LECTURE 4: RARE DECAYS



Learning goals

* what are rare decays?

* sketch of theory of rare decays

 some ‘recent’ highlights in rare B decays
* Bs->mumu
* Bd->K*gamma
* lepton-flavour violation tests



Standard Model: “No FCNC at tree level”

CKM: Flavour changing charged currents No Flavour changing neutral currents
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FCNC at loop level

e neutral currents are possible at higher order

Decay via I‘ Flavour Oscillation

”Penguin diagram”: L. via “Box diagram": e

e U S
*, 4 ,,—
B - K ﬂ M Lepton pair BS - BS
Z boson _
e u
t

B meson K* meson

 we call them ‘rare’
* higher order
» often ‘GIM suppressed’ (cancellation due to unitarity)



Examples of rare decays

very incomplete table

transition | example of decays

b— sy BY — K*~

b— st~ | By —utp, B = K*uTy—, BT — KTptu™
b — sqq By — Kn, By — om

b—dite— | B = putu™, By — ptu”

s — dry Ky, — vy

s —dlT 0 | K — putp, K — mlete™, KT — nutu

s — dvv K; — v, KT — ntvi

branching fractions typically smaller than ~107>,
some much much smaller




Effective couplings

* Beta decay: “charged current”:
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Effective theory: exploit separation of scales



Effective couplings

* Beta decay: “charged current”:
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e Rare B decay: “Flavour changing neutral current”:




Dealing with bound states

consider “B = D [V’

quark level process Al — ) = (f|H]3)
/
W . Uy L'(i — f) :/ | A(i — f)|” d(phase space)
b y c(u)




Dealing with bound states

consider “B = D [V’

quark level process hadron level process
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Dealing with bound states

sketch of solution (no formal theory!)

A(B° — D" (v)

V2

1
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coefficient:

e can be computed in SM

i

local operator:
e computation involves QCD




General solution: operator product expansion

approximate H with effective Hamiltonian that integrates out ‘all heavy
stuff’, not just the W, but also the top, etc

At = f) = (fIH]) = (f[Her i)

GF
V2

Vv

(1) Oi(p)

Her = —= » V&M G
i\

scale u: usually taken to
be the meson mass

“short distance” Wilson coefficient:
» stuff having to do with scales > u

local operator:

* stuff having to do with scales< u




General solution: operator product expansion

Al = f) Z Vo G ) (F1Oi(w) l2)

“short distance” Wilson coefficient: “long distance” matrix element
* perturbative: SM computation ‘easy’ * non-perturbative: difficult
* sensitive to New Physics * not sensitive to New Physics

* Wilson coefficients and matrix elements depend on scale ‘mu’
* computations need to ‘match’, such that mu-dependence cancels

* matrix elements are hard to compute but effective approximations available:
“heavy quark effective theory”, “lattice calculations”, etc



Rare B-decays and effective couplings: b = sqqg

.

(a) Current— current Current— current
operator O operator 0,

(¢) QCD penguin op-
erators O3_g
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Rare B-decays and effective couplings: b = slt1~

@ﬁ e

b
Electromagnetlc (g) Chromomagnetlc
penguln operator penguin operator
Oz, Osa
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Ooy = Oro1 >
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(h) Semi- (f)

leptonic operators
Ogv—104



Effects of ‘new physics’

S SV G (f10i) i

7

Al = f) =

* new ‘heavy’ particles only affect scales > mu
* - change Wilson coefficients

* new physics may also lead to local operators that are absent in SM
* e.g. with scalar bosons or right-handed currents
* l|ead to different 'kinematics’ of final state particles



Fully leptonic

Very rare! B <107°
@ Theoretically clean

@ Mostly clean to reconstruct

Sensitive mainly to C&).

Semi-leptonic

/-
/A
b S
BO t K(*)O
d d

Quite rare, B~ 107°
@ Hadronic pollution.
@ Mostly clean to reconstruct.
@ Electron reconstruction very
challenging.
Sensitive to !, ¢§ and c{)
depending on g° = m?, ,_ region.

Radiative
~
b SJ\/\N{MN\:F
B t
S S

Fairly rare, B~ 107°
@ Similar to semi-leptonic.

@ Experimental resolution not
great.

Sensitive to Cp.

(from Riley Henderson at FPCP’23)



Rare B-decays and effective couplings: b — su* ,u

 Effective 4-fermion coupling:

4 Gg .
}[eff = = ththszCiOi

e Standard Model diagrams:

Photon penguin: Vector, Axial vector:

b

b

b—sutu” / _
T

* Experimental test: Compare calculable G coefficients to experimental data

- Sensitivity for NP in Wilson coefficients C,, C,, C



Bsqa — uruT

very rare decay in SM: FCNC, helicity suppressed b
precise SM calculation (update!) WEN z°
q
© B(BY » utu~) =(3.66+0.14) x 1077 y
® B(B® - pu*u~) = (1.03 £ 0.05) x 10710 y
PRL 112 (2014) 101801 . HIA
JHEP 10 (2019) 232 b
s £ €

considered very sensitive to new physics (SUSY etc)

“clean/easy” experimental signature: just count!

Q: why is the Bd decay more rare than the Bs decay?



Bs: Vts V:b

Ba: Vg Vip

(b) W




Bsqa — uruT

e observed signals at the LHC:

PRL128(2022)041801
JHEP04(2019)098 ATLAS pe——— PLB8A2(2023)13795> . 1 1o NS
AILAS PRD105(2022)012010 o 14017 (13 TeV) g
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* note the importance of good mass resolution!



Bsq = U u”

Unofficial WA —_—
2210.07221
CMS +0.44
BPH-21-006 . B + 3.83 74 i
LHCb +0.48
PRL 128 (2022) 041801 ' - : 3.09 44
ATLAS+CMS+LHCb +0.37
BPH-20-003  superceded - 2.69 735 *
CMS +0.72
JHEP 04 (2020) 188 2.94 "¢
ATLAS I 0.g 108
JHEP 04 (2019) 098 ! 0y
SM Prediction
Beneke et al, JHEP 10 (2019) 232 "T" 3.66 = 0.14
L 1 I 1 1 1 | Il 1 1 1 L L | 1 1 L 1 | 1 1 [ ]
1 2 4 5 "
B(B, — ww) [107]

good agreement between
experiment and theory

non-SM contributions not much
more than 15%

e - strong contraints on BSM
physics

no clear evidence yet for Bd->pu



B, - K*°u*u~ (and alike)

* invariant mass-squared of pu
pair is called “g-squared”:

¢ = () +pi )|




Contribution of operators depends on g?

resomnances

J/¢<15>ﬂ .//tif;ifo;nf “
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Branching fractions of Rare Decays: b = s utu~
BT — KT puTp™ JHEP 06 (2014) 133
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 Branching fractions related to b — s u* u~transition consistently lower than predicted.



Angular distributions

* in>2-body decays, also “angular distributions” sensitive to NP

diT 9
dg2dcosf,dcosbi dep 32w

[If sin O + I¢ cos® O +

I sin? Oy cos 20, + 5 cos? O cos 20, +

Q= (cos @), cosbOg, @)

() I3 sin? O sin® 0, cos 2¢ + 14 sin 20 sin 26, cos ¢ +
1
I sin 20 sin 6, cos ¢ + I sin® O cos By +

0 17 sin 20§ sin 0, sin ¢ + Ig sin 260 sin 260, sin ¢ +

) .9 .
Iy sin® Ok sin“ 6,sin2¢ |

e experimental challenge: backgrounds and angular efficiency
* theoretical challenge: choose observables with small hadronic uncertainties



Example: angular distributions in B°

I LHCb arX|v 2003 04831

LHCb Run 1 +2016 E
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not great agreement
with SM prediction




Global Fitof b » s u*tu~

different theoretical
collaborations

» global fits: perform fits so all Mmooy
. 1 AS/GSSS
b->sl| data, aIIowmg for NP 0.754|—— CFFPSV (PMD)
contributions to Wilson [ ——
.« . 0.504
coefficients ﬁ
0.251
%-:1 1
e the fit seems to indicate new 0.00-
contributions to ‘C9’ |
—0.25
) —0.50
e the ‘pull’ of the SM is about 4 ]
sigma S T80 125 100 075 —050 —025 000 0.25

NP
Cop



Lepton universality

 SM: all leptons have ‘universal couplings’
« well tested with W+ — [Tvand Z° — [T]~ (e.g. at LEP and SLC)

for example, branching fractions of Z to leptons from PDG:

Iy ete 1 (3.3632 £ 0.0042)%
Iy ptp 1 (3.3662 4 0.0066)%
I's Tt 11 (3.3696 & 0.0083)%

 meson decays provide additional tests, e.g. sensitivity to new forces
between quarks and leptons (“lepto-quarks”)




B-decays and lepton universality
. k — ¢ lv charged current: ”AIIowed” —> large decay rates ‘<_>‘

p B - Dtv AL
BV AN D Yoo
b / B - D‘uV ’v /;;“
b | e
 B-D'mv 7 o
D

12 /vy T Bo D" Uy s

e b > sltl™ neutral current: “Forbidden” = rare decays

I‘ B+—>K+u+,u_
{’V>/ - B* o> Ktetes
b b\,\<
u-/e”

BO_)K*OM+H—
~ B0 - K*0pte-




b—-clv allowed
charged current (tree level)

BR(B = D™1v)
BR(B - D™ uv)

R(D(*)) =

=>»Involves leptons of 2" and
3'd generation

~ 40 deviation

0.3

0.25

0.2

B I T T T T I T T T T I I I -
[ BaBar, PRL109,101802(2012) 2 —]
- Belle, PRD92.072014(2015) Ay” = 1.0 contours :
- LHCb, PRL115,111803(2015) .. -
- Belle, PRD94.072007(2016) === Average of SM predictions =
[~ = Belle, PRL118,211801(2017) R(D) =0.299 + 0.003 ]
- = LHCb, PRL120,171802(2018) R(D*) =0.258 + 0.005 -
[ [ Average -
B -]:
— P(y*») =74% —
o I |S ?01 I L L L I L I L L L L I n
0.2 0.3 04 0.5 0.6
R(D)




RK and RK*
b — s 1t~ suppressed neutral current
BR(B™ - K u*u™)

R(K) = BR(B* — K*ete )

BR(B® - K*utu™) OLD

BR(B? - K*ete™)

R(K*) =

caused some excitement in past,
because LHCb seemingly found
deviations from 1

latest LHCb results are perfectly

S0oMmpatible wishsexpectaltons generation

-e-LHCb -m-BaBar -a—Belle
2_ T T T ™ T T ]
r LHCb ]
1.5F il .
1: SM
0.5F =
R | | ~350
0 5 10 > 20
g [GeV?c4]
2.0 ——— —r—
15F .
i ~ | ‘ ]
5 I + 1]
0.5 ® LHCh ]
[ LHCh arXiv:1705.05802 |, b
0.0 i L ! Col 1

10

15 | 20
¢’ [GeV?/cY




RK and RK*

b — s 1t~ suppressed neutral current

BR(B* - Ktutu~
RK) = ( u u_)
BR(BT* - K*tete™)
BR(B® - K*u*tu~
R(K®) = ( uru)

BR(B? - K*ete™)

=>»Involves leptons of 1%t and 2"9 generation

e situation until 2022: >3 sigma

deviation from expectation

-o-LHCb -m-BaBar -a—Belle
M ) L e B B e B T T ]
= & LHCb ]
20 0 N ]
1: SM
0.5F -
3 ~ |™350 |
00 10 |W) 20 ]

¢* [GeV¥ 4

1.5 =
\ ]
[ ]
0.5 @® LHCH |
. B BaBar -
LHCb arXiv:1705.05802 A Belle ]

0.0 1 1 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1

0 5 10 15 20

¢ [GeV?/c
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RK and RK*

e b - sltl™ suppressed neutral current
BR(B™ - K u*u™)

R(K) = BR(BT - K*tete™) 14F LHCb Ri low-g2 =0.994+00%
[ 9 fb-l Rk central-¢> = 0.94941%1%4‘1165
1.2F Rg-  low-g* = 0.927+%%%

Ry central-g® = 1.0277597

BR(B® - K*utu)

R(K*) =

BR(B® - K*e*e) <ok {
= | t
=>»Involves leptons of 15t and 2" generation 0.8
t Data Y2 =16 p=0812 0 =02
o6f — M

* situation today : good agreement
with expectation in this observable

Ry low-¢> Ry central-¢> Rg- low-¢> Ry central-g°



”

why we should keep testing “Lepton universality

Suppose we could test matter only with long wave-length photons...

U(Dq We would conclude that these two particles are
MV @ . “identical copies” but for their mass ...
Y et p+

This is exactly the same (potentially misleading) argument we use to infer LFU
in the SM...

Y, 2 W, Z P ‘ These three (families) of particles
AN seems to be “identical copies”
SUB)XSUQ)xU(I) € W T but for their mass ...

The SM quantum numbers of the three families could be an “accidental” low-energy
property: the different families may well have a very different behavior at high
energies, as signaled by their different mass

Isidori, 2019



» Implications for low-energy flavor physics

If the anomalies are due to NP, we should expect to see several other BSM effects
in low-energy observables

E.g.: correlations among down-type FCNCs [using the results of U(2)-based EFT]:

ES) T vV LT pe
b—s R, Ry B->K®»tut | BoK®w ! B>Ktu |B—Kpe
020%) || — 100xsM | 999
b—d [B;— uu B— 11T B— vy B—onmntu |B—mpe
B —mpp o(1 : :
100xSM (1) v > ~107 277
Bs — K® L [ _) } : -
0(20%) [Rg=R] i
s—d | long-distance NA K—>nw ' NA K— pe
pollution : P

Isidori, 2019



S. Fajfer, ICHEP2018

Models at TeV scale explaining both B anomalies

Scalar LQ as pseudo-Nambu-Goldstone boson

Gripaios et al, 1010.3962,
Gripaios et al., 1412.1791,
Marzocca 1803.10972...

Models with scalar LQs

Hiller & Schmaltz, 1408.1627,

Becirevic et al. 1608.08501, SF and Kosnik,
1511.06024, Becirevic et al., 1503.09024,
Dorsner et al, 1706.07779,

Cox et al., 1612.03923,

Crivellin et al.,1703.09226. ..

W’, Z' in warped space

Megias et al.,1707.08014

Vector resonances (from techni-fermions)

Barbieri et al.,1506.09201, Buttazzo et al.
1604.03940,

Barbieri et al., 1611.04930

Blanke & Crivellin, 1801.07256,...

Gauge bosons

Greljo et al., 1804.04642

Cline, Camalich, 1706.08510

Calibbi et al.,1709.00692

Assad et al., 1708.06350

Di Luzio et al.,1708.08450

Bordone et al.,1712.01368, 1805.09328...




Some of the things that | did not ~~**~ G
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Closing remarks

low energy measurements can be sensitive to very high mass scales

several ‘quark flavour physics” measurements show tension with SM
predictions

* experimental effects?

e theoretical understanding?

* new physics?

- Belle-Il/LHC measurements will improve a lot over coming decade

lot’s of other exciting experiments ongoing: watch tight!



