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Why study rare processes?

_ By o My
. b (s) ﬂ+
e Rare decays: SM is suppressed
~ Sensitive to BSM contributions B W 2
e Flavour Changing Neutral Currents (FCNC) W
— Forbidden af tree-level in the SM S “
— Further suppression, e.g. helicity b—-sltl
* Probes mass scales beyond direct searches ; w s

— Upto~ 100 TeV

bbaryon lepton helicity EW penguins  semi-leptonic 0~
number flavour suppressed
violation violation B(s) — Uty b—slt| B— DX [*v-
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lepton flavour universality tests
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FCNC.: theoretical description

e Processes at many different energy scales
0.2GeV ... 4GeV ... 80GCGeV ... 10-100TeV

Aaco AYS New Ngsm

(non-perturbative) b Mmass W mass BSM scale Example of SM terms

b W S

. ¢ 17
« Described by an effective Hamiltonian =7 -

— O, (Operators): long-distance, non-perturbative physics
— C, (Wilson coefficients): short distance, high energy physics bW
e BSM processes may modify these coefficients i~ o t
- 0 —
AGF * / / ’

Hepp = =5 VaVi; D _[Ci(m)Oi(p) + C'i(1)O"s(w)] .

'L hf—d right handed R +

left handed (suppressed in the SM)
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Rare decay observables

VIA VERITAS VITA

Reproduced from arXiv:1606.00916v2
—r 1 - r

e (Differential) branching ratios

Broad charmonium
1/)(2.5’)\ resonances (above the
open charm threshold)

I

dI'/dg?

N

— g?dependence forb — st I Photon polc

&~ enhancement (from C7)

e E.g.BY — K*uty

Sensitivity to

Cy and Cyy
1CIEM supiressed D
. . . ight-quark resonances
e Angular distributions et
- b — S |+ |_ deCCIys Sensitive to C7—Cy phasesph

interference suppression

>
>
PR [ SR ST TR [T TR S SN S SN S "

, o 0o 5 10 15 20
* Effective lifetime Invariant mass? of di-leptons  G° [GeV?]

— B, decays where Al # 0
e Measure of CP violation

e BSM processes can modify the effective Hamiltonian by
— Modifying Wilson coefficients of operators present in SM
— Making Wilson coefficients dependent on lepton flavour
— Infroducing new operators
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Overview of results

Fully leptonic decays
— B(S) — H+|J_ & B(S) L i i

Electroweak b — s |* I fransitions
— B9 — K*u*u- and friends
— Differential branching ratios & angular analysis
— Global fits to Wilson coefficients

Lepton flavour universality test (It = e*, u* or )
- B — K™ I*I-decay rates
- B — D™ I* v decay rates

Outlook
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Fully leptonic final states

By — WU and friends

|
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B) — W' branching ratio

e Very precise predictions available
— Only C,, contribute in the SM: BR(B; - I*17) «c mj

BR(Bs — pp )sm = (3.52 4+ 0.15) x 1077, BR(B? — ptp )sm = (1.12£0.12) x 10719

— BSM scalar & pseudo-scalar operators may contribute
e Change in decay rate

- . = Combinatorial background ]

D
o

----- Semi-leptonic background -

. . . . Nature 522, 68-72

* Mixing induced CP violation ASendLHCb CiC Y

60 — —¢— Data -

C — Signal and background .

50 |- :]Bg—w:u: 3

e |[HCb & CMS: Run 1 dataset : ind il ]

— QObservation of B, — p*u (6.2 o)

— = Peaking background

Weighted candidates per 40 MeV/c?
w
o

— Evidence for B — u*y- (3.0 o) ’ L 3
B(BY — ptu) = (2.8797) x 1079 i OO N 550/ QA W
C i e i 4 O 1 . .

0 I h L L L
B(BO — ;1,+,u,_) — (30—1—%2) X 10—10 5000 5200 5400 5600 m, ?8[(|)\2eV/c2]
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B) — W' branching ratio

ATLAS: 25 fb ' run |
— First ATLAS result on By — u*y-

BB — utu) = (o.9f});§) x 1072

Significance: 1.40 (3.0 expected from SM)
BB —> utu) <42 x1071°95% CL)

LHCb 3+1.4 fo! run I+l

— First single experiment observation

e /.90 significance B, — p*y-

B(B? - utu~) = (3.0 £0.6195) x 10~

B(B'— utu~) < 3.4x10710

— Effecftive lifetime of B, —» py*y-

7(BY - putp~) = 2.04 +0.44 + 0.05 ps
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Eur. Phys. J. C (2016) 76:513
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Contours for -2 Aln(L) = 2.3,
6.2, 11.8 from maximum of L
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_PRL 118, 191801 (2017)

BF(B’ — p*u)

LHCb =




The heavier cousin: B,y — t't-

e LHCb 3flo'run 1 PRL118, 251802 (2017)

— Larger branching ratio due to the larger mass
e Additional enhancement possible in BSM scenarios that violate LFU

BR(B, — 7777 )gm = (7.46 £0.30) x 1077, BR(B® = 7777 )gm = (2.35 £ 0.24) x 10~®

— Experimentally challenging: multiple neutrinos in the final state
e Reconstructed inthe mode 7~ = a7 L,

e Normalisation B.—D-(— K*r'n")D,(— K'K*r*)
Fit to B(s) — "t ~NN oufput

3
1= LHCb
g 10° £
s f
5 o —+ Data
B(B? - 7777) < 6.8 x 1072 at 95% CL 10° £ _Tftals- 1
T — —1 Xoigna .
B(B° - r777) < 2.1 x 1072 at 95% CL 10 £ = Background i
! ;_ | | | | | | | | |
St
E ()I-— — s
I R EE RN R (NN FEENE SNETE SN SRR SR

00170270304 0506 07 0809 1
Neural network output

1 September 2017 L. Eklund 9



Electroweak b — s I* |- transitions

B® — K*u*u- and friends

Q
Q|
QI
Q|



b — s I | differential branching ratios

 LHCb: differential branching fractions in several b — s I |- modes

— Versus di-muon invariant mass squared: g2

_mLCSR Lavicc eDua _mLCSR | Lavice wDua oo LGSR Latice e Dua
> B> Kuu > B >Kyuu | % B*> K™ty ]
Q LHCb 1 Q LHCb 1 L 15§ LHCb o
> : ® 1Y [l JHEP06(2014) 133:1fo ]
[} %) %) 10 ~ ]
5 5 5 o ]
— ) 4+t = ]
[\l ] N S5 —
<) 3 ! <) + > E
Q Q N B B B L N Q P B S S AT
o o 00 5 10 15 20 ° 00 5 10 15 20

g [GeV?/c4| g [GeV?/c4|
JHEP 06 (2015) 115: 3 foo-!

—0 B e e e JHEP 09 (2015) 179: 3 fbo
E __ - + - - 5 F~ 1t - T 1 3
% LHCb N% 1 i E SM prediction /\ B —_—> /\ u u E i Z E_ LHCb _:
I : e - E - Dua E () £ + - SM pred. _é
S 01 BO — K*urpr . ERE -H' g + Bs — @utpr I 4
3 - B 1IEEEY: 4
: | RS + 1 g +
005 i SENTA = S E 3 3F 3
Eﬂ_ + — = i 0.4%_% = % 3 —t E
Sop T LHCb { =B , 3

o P S N T E 1 ! A = 2 5 10 15
0 5 10 15 0 5 10 15 20 ¢ [GeV¥/cH

g [GeV¥ 4] q? [GeV?/c4]

e Discrepancy in the low di-muon invariant mass region
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b — s I | differential branching ratios

VIA VERITAS VITA

e CMS:20.5fb " run| Phys.Lett. B 753 (2016) 424
— B9 — K*u*u- differential branching ratio
— Compatible with SM & LHCb results

-1
12 CMS 20.5fb ' (8 TeV)
‘\.'> - —¢— Data
% - ( SM, Lattice )
® B
o NN
Tz N
- \
S N
= o053
@ R
3 N
QAN \§§§§§
A\\\\\\\ikiki
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ANy
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b — s |I* |- angular observables

VIA VERITAS VITA

e Angles defined in B meson rest frame

— Angular variables: 6, 6, & ©
— Di-lepton invariant mass2: g2
—  Fit PDF for BO — K*u*p-

1 #r+0) 9 [3 L )
a )= 2121~ B)sin20x +[Fkos? 6
dT+1)/d dg2dGy 327 3 (1~ Fiu) sin® B +{Fifeos® O

1
4 Z(1 — F1,) sin? Ok cos 26,

— F}, cos? 0 cos 20, + Sz sin? O sin? 6; cos 2¢

+ Sy sin 20k sin 26; cos ¢ —H Sy bin 20 sin @) cos ¢

4
-+ ﬁAFBISin2 Ok cos B + S7sin 20k sin 0; sin ¢

+ Sg sin 20 sin 26 sin ¢ + Sgsin? O sin® 6; sin 2¢

For instance:

* Form-factor uncertainties in the predictions of / Se
observables Py = JE =T
— Alternative setf of 7 observables with reduced L L

uncertainties: P
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B — K* u* y= angular analysis

LHCb: 3 fb!' run | data set

— Full angular analysis B — K* u* u-

— Local SM deviation P’
e 280iNn4<g2< 6 GeVe/ct
e 3.00iNn 6<g2<8 GeV?/ct
— Fit to Cy 3.40 from SM

Belle: 711 fo! full data set
— Both e* and y* modes

— Local SM deviation P’

e 2.60iNn4<g2<8GeV?/ctin the
muon mode

e ¢* mode consistent with SM

1 September 2017

JHEPO?2 (2016) 104

LHCb
SM from DHMV —:

PR I S T |

10 l 15 —
q* [GeV?/c4]

'PRL118, 111801 (2017)

[ SM from DHMV/LQCD |

¢ All Modes
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4
]
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B — K* u* u ~angular analysis

-0 __' L L L L L | ‘_‘ L L I-‘TI__
e ATLAS: 20.3 fb ! run | data ol %ﬂiaw S—BDTfV, 20.3 1o
- -&— Data
15 CFFMPSV fit

ATLAS-CONF-2017-023

theory DHMV

1=

0 theory JC
0.5
o

IIIIII‘IJII|III1|JIII|IIII‘IJI

_1§_ | | | | |
OIH2H'4|H6HI8H‘1O‘
q? [GeV?]
e CMS:20.5fb ' run 1 data 1.5, CMS Py —menlorey
C ] SM-HEPfit
CMS PAS BPH-15-008 1 o

—*— Belle-preliminary

0.5
— Recent, preliminary result o— I—F T
— Compatible with SM 05F I =
— Compatible with LHCb & Belle 1— —I—jr— a

T S T T

q2 (GeV?)
1 September 2017 L. Eklund



Global fits to Wilson coefficients

Bﬂ"’ 1 1 1 | _
. . . e LHCbdata © ATLAS data ]
e [sthere a pattern in these deviationse & « Belledata © CMS data .
. . .. 0.5H I SM from DHMV ]
e Global fits of Wilson coefficients 4 # 7} SM from ASZB
— Approximately 100 observables O lI 1

* By — Uy andb —syBR

-0.5 . - 7 —l ]
e b—sI*IBR & angular observables K @ %%@

— Several global fits in literature = | SN Sevas i T -
. . . 0 5 10 15
* Fifs prefer BSM confribution to C9 7 [GeVZ/ct]
e 3-50 from SM depending on constraints JHEP 06 (2016) 092
TP - v owigraios |
e Possible interpretations ; R
— BSM physics contributions o AP
e e.g.7' of afewTeV T R
— Limits in our understanding of QCD e J
e E.g. confributions from charm loops °
-1 :
: _ ~SM NP
B— K*t*1t~notyet observed -2; G =C" + G
Babar limit BR < 2.3 x 103 f
PRL 118, 031802 (2017) B S e
-3 -2 - 0 1 2 3
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Lepton flavour universality

Ratios of branching ratios — comparing lepton flavour

B(B — K% utu) msv_ BB — D7)
B(B — K®ete™) P BB D7)

See talk by Anna Lupato:
“Lepton flavour universality tests at LHCb”
Sunday 15:40 in ‘Test of symmetries and conservation laws’

1 September 2017

17



LFU:B > K® py*p- vs.B—>K*ete-

e |epton flavour universality test
— Close to unity in SM

e Measurements by Belle & Babar
— Combines B? & B* ratios
— R(K) and R(K*) for different g2 ranges
e Consistent with SM prediction

e LHCb 3fb'runl:R¢ PRL113(2014)151601

— Measured as a double ratio

_ BB Kt B(B* > K" ]/Y (»eTeT))
BBt = K]/ (= u*tu)) B(B* —» K*ete™)

Ry

Ry = 0.7457002%° (stat) 4 0.036 (syst)

e 2.60 deviation from SM

1 September 2017 L. Eklund

B(BO/+ N K0/+(*)/,t+u_)

Rgey = B(BY/+ - KO/+(*)e+e—)

Summary plot from arXiv:1606.00916v2

Babar: PRD 86 (2012) 032012
Belle: PRL 103 (2009) 171801
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LFU:B > K® py*p- vs.B—>K*ete-

JHEPO] (2017) 055

e LHCb: 3 fb run I: Ry gm _Iﬁ ....................................... e ]
— Tension with SM 08 [ I

e 2.1-2.30in0.045< g2< 1.1 GeV2/c* 0.6 __% o Lich -

e 2.2-2.40in 1.1 <2< 6.0 GeV?/c* 04 .

B(BO R KO*M+H_) 0.2 — LHCL ® flav.io ]

Rex =
K7 B(BY - K0*ete)

e Fit fo Wilson coefficients
— Allowing for ¢3" # CJ}f

e 3.50 from SM
e Preference forC * 0

OVES0 0L LAIXIO GO/ L-4d-1Sd

C\P
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VIA VERITAS VITA

)

LFU:B - D® 1ty vs.B - D™ I*v - (1=€eorp)

e LFU ratios for semi-leptonic D* decays

Rp measurements
— Belle & Babar

e Hadronic tag, t~ - 7 vju,
Rp« measurements
— Belle & Babar

e Hadronic tag, t~ - 7 vju,
— Belle

e Hadronictag, 1~ » v, T~ - p g

e Semi-leptonic tag, 1~ —» I7vv,
— LHCb 3 fbo! (run )
e T7 = [TV,

e T o> T,

1 September 2017

B(BY~ - DY=(Igty)

Rper = B(BY~ - DI/~M[+y)

R(D¥)
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Ay* = 1.0 contours

SM Predictions
R(D)=0.300(8) HPQCD (20
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0.5
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Tension with SM prediction

2.30In Ry
3.40 in Ry-
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Interpretations of the R results

* Example of BSM model that would influence R

— 2-Higgs-dublet model Type |l
e Parametrised by tan(f)/my+

— Affects both measured and predicted R,

Comparison with Babar hadronic result Comparison with Belle hadronic result

0.8 1 )
: %O.Qf (D\ ///
2 ok - | —— theor. R(D) /
= 0.85 Bl measured R(D) ///
: 0'7? — theor. R(D*) | /

. ; Il measured R(D*)
il

y i

0.6

5 R(D*)
&® ' §y
0.3 ; /1 o 7
0 02 04 0.6 08 1 0'2; — /
tanB/myg+ (GeV™1) 0l S
‘ . s PlRD ?2 (2|O]5) O72|O]4‘
Not consistent with 2HDM type I %" oi 02 03 04 05 06 07 08
SM tanB/mW(cz/GeV)

Consistent with 2HDM type I

with tan(f)/my+ ~0.45
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Outlook

Many excifing results in the years to come
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LHCDb datasets

)

e LHCDb results almost exclusively from 3 flb'! Run | data

— Run Il doubles signal yield/fb!

e Increased bb cross section
CERN-LHCC-2017-003
LHC Period of Maximum £ Cumulative
Run data taking [em™2s71] [ Ldt [fb7!]
Current detector 1 & 2 2010-2012, 2015-2018 4 x 1032 8

3& 4 2021-2023, 2026-2029 2 x 1033 50

Phase-I Upgrade
2 x 1034 300

Phase-IT Upgrade 5 —  2031-2033, 2035 —

e LHCb Phase-l upgrade
— Remove H/W trigger — 40 Mhz readout
e Doubles signal yield/fb ! for hadronic channels

e Construction progressing at full speed

e LHCDb Phase-ll upgrade
— Preliminary studies ongoing
e Major detector upgrade - |

and beyond, in the HL-LHC era

e Eol submitted
Expression of Interest
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Belle Il, ATLAS & CMS

SuperKEKB luminosity projection

 Babar & Belle datasefts
_ 550+ 1000 fbo- “F  Goal of Belle I1/SuperKEKB

e Belle ll: 50 ab"!

— Physics data taking from 2018 10

(ab™)

Integrated luminosity
8

e See previous speaker (Mikihiko Nakao) 0 5
. g~ °F
— Dedicated talk by Jake Bennet N
d SUHdOy, ]4:50 (Occelergfors & deTeCTorS) § 2%:17 2011i3 20‘19 20I20 20I21 20I22 20I23 20124 2025
Calendar Year
N s S R B e p — 3
o ATLAS & CMS: results from 20-25 fo-! £ 4or ATLAS Oniine Luminosity E
- ~80fo on fape § o SHRium
5 30 —— 2017 pp s=13TeV =
e Expect ~300 fo'! by 2023 =3 ) E
— 3 ab! for sLHC upgrade era = 20— E
. ()] i 3
— Many important results are expected E E
- E
i "
et o W oct

Month in Year
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Physics prospects

arXiv:1002.5012 and
EPS-HEP 2017 talk by S. Falke

 Belle ll: Ry & Rp- Current Belle Il Belle Il
precision 5 ab 50 ab"!
O Bellell = \/ (02 + o—zys)s(ff;% + 02 4 Rp 12% 5.6% 3.2%
Re- 5.4% 3.9% 2.2%
R, 12% 7% 2%

e LHCDb Phase | &l
CERN-LHCC-2017-003

CERN-LHCC-2012-007

B Ut Current Phase-| Phase-l|
5) > HH precision 50 fb! 300 fbo!
Ogp X107 0.7 0.15 0.07
.Effe.c’nve 25% 59 2%,
lifetfime o,

ATLAS & CMS are competitive in By — pfur

1 September 2017 L. Eklund
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-0.2
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-0.6

-0.8

......................................

SM from DHMV
® LHCbRun1
[0 Phase-ll Upgrade

| | - 1 1 | M.
0 1 2 3 4 5 6 7 8

q? [GeV?/c?

€00~/ L0Z-DDHT-NIID

Prediction for B0 — K*u+u-



Summary

e Rare B-decays are an excellent probe for BSM physics

* B — Wy branching ratios consistent with SM
— Within experimental precision

e Intriguing deviations from SM predictions
— b — s I*I- branching ratios & angular observables
— Lepton flavour universality test: R, and R e

e Exciting results expected from
— Data already recorded
— Upgraded detectors
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Backup slides



)

VIA VERITAS VITA

B, — u*u- effective lifetime

e LHCb update: 3fo! (runl) + 1.4 flo! (run 2)
e New observable sensitive 1o CP violation

— Apar=1InSM (i.e. no CPV) Tg¢¢

LHCb

—— Effective lifetime fit

Weighted B! — p*u~ candidates / (1 ps)

©(BY = utu”)

. . . . !
5 10

Decay time [ps]

= 2.04 £ 0.44 £ 0.05 ps

Measurement for the sLHC era

1 September 2017

= 15, = 1.619 £ 0.009

1.0
08t
0.6 f
.04
*; 02}
t 0.0
% —0.2 ¢ Non,/l-scalar
< 04 NP/(Cl), Cy)
—0.6} '
—0.8} | mm [S], s free; [Pl=1; pp=0 |
_10 vcppzfrr/Q = ¢r free; [S|=0;|P| =1£10%]|
|P|=1,]|S]=0 Excluded at 95% C.L.
06 08 10 12 14 16 18 20 22 24
R = BRexp(Bs — ' p”)/BRsm(Bs — p'p”)
De Bruyn et al., PRL 109, 041801 (2012)
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BO — K* e* e~ angular analysis

e [HCb: 3fb-1runl

— Particular interest in the low g2 region
» Sensitivity to photon polarisation
* Wilson coefficients C, & C,’

— Folded angular distributions
* Increase sensitivity for low yields

* 4 observabples JHEPO4 (2015) 064

— e T T T
§ 100 LHCb
— 1
0.002<g?<1.12 GeV?/c* Q 8o t Data 3
Z - — Model .
Fy, = .16 &= 0.06 £ 0.03 P = .
(21)J ’ _g 60__ ...... B s K*0p*e —
AP = —0.23+0.23+0.05 s B (e
AITm = +40.14 +0.22 £ 0.05 = - Combinatorial
AR = 10.10£0.18 £ 0.05 © 2f =
0 = s

4500 5000 5500 6000

m(K*n e*e”) [MeV/c?]
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Belle: T polarisationinB — D* T v
P

Belle full dataset

— Complementary observable

— Hadronictag, t~ » v, 17 2 pT U,
Polarisation of T

oy (D) —T7(D%)
(D) = o (D7)

— [*(D*): decay rate with t helicity £
— Differential BR

AUDZ). — T2 11 + a P, (D*) cos 9pel]

d cos D pel
T =7 (a=1)
T — pvr (a = 0.45)
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T rest-frame

Result:

PM = —0.497 + 0.013
P, = —0.38 + 0.511941

Compatible with SM

30



