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Intro

Gerco Onderwater, LF(U)V2016
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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,, ...

4149

Gerco Onderwater, LF(U)V2016 Charges dropped, unless relevant
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Tensions

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 .
)

V\Gerco Onderwater, LF(U)V2016 FERMILAB-PUB-16-131-T
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Recent LHCDb results

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

B*— K*pu / ee PRL 113, 151601 (2014)
B-— UM PRL 112, 131802 (2014)
D(Z)—v T UTU* PLB 724 (2013) 203-212
B® — ep PRL 111 (2013) 141801

(s)

Gerco Onderwater, LF(U)V2016
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http://www.sciencedirect.com/science/article/pii/S0370269316000411
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LHCDb

Gerco Onderwater, LF(U)V2016
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LHCDb : precision measu/re%
= .

i, S RICH
_ v PID &(K) ~ 95% for MisID(Tt—K) ~ 5%
Trigger // \
high efficiency esp. muon triggers HOAL e
St e s
Magnet RICH2 M 1\12 -
I3
T1T2 '
o RICHITT — \\
TtE,
ogato
VELO
~20um IP resolution for p1 > 2 GeV
O 3 i

Tracking Ap/p on ID
0.4% @ 5 GeV/c - 0.6% @ 100 GeV/c de atio 97% D ~ 2%

Gerco Onderwater, LF(U)V2016

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

Gerco Onderwater, LF(U)V2016
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Signal & background

Measure branching fraction Br = N(signal)/N(total)

Challenges to reach highest sensitivity:

enormous N(total) = o.fsdt

Small N(signal)
Single-Event-Sensitivity: S = €:Br-N(total) = Br < 1 / €-N(total)

Background: B = N(bkgd)= (1-p)-og- [£dt — Br < VB / £-N(total)
Br = vV (1-p)/€2 - og/0 - 1/fLdt

Gerco Onderwater, LF(U)V2016
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b-quark production

Acceptance
~25% for b/b or bb pairs

Total cross section
250ub - 500pub

LHCb MC

105bb /s
(104 x B-factories) o

+ many other species
e.g. charm, taus, ...

/4
0, [rad] ™2

Gerco Onderwater, LF(U)V2016 T ’ 9, [rad]
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LHC run-I luminosity
E; - Delivered:IRecorded Lumino:sity |20] 2:4TeV +4 TEVI
B B 2.21/2.08 [fb™, in 2012
2 - ——— 1.22/1.11 [fb™"], in 2011 pVan
e  — | 0.04/0.04[fb",in2010 /
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Gerco Onderwater, LF(U)V2016
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Gerco Onderwater, LF(U)V2016
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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, LF(U)V2016
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T — 34 search
main tau
_ production via
Approach: decay of Ds
m trigger on muon and secondary vertex
m multivariate analysis to discriminate signal and background
m control sample for normalization and calibration
U
— U
U

primary vertex

Gerco Onderwater, LF(U)V2016 JHEP 02 (2015) 121
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Signal & background discrimination

Three likelihoods to distinguish signal from background

0-6_ ! ! ! i I ! ' ! ! I ' ! ! 4 I ! ' ! o
F — - Simulated T — uuty
0.5F — cCalibrated 7 — ot LHCb ~
0-4 t‘, ................. E

l. L3body : decay topology o N

02F |

body

Il. Lpip : M identification : - —

0 = e T

| S— —— T ———

Ill.L3y : tau selection 09

08 . i
0.7E i — - Simulated T — JIyIngTa E

0.5F P Data sidebands
04E
0.3F
0.2F
0.1E =

Gerco Onderwater, LF(U)V2016 p S N
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M3, distribution
m Shape determined using Dg— = ®(p+p-)1T- Blind analysis
m Analyze 5x5 best bins in Lpip and L3pody
Bkgd Signal Bkgd

&) ] L CFT T T T T
- 1 % sk LHCD :
= 2500 = = ;
= 1 2 4F =
';2000 E = - ]
2 3 W . + —
S 1500 3 g 3E :
2 1000 v = of + =
) 5 g = .

500 = S OET Ll 14+ L1114

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

Gerco Onderwater, LF(U)V2016 JHEP 02 (2015) 121
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M3, distribution
m Shape determined using Ds— = ®(u+p-)T1T-
m Analyze 5x5 best bins in Lpip and L3pody
Bkgd Signal Bkgd

f..: 3 'E‘ I N E
> 3000 5 Z sk LHCb 3
= 2500 = = F ;
= : S 4F =
= 2000 - — E .
D . —~ C -
= 1500 3 2 3F + :
g ; 3 LF :
g 1000 =] ,_5 2 n T T T =]
o ] S E -

500 ] ) —: @] 1 B a4 L 14 —“+ 4

0= ‘l-;;(?; = I19I60I ' .19I80I ::12:565 " Jzn::Jzo 05 Tﬂ\‘t‘l‘ - bt —bu—a
MO ) [MeV/e?] 1600 1700 1 i{& i [11\?1(;% N
LpiD - [0.65, 1.0]
L3body : [0.725, 1.0]

Gerco Onderwater, LF(U)V2016 JHEP 02 (2015) 121



university of faculty of mathematics van swinderen institute for
/ gronin gen / and natural sciences / particle physics and gravity

22 149
Normalization
Branching fraction for T= = p—p+p— normalized to Ds— = ®(p+p-)mm-
B_N(T')MMM) _.(Nsig N
_ — N !
N (T ) Ncal A= =
N(t)
7TeV 8 TeV
B(D; = ¢(ptp~)n) (1.32 + 0.10) x 107°
B(D; — ) (5.61 £ 0.24) x 1072
fP- 0.78 + 0.04 0.80 =+ 0.03
Eeal Ve 0.898 + 0.060 0.912 + 0.054
Gl By 0.659 = 0.006 0.525 % 0.040
Neal 28200 + 440 52130 = 700
a (7.20 £+ 0.98) x 10~° (3.37 £ 0.50) x 1072

Gerco Onderwater, LF(U)V2016 JHEP 02 (2015) 121
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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

LHCb

B(tT— @ p—p+p-) < 4.6 x 10-8

@ 90% C.L. N
0.5
Belle 2.1 x10-8 @ 90% C.L. 0.4
03E
BaBar 3.3 x 10-8 @ 90% C.L. 02F
0.1F
@Run2: LHCb may overtake Belle 0= 3 10
.. which will then be overtaken by Belle-II B(t —p ) [x 107

Gerco Onderwater, LF(U)V2016 JHEP 02 (2015) 121
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Gerco Onderwater, LF(U)V2016
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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—IT+ I.l

5 D%— ey  Signal T

5 D9 —= K1t Normalization

DO
/ :

— ) w+

[

Gerco Onderwater, LF(U)V2016 PLB 754 (2016) 167
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Bremsstrahlung

0 —
0.08 LHCb simulation
0.07  Dseyr

0.06
0.05
0.04
0.03
0.02
0.01
0.00

e = ey calibrate w/
B+ - J/W K+
Lete-

Arbitrary units

J I

by

¥(2S)

] ] ] ] ] ] 1 I | . . | : =} o1
820 1840 1860 1880
m(eu) [MeV/c?]

e P 1TT

600 3800 4000
M(ll) [MeV/c?]

Gerco Onderwater, LF(U)V2016 PLB 754 (2016) 167



university of faculty of mathematics van swinderen institute for
] / gr onin gen / and natural sciences / particle physics and gravity

27 | 49
Mis-ldentification

é 0.09 =1 1 1 = 1 ©* r ' ]

- - el . .
0.08 E !

= - Sy LHCb simulation

2 0.07F # 5 D’ e

S F i a —eH

.:é’ ().()6;— o N LT D°—m'm misid

< 0.05F
0.04 ;_ Probability for
0.03 1T~ = ey mis-ID
0.02 ~ (1-2)x1078

KTr" 0.01F .-
« 0.00 ol

] ] ] ] ] ] ] I l
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Gerco Onderwater, LF(U)V2016 PLB 754 (2016) 167
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Gerco Onderwater, LF(U)V2016
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Signal + bkgd

DO—ep (signal)

-71+15 events

PLB 754 (2016) 167
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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
=t 1 r tr & 1 r & *t 1

B(DO — ep) < 1.3 x 10-8 [Julies: LHCO i e

- Expected CLs £ 1 &

@ 900/0 C.L. 0.65— DExpectedCLsiZG
0.5F
20x improvement over previous result g;“
Effectively deal with backgrounds ]
Bremsstrahlung complicates analysis i
N 2 g 10

B(D’ - et uF)

Gerco Onderwater, LF(U)V2016 PLB 754 (2016) 167
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Other channels under investigation

Bis) — eH

BO — K*Oep

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

B+ — K+tep

Gerco Onderwater, LF(U)V2016
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Gerco Onderwater, LF(U)V2016 - —
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Some existing limits

J/J¥ -yt < 2x106
Y(1S) — ut <6x106
Y(2S) — pt < 3x10-6

Y(3S) — pt < 3x106 O(few X -I 0'6)

Z0 — UT < 1x10-5
_ o)
10 our <1.5% @ 90-95% CL

JJ¥ - et < 9x10-6

Z0 — eT < 1x106

Gerco Onderwater, LF(U)V2016 Particle Data Group
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Reconstruction - |

Interesting possibility
Short lifetime prohibits direct detection

Gerco Onderwater, LF(U)V2016
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Reconstruction - 1i

Interesting possibility
Short lifetime prohibits direct detection
Neutrinos remain undetected

Gerco Onderwater, LF(U)V2016
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Reconstruction - |l

Interesting possibility

Short lifetime prohibits direct detection
Neutrino remains undetected

Known T decay location

Gerco Onderwater, LF(U)V2016
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Reconstruction - IV

Interesting possibility

Short lifetime prohibits direct detection
Neutrino remains undetected

Known B & T decay location

Gerco Onderwater, LF(U)V2016
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Reconstruction -V

Interesting possibility
Short lifetime prohibits direct detection
Neutrino remains undetected

Gerco Onderwater, LF(U)V2016
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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, LF(U)V2016 Phys. Rev. Lett. 115, 111803 (2015)
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Insights

Gerco Onderwater, LF(U)V2016
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Gerco Onderwater, LF(U)V2016
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PDG, PRD63(2000)016003
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Gerco Onderwater, LF(U)V2016
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PDG, PRD63(2000)016003
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Gerco

Onderwater, LF(U)V2016
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“A Case Study of the Sensitivity to LFV Operators with Precision Measurements and the LHC”

uu, dd, §s, éc, bb

103;—__— __— /) wm = | HC8
i L L m— T 0fy wmm Mgy s LHC14 |
Sl |
101 _ = = —
100ill!l: TREE l - o -
| - glll® Bgi® -
1 - - - -

e e Te

Gerco Onderwater, LF(U)V2016

eT T T

Cai & Schmidt,
JHEP02(2016)176

i
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Insights & questions

Most stringent limits from p & K = copious production
(tr°, n, J/W, Y) lagging behind (+ strong limits from unitarity)
Strongest limits for ey , weaker for et and pt

B(s)—eM most stringent of all meson decays

M — M'22' less stringent, yet many channels available

How to relate various measurements? Complementarity?
— many model-dependent attempts

Gerco Onderwater, LF(U)V2016
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Forecast (a personal view)

Lepton Number conservation assumed!

Leptonic decay
B(s)—ep will improve 10-100 @ LHCb

B(s)— €T via T231v ~10-100 weaker than ep

9% BR + lower detection efficiency + reduced signal definition
OR via B-tagging Y(4S)—BB @ Belle-ll
Y—ep can be done, but not worthwhile?
B(s)—epy lifts helicity suppression, costs «, need E, threshold

Semi-Leptonic decay

Bis)— K*O0(=K+1r-)2£" (ey, eT, p1) ~10x below B)— ££'?

Biot— K+££' “easier”; can do T; o(B+)~0(B0); gain from reduced background
B— B'02' feasible & worthwhile?

Gerco Onderwater, LF(U)V2016
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onclusion

Gerco Onderwater, LF(U)V2016
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Take away message

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

With LHC Run-I 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 LHC Run-Il &
Run-Ill, Belle-Il, NA-62, ... : expect 10 - 100x improvement in years to come

Theory guidance & insights very welcome

Gerco Onderwater, LF(U)V2016
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Thank you for your attention!

Gerco Onderwater, LF(U)V2016
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Unbinned simultaneous fits
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Gerco Onderwater, LF(U)V2016 PLB 754 (2016) 167
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