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Rare decays

@ The Standard Model is not the full story:
» Dark matter, hierarchy problem, flavour
puzzle, matter-antimatter, gravity, ...
» We have the proof that New Physics is there!

® BSM models can cure (some of) these SM

shortcomings
» they also predict new undetected particles .
@ The LHC is looking for their direct production ___"___'_4_\ /_’____"_ _____ " Q ______

(mainly ATLAS and CMS)

@ But they can also enter in “SM observables”
through competing diagrams " -
@ Measuring very-suppressed SM-processes could Vexm = ¢ 0
allow us to unveil New Physics
t - o /




Outline

® B —pup CMS+LHCD and new ATLAS result

@ Other very rare decays in beauty and charm

@ Lepton Flavour (Universality) violation tests






B(s) =

@ FCNC + helicity suppressed

B(B? — utpu™) = (3.66 £0.23) x 107

B(B® — utp™) = (1.06 £0.09) x 10~1°
C. Bobeth et al [PRL 112(2014)101801]

@ Possible large BR enhancement from

(pseudo-)scalar contributions:

>
4

sensitive to extensions of the Higgs sector

also Extra Dimensions, non-MFV SUSY, ...

D. Straub [arXiv:101273893]
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.101801
https://inspirehep.net/record/881964/
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LHCb+4CMS result

@ LHCb and CMS: world-best sensitivity E
® Their Run 1 results combined ?é— S ill —
[nature:522(2015)68] gave us: g Tl e S
» First observation of B, —uy 2.0 | e
with 6.20 (1.20 from SM) E’— PN ‘ —
» Evidence for BO%,U,,LL _4L_\*L_ BERRE R
with 3.26 (2.26 from SM)
» Measurement ratio B /By : o
R=0.14"00¢ ;
® ATLAS recently published analysis of j
full Run 1 dataset:[ArXiv:1604.04263] 3
— briefly discussed in this talk 21 a
0 /|



http://www.nature.com/nature/journal/v522/n7554/full/nature14474.html
http://arxiv.org/abs/1604.04263v1

® General strategy: %

4
4
4

B —up at the LHC

Good quality displaced di-muons

p(pp) pointing back to primary vertex

MVA selection using kinematic and geometric features
Fit to m(pp) in bins of MVA to maximise sensitivity
Normalisation: B — J/z/)K+ (LHCDb uses also B’ K'n)

Extraction of f,/f; from control channels

from mass fit

NBO —>utu— f & A .
wrp d norm.
5 X X X Bnorm. = Olnorm. X NBQ—>M+ n-

BB —»pt )=
Nnorm. f; 8B?—>,u+,u_ \

“single-event sensitivity”



B—pp in LHC Run 1

® Mass resolution (separation of bkg and By - B,): ) %
» LHCD has the best: 25 MeV /¢’ in whole accept. i HRT JFJFH ‘l’ § s

» CMS better than ATLAS (depends on 7) : e MV

|
CMS-L=5fb"Vs=7TeV, lg=201b" (s=8 TeV
-

—— data

— full PDF
A B—ptyu
7 Bt

@ Luminosity:
» 3 fb" for LHCb
» 25 b for ATLAS/CMS

[Phys. Rev. Lett.
111(2013)101804]

@ lIrigger on muons pr: : _
» LHCb: single muon pt > 1.5 GeV/c TR, . G

» CMS: two muons with pp > 4(3) GeV /c. ol amas |t anaoidn
. R %: 16 Vs=7TeV,491f" B - Combinatorial bkg
» ATLAS two muon triggers with § ] Tt g Esoine
° 10 V0446 <BDT<1
generally somewhat higher pr : ! ATLAS
® ' [ArXiv:1604.04263]
4 1
» '
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https://inspirehep.net/record/1243424?ln=en
https://inspirehep.net/record/1243425?ln=en
http://arxiv.org/abs/1604.04263v1

By—pp backgrounds

® Mass continuum:

» Combinatorial background
(mainly muons from the two b’s)

® Below B mass:
» Semi-leptonic with hadron mis-id:
B—K u'v, BO%TC—/L+7/, Ay—=pu v
. 0,+ 0,4 + —
» Rare penguins: B =@ u u ,...

» Double semilept: b — cuy — s(d)uuvy

@ Peaking background:
» Byy— W b with double mis-id B

10



ATLAS selection

® ATLAS used a double MVA selection (with Boosted Decision Trees):

@ a BDT to reduce peaking background B — Wk
» based on tracking ID, muon spectrometer and calorimeter info
» trained on MC and validated on data

» rejection 7x larger than first paper (€5, = 90% ) @

@ a BDT to reduce combinatorial 1
» based on kinematic, geometry and isolation EXPERIMENT

» trained on MC samples of b/c quarks decay chains

» cut with €sig:54% and background rejection 103
» Mass fit in 3 bins of BDT: same strategy as LHCb/CMS

11



Mass fit in BDT' bins

Example: 8 BDT categories in LHCb:

LHCb, BDT €[0.,0.25) LHCb, BDT €[0.25,0.4) LHCb, BDT €[0.4,0.5)

® Simultaneous unbinned

LHCb, BDT €[0.5,0.6)

>

mass fit in BDT bins : % :

Candidates / (40 MeV/c?)
Candidates / (40 MeV/c2)
=

Candidates / (40 MeV/c2) [10%]

— Data 4 1 10
} W O e St at OV‘ 7er 15F — Signal and background N3
[ B~ ww oF wfE T Y
1E B wiw woF X eE i
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» combine all bins in P H
E 4 [ 1 T T
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[PRL 111(2013)101805]

shared parameters Example: 3 BDT categories in ATLAS:
» more stability and

> 77— n > R T S R 7 > L B e e B IS 7
g 140 ATLAS —— 2011-?012 data — g 40 ATLAS —— 2011-2.012 data E % 18 ATLAS —— 2011—2_012 data 3
= —— Total fit ] ? 3 —— Total fit 3 o —— Total fit B
¥ 1207 Vs=7TeV, 49" Combinatorial bkg— N 5 Vs=7TeV, 49" Combinatorial bkg I 16 Vs=7TeV,4.91f" Combinatorial bkg 4
@ E B @ E B
° °J e £ 0L\ fs=8Tev,20f" v S8-5V bkg 1§ 303\ |ls=8Tev,20f0" SS-SV bkg 3 £ 144 m=sTev, 200" 58-8V bkg E
£ B B, - 12 HY B, — u 2 i BB, - E
i C ] w25k = w E
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[ArXiv:1604.04263]
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http://arxiv.org/abs/1604.04263v1
https://inspirehep.net/record/1243424?ln=en

fs/ fa for Bs—pp

+ R — ATLAS [ ]f/f,HFAG average  —
® Normalising B,—uu to B,— JwK (or B;— K =) s
| Vs=7Tev Te— .
. : ~ _theo
» Need probability that a b-quark is bound to | LHCb (radronic decay _it; error”
either an s- or a d/u-quark | [ averee : i}
s=7TeV :
® LHCDb measured it with semi-leptonic decays to — e 106 Tev ~—'— -
avoid model dependence [LHCb-CONF-2013-011] - (57 LiFAG average) . -
@ CMS used LHCDb result with additional systematic ff
to account for possible p dependence N D L
. e E 24716 (527 ToV : I(_:g?:b (hadronic decays) |
® ATLAS recently measured it [PRL 115(2015)26] 03l H * + LEP (HFAG average)
» Using B,— J/wyK*and B,— J/po - mﬂ Hm ] *
. . 0.25[ | i ]
» pQCD calculation of BF ratio [PRD 89(2014)9] i 19 ﬁ'*%
s !
» prp range adapted to its B,—upu analysis 0.2 | .
015 10 20 3040 50
p, (GeV)
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https://www.google.ch/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=0ahUKEwjc8uj_q_XMAhUE0RQKHRtsBEgQFgglMAE&url=https%3A%2F%2Fcds.cern.ch%2Frecord%2F1559262%2Ffiles%2FLHCb-CONF-2013-011.pdf&usg=AFQjCNFnYocXohGa9bYNiwVEsd5U4cbMaA&sig2=uE7WzX3MZvngIuoVfIuy-w&bvm=bv.122676328,d.d24
https://inspirehep.net/record/1385880
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.094010

ATLAS sensitivity

[ArXiv:1604.04263]

@ ATLAS sensitivity compared: ATLAS

» Single-event sensitivities very similar to LHCb
(8.9 = 1.0) x 10711 for BO — p*u-
(2.21 £0.15) x 107! for BY — u*u~

» about same number of expected signal events

» Expected ATLAS sensitivity for SM B, is 3.1c
» It is 5.00(4.80) for LHCb (CMS)

@ ATLAS demonstrated it can play an important role

» before the LHC the upper limit on B, was one order of
magnitude larger than the SM

14


http://arxiv.org/abs/1604.04263v1
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ATLAS results

[nature:522(2015)68]
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£

ATLAS

EXPERIMENT

® Result for B.:
BB - ptu) = (0.9751) x 107
(syst component is +0.3)

0
® Result for B :
BB - ptu) < 4.2 % 10710
at 95% conf. level

® Result 1s compatible with
SM at 2.0c (p=4.8%)
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http://www.nature.com/nature/journal/v522/n7554/full/nature14474.html
http://arxiv.org/abs/1604.04263v1

Other very rare decays



By—ppupp at LHCD

® B —ppppr (non resonant) is very
suppressed in the SM

> By —ppy (pp) is less than 10"

@ Significant enhancement can occur in
MSSM through sgoldstinos P, S

Demidov et al [PRD 85(2012)077701]
Batell et al[PRD 83(2011)054005]

@ HyperCP evidence for b —> DI
» all 3 events at
m(pp)=214.3(5) Me\//c2
» suggests intermediated state
Y —pP (up)

Events/1 MeV/c?

[PRL 110(2013)211801]

ut

= =
+

ut
b 13’,,‘<::::

NP: >:j' .
S,d S\\~\<

-

Events/1 MeV/c?

[PRL 94(2005)021801]
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.211801

By—ppupp at LHCD

[PRL 110(2013)211801]

® Searched at LHCb with 1 b

@® Normalised to B’ — JIp K* Normalisation channel
o Limits at 95%(90%) CL: ol
BBY — ptp ) < 16(1.2) X 1075, 8 20
BB — utu utu”) < 6.6(5.3) X 1072 % f:gg:
@ Following the model in § 1ooo§—
[PRD 85(2012)077701] put limit on: 5 50(;‘

5150 5200 5250 5300 5350 5400 5450 5500 5550 5600

B(B(S) — SP) < 16(12) X 10_8, m [MeV/c?]
B(B" — SP) < 6.3(5.1) X 107°.

@ LHCb plans to measure also X —puu

18


http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.211801

@ Probe the effects of NP on the coupling of up-type quarks in EW processes

Rare D decays at LHCDb

@ Very high charm x-section ~5(2) x 10" DO(D+) with 3 b

90% C.L.

102
10°
10
107
10°
107
10°®
107

v

v

DY limits HFAG (2014) arXivi1412.7515 D™ limits HFAG (2014) arXiv:1412.7515
:\2 o0 v LF L L
Ag 810.451 EE|D++D++E+E + + +
i 8 10° 5, 3 X . o
¢ 10° ® | : o © i &
" 10 o LHC LHCh e
| l. 10-8 | | | | | | | | | | | | | |
™ *3 z’
Search for the rare decay D' —uu [PLB 725(2013)15]
+ + =
Search for Dy—m pu and Dy—m pu [PLB 724(2013)203]
7L J—
Search for D'—x 7 pu [PLB 728(2014)234]
0 -8
LFV test on B(D —eu) < 1.3x10 at 90% C.L.  [PLB 754 (2016) 167]

First observation of the decay DO%KJJ,LW

[PLB 757(2016)558]
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Lepton flavour
(universality) violation



LEV: By —pue

[LHCb, PRL 111(2013) 141801]

b

@ LF'V decay forbidden in SM, allowed in leptoquarks models

1
® LHCD measure with 1 fb (3 on tape) LQ

<
<
4

strategy identicaél to By —pup
normalised to B - K =«
Upper limit with CLs method

Heavy singlet Dirac v, PRD 62 (2000) 036010
SUSY, EPJC 41 (2005) 305

LHCb 95% C.L. limits are 20x lower than previous Pati-Salam PRD 10 (1974) 275

best (from CDF [prL 102 201901] )
-8
B(B,—en) < 1.4x10 and

B(B —eu) < 3.7x10

95% C.L. lower bound on Pati-Salam leptoquark
are 2x higher than CDF , :
MLQ(B%%e,u) > 101 TeV/c2 and L
Mpq(B —eu) > 126 TeV/c BE - et 4

b

©

[0 ¢] —_
r -

CL,/CL

o
)

o
~

CL,




LEU tests: Rx

® Look for BSM sources of LFU violation
e.g. leptoquarks or a Z' coupling more to puu

+ +
@ B —K [l processes involve EW loop
® The exclusive BR bears large theoretical uncertainty

® Hadronic effects cancel-out in the ratio:

B(Bt + B
Ri = Bprrrare— =1+ 0(107%)

® Experimental uncertainty can be reduced using a
double ratio with the resonant J/y channel:

R, — B(BT=Ktutu~™) B(BT=KtJhp(ete™))
K = BBT=SKTJW (ptp—)) BBT=KTete—)

Nitutu—  Netawete) [Extamwro)|  €xtete—
N+ utru—) Nrtete— “Ktptp— |*Kti/p(ete—

J

— cancel systematics
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LEU tests: Rx

@® LHCD result with Run 1 data:

R = 0.74570 099 £ 0.036

LHCb: [PRD113(2014),151601]

» 2.60 deviation

@ Corresponds to effect expected if B—K*uu
(BR, P'5) deviations were due to NP in uu

Ol’lly Descotes-Genon et al - [ArXiv:1510.04239]

® Some models can explain also the 4 sigma
deviation in R(D) and R(D*)

Boucenna et al [ArXiv:1604.03088]

Faijfer, Kosnic [ArXiv:1511.06024]
Faijfer, Kosnic [ArXiv:1511.06024]

--LHCb —m-BaBar —a—Belle

R 2 i T T T T I T T T T I T T T T I T T T I T T
K| LHCb
Lo O g
1_
i +- + SM
3 LHCb: PRD 113(2014) 151601
0‘5- BaBar: PRD 86(2012),032012
[ Belle: PRD 103(2009),171801
0' N B B S R
0 5 10 15 20
g2 [GeV?¥ 4
HFAG Winter 2016
% 05:' ;—hﬁm}mﬁﬁwﬁﬁaém" S ;' R
A [ = Belle, PRD92,072014(2015) Ay =10 1
EZ 045 LHCb, PRL115,111803(2015) -]
C Belle, arXiv:1603.06711 ]
N — HFAG Average, P(x?) = 67% 3
04 — SM prediction —
035~ -
03= ]

=

03 04 05 06
R(D)

more on R(D(*)) in S.Hirose’s talk
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® Electrons: LHCDb vs B-factories

» ~3x worse efficiency on dielectrons/dimuons

» Larger bremsstrahlung and hard recovery
» Still LHCb has best sensitivity!

® Future for LHCb:

» more statistics being collected in Run 2

» more channels: Ry, Ry, Ry .-

@ Belle II and LHCDb upgrade will reduce the
error by an order of magnitude

LEU tests: Rx

[LHCb: PRD113(2014),151601]

x10°
§ 1ok LHCb |
é_) n
S| J/ I/)K*
g 5 ;
S |
o)
2
U O—. L 1 ! ! ! 1 1 1 1 L b L | L
5000 5200 5400 5600
m(K*ete™) [MeV/c?]
%, 40F .
L 40 j( LHCb 7
(] B i
= 30¢ .
(@) B i
N - .
% 20E
8 N
3 C
= 10
g
O

5000

5200 5400 5600
m(K*ete™) [MeV/c?]
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LHC Run 2 has started!

[LuminosityPublicResult]

= 3.5F T T T I T T T -

@ All results presented are from LHC Run 1 S p ATLAS Oline Luminosiy 6ot
_é §_ [ ] ATLAS Recorded §

® But Run 2 has already started: E % romoonenszan! :
8 2 :_ Total Recorded: 2.3<.) fo _:

) ~2x energy — 2x bb cross section $ 150 20l6integrated g _
1. = £ lumiasoftoday P 3

» By 2018 expect 5 tb in LHCb and g ;

-1 . . E_ _E

100 fb Hl ATLAS/CMS ol L IR == . il [ [ [ ]

17/04 24/04 01/05 08/05 15/05 22/05 29/05 05/06

Day in 2016
10° [LHCbPlots2015] 10F [CMS-DP-2015-055] 20 pb”' (13 TeV)
N L L L o > E Trigger paths
2 LHCb Preliminary Single muon 8 _E CMS K
2, 10 2015 UP Charmonium = 10" = Preliminary Ay
8 Bottomonium (2] = J/ P e
= 6 ¢ B,
E.-‘) B Other triggers CIC.) 10 ;g Y
> B I low mass double muon + track
% m 10° E Y double muon inclusive
(o :
4
g 10 y 4
.g 10°
102
10
Dilx(:luon mals(;'s[GeV/cz] 1 E | | . .
b.2 1 2 345 10 20 100 200 1 10 10°

Dimuon mass [GeV /02] utu invariant mass [GeV]
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https://twiki.cern.ch/twiki/bin/view/LHCb/LHCbPlots2015
http://cds.cern.ch/record/2115428?ln=en
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResultsRun2#Publications_and_Conference_Resu

Conclusions

@ The LHC is leading the rare decay searches

® ATLAS result on B;—up completed LHC Run 1 legacy

» So far no significant deviation from SM

» Still a lot of space for NP: eagerly waiting Run 2

® Other (very)-rare decays in B and D decays have
complementary sensitivity to BSM

@ LFU and LFYV tests with B decays are intriguing

@ All measurements limited by statistics
» LHC Run 2 will tell us more!
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CMS Weight : 14,000 tonnes Silicon Trackers

A Eiam?]ter : ;go m

— | Lengt :28.7m )
E—"| Magnetic field: 3.8 T gulperc%nductmg

olenoi
d
Muon Chambers
2

Steel

Return Yoke |

LHCb Detector

s A PA \\cight: 5,600 tonnes Electromagnetic
YRCED  Height: 10 m J

Length: 20 m Calorim

RICH1

Vertex
Locator

Tracker | RICH2 X

Turicensis Muon

Dipole Tracking Hadron Chambers
Magnet

Stations Calorimeter

CMS Detector

Electromagnetic
Calorimeter

Muon chambers Solenold magnet | Transition radiation fracker

Hadron Calorimeter
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BDT bins

[LHCb BDT response

ATLAS BDT response

bins for fit

bins for fit
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BDT output

[ArXiv:1604.04263]
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http://arxiv.org/abs/1604.04263v1
https://inspirehep.net/record/1243424?ln=en

ATLAS B —up result in 2D

ol?_l 0_8 | | | | | | | | | | | | | | | | | | \ | | | | | | | | | | |
= i \ATLAS )
~ C \s=7TeV, 491" -

s. 0.6

5 Y B \'s=8TeV,20 " 7
01\ 0.4 B 2 ' \ |
o i ) i
o _ _
0.2 |
O ’ — | | \ L1 ]
l\ ATLAS Contours for -2 Aln.(L) =2.3, |
-0.2 6.2, 11.8 from maximum of L __|
!. L .I T R \| ' R T \| I I
0 1 2 3 4 ) 6 7

B(Bs — ut u)[107]
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ATLAS trigger

® Normal dimuon trigger (both pt > 4 GeV /c) is pre-
scaled in 2012:

» add a “barrel” trigger

» and a tighter asymm one (pt > 6(4) GeV /c)

® 3 trigger categories for 2012:
» high pt threshold (pr > 6(4) GeV /c)
» 1 muon in barrel and both pt > 4 GeV /c
» normal dimuon (both pt > 4 GeV/c)
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ATLAS mass fit

® Simultaneous ML fit on 3
BDT bins to get Nps and Npg

Events / 40 MeV

® Mass shapes:
» Signal from MC
» Combinatorial: linear

» Below B mass: exponential
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ui: CMS vs ATLAS

® ATLAS: superconducting toroid magnets and a set of
precise muon chambers —> standalone momentum

measurement outside the tracker

® CMS: higher magnetic field in the silicon tracker 4T
(pays in jet efficiency) but better pp resolution
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