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Search for new physics signals

in rare B decays
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" Flavor physics is important

The origin of flavour is one of the big, unsolved mysteries of fundamental physics!

While the Standard Model (SM) describes flavour physics very accurately,

it does not explain its mysteries:

v" Why are there 3 generations in nature?

v" What determines the extreme hierarchy of fermion masses?

v What determines the elements of the CKM matrix?

v What is the origin of the matter-antimatter asymmetry (CP violation)? ‘

The SM CP-violation is insufficient to explain the matter/antimatter asymmetry
-> progress in flavour physics may help understand open questions in cosmology

History has shown that flavour physics often gives first evidence for new discoveries:
» Kaon mixing, BR(K?, —pup) & GIM — prediction of charm

» CP violation — prediction of third quark family

» B mixing — mass of top is very heavy

» rare B-decays — SUSY parameter space constrained
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‘ New Physics in FCNC processes \

® Mixing
b W d b 8Xj _d
I i
u u ? d d
. h O& = AND:? _‘q 1_{ h
d W b d §x° b
Simple parameterization for each neutral meson: M, = MM (1 + he?'?)
® Penguin decays
br t §7 SL br t K SL

A R = AND? o
W \\_>//H—

Many operators for b — s transitions — no simple parameterization of NP
® V.. .s only measurable in loops; likely also subleading couplings of new particles

® |solating modest NP contributions requires many measurements
Compare NP-independent (tree) with NP-dependent (loop) processes
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PHYSICAL REVIEW LETTERS

- Experimental Discovery of CP Violation

27 Jury 1964

EVIDENCE FOR THE 27 DECAY OF THE K,° MESON*'

J. H. Christensof, J. W. Cronin,¥ V. L. Fitch,¥ dnd R. Turlay?
Princeton University, Princeton, New Jersey

(Received 10 July 1964)

This Letter reports the results of experimental
studies designed to search for the 27 decay of the
K,° meson. Several previous experiments have
served!? to set an upper limit of 1/300 for the
fraction of K,”’s which decay into two charged pi-
ons. The present experiment, using spark cham-
ber techniques, proposed to extend this limit,

In this measurement, K,” mesons were pro-
duced at the Brookhaven AGS in an internal Be
target bombarded by 30-BeV protons. A neutral
beam was defined at 30 degrees relative to the
circulating protons by a 13-in.X 13-in, X 48-in,
collimator at an average distance of 14.5 ft. from

== 12x1073 : Too Small .... for Sakharov !

The analysis program computed the vector mo-
mentum of each charged particle observed in the
decay and the invariant mass, m*, assuming
each charged particle had the mass of the
charged pion, In this detector the K3 decay
leads to a distribution in m* ranging from 280
MeV to ~536 MeV; the K3, from 280 to ~516; and
the K3, from 280 to 363 MeV. We emphasize
that m * equal to the K° mass is not a preferred
result when the three-body decays are analyzed
in this way. In addition, the vector sum of the
two momenta and the angle, 6, between it and the
direction of the K. beam were determined. This
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Universe: Ng~™Ng~ _ 10°~ 1071
— Ng+Ng
Standard Model: Ng™Ng~ __ 10 %
Ng+Ng

CP violation in the K and CP violation in the

B meson decays can be universe cannot be

explained by the explained by the
Standard Model. Standard Model.

New source for CP violation beyond the Standard Model in the
particle world?
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The CKM (Cabibbo-Kobayashi-Maskawa) matrix

Another possible parametrisations (Chau and Keung parametrisation, adopted by PDG):
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PDG2006 & 2016 Unitarity
Triangle Comparison
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CPHIR By “HERX”
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2 —30
2 — 30
~ 2.50

~ 2.50

Flavor anomalies

(g — 2), anomaly

non-standard like-sign dimuon charge asymmetry
enhanced B — D)7y rates Rp
suppressed branching ratio of Bs — o¢u™ ™

tension between inclusive and exclusive determination of | V|
tension between inclusive and exclusive determination of | V|
anomaly in B — K*u .~ angular distributions P5,
SM prediction for €' /e below experimental result

Rk

lepton flavor non-universality in B — Kutu~ vs. B — Kete~

non-zero h — 7u

Wolfgang Altmannshofer (UC)

Theoretical Advances in Flavor Physics January 14, 2016 18/34

(Wolfgang Altmannshofer, Aspen Winter Conference on Particle Physics 2016)

FER

23



BT - EEk

—ANBRK AL, FHHEELER

WK TARE —FR? BRER, £

—IT-I-

r ?

=

76 A R R 3518 R 571

FHBRBIPTAE K
BHTHE KNS MR T #

» BHINSERERE: WRETFRUE, AEEE. BT (

%) NEH.

= XFTARTHEIAERRE, flI, pTRHtTRER. B
MNHFEREIWH FEERNEEMELER. EHREIEL

FRRBARHG, ~ g/ M,

B -2

ZEPN

NS E g BA ENN.

N T 52 K Hosi A &

24



% Lepton Universality

~
N —

R

e lepton couplings to gauge bosons in the SM are all the
same

e very well tested, PDB averages:

4 4
W A Z "
iy 4
B(WT — utv)
— 0.991 +0.018 g e
B(W+ — etv) i’; (é — R )) 1.0009 + 0.0028
(W+ 4 T+”) = 1043+£0.024 gz, 4,
B(W* —etv) B(Z s efe) = 1.0019 + 0.0032
DKW 570501058 il
B(W+ — utv) 9977 (SM)

SN 25
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" B— D®rp Br~07+1.3%in the SM
Not rare, but two or more missing neutrinos
Data available since 2007 (Belle, BABAR, LHCDb)

Theoretical motivation WS. Hou and B. Grzadkowski (1992)

b > ™ € SM:gauge coupling
W- v lepton universality
T

b —»——<>— C Type-ll 2HDM (SUSY)
— N\ 14 Yukawa couplin
H piing
\< -
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e Enhanced B—>D®tv decay rates

: I'(B — X71v)
Experiments R(X) = _
0.50f T I'(B — X(e/u)v)
2013 :
o —Belle | R(D)=0.421 £ 0.058
0.40¢ ] *
| R(D™) =0.337 £ 0.025
R(D*) oz @ | R(D")
0.30} ~3.50
0.25f o ——combined: Y. Sakaki, MT,A. Tayduganov, R.Watanabe
—SM
0.20t . )
020k .
.o 2015
0.40. i R(D)=0.391 £0.041 + 0.028
*\ ‘ "

R(D™) 4l ! R(D*)=0.32240.018 + 0.012
orl (3 | ~390  HFAG
0.25} =
0.20% . . . i

0.2 0.3 04 0.5 0.6
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Theoretical uncertainty: form factors
data from B — D™ (0=, p)
+ HQET or pQCD
+ lattice QCD
R(D) = 0.296 + 0.016 (Fajfer, Kamenik, Nisandzic)
0.302 + 0.015 (Sakaki, MT, Tayduganov,VWatanabe)
0.299 + 0.011 (Bailey et al.)
0. 337+g 022 (Fan, Xiao,Wang, Li)
- (Exp. HFAG)
R(D™) = 0.252 £ 0.003 (Fajfer, Kamenik, Nisandzic)
0.252 4 0.004 (Sakaki, MT, Tayduganov,Vatanabe)
0. 269+8 055 (Fan, Xiao,Wang, Li)
322 + 0.018 £ 0.012 (Exp. HFAG)
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Ch arge d Higgs boson
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predictions of 2HDM I
. arXiv: 1205.5442, PRL.IO9.IOI8W
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Charged Higgs excluded at 99.8% CL
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first surpriseinb — ¢c 7 v

AR

e apparently the 7 has a stronger coupling

e at tree level, several possible other couplings

& . & |

-
- L T
>
.
- "
<
- "

Yy, Wir, H < e

- new W gauge boson with non-universal couplings (our model Wg)
- leptoquark - need very specific flavour structure

- charged Higgs, seems a natural explanation but the simple
models do not work
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Nothing seen in other meson decay

Exp. (PDB SM

B(K™ — e'v) 2.488+0.009(105) | 2.477+0.001 S1o-5)

B(K+ — utv) (Cirigliano et al)
B(nt — etu(v)) 1.2327+0.0023(104) | 1.2352+0.0005(10%)
B(nt — utv(y)) (Marciano, Sirlin)

B(K* — nutv) 0.6608+0.0029 0.6631+0.0042
B(K*+ — nPetv) Cirigliano et al

® no simple models

® need to arrange the flavour structure to single out
this family: b, 7

ZEPN
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s Very large new-physics effect, considering these are CKM
-favored decay modes occurring at tree level in the SM

= SM gauge interactions do not distinguish between lepton
generations

= Phase-space differences due to large t mass taken into account

= Different form factors contribute when the final-state lepton 1s
massive, but their contributions are suppressed by (m_/myg)
and constrained by heavy-quark symmetry (uncertainties enter
only in power corrections)

= SM prediction rather clean, but worthwhile to keep improving
it!

SN 32



o W?and semileptonic B decay to tau

quark sector

N
R I I 7/

EW — —%UL’)/“VKMDL(COSow:—Sin@WI’j_)

L G PR, + cosew W) + hc

e two (sets) of parameters come into play
® mixing between W and W’

e right handed analog of CKM matrix

ZEPN
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previously worked out constraints

*HFAG-2012
"From b — sy = (3.55:0.25) x 104 ~0.0013 < & <0.0027
d; el s
2 strongest constraints
from meson mixing
d; di, 07,7

FCNC constraints can be summarised by Vi, ~ 8y
with V' =vid, vVl =vokm  this allows us to predict
. 0 0 AN
Vr = (Vrij) = (VR VRb) Vr ~ 0 0 AX

5 ) g X |1
Vth ~ ‘/Cba VRtu ~ Vaub



W<and semileptonic B decay to tau

weak eigenstate basis _ VR3

lepton sector We AAANANAE

eneed the new right-handed neutrino to be light

eit is possible to have a scalar sector that gives
an acceptable neutrino mass spectrum and mixing

_ » nointerference if neutrino mass << charged lepton mass

1 for 4,
P AN |M le t0n|2 X x

rotates RH charged lepton to mass eigenstate



B—>1v

" < [ pitiidieas Q85T 0l MAare
CKMfitter B =T )_{ without:  €.821 e 19~

Heavy Flavor Averaging Group - October 2016
Compilation of B* and BY Leptonic Branching Fractions (x107%) - UL at 90% CL
In PDG2014 New since PDG2014 (preliminary) New since PDG2014 (published)

Mode PDG2014 Avg. BABAR Belle

et v < 0.98 < 1.9 < 0.98 T
utu < 1.0 < 1.0 <17'
Tty 114 + 27 179 4+48 % 91 4+19+11 %
I'B™ - 177v)

) ., z VRub VRcb
— FW’ — 2 FMix I 1‘3 with Vub ~ V;b

I'(B~ - 77V;:)sm
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on-universal B—Kpup/ee rates

LHCDb observation of a violation of lepton universality in the rare decays
B—Kppu vs. B—Kee — if confirmed — would be the most spectacular LHC

discovery after the Higgs boson:
LHCb 1406.6482

--LHCb -m-BaBar —a—Belle

R e T L A A A I ML
= L~ 2.60 LHCb :
LS - =
|

1: +. T SM
0.5F -
B I'(B— Kptp~ !
B r(( B_—: = +Z~)) = 0.745 735 +0.036

O L oo 5 1 ., 4 4 1 4 . 5 1 ,
0 5 10 15 20

g* [GeV?/ ¢4
BEK 37



! ',*.'; iq
&4
N,

T
e

on-universal B—Kpp/ee rates

LHCDb 1406.6482

In SM this ratio equals 1 to high accuracy =~ , =/ = wbae
=t LHCb |
Leading deviations arise from QED 15t . ;
corrections, giving rise to large logarithms I s
involving the ratio mp/mye o *T :
RK=£((§:§’£Z__)) = 0.745+3:9% + 0036

The effects have been estimated and were I e T

found to be of O(1%) [Bordone, Isidori, Pattori: 1605.07633]

» SM prediction very clean!

q* [GeV¥ ¢4

Eagerly awaiting an update from LHCb (electron reconstruction

efficiency is rather different from that for muons)...

Teaser on Rx+ (but no results yet) presented by LHCb at Moriond-EW

FER
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LHCb 1 i T
SM from CDHMV ] F}' E

[
0.4 & ]
i A SM from EOS ) 0.5 @® LHCb |
0.2 v SM from flav.io ] . 8 BaBar -
| LHCb Preliminary & SM ;22 Jcav g - LHCb Preliminary A lelear ]
0.0_||||||||1]||||||||||||||[|||||_ 0.0_1 (RS N N SN D NN S (S [N TN NN | NN S G M | |_
0 1 2 3 4 5 6 0 5 10 15 20
e [GeVZ/C4]  PRD 86 (2012) 032012 e [Gev2/04]

 PRL 103 (2009) 171801

> The compatibility of the result in the low-q> with respect to the SM

prediction(s) is of 2.2-2.4 standard deviations

> The compatibility of the result in the central-q* with respect to the SM
prediction(s) is of 2.4-2.5 standard deviations
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Flavour anomalies and New Physics

If confirmed by future analyses, what does this point to?

Rp«y & T#eu Ry & upu#e

SM gauge interactions do not distinguish between different

leptons, and Higgs exchange 1s irrelevant; hence need new

particles beyond the SM with new types of interactions

* U(l)t-u — new Z’ boson coupling with opposite sign to W't

* New particles with Yukawa-like interactions, leptoquarks
(better: lepto-quark-bosons)
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SAne lar analysis of B—=K up decays
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+ Rare B—=K"uu decays offer a rich laboratory for new-physics
searches via differential angular distributions as a functions of
lepton invariant mass:

L dil

dI'/dg? dg2d cos 6,d cos Oxd¢
S-wave and S&P-wave interference

:8171 {g [—l— [Agcos ) (1 — cos? ;) +[AZN/1 — cos? bk

/1 — cos? 6, coscp] + (1 —[Fs)|[2F|cos® 6k (1 — cos? 6))
1 1

+5(1 —[F) (1 — cos® 6x) (1+ cos®6;) + (1 —R))

(1 — cos? k) (1 — cos? 6;) cos 2¢ + 2P§|cos /[l (1 — [FL)
V1 — cos?0x/1 — cos? 6, cos 4)] } B

2N 42
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'\";Anhgular analysis of B—K pp decays

+ Tt is useful to construct observables which are less sensitive for

hadronic uncertainties related to form factors
[Descotes-Genon, Matias, Ramon, Virto: 1207.2753]

# One particular such observable — called P; — shows a large
discrepancy with the SM prediction in a particular q? range:

LHCb 1512.04442

" F :
E LHCb :
= 2% SM from DHMV
[ ]
0:*-* | . 2.80 deviation in 42 bin between [4, 6] GeV?
" i ] (3.00 in bin [6, 8] GeV?)
aE —__ +
2F 3
o s 0 s

g* [GeV¥ 4]
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e from J. Matias, Moriond EW 2017:

Global fits

Global analysis of b — sy anomalies

96 observables in total (LHCb for exclusive, no CP-violating obs)

[Descotes, Hofer, JM, Virto]

@ B— K*up (P2, Pg’s’e,e, F; in 5 large-recoil bins + 1 low-recoil bin)+available electronic observables.

@ Bs — oup (Py, P‘li,G’ F, in 3 large-recoil bins + 1 low-recoil bin)

@ B* — K*up, B® — K% (BR) (¢ = e, u)

@ B — Xsv, B— Xspp, Bs — pp (BR), B— K*y (A and Sk~,)

Beyond 1D several favoured scenarios

Allowing for more than one Wilson coefficient to vary different scenarios with pull-SM beyond 4o pop-up:

3} ! 3[
| Branching Ratics 1 | Branching Ratios 1
= Angular Observables (P)) 1 22 Angular Observables (P)
2r T au 2r -
1+ 4 \\ | 1 v
.ll \‘.. .l
-1t -1t ,
-2r -2r
-3k i i -3k i
-3 -2 -1 0 1 2 -3 -2 -1 0 1 2
o cyF
/
(Cs, C10) (Ce, Cq)

@ BR and angular observables both favour C}* ~ —1 in all ‘good scenarios’.

P
10'

P
10 =

3

| Branching Ratios 1
I} Angular Observables (P)  °
- au
{ \\‘
1 \\
1 \
\ \
\
.
D ]
\ 1
. A
N ,,
b g o
-3 -2 -1 0 1 2 3
P _ _NP
ciP = -cY

(Co = —Cq & Cio = Cip)



best 2 parameter fit

looks like fits prefer left-handed structure
—previous model not favoured 1n this case?
—tree-level FCNC are right-handed

—one loop corrections of electroweak strength
are left-handed also, could give the right size

—full model 1s very complicated and would
need a multi (>2) C. fit

another non-universal Z’ that is left handed

ZEPN
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Search for new physics in hadronic
B decays-1example

K. Huitu, C.D. Li, P. Singer D.X. Zhang, Phys. Rev. Lett. 81,
4313 (1998), hep-ph/9809566.

(a) (b) (c)
b g S $
R WAL
1 1 \d
v 8 v a s
SR 1

b — ssd transition (a) SM., (b) MSSM, (c) MSSM with R-parity violating coupling

SM BRs: ~ 10 -14,
Some New physics can reach 10 -

46



. - Experimental search starting from OPAL @ LEP, phys.
/ Lett. B 476 (2000) 233, later searched also by Belle/Babar

BABAR collaboration, Phys. Rev. D 78 (2008) 091102 [arXiv:0808.0900]

A search for the decay B~ = K~K~n*, Using a sample of (467 + 5) x 10° BB pairs collected with the
BABAR detector.

b u,c,t a
-

u

W W

_ u
B s Sugt _ v

d

S
-

cl
cl

Result : No evidence for these decays was found and a upper limit was set as

BB~ —=K K 7#7)<1.6xX1077
47



. - Experimental search starting from OPAL @ LEP, phys.
/ Lett. B 476 (2000) 233, later searched also by Belle/Babar

BABAR collaboration, Phys. Rev. D 78 (2008) 091102 [arXiv:0808.0900]

A search for the decay B~ = K~K~n*, Using a sample of (467 + 5) x 10° BB pairs collected with the
BABAR detector.

b u,c,t a
-
u
W W
u
B s Sugt _ v
d
S
-
u u

Similar channel B 2> n K"

Result : No evidence for these decays was found and a upper limit was set as

BB~ —=K K 7#7)<1.6xX1077
48



Recent LHCD result:

Physics Letters B 765 (2017) 307-316

BBt - KtTKtTm~) <1.1 x 1078
BB+ - ntatK~) < 4.6 x 1078,

Recent theoretical results in Randall-Sundrum model:
Chinese Physics C41 (2017) 053106
Br(b—>ss d-bar) can reach to 10 -1°
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Summary

No new physics so far at high energy at LHC

B physics at LHCb combined with previous B factory
results 1s slowly uncovering a conflict with SM

Flavor sector has only been tested at the 10% level
and can be done much better

The pattern 1s not obvious, and the deviation from SM
is large (> 5 ) when quantified by a global fit to many
observables

We are still waiting for a clear New physics signal in

the heavy flavor sector
50
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