressed: b — dy at Belle (with 657 million B mesons!)
[arXiv:0804.4770 [hep-ex]]
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Rare decays of B mesons: B§—)|,_l+|,_l'

e Very rare decay: FCNC and helicity suppressed
BR,,, = 3.66(14) x 10°°

e Searched for over the last 30 years,
observed by LHCb and CMS [Nature 522 (2015) 68]
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Rare decays of B mesons: B.—>p'w

B, —>u'p event
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Rare decays of B mesons: B§—)[,_l+[,_l'

A lot of events with two muons, very difficult to distinguish them:
— Background: BR(B = Xu*) = 101
— Signal: BR(BL2u ) < 108

102 B events produced, BR ~10?, Eff~5% — expected ~ 50 events

Thesis S.Oggero (2013)
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Dimuons per GeV/c?

Rare decays of B mesons: B§—)|,_t+[._t‘

And many resonances...
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Rare decays of B mesons: B§—)[,_t+[,_t'

— First evidence by LHCb and CMS in 2012!

CMS and LHCb (LHC run I)

CMS + LHCb
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Rare decays of B mesons: B§—)[,_l+[,_l'

e New results by LHCb (Run1+Run2 = 9fb1):
[arXiv:2108.09283 and 2108.09284v2 [hep-ex]]
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Rare decays of B mesons: B§—)[,_l+[,_t'

e Also measured by ATLAS and CMS (2011-2016 data), combined result*:
[CMS PAS BPH-20-003]

ATLAS [JHEP04(2019)098] *
CMS [JHEP04(2020)188] B(B] — ptp~) = (2.697535) x 107
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Below, but compatible with the SM at 2.1c

* Result from LHCb with partial statistics 22



Rare decays of B mesons: B—>pu*w

e Even more rare! (BRg,, ~ 1019), still not observed:

[CMS PAS BPH-20-003]
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Rare decays of B mesons: B— h p*w

e Differential decay width: dI"/dq? " . !

Each g2 region probes different processes

charmonium

resonances
cc—> Ut
photon JM(IS)” //
”w(%’)
E SM values (u=m,): C, ~-0.33
X Cy, ~4.27
\J Cpo™-4.17

(Everything else small or negligible)

1.:1 :6 10 q2 (GeV?) Ci = CiSM + CiNP

(Primed C’; — right handed currents:
suppressed in SM)



Rare decays of B mesons: B—> h u*w

=
B, mass vesus g2 for B.>¢utu
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Rare decays of B mesons: B— h p*w

e Differential decay width as function of g>=m?,
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Rare decays of B mesons: B— h pnfu-

Results in other channels:
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Candidates / 0.2

Rare decays of B mesons: B— h p*w

e Angular distribution in B.— ¢/-¢*: it depends on g2and three angles

[arXiv:2107.13428] 1
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Rare decays of B mesons: B—> h u*w
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Rare decays of B mesons: B—> h u*w

e “Optimized observables”, with form factor cancellations

[JHEP 10 ('18) 047]
[PRL 118 ("17) 111801]
[PLB 781 ("18) 517]
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Rare decays of B mesons: RK

e In the SM all leptons are expected to behave in the same way

Test of lepton universality:

B(BT — Ktutu™)

Ry =
" B(BT — KTete™)

=1.000 + O(muz/mbz)

e Precise theory prediction due to
cancellation of hadronic form factor uncertainties

11 track
e Challenge: bremsstrahlung by electrons

e Experimentally, we perform a double ratio to
cancel systematic uncertainties

R B(BT = Ktutu) / B(BT — KTete)
K j—

B(Bt — KtJ/Y(utp=))/ BBt — K+tJ/y(ete™))
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Rare decays of B mesons: R5

Reconstructed B mass for B*>K*/*/~ (muons vs electrons) [arXiv:2103.11769]
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Rare decays of B mesons: R

Reconstructed B mas for B*->K*/*/~ (muons vs electrons)

—25 10°
(S

o

9

>

10°

10?

50 52 54 56 58 6.0
m(K 1) [GeV/c2]

U O0OF LHCb
> - —— Data 9 b
g >00 E_ —— Total fit
=40  f Yy B'— Ky
> C Combinatorial
2 300F
< C
= -
=S 200F + + 1+ -
g 200F Bf>Ku
“ look

0 4 '." p— .

5200 5400 5500 5600

m(K*utu-) [MeV/c?]

=257 e < 10°
Q

a

E L

e

46 48 50 52 54 56 58 6.0
m(K "e*e) [GeV/c?]

T 20 LHCb

% 200 B —— Data 9 fb*

= 180 [ — Total fit

3 1608 Nl 3l e B> K'ee

= 140 BB — Jyete)Kt

@z 120 8 Part. Reco.

= 100 Combinatorial

g 80 B

£ 4% B*>K*ete
08T TrEhu

m(K ete”) [MeV/c?]

[arXiv:2103.11769]



Rare decays of B mesons: R

[ . 0.044
Results \fwtch full LHCb data: R = 0.846 J_F 0041 | (1GeV2<qg?<6GeV?)
[arXiv:2103.11769]
— 141
= . BaBar 12 :_ LHCb
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—.— | LHCb 9 b
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0.5 1 1.5
RK

— Deviation from SM at 3.1c = evidence of LFU violation
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e Previous results in other channels:

= LHCb measurement in the B>K*u*u

Rare decays of B mesons: RK

channel, Ry«, with 3fb?
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— . & flav.io]
LH(_'}) e JC ]
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[JHEP 08 (2017) 055]

= LHCb measurement in the A,—pKp*y
channel, Ry, with 5fb-1
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[JHEP 05 (2020) 040]



Rare decays of B mesons: b—sy

e First measurement of the photon polarization in a b-baryon system!
(Expected to be left handed in the SM)  [LHCbh-PAPER-2021-03] ‘%§
'
Y
" b ( ) S
Ab < d d\ A
1
S= 5 u u
Collision v o N
- { >
p’) LCT= 0.4mm -7 T b % "l s,d
AV sV .< i h: 0
HY, 08 X°..
A p
P
Angular distribution:
1 /_\b ARo
I',\b = Z (l — QX (Y \COS Qp) ) * o
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Rare decays of B mesons: b—sy

First measurement of the photon polarization in a b-baryon system!
(Expected to be left handed in the SM) [LHCb-PAPER-2021-03]

L e L

LHCb 1

6 fb! -

—— Data :
— Total

----- AE—)A}' —:

Combinatorial 3

........
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(o= =
T

. | T T TR~ 00—
LHCb 3 gSisof
-1 _— — o
:_ — Total _: = 140:
S M—ay ] Z120F
Combinatorial ] P 100 o
- Ay = An 8 -
1< sof
3 iﬁﬁ 1 6of
- _{% 405— ..........
. 20F
pmrgnbespigeemenng oy e b oy T (] ST
5000 5500 6000 6500 -1
m(pry) [MeV]
_ +0.17 +0.04
o, = 0.827 54 (stat.) "5 (syst.)

In agreement with SM
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Rare decays of B mesons: b—sy

e Constraints from radiative (C7():

1.0
| Constraints at 1o
— Ag — A~y
0.5 - — B(B — X,v)
BY — K"~
- — B
- - 0 ~x0 4 —
DI\ 0.0 BY — K*e7e
< 1 _—— 7 A~ /) | e Global no Ag — A~
Cd ......... Gthdl
—0.5 1 -
In agreement with SM
1 flavio v23.0
—1.0 —— —— T
—1.0 —0.5 0.0 0.5 1.0

Re(C7)
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Rare decays of B mesons

Global fits (more than 100 observables)

J. Matias et al, arXiv:2104.08921 J.M. Camalich et al, arXiv:2103.12738
30 2.0
2.4
) 15
1.0
0.6 '.' ," K ':'
—_— :_\9 " " l' ,’
35 00 o 05 Rt
‘‘‘‘‘‘ LO 'l *’-', "'
—0.6 .,' 4 M
~12 0.0 e =
B mmmm(lean Fit
" -0.5
—24
\CDM I
3030 24 18 —12 —06 00 06 12 18 24 30 -1.0 . .
e 2 1 0 1 2
st

New Physics hypothesis preferred over SM by more than 4 - 56
Main effect on the Co. coefficient: 4.275M -1.1NP

Triggered models with Z’, leptoquarks (LQ), new fermions and scalars....
b s ~L % &~

LQ _ ‘ ------- } _
— 71 L

dt

)
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Rare decays of B mesons

Just a reminder ...

v B decay 1932 Reactor v-CC  Cowan, Reines 1956
W B decay 1932 W->ev UA1, UA2 1983
C Ko=>uu GIM 1970 J/y Richter, Ting 1974
b CPV K%>nn  CKM, 39 gen 1964/72 |Y Ledermann 1977
7 v-NC Gargamelle 1973 Z> ete UA1 1983
t B mixing ARGUS 1987 t> Wb DO, CDF 1995
H ete EW fit, LEP 2000 H-> 4u/yy  CMS, ATLAS 2012
? What's next ? ? ?
u v ot
d % o= % 4( V!
v, S o P \ d b A

W Fﬁ\ﬁ __ e
K c i o BO / / Bo
Ul W
NN Niels Tuning (40)
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