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Lepton Flavor Violation (LFV)

* Lepton and baryon numbers are conserved symmetries in SM, but SM
is only an effective theory which describes physics at EWK scale

e (Neutral) Lepton flavor violation exists in Nature: neutrino oscillations

* A number of models beyond SM predict LFV in charged sector at
levels observable at LHC
— RPV SUSY
— Models with more than one Higgs doublet
— Composite Higgs models
— Randall-Sundrum models
— Models with warped extra dimensions

— Models with Majorana neutrinos
J Example of higher dimensional

— Theories with Grand Unification operators modifying SM
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LFV term Baryon and lepton  Breaks flavor symmetry

violation of gauge sector
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CMS: Search For LFV H—urt
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Indirect constraint: Br(H—ut)<0(10%) arXiv: 1502.07400
Two channels: H—=ut(—e) and H—ut(—hadrons) PLB749, 337

3 categories per channel: O-jet, 1-jet, VBF-like 2-jet
Dominant background is events with fake leptons or T, _,
Leading systematics: modeling of backgrounds with fakes (30-40%)

Observe 2.40 excess
— Excesses (~¥10) are observed in 3 out of 6 categories
— Best fit Br(H—ut)=(0.8493% , ,.)%
— Observed (expected) 95% CL limit is Br(H—ut)<1.51% (<0.75%+0.38%)
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CMS: Search For LFV H—et & H—epn
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* Theory note:

— Relatively large Br(H—ut) is possible without any
significant fine tuning, while relatively large Br(H—eT)
requires fine tuning

* Indirect constraint: Br(H—et1)<0(10%)

— Strong experimental bounds on p—ey exclude
simultaneous H—et and H—pt signals at LHC

e PLB712 (2012) 386, arXiv:1202.5704

e H—etsearch

— Two channels: H—et(—u) and H—et(—hadrons)

— Event selection, analysis categories and techniques are
almost the same as in the H—pt search

— No excess observed: 95% CL limit is Br(H—et)<0.69%
e H—eusearch

— 11 analysis categories (including 2 VBF categories)
* Approach similar to H—=yy analysis

— No excess observed: 95% CL limit is
Br(H—epn)<0.358x103

* Indirect constraint based on experimental bounds on
u—ey: Br(H—eu)<0(109)

CMS-PAS-HIG-14-040 <" fusste




ATLAS: Search For LFV H—urt

ATLAS Data 2012, Vs =8 TeV [ L dt=20.3 fb™

1109 arXiv: 1508.03372
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Events with P;(1)>26 GeV and P(t,,4)>45 GeV - i~
— Two signal regions based on M{(MET,u) and 05— E
Major backgrounds: W+jets and Z—tt . 100
2
Major uncertainty: normalization of W+jets Ga
and Z—1tt and modeling of W+jets g
Observe small 1.30 excess -
— Fitted Br(H—ut)=(0.77+0.62)%

Observed 95% CL limit Br(H—ut)<1.85%

— Expected 95% CL limit: Br(H—put)<(1.24%0-0  ..)%
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ATLAS: Search For LFV Decays Of Heavy Neutral Particles
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Search for resonances
decaying to ey, ert, or
T

Results interpreted as
limits on t-sneutrino
production in RPV SUSY

and Z’ production in
sequential SM

Dominant background:
— Ttbar in ep channel
— WhH+jets in etand pt
No significant excess
observed
— 95% CL limits set




ATLAS: First Look At High-mass Electron-Muon Events In Run-2
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* First look at 13 TeV data in the search for Z'—epu!

* Great data-model agreement at this early stage in Run-2!
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CMS: Search For LFV Decays Of Heavy Resonances
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ATLAS and CMS: LFV Z—eu Decays
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ATLAS search (PRD90,07210)
— ep events with E;(e)>25 GeV, P{(u)>25 GeV
— MET<17 GeV, N;,(P;>30 GeV)=0

Z—>TT is major background

No excess observed

— Observed 95% CL limit: Br(Z—ep)<7.5x107
— Significantly surpasses LEP results

CMS Preliminary 19.7 o™ (8 TeV)
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CMS search (CMS-PAS-EXO-13-005)
— ep events with E(e)/P;(n)>10(20) GeV
—  M;(u,MET)<60 GeV, N;.,(P;>40 GeV)=0

Z—T1t is major background

No significant excess observed

— Observed 95% CL limit: Br(Z—ep)<7.3x107
— Significantly surpasses LEP results
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Majorana Neutrinos

Minimal Type-l seesaw

Ga

(711

Left-right symmetric model

Minimal Type-l seesaw mechanism (mTISM)

— Simplest extension of SM with right-handed neutrinos
- M >M,, N=W+[*

— Model parameters: My and V, (mixing between SM and Majorana neutrinos)
Left-right symmetric model (LRSM)

— SU(2)g assumed to be the right-handed analogue of the SM SU(2),
— Vo={W,,Z’} and N with M(V;)>M,: W.—>IN and Z’—>NN

8/31/15
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ATLAS & CMS: Heavy Majorana Neutrinos In mTISM
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CMS (PLB748,144)
niput+2jet

P(1,)>20 GeV, P(u,)>15
GeV, P(jet)>20 GeV

MET<30 GeV, 50<ij<110
GeV

No excess observed
95% CL limits set

ATLAS (JHEPO7,162)

LEpu*+2jet or efe*+2jet
P;(1,)>25 GeV, P(l,)>20

GeV, P.(jet)>20 GeV

MET<40 GeV, 60<M;<100

GeV

No excess observed

95% CL limits set
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ATLAS: Heavy Majorana Neutrino And W./Z’ In LRSM

Events / GeV
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Same lepton selection as in
mTISM analysis, M;>110 GeV

No excess observed
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CMS: Heavy Majorana Neutrino And W, In LRSM
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No significant excess in muon channel, 95% CL limits set
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No excess in similar ATLAS search
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Models With New Heavy Leptons

L +
wt
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Type-3 seesaw model 3-lepton resonances
* Models with 3-lepton resonances

— Vector-like leptons (VLL) invoked to explain mass hierarchy between different lepton
generations

— Composite Higgs models
— Warped extra dimensions
— Type-3 seesaw

* Type-3 seesaw model

— At least two extra triplets of fermionic fields with zero hypercharge in the adjoint
representation of SU(2), that generate neutrino masses and couple to gauge bosons
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ATLAS: Search For Type-Illl Seesaw Heavy Leptons
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e Signature: 2/+2jets

Opposite sign (OS) or same sign (SS) lepton pairs
— Electrons or muons
MET>110 (100) GeV in OS (SS) events

* No excess observed, 95% CL limits set

m

>100 >25 >130 >6 >3 60-100
SS >70 >40 >90 >40 >25
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ATLAS: Search For Heavy Lepton Resonances
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—— Theor. Cross Section | 5 —— Theor. Cross Section i -~ Observed
X 19 15
107 8 10'F =R
c - i @ -
i " ATLAS
i 102k 1s=8TeV, 203 fb” - 107
s — E Seesaw, Z+Iu | ‘ 3 F | | |
100 150 200 250 300 100 200 300 400 500 100 200 300 400 500
. e m . [GeV] . m . [GeV -1 imitc m.[GeV
VLL limits : Seesaw Type-3 limits ™ Model-independent limits m. eV

e Clean experimental signature of L—Z/" with Z—/[ (arXiv:1506.01291)
— Event categories: 41, 3/+jj, 3/

* No statistically significant excess observed, 95% CL limits set

8/31/15 LHCP-2015 Conference, St. Petersburg, Russia 16



Summary

luminosity ratio

100 —

Searches for LFV
— H—put: CMS & ATLAS observe 2.40 and 1.30 excesses, respectively
— H—et & H—ep: no significant excess, Br(H—e1)<0.69%, Br(H—eu)<0.358x103
— Z—e: significantly surpassed LEP limits, Br(Z—eu)<7.3x10”/
— 7' —ut/et/ep: no significant excesses, excluded M(Z’)<2.2-2.5 TeV
— T-sneutrino: no significant excesses, excluded M<1.7-2.0 TeV

Majorana neutrinos, new gauge bosons W;/Z’, new heavy leptons

— No statistically significant excess observed in Run-1 data

WJS2013

ralticlnsl, cIJf LHC pallrton Ilumilnoéitiles': 13 ITeV /8 T'eV .
i /1 ¢ Searches for new particles with M>1
- Fa TeV will greatly benefit in Run-2 from

-~ 543

T / 1 increased x-section

e Stay tuned!!!

MSTW2008NLO

2015 Conference, St. Petersburg, Russia 17




8/31/15

Backup

LHCP-2015 Conference, St. Petersburg, Russia

18



CMS: Search For LFV H—ur

Variable H— ute H— uty, Expected Limits
[GeV] O-jet 1-jet 2-jet | O-jet 1-jet 2-jet 0-Jet 1-Jet 2-Jets
P > 50 45 25 [ 45 35 30 (%) (%) (%)
Pt > o 10 10— - = Ute | <1.32(£0.67) | <1.66 (£0.85) | <3.77 (£1.92)
pr > — — — | 3% 40 40 ut, | <234 (£1.19) | <2.07 (£1.06) | <2.31 (£1.18)
M < 65 65 25 | — — @—
I UT <0.75 (£0.38)
ﬁ¥ z 50 40 15 5 ; ; Observed Limits
[raTdianS] - - UTe <2.04 <2.38 <3.84
A S B ZNS— Ut <261 <2.22 <3.68
Py ' T <151
AP pmw< 05 05 03| — — — K
A ?f%—E’T’“S; 2'7 1'0 ' Best Fit Branching Fractions
s R W | 087°0% | 081708 | 005715
B 1 CMS 19.7 o™ (8 TeV) UTH 041-_%%53 0. 21+% 83 148:1);2
ZE Ut 0.84103
10
* 2-jetselection: |An,|>3.5, M;>550 GeV
, * LFV Yukawa couplings: |Y;Y; | <m m /v2
10 — Theoretical naturalness limit: tunmg is avoided if the
above condition is met
10° | * CMSresultis interpreted as a limit on Yukawa Y , Y,
couplings: 5
VY2 +Y2 <3.6x10
10 - Lt .
10" 10 102 10 1

Y | LHCP-2015 Conference, St. Petersburg, Russia 19



CMS: Search For LFV H—et & H—epn

Variable _ H—oey _ H—oemy Analysis categories in H—ep search
Ojet | 1jet [ 2jet | Ojet | 1jet | 2-et
miss
Pt GeV) | >50 | >40 | >40 | >45 | >35 | >35 Category Number | Lepton pr | Eg B-tag
o GeV) | >15 | >15 | >15 | - - - ofjets | (GeV) | (GeV)
P GeV) | - . -~ [ >30 [ >40 | >30 0 | EBMB 0 >2 | <30 -
Mr (Th) (GeV) - - - <70 _ <50 2 | EB-MB 2 > 25 <25 < 0.38,< 048
Ay Gadians) |- - —Tso3T - - 3 | EB-ME 0 > 20 <30 -
e P fadians) | <08 <08 4 |EBME 1 > 22 <20 <048
Ppr,—ppe  (radians ' ' 5 | EB-ME 2 >20 | <30 | <051,<057
Adpr,—pr, (radians) | - | >05] - - - - 6 | EE-(MB or ME) 0 > 20 <30 -
7 | EE-(MB or ME) 1 >22 <20 <048
: 8 | EE-(MB or ME 2 > 20 <30 | <051,<057
VBF selection: (MP or ME) TEF
et} .4: |An..|>2.3, M.>400 GeV 9 | Tight 2 > 22 <30 [ <058 <0244
) I 10 | Loose 2 >22 <25 | <0.62,<030
et,: |An;[>3.0, M;>200 GeV
Expecied Limis * Limits on Yukawa couplings
(0 O/I (;t g 0/] (;t ?0/] ()ets 1 CMS Preliminary 19.7 b (8 TeV) CMS preliminary 19.7 fb (8 TeV)
ety | < 1.63(T0%8) | <1.54(707) | <1.59(70%) o
ev, | <27170% | <2.7673% | < 3557038 >
et < 0.75(*933) 107" S e ———
Observed Limits R ——
0Jet 1Jet 2 Jets ) '
(%) (%) (%) 102
et, | <183 <0.94 <149
e, | <392 <3.00 <288 —
etT < 0.69 10°3E
Best Fit Branching Fractions E
0Jet 1Jet 2 Jets A
(%) (%) (%) 1074E
et, | 019705 —1.047970 —0.1210%7 :
ew, | 1437133 0.30113% -0.917727
et —0.10f8:§g




ATLAS: Search For LFV H—urt

Cut SR1 SR2 WCR TCR x10°
pr(w) >26 GeV | >26 GeV | >26 GeV | >26 GeV => e o T g
Q F ATLAS —— Data 2012,20 fb B
P1(Thad) >45 GeV | >45 GeV | >45 GeV | >45 GeV O 160 SR, evens — H(125) - 3 (BR = 25%]
mr(u, ETS) | >40 GeV | <40 GeV | >60 GeV | - S jap T L2030 mmonisg
. C B Z > o+ jets (0S-SS)
m1(Thad, ET™) | <30 GeV | <60 GeV | >40 GeV | - o 12— B Z e YV (0559)
"E C Syst. Unc. ]
In() — n(Thad)l | <2 <2 <2 <2 g 3
Niet - - - >1 [ 08 *z
Np_jet 0 0 0 >0 0.6 =
0.4 =
SR1 SR2 | Combined 02 _ g :
OF =
Expected limit on Br(H — p7) [%] | 1.60*3%% | 1.75%070 | 1.24+039 g 5 E
Observed limit on Br(H — ut) [%] 1.55 3.51 1.85 % é é
0 100 150
MMC
m GeV
Best fit Br(H — u1) [%) ~0.07+08L | 1.94+0:22 | 0.770.62 | ]
) ) -
S — ‘ —
3.5 ATLAS —s— Data 2012, 20 fb” —
SR2 i, events m— H(125) - (BR = 25%)
3 fs=8Tev [Ldt=2031" — ;j,:;(::;ss(g? 59
I Same Sign

B Z - o+ VV(0S-SS)
V77 Syst. Unc.

* Excess is observed only in SR2 category

— Local significance is 2.20

Events / 10 GeV

\H‘IH\‘HH‘HH‘HH'HH‘HH‘\I\X
—

$ 14- .
2 + |
T ek 4," L -
T 08 +T =
O 5 100 150 B
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ATLAS & CMS: Heavy Majorana Neutrinos In mTISM

ce iy o T 5 o L B
~ >°® [ATLAS ] >* [ATLAS
Non-prompt +7 + 14 ~—  [\s=8TeV,203 10" 1 = Fis=8Tev, 203"
Charge-flip + 7 - - . -
Prompt normalisation + 2 + 10 107 - 107 -
MC statistics + 14 + 8 3 - 3
Jet energy scale +8/—22 +7/-12 a - .
Erlfmss +2/—3 +6/—3 i 95% CL Observed limit i 95% CL Observed limit
Jet energ luti + 4 + 3 0% E 102 3
gy resolution e 95% CL Expected limit 1 b e 95% CL Expected limit 3
Jet vertex fraction +2/-6 +4/-5 - [ o5% cL Expected limit + 15 | [ 95% cL Expected limit + 16 |
Lepton uncertainties + 2 +2/-3 95% CL Expected limit £ 26 - 95% CL Expected limit + 26 |
Luminosity = 2 =1 107 6646300 5900 Bh6 a0 i oo 10700 TG 00280 a0 5G40 480 0o
Total 20/—29 21/-24
+20/ +21/ m,, [GeV] m,, [GeV]
197%™ (8 Tev)
e 1
=3
+
Source Signal (%) SM Bkgd. (%) Misid. Bkgd. (%) ;
Background estimate from data - - 28 [28] T
SM cross section - 9-25 [9-25] - Zz
Jet energy scale 5-12 [1-3] 3[5] - o
Jet energy resolution 6-12 [2-3] 7 [10] - ~
Event pileup 6-7 [3-6] 7 (4] - _Z
Unclustered energy 2[1] 3[1] - ES 10'4 _— CLs Expected
Integrated luminosity 2.6 [2.6] 2.6 [2.6] - > [ CL Expected + 10
Muon tri d selecti 22] 2[2] - " s
b_;‘:;gil;gg“ and selection 1) 25 11] } 10° CL_Expected +20
PDF 3.5[3.5] - - _— CLS Observed
Renormalization/factorization scales 8-10 [1-6] - - 10'5 o b b b b b b b by
Signal MC statistics 3-9[1-4] - - 50 100 150 200 250 300 350 400 450 500
my (GeV)
. .. L. 1 19.7f " (8 TeV)
e S m dlim .
ystematic uncertainties and Iimits o
H 10
« =
on the mixing parameter Do
<
@ 4q0°
E 104 ; gts Eipected
i . pected + 1o
10-5 CLs Expected + 20
e CLs Observed
6 . - - - .
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ATLAS: Heavy Majorana Neutrino And W./Z’ In LRSM

ee /‘L# L] L] L] L]
Wr z Wr z' ° SyStemath uncertainties In
Non-prompt + 12 + 15 +10/-9 +13/-11
Charge-flip +5/—4 | +4/-3 - —~ mi
Prompt normalisation 5 +5/—4 + 18 + 14 AT LAS Sed rCh an d I Im Its fo r
MC statistics +7 +6 +5 +4 ( )_ ( )/ H
Jet energy scale +8/—-9 | +5/—4 +5 +5/—4 M N M WR 2 N CMS SearCh
Jet energy resolution + 0.9 + 0.6 + 1.2 + 0.2
Jet vertex fraction +1 + 2 +0.9/-0.1 | +2.4/-1.1
Lepton uncertainties +2/-1 | +2.7/-1 + 2 +2
Luminosity +1 +1.5/—-1 +1 +1
Total + 18 + 18 + 21 +20/-19
7 o ! 19.7 fb”' (8 TeV
102 I N R B | | v| T T I T 1T I |1|g |7 lfbl |(8|Tle| :) 102 F ™ T T T I ™T T T I ™TT T I |1|9'|7 Ifbl |(8|1:e|v3 102 : T 1 T 7T I T L I T Ml |_I T /|2 T T I I( T le] :)
-CMS My = My, /2 1 - CMS My, = My, /2 | - CMS = Mggsewed - ]
N —— Observed limit ] i Observed limit ] A Expected limit i
I Expected limit i LN e Expected limit ] - @ Expected 10 g

R
)

o(pp— WR) x BR(W_— eejj) [fb]

[ Expected + 16
[ Expected+2 ¢

st Theory (g.=g)

vl

|

3.5

o(pp—> W) x BR(W,—> pu) [fo]

[ Expected + 1o
[] Expected +2 ¢
i Theory (g.=g))

[ Expectedt2c

10

1 |||IIII
v nl”

T

o(pp— W) x BR(W_— (ee+up)jj) [fb]

1F 1F
i 9 | T | 4 4 | s 4 1 | ‘I:', - | L L L1 Y ::'.
1 15 2 25 3 35 1 1.5 2 2.5 3 3.5
My, [TeV] M, [TeV]
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ATLAS: Search For Type-lll Seesaw Heavy Leptons

10 E

10°

- ATLA

I
S

- (s=8TeV, 203"

[ [
e data

Z+jets ]
B ti(+W/Z)+single-top _|
[ Diboson 3
I Fake Leptons ]
------------ M = 150 GeV
===-My=300GeV 3

OSee SSee OSpyp SSpuyp OSen SSep

Fraction of decays: b= |V, |%/(|V |2+|V |2+ V,]?)

9/2/15
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ATLAS: Search For Heavy Lepton Resonances

> ""I'"'I""I""I""l""l""l""l"": > —""I""I""I""l""l""l""l""l""_
3 /s=8 TeV, 20.3 b ATLAS - & f (s=8 TeV, 20.3 b ATLAS -
0 10° Z+e ¢ Data — Total p.d.f. = S (0= Z+ + Data — Total p.df. =
12 - ---WZ zz = 2 - W2 77 ]
o - --Reducible  tt+V/VVV ] o B " ]
> i

T Z+y ~ w4, Reducible  tt+V/VVV -
1 “ E 1 ) * E
..................... _: 10—1 ? .'."r.,.'.'.'.,."..‘~~....... =

........................ : i e

Sl 10'2I 11 1 | l 1 1 1 l 0 I - I 111 1 l 111 1 l 111 | l 11 1 1 [ 11 1 1 l )

- - 105_ ...... % ........ ;
‘- - 5§—+ s +H e
i g ogley 93 : -
8 8 _5? ...... l&%%& ........................................................................................................... —E
A0 E

50 100 150 200 250 300 350 400 450 0 50 100 150 200 250 300 350 400 450
A m[GeV] Am [GeV]

* Search variable: Am=M,-M,
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