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Outline

Intro

LHCb Experiment

LFV with muons : T—=pup

LFV with electrons : DO—ep

LFV with taus?

Conclusion
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Standard Model

Remarkably successful,
yet with many unexplained features

Many puzzles, e.g. 3 generations quarks & leptons

Rich symmetry-driven phenomenology

Ve\‘? Vi

LHCDb: can study all three generations

Study all generations for full insight

Gerco Onderwater, SUSY2016
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Tensions in Lepton Sector

B> D(*)Tv./Iv, 3.90 : LHCb + BaBar + Belle
Bt = KtHM / ee 2.60 : LHCDb

Anomalies b = sll , esp. P's in B— K*up @ LHCb
ho—puT 2.40 . CMS

a, 2.70 : E821

Global fit favors large cLFV
%A

"f‘

%M Gerco Onderwater, SUSY2016 FERMILAB-PUB-16-131-T
gu‘»,%x
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Towards studying (c)LFV

Decay u—ey, y—eee, TP, T phh, ...
Conversion HA—eA

Production B.—ep, B—Kep, h®=upT, ...
Oscillation V.oV oV, Mure)oM(ue)

Number violation O0v2f, B =1y, ...

Non-Universality B°—D**T-v_vs B°»D*u-v,, ...

6|37

Gerco Onderwater, SUSY2016 Charges dropped, unless relevant
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Recent LHCDb results

D°— ep PLB 754 (2016) 167
B~ D*Tv_/pv, PRL115, 111803 (2015)
T = HUM JHEP 02 (2015) 121

B* = K*uu / ee PRL 113, 151601 (2014)
B-— MU - PRL 112, 131802 (2014)
D, — Trptut PLB 724 (2013) 203-212
B, — eM PRL 111 (2013) 141801

Gerco Onderwater, SUSY2016
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LFV <
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LNV
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http://www.sciencedirect.com/science/article/pii/S0370269316000411
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.111803
http://link.springer.com/article/10.1007/JHEP02(2015)121
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.151601
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.131802
http://www.sciencedirect.com/science/article/pii/S0370269313004747
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.111.141801
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LHCDb

Gerco Onderwater, SUSY2016
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LHCDb : precision measurement
R RICH
) PID &(K) ~ 95% for MisID(Tt—K) ~ 5%
: '//! \ \‘II\I
high efficiency esp. muon triggers ,, 4 —— = 5 \\\\

VELO
IP resolution 15+29/(p1/GeV) pm

Tracking Ap/p
0.4% @5 GeV/c-1.0% @ 200 GeV/c identification € ~ 97% misID ~ 2%

Gerco Onderwater, SUSY2016

Int. J. Mod. Phys. A 30, 1530022 (2015)


http://www.worldscientific.com/doi/abs/10.1142/S0217751X15300227
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Results

Gerco Onderwater, SUSY2016
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EcaL HCAL
SPD/PS M3
RICH2 n

Gerco Onderwater, SUSY2016
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Challenge : T decays at hadron collider
LHC
B factory v LHCb ~3.5x10'"" T's in detector

acceptance in 2011 & 2012

X Babar & Belle ~3x10° T-pairs
X pp — T+ O(100) particles

v/ ete- = T+T7- extremely clean . _ .
X No “production traces” in

Ds = TVt
v/ tag with opposite T possible

X Charm decay with missing
particles similar to T signature

Gerco Onderwater, SUSY2016
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T — 3u search

_ main tau
ApproaCh' production via
m Use run-| data decay of Dg

m trigger on muon and secondary vertex
m multivariate analysis to discriminate signal and background
m control sample for normalization and calibration

H
'

— M

secondary vertex H

Ds

primary vertex

Gerco Onderwater, SUSY2016 JHEP 02 (2015) 121


http://link.springer.com/article/10.1007/JHEP02(2015)121
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Signal candidate selection

Trigger

m muons not “in beampipe” (pT> 1.48 GeV/¢)

m two-, three- or four-track secondary vertex

m at least one particle does not point to collision point

Analysis

m no tracks may point to collision point

m good 3-track vertex

m decay-time compatible with T decay (ct > 100 pm)
m T momentum must point back to PV

Background elimination Xmlle

m [M(ptp-)—M(®)| > 20 MeV/c? Ds- = O(p+p-)TT- e missing s reconstructed
m M(pt+p-) > 450 MeV/c? Ds— = n(utu-y)u-vy »

m M(u—p-) > 250 MeV/c? reconstructed from same particle

Gerco Onderwater, SUSY2016 JHEP 02 (2015) 121


http://link.springer.com/article/10.1007/JHEP02(2015)121
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Signal & background discrimination

Three likelihoods to distinguish signal from background

k= 0-6:' e B e I I I S R ]
PR ey LHCb
8 47 Datasidebands E
. : B e
l. L3body : decay topology 3 oaf 1 4
% 02f o __‘—é - I e
% 0.1;— JI !_—__l_l:j’bOdY
Il. Lpip : M identification S B a—
.E 1 """"""" "I"E’ ) 5 1 B 'E
Ill.L3y : tau selection 5 ok LHCb 3
% 0.7 —-(S:iar}m;]ate:jj Tt _;
- 0.6F Po— ibrated T — puty 3
k=] 05F Data sidebands ﬂpp—i
§ 04F er | =
5 03fF |
£ 0k —_=|LpiD
Sl ey s e o
Gerco Onderwater, SUSY2016 Mepp
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M3, distribution
m Shape determined using Ds— = ®(u+p-)T1T-
m Analyze 5x5 best bins in Lpip and L3pody
Blind analysis

&) ] % °F T T

3000 — - ]
3 ] 2 sb LHCD :
= 2500 = = E ;
= 3 S 4F 3
";2000 — — C .
2 1 2 3E 3
= 1500 = 3 SF T :
;g‘ . e = :
g 1000 = | 2 -+ -
O : s :

500 = S OET Ll 14+ 41114

PN P ol -I L |-~.\“:"-1.t--|-..._ e Tﬂ_\
1940 1960 1980 2000 2020 0 S L
. 1600 1700 1800 1900
m(@(utu ) [MeV/c?] m(u ) [MeV/e?]
LpiD - [0.65, 1.0]
L3body : [0.725, 1.0]

Gerco Onderwater, SUSY2016 JHEP 02 (2015) 121


http://link.springer.com/article/10.1007/JHEP02(2015)121
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M3, distribution
m Shape determined using Ds— = ®(pu+p-)TT-
m Analyze 5x5 best bins in Lpip and L3pody
Bkgd Signal Bkgd

> 3000 E > <E LHCb 3
> 2500 = = F ;
= 3 S 4F i
= 2000 = = [ :
= : 2 3E =
= 1500 = 3 SF T :
;g‘ 3 e = :
< 1000 " = 2F + + + =
O : s [ .

500 3 S 1T IRNA N NAEEN IR ENE IR

NP EL T e il -I T |-~.\“:"-1.t--|-..._ . ] TWT“\
1940 1960 1980 2000 2020 0 St — e ARRP e
m(@(urp)m) [MeV/ce?] 1600 1700 ] !?1(:81_ LUHD) [113[(;[{; /c?]
LpiD : [0.65, 1.0]
L3body : [0.725, 1.0]

Gerco Onderwater, SUSY2016 JHEP 02 (2015) 121


http://link.springer.com/article/10.1007/JHEP02(2015)121
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Result P(9,,(X) < 6]6)

P(6,,(X) < 6]0)

< o for all 6.

- Robust analysis method
- Statistics limited
- No significant evidence for excess of events

dashed : expected solid : observed

LHCb

B(tT— @ p—p+p-) < 4.6 x 10-8

@ 90% C.L. i
05
Belle 2.1 x10-8 @ 90% C.L. 0.4
0.3
BaBar 3.3 x 10-8 @ 90% C.L. 0.2
0.1
@Run2: LHCb may overtake Belle = s . 3 10
.. which will then be overtaken by Belle-II B(t-—p ') [x 10°]

Gerco Onderwater, SUSY2016 JHEP 02 (2015) 121


http://link.springer.com/article/10.1007/JHEP02(2015)121
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DO
e

€ detection

HCAL

ECAL

SPD/PS M3
RICH2 n

Gerco Onderwater, SUSY2016
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D° = ep
Belle : Br(D°— ep) < 2.6x1077 (90% CL)
RPV SUSY : ~107
Leptoquarks : 4x10-8
LHCb analysis based on 3 fb™' collected @ /s =7 & 8 TeV
D~k+ — DO (1 I.l
- D°— ey Signal T
b D9 —= K-1t* Normalization
DO
e

Gerco Onderwater, SUSY2016 PLB 754 (2016) 167


http://www.sciencedirect.com/science/article/pii/S0370269316000411
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Bremsstrahlung
800 T T -
= 0-085— LHCDb simulation -
2 0.07F — Dlsseyr =
e E
= 0.06g E
< 0.05 2 also study w/
0.04 B+ - J/W K+
0.03F Lete-
0.02 F =
0.01 F =
E g g2 e o w ] i ] e S e o
WD 1820 1840 1860 1880 1900

m(ey) [MeV/c?]

Gerco Onderwater, SUSY2016 PLB 754 (2016) 167


http://www.sciencedirect.com/science/article/pii/S0370269316000411
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Mis-ldentification

B0 T———T T T
G - - . ;
0.08 P e
- - | LHCb simulation
E 0075— . - _DO_)e+u.
B 0065— ----- D’—>n'n misid
< 0.05F
0.04 E_ Probability for
0.03 T+~ — ey mis-ID
0.02 ~ (1-2)x10-8
'KTr" 0.01F -
- | I T TN NN NN SN TN SN NN N S tolk.. L
L 1820 1840 1860 1880 1900

m(ey) [MeV/c?]

Gerco Onderwater, SUSY2016 PLB 754 (2016) 167


http://www.sciencedirect.com/science/article/pii/S0370269316000411
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Unbinned simultaneous fits

BKGD-like
A

intermediate

\J
Signal-like

Candidates / [1.7 MeV/c?] Candidates / [1.7 MeV/c?]

Candidates / [1.7 MeV/c’]

=
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Gerco Onderwater, SUSY2016

Candidates / [0.27 MeV/¢?] Candidates / [0.27 MeV/c?]

Candidates / [0.27 MeV/c?]

100F ' ity +
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+

L L 1 1
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2 Signal + bkgd

1 DO—eu (signal)

-71+15 events

m(ep1)-m(ey) - Mp+-Mp

PLB 754 (2016) 167


http://www.sciencedirect.com/science/article/pii/S0370269316000411
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Result P(9,,(X) < 6]6)

<o :
B(6,,(X) < 0]0) = a for all &

-Robust analysis method
-Statistics limited
-No significant evidence for excess of events

dashed : expected solid : observed
R T

-
B(DO —+ epn) < 1.3 x 10-8 o EHED || oo

TE [ Expected CLs £ 1 6
@ 90% C.L. 0.6

DExpectchLsiZU

0.5F
20x improvement over previous result  %4F
Effectively deal with backgrounds gj:
Bremsstrahlung complicates analysis o1k
Difficult to do at ete- colliders 00F— . 18
0 2 4 6 x10*

B(D’ — et uf)

Gerco Onderwater, SUSY2016 PLB 754 (2016) 167


http://www.sciencedirect.com/science/article/pii/S0370269316000411
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Other channels under investigation
Bis) = eM

BO — K*Oep

B — dep Expect to improve
existing limits
Bisy = J/¥(—ep) X

B+ — K+tep

Gerco Onderwater, SUSY2016
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opportu?

1 detection

EcaL HCAL
SPD/PS M3
RICH2 n

Gerco Onderwater, SUSY2016
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Some existing limits

J/¥(15)

Y(1S)
Y(2S)
Y(3S)
Z0

ho

J/¥(15)

70

— UT
— UT
— UT
— UT
— UT
— UT
- eT

— eT

< 2x106
< 6x106

< 3x106

< 3x10-6
< 1x10-5

< 1.5%

< 9x106

< 1x106

Gerco Onderwater, SUSY2016
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O(few x 10-6)

@ 90-95% CL

i

28|37

Particle Data Group
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Reconstruction - |

Interesting possibility
Short lifetime prohibits direct detection

Gerco Onderwater, SUSY2016
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Reconstruction - 1i

Interesting possibility
Short lifetime prohibits direct detection
Neutrinos remain undetected

' " T

30|37

Gerco Onderwater, SUSY2016
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Reconstruction - Il
Interesting possibility
Short lifetime prohibits direct detection
Neutrino remains undetected Br ~ 9%
(1 Ve
— T
(1

Gerco Onderwater, SUSY2016
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Reconstruction - IV
Interesting possibility
Short lifetime prohibits direct detection
Neutrino remains undetected
M B Vp
+ ~e. T
B — e — 1T
K+
(1

Gerco Onderwater, SUSY2016
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Reconstruction - V
Interesting possibility
Short lifetime prohibits direct detection
Neutrino remains undetected
(1 Ve
— T
(1

Gerco Onderwater, SUSY2016
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Possibly interesting channels

Bs)y —e/ut
B+ - K+e/uT
Y(nS) - e/pt

Benefit from B° » D**Tv_

Gerco Onderwater, SUSY2016 Phys. Rev. Lett. 115, 111803 (2015)
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Conclusion

Gerco Onderwater, SUSY2016
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Take away message

LHCDb : diverse program studying flavor physics with all
three quark & lepton generations

With LHC Run-l data LHCb sharpened limits for many
LFV, LNV, and BNV channels

No significant deviations from SM seen
Demonstrated sensitive BSM searches @ hadron collider

Many more options around, lots of additional data
expected in Run-Il (just restarted) & Run-IlI

Gerco Onderwater, SUSY2016
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Thank you for your attention!

Gerco Onderwater, SUSY2016
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