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Why rare decays ?

= Up to now, no sign of New Physics (NP) from direct searches... but indirect NP effects
can also appear in heavy flavour rare decays.

= Flavour changing neutral currents are forbidden at the tree level in the SM, they can only
proceed through loop diagrams.

= NP virtual particles can enter the loop and modify observables such as branching ratios,
CP asymmetries, angular distributions,...

= Complementary to ATLAS/CMS searches, flavour can probe a very high scale!
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Which rare decays ?

= Different type of decays give access to different observables sensitive to different new
physics contributions

» The correlations between the observables allows to identify the type of new physics
involved = important to measure all possible observables

» The usual suspects:
* . :

B — ¥: branching fraction

b — s ¥ : branching fraction as function of g? (=my?), angular observables
« Ex: By—K*0utu By—K*ete  ,Bi—dutu, Ap—Aptp

Test of lepton universality
Search for lepton flavour violating decays
Rare charm decays

* e :
£ = muon or electron, tau much more difficult experimentally
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How to interpret SM deviation ?

» b — s ¥ decays can theoretically be described by effective hamiltonian

4(* i=1,2 Tree
Heff ’ f—b‘/ E ( O -+ ("‘O") i=3-6,8 gluon penguin
\/E I=7 photon penguin
? '\ i=9,10 electroweak penguin

left-handed part  right-handed part  i= S,P Scalar, Pseudo scalar penguin
suppressed in SM

= QOperators O, depends on hadronic form factors, which usually dominate theoretical
uncertainties

=  Wilson coefficient C; describe short distance effects, they are sensitive to NP

[
J/¥(18)
i
(2S)
d—r‘r r * .
T u B —> K 22 . C7 Cg Clo
) il CY) waCff . TS
interference Long distance _ B 22 - Clo CS CP
e i « BoX.y:C
t:::vsholz : S y . 7

4 [m(u)]?

Rare decays @ LHCb Justine Serrano




Precise SM prediction:

(PRL 112 (2014) 101801)
BR(B,—u*u)= (3.66£0.23) x10°
BR(By;— p'p)= (1.06+0.09) x1010

Possible new particles in the loops

Ex:2HDM

A

Rare decays @ LHCb
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Interest of By,;—p

Flavour changing neutral current and helicity suppressed decays

=

b W+ 8]

t A Z _ 75%
S Z u
—_— W
b W my
e S Vg Wl Ve VS mmm.

tA _ Yy, 24%
$ W w
> A~

H L )
hAH _
~ -

Very good place to look for physics beyond SM, intensively
searched for over 30 years!
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LHCb, 3fbt (PRL 111 (2013) 101805) :

BR(B; —> 4" 17) = (2.9 5 (stat) ‘g3 (syst)) x10~°

BR(B” — 1" p7) = (3.775; (stat) g, (syst)) 107

______ T l4f LHCb e
=TI BDT>0.7
=
AT 3 fb! 3

o G O ]
5000 5500
M [MeV/c?]

= CMS obtained similar results with 25 fb-1 (PRL 111 (2013) 101804)

= Combination (Nature 522 (2015) 68) :

CMS and LHCb (LHC run 1)
T I T T T I T T T

£
[=]

(%)
[=]

-
(=]

(=]
(=]
I|IIII|II|L|IIII TTTT IIII|I

S/(S+B) weighted cand. / (40 MeW/c?)

e

B0 —+4— Data
= Signal and background
50 B u'y

Bty

= = (Combinatorial bkg.
==== Semileptonic bkg.

= == Peaking bkg.

0 2

SM

e 0 T N = I = - B =]
T T T T

1
0 0.2

PR

[=]

5000 5400

5600

5800
m,., [MeVic?]

4 B _8 .
B(B: — u u) [10°7]

c J
0.4 0.6 0.8
B(B" — u* u”) [10'9]

First observation
(at 6.2 o) for B,
and first evidence
(at 3.2 o) for B

Results compatible with SM predictions at 1.2 o for B, and 2.2 ¢ for B
but deviations from SM are still possible!
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b — spp branching fractions vs g2

=  BR measurement of B* — K* py, B — KO pp and B* — K** pyu (JHEP 06 (2014) 133)

ENI.CSE Lattice —e—Data ] CSE Lattice —#—Data 0 EN] CSR Lattice —#Data
T T T T - = T T T T - - T T T T

SE B K E

0 E 1 1 | 1 | 1

B =K uu g
LHCb A

2 B =K uu _
<y LHCb 3

b

o

dB/dg? [107 x ¢*/GeV?]
|
dB/dg? [10™ x ¢*/GeV?)

dB/dg? [10°* x ¢*/GeV?)]

0 5 10 15 Jlnj O 5 10 15 0
q* [GeV-/e] g [GeV¥e!]

= Experimental average of B® — K*0 py and B, — ¢uu at high g2 : Horgan et al (PRL
112, 212003)

12 [~ T 1 1 J_Q T T T T
& Lok B — Kt p | = 1ok Bl = optp |
Average from = ~ Average from
LHCb, CDF, S oS R . LHCb, CDF
CMS, ATLAS ~sl 1 e T oosl : | /
= TEX=E S
Cy= CoM— 1.5 &) = “\
o 5 02F R "y

| | | |
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q (G(EVQ )

0.0 I R N B
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Angular observables of B,—K*Ou*u-

» Decay described by 3 angles and di-muon

invariant mass squared g2
= A, F, and S, are determined in bins of g2

and depends on Wilson coefficients C,, C,,
C,, and hadronic form factors

1 Bdr+T) 9

Rare decays @ LHCb

327

: 2 v 2 . 2 -
— F1 cos” Ok cos 28y + S5 sin” Hg sin”™ #y cos 20

AT +T)/dg2 40 N

+ 54 8in 20 sin 26 cos ¢ + S5 sin 20 sin (g cos ¢
+ %:‘1[:[; sin® A cos By + S;sin 20k sinfy sin ¢

+ Sy sin 26 sin 260, sin ¢ + Sy sin® f sin® 0, sin 21:3'1]

[%f] — ) sin” @ + FL cos? 0k + %[1 — F1) sin® O cos 20

PRL 111 (2013) 191801

The previous analysis on 1 fb?
revealed a local discrepancy at 3.7 o
for P’ (“cleaner” observable)

Sk
Py = — ~
\_fFf_.[]. — Ff]']

TR

SM Predictions
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. 20
q? [GeV/c?]
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Angular observables of

=  Analysis updated with the 3fb-! recorded
during Run 1 : 2398 + 57 signal events

= Angular observables extracted from
likelihood fit in decay angles and my,,,in
g2 bins

Events / 5.3 MeV/c2

= K1 S wave contribution taken into
account by fitting simultaneously the K1t
mass

B— K™

LHCb-CONF-2015-002

T
LHCb

= Example in the bin 1.1<g%< 6.0 GeV?;

Events / 5.3 MeV/e?
Events / 10 MeV/¢?
=

Ln
=
T T T T T

mE ) MeVicd] ' ' mK ) [GeVie]
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Angular observables of B,—K*Ou*u-

— 1 T T T T T T T T T T T T T T T T T T

AI-H

05— —

- LHCb ] I
0.8 :— ] preliminary —: I e ——
EI.E-:— | Il SM from ABSZ _: [ E_(_ i
: " 1 1
" —+— _;J LHC
D i i preliminary
02— —
. ’ I I SM from ABSZ ]
D5 —
ﬂ i 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 ] 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1
0 5 10 15 0 5 10 15
g [GeV* 4] g* [GeV¥/ 4]

Theory prediction from arXiv:1503.6634, arXiv:1411.3161

= A systematically below SM prediction

= Zero crossing point evaluated as in previous analysis (PRL 111 (2013) 191801) and
consistent with SM (~4.0GeV?) :

Uzcp” =3.770% ,GeV?
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Angular observables of B,—K*Ou*u-

LHCE

Rare decays @ LHCb

preliminary i
I =M from ABSZE
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“ g5
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Angular observables of B,—K*Ou*u

Theory from JHEP 1412 (2014) 125

T 1_ | T T 1 T ]
Z 3fp -1 LHCb | i

05k preliminary _:
3‘+ { SM from DHMV ]

F T :
05 + ]
B

- | | Loy

=T
Ll

e

[

15

g* [GeV?/ 4]

Discrepancy in P’; still there at 3.7 o level doing a naive combination of the
two bins (2.9 o each)
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Theoretical interpretation

Global model-independent fit of the Wilson coefficients using 88 measurements from
ATLAS, CMS, LHCb (Altmannshofer, Straub, arXiv:1503.06199)

angular observables

Re(Ci)
8]
Re(Cy)

b _
_1:_
—al I
L T N L
Re(C)F) Re(Cy™)
The fit prefers C;NP~-1.1 by 3.7 ¢ b - s
Could be due to a Z' (Gauld et al., JHEP 1401 (2014) 069, Buras et al., \T ut
JHEP 1402 (2014) 112, Altmannshofer et al. PRD 89 (2014) 095033,...) 7! ‘1 B
or not well understood hadronic effect.. H
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Angular analysis of B,—K*%e*e-

JHEP 1504 (2015) 064

= Angular analysis of B;—K*%e*e- at small g2 € wf ' bwa g xwr | [LHCH -
values is sensitive to photon polarization, N -f."ﬁ".'“x’f?f -
which is predominantly left-handed in the = ® o E
SM 2 -
=  Measurement of F_ , A{® A (M A_(Re) in the E =
g region [0.004,1.0] GeV?, using 124 = E
signal candidates S ]
A2 (g2 _ 2ReCT) _ Im(CCr) 4800 5000 5200 1'l---5-:un
Ar'(@ = 0) = Cs2 + |C. |2 Ar(g = 0) = IC7|2 + |CL|2 m(K*mete) [MeVic?]
Result: Jaeger et al. JTHEP 05 (2013) 043
obs. result obs. SM prediction
F +0.16 4 0.06 4 0.03 I +0.107 5
AP —0.2340.234+0.05 A% +0.0374:0,
AR +0.10£0.18 £0.05 Ale —0. 1“+3 g:_%l
Al 40144 0.22 4 0.05 Alm (—0.2%13) x 1074

Results consistent with SM, sensitivity to C’; comparable to time-dependent
analysis of B — K, %y by B factories (PRD 78 071102, PRD 74 111104)
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arXiv:1506.08777

%
5
. /
-

+ +

V ,-1_1 3
— 1 'I-L
Z(]‘ n'LLL' l -:1 PR A R A8 B
,U,+ 5300 5400 5500

m(K'K 1) [MeV/c?]

= Very similar to B;—K*Ou*u-, but not self-tagged -, -
> i LHCb 1
— 0 +
; ; 2 w0of B
BS t_ ) S L
b . § — 5oL
17 5] -
< -
v :
@A

g (s < NI B AR

= Update with full Runl data : 432 + 24 signal events

I 5 10 15 I
G [GeV¥ ¢

T, 9E =

= Full angular analysis performed T sE LHCb 3
g 7 i_ SM prcd%

°'-°: 6 ?J'» } Data _;

o F =

Branching fraction also shows 3 4F —+_ ++
tension with SM prediction at /’%’""? — i E
low g2 X E E

:}:;; Og | L 1 I 1 | L 1 L 1 | 1 L g
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15— .
S LHCb
1.0f .
05 T .
0.0f
R S TR T I
g* [GeV-/ct]
- 1.0 T T |
v R LHCb
G.Si}_ -
B T i
D'D: 1 ! ]
05k —— + T
1.0 =

All angular observables consistent with SM predictions

Rare decays @ LHCb
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All angular observables consistent with SM predictions
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= Baryonic system provides sensitivity to
additional observables

= Measurement of the BR in 8 g2 bins

= Rate still too low to perform a full angular
analysis but forward-backward asymmetries
are measured fitting one dimensional angular
distributions

_@ 1: L L N 0.5
) 32 E: LHCDb SM prediction :E h gi
04F = Data = 0.2
02F = 0.1
S + 4 SO :
02F —__ I 0.1
04 B = 02
0.6 = 0.3
0.8F = -0.4

) SRS SRS L S 05

=
A
fu—
=
—
waf
~J
=

JHEP 06 (2015) 115

=
= @ @

*— Data

—
()
'II|||||||||III|III|III

------------

Fem—m e

= @ o~

e
()

dB(A, — A p )/ dg’ [107(GeV/ ety

SM prediction

____

a
+

e s
s

LHCDb

SM prediction

=~ Data

10

[ ]
n

15 20 |
g [GeV¥/ 4]

Similar tension with SM prediction for branching fraction at low g2
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Test of lepton universality: Ry

R, — N(BT—=Ktutp™)
K — T(BTSKTtete)

= In SM Ry is predicted to be 1

= LHCb measurement in 1<g?< 6.0 GeV?/c? PRL 113 (2014) 151601

r\E 402_. ™ T T LHCIIJ _; EFFOE'
e LHCb @ BaBar 4 Belle 2 3of + 1g
Ez 2_ T T T T I T T T T I T T T T | T T T I T T ] % g B__} K_ee g l“cj-:-
B ] - 20 2.
i LHCb A E
o ] = 10f o
L3p o 1
B ] © 0 =
C + ) 5000 5200 5400 5600 8
I m(K*ete™) [MeVic?]
- SM -
. : U L N R A
0 5__ E %500_— LHCb
SF . z | :
- . 75000 B"— Kuu 1
U- N B S B S : E ]
0 5 10 L5 20 %100k
q* [GeV¥/ ] =
N TAET0.090 ¢ 4 0y 0 avrat ) S %200 5400 5600 _
R;h SN —L-_J_“_”T l'-’“'T*'lT ) & 0.036(syst) o< T K ) [MeVie?]

= 2.6 0from SM
= electron mode is in agreement with SM = deficit of muon mode again
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Test of lepton universality: R(D*)

B(B° - D**t7v)
B(B° - D**u~v)

R(D*) =

= Some tension found in the past by Babar and Belle
» LHCb perform the first measurement of R(D*) at a hadronic collider, using T—uvv
= Separate signal from background fitting M, <<%, g%, and E;,

arXiv:1506.08614 _ _
R(D*) measured value is 2.1 o higher than SM

~ 4000F 13 P L B = o o -
E 935<q7<1260GeVie LHCb 1 prediction, confirming the tension.
> . ] .
G 3000 . Average is 3.90 away from SM
S{ 2000:_ _: -;"“\ 0_5 [T T T T T T T T T T T T T T T T T ]
8 - . - [ == BaBar, PRL109,101802(2012) AXE =1.0 A
; gﬁta o £ 1000 — EZ/ 045 === Belle, arXiv:1507.03233 —
— D™y = F B R ~r -
B B — D*H_(— MX)X g c : - L-HCb. arXiv:1506.08614 .
- B N Dtt'v & é: — ) | — Average |
BN B - D'y z T ~ 0.4 -
Combinatorial g 1 = =
I Misidentified p m (GeV -’04} 0.35 - =
S 00 IR G THh a: :
= - ] - 1
£ 3000F E 0.3F =
8 - E
= - E - HFAG
- a . 0.25 —
= - SM prediction P(y) = 55.5%
@] E 1 =233.0%0
] 0 TR R T RN R R B L1 L
o %.2 0.3 0.4 0.5 0.6
& e
2000 2500 R(D)
E,* (MeV)
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Summary

= LHCb obtained a lot of interesting results from Run 1 data
« Mainly using muonic decays but electrons and taus are coming!
* Not shown here: LFV t—pupp , radiative B — X, vy, LNV B—1m* pp ...

» Rare decays show several hints of beyond SM effects:

+ global analysis shows that a lower value of C is prefered over SM at 3.7 o
* PSin By—K*Outu

+q -
* B — U
° /\b_) /\ u'l'u—
* LHCb Integrated Luminosity at p-p 6.5 TeV in 2015
® RK , R(D ) E.OUDO'_E Integrated LHCh Efficiency breakdown rrr— rr———— !|
é B T FuLy o a6 o) & Delivered Lumi: 6709.98 inb
> " [+ 0,39 o) .
G o [ vELo safety: 4.19 {35} - Recorded Lumi: §103.06 /nb
E 8000 _. I oAy 3ez (o) T T T T
£ H I oedtime: LaT ()
3L
o ;
. g L
Run 2 data will help S ool
understanding them! = F
4000
2000
_E’-J "i“"“'jilllilllillli|||i|||T|||i|||i||i

1
3820 3840 3860 3880 3900 3920 3940 3960 3980 4000 4020
LHC Fill Number
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LHCDb

= Forward spectrometer optimised for heavy flavour physics at the LHC b
- Large acceptance 2<n<5
* Low trigger thresholds
* Precise vertexing
- Efficient particle identification
« Large boost (B mesons flight ~1cm)

b
doesn't occur

e HCAE i -
ECAL M35 b
SPD/PS M3 s \ <
6, b

Magnet RICH2 )

Integrated luminosity:
1fbl @ 7TeV (2011)
2 fbt @ 8TeV (2012)
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dT[B" — K*%u ]

9 -
=55 2 Lia(@")f5(Q) and

= Differential decay rate: dg? d§} e
dT[BY— K*%u " p~] 0 _ - =
= i Z I}k&f][q_)fjrgzj ’
dg® df2 32m i(5.)

= CP average observables:

) ~ dl dl
Si = (Titse) + lis0)) / (F " E)

= S wave:
1 (' + 1) 1 B30+ 1)
— 5 = — H- — F‘w] . =% 17 9 =
d(P + ].__J"I."fd!}"' {HE 84 P d[r + l_ﬂ]"'ldq_ E'ME P
3 9 .
— FE’ sin~ #; + S-P interference
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Simplify the decay rate expression folding phi angle : b=o6+mifé <0,

1 dYr+T1) 0 [ 3 ) )
- — = = - —(1 — FL)sin" 0k + Fr.cos™ g +
d(I"'+1')/dg- dg? dcos fy deos g do 167 | 4 L) : ! :

(fl[l — Fy)sin? A — F, cos? H;{) cos 26, +

a...l|l—

—(1— F[]~11 sin? By sin® 6, {{}%20 -
{1 — F[‘_}A-I[ie sin® g cosfly +

1 Im - 2 .0 : T
3[1 — F1)AT" sin” O sin” By sin 2¢ | .

Remove low g2 events because of poor phi resolution due to multipole scattering

[ T T T T T T T T T T T T T T T T T T
5 - : , , . @ - t  Daw B' — E'%% sFlot LHCb i
gk LHCb - UL i SF— MC B = K%e -
g 2f simulation T MC B Ky i
C ] = B0 o , o —
e i L =— Sum of the above i
1.50 - - .
- . 60— —
1+ E B ]
C ] -'-“}_— ]
0_5__ —§— ] L 4
ok L S e e— C ] { } ' T ]
0 50 100 u_ 1 1 :_{_: 1 1 | 1 1 1 | 1 1 1 | :!: ]
m(ee) [MeVic?] 0.2 04 0.6 0.8 1
g2 [GeV icH
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Normalization channel:Ay— J/YA

Peaking background A,— J/'PKs

10*

andidtates per 10 MeV/c?

-

C

10

5400 5600

¢* interval [GeV?%/c'] Total signal yield Significance

Signal yield /\b—> ANty 0.1-2.0 16.0 +5.3 4.4
2.0-4.0 4.8 +4.7 1.2
4.0-6.0 0.94+2.3 0.5
f.0-8.0 11.4+5.3 2.7
11.0-12.5 60 + 12 6.5
15.0-16.0 5T+ 9 8.7
16.0-18.0 118 =13 13
18.0-20.0 100 £ 11 14
1.1-6.0 9.4 +6.3 1.7
15.0-20.0 276 + 20 21
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Rare decays @ LHCb
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