H—ut, H—et, H—ep
searches with the CMS experiment

Maria Cepeda (CERN) 12/October/2015 < |




Introduction

* With the discovery of the Brout—Englert—Higgs Boson by the ATLAS
and CMS collaborations at the LHC, the quest for understanding its
properties and decays started

* New physics could arise from unexpected corners

- 12/October/2015

* Exploring the Flavor sector can hold surprises:

* BSM models such as double Higgs models or extra dimensions allow
lepton flavour violating decays of the boson (for instance, to a ut pair)

* Experimentally, non-LHC bounds on such decays are weak, allowing
Br(H—>ut, H>et) ~10%, well within the experimental reach of CMS

=
oc
L
=
@
©
Q
o
Qv
O
@©
=
©
=

* This talks summarises the first direct search for a lepton flavour
violating decay of the 125 GeV boson, performed with a data
sample of 20 fb! @ 8 TeV collected by the CMS experiment




LHC Run I: The SM
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LHC Run I: The SM
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LHC Run I: The SM

Data included £
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LHC Run I: The SM
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LHC Run I: The SM
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LHC Run I: The SM

. . LN

* .. and the discovery of a new particle =
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But what is it really? |24




[s the new boson really the minimal SM Higgs?

* |s the signal strength, where seen, at the correct SM level?
* |s this a scalar, and not a pseudo-scalar or tensor?

* Does it couple to the SM particles at appropriate level?
t,b,T,u

- 12/October/2015

* Does it couple to itself ?

* |s this the only new non-vector boson, and not one of
several?

* Does it couple unusually ?
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[s the new boson really the minimal SM Higgs?

* |s the signal strength, where seen, at the correct SM level?
* |s this a scalar, and not a pseudo-scalar or tensor?

* Does it couple to the SM particles at appropriate level?
t,b,T,u

- 12/October/2015

* Does it couple to itself ?

* |s this the only new non-vector boson, and not one of
several?

* Does it couple unusually ?

* Thanks to its mass of about 125 GeV we will be able to
answer many of these questions experimentally ©
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e Early answers from 2011-12 (Run-1)
* Preparation for 2015-2017 (Run-2)




[ts signal strength is like the SM
predicts...
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[t couples like the SM Higgs Boson...
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[s the new boson really the minimal SM Higgs?

- 12/October/2015

Does it couple unusually
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[s the new boson really the minimal SM Higgs?

- 12/October/2015

Does it couple unusually (e.g. changing Lepton Flavor?)
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Higgs and Flavor

* In the SM, the Yukawa interactions are the only source of the
fermion masses:

yz'j vV

— — y" : —
visfuH fr, =~ fuufr, + “5hiL fr,
mass /\ K higgs-fermion interactions

* Both matrices are simultaneously diagonalizable =
Lepton Flavor Violating Higgs decays are forbidden in the SM

- 12/October/2015
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Higgs and Flavor

* In the SM, the Yukawa interactions are the only source of the
fermion masses:

yz'j vV

— — y" : —
visfuH fr, =~ fuufr, + “5hiL fr,
mass /\ K higgs-fermion interactions

* Both matrices are simultaneously diagonalizable =
Lepton Flavor Violating Higgs decays are forbidden in the SM

- 12/October/2015

(This is not necessarily true anymore in BSM models:

SM values

Li=Yhtifl+he [v.v.v.
m i ) Y= Y.ueth‘u‘LJY‘u‘C

«  Flavor off-diagonal
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«  Complex (CP violating) Yl.e YT;lJYr J S
\ \ ) 2




Pre-LHC experimental bounds

Channel Coupling Bound
p—ey (1) VI Yel? + [Yepu|? <3.6x10°°
T ey (2) VIYre|? + [Yer |2 < 0.014
B VP F VP 0.016

R. Harnik, J.

Kopp, J. Zupan,
(1) PRL 107 171801 J. Adam et al. (MEG Collab.)
(2) PRL 104 021802 B. Aubert et al. (BABAR Collab.)

- 12/October/2015
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Pre-LHC experimental bounds

LN

Channel Coupling Bound §
: ~

p— ey VIVe? + [Yeu|? <3.6x10°° g
&

T — ey VIVrel? + [Yer < 0.014 2
~

T =y VIYrul? + [V |2 0.016 N

The limits on the yukawa couplings can be translated into a limit on the Higgs Br:

[(h — ¢205)
F(h — [afs) + I'sm

BR(h — £24°) =
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[(H— £%¢8) = o (|Yma| + 1Y gags %)

Br<10% for LFV decays with a tau :
lepton not excluded! =




Pre-LHC experimental bounds

Channel Coupling Bound g
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Pre-LHC experimental bounds
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Pre-LHC experimental bounds
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Maria Cepeda (CERN)
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CMS direct search for H—-ut, H—et , H-pe




3 decay modes probed by CMS

Experimental techniques close to H>tt

( H—->ut )
_> Can we bridge the gap to reach the 1%
H—oet Br limit?
H—>ue

- 12/October/2015

Experimental techniques close to
| H->pp
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( H % IJI ) Experimental techniques close to H>tt

:> Can we bridge the gap to reach the 1%
H—oet Br limit?

- 12/October/2015

Lets start with the two decays involving a tau
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95% CL Limiton u

0 LN
Final states VBF + GF: =
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CMS-HIG-13-004

Higgs Decay to Tau Pairs

CMS, 19.7 fb™' at 8 TeV

- Excellent tau identification in CMS driven by ‘3‘6"0"-"'!;1”"”"”'"”':;b's;,';;"”"”"- n
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Comparison of Kinematics
H—> 1t VS. H—>ut

4 e [

- 12/October/2015

" )L Y,

- Harder P_spectrum of muons
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Exploit

: . - Different angular correlations:
differences in

- Electron/Tau, ,,— Neutrinos > ~ Collinear

event topology
- Muon - Neutrinos 2 ~ back to back




o x Br[pb] /5 GeV

Comparison of Kinematics
H—> 1t S. H—->ut

T CM,S .5'1",1 ‘.”.""F'?P.‘?ﬁe.“fﬁ'??fy. B ,‘.Slzl 8TIeV T CMS simulation preliminary s =8 TeV
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- Harder P_ spectrum of muons
Exploit

- Different angular correlations:
- Electron/Tau, _,— Neutrinos = ~ Collinear

- Muon - Neutrinos 2 ~ back to back

differences in
event topology
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Base selection in a snapshot : I

- Two channels:

* MY, 4 (triggered by single muon)

« MT(triggered by muon-electron
cross triggers)
- Three categories
- 0and 1 jet (dominated by GGF)
- 2 jets (dominated by VBF)

1 Good, Isolated, High p; Muon

1 Good, isolated low p; Electron OR 1
Good, isolated high p; tau

Opposite charge of the pt,_, / He Pair

Angular correlations used to enhance
discrimination

H—ot

- 12/October/2015
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Base selection in a snapshot : II

- Two channels:

.+ €T, _, (triggered by single electron)

° eru(triggered by muon-electron
cross triggers)
- Three categories
- 0and1 jet (dominated by GGF)
- 2 jets (dominated by VBF)

o

1 Good, Isolated, High p; Electron

1 Good, isolated low p; Muon OR 1
Good, isolated high p; tau

Opposite charge of the et,, / pe Pair

Angular correlations used to enhance
discrimination

H->ety, \
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Mass Reconstruction

LN
We cannot reconstruct the full Higgs S
mass from the visible objects / E
o]
Using a collinear mass approximation g
we can improve mass resolution %
—
- Assume neutrinos are collinear H ,
with the tau and define the visible
fraction of tau momentum
p Emlss "‘UV,S K
;= sl AL
T

Xvws ‘

+| By

- Like this, the full system mass becomes:
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collinear




Mass Reconstruction

19.7 fb” (8 TeV)

| T T T T I

I i, 1, t

[_] Misidentified leptons
—— LFV GGF Higgs (B=100%)|
------- LFV VBF Higgs (B=100%)

- We cannot reconstruct the full Higgs O ey " Bod uncoramy
- . 1200— . —

mass from the visible objects - e, 1 Jet T e .
1000 I Other ]

- Using a collinear mass approximation
we can improve mass resolution 800
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- Assume neutrinos are collinear %
with the tau and define the visible 400
fraction of tau momentum
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- Like this, the full system mass becomes:
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Loosely selecting LFV nggses...

19.7 fb” (8 TeV)
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Z—>1tt Modeling

: : : >

« Z->1tis the dominant background in the Pile Up > g
ut, channel and significant in the ut, _, T 8
channel 5 =___ SimTs I
" : : T T O

* Very similar kinematics to the SM H>tt . s
. Underlying > O

& the signal > S
Event > —

* Overall 3% vyield systematic

CMS (unpublished), 19.7 fb™ at 8 TeV

exploits the 20 fb-!CMS Z>up dataset 69
to model key issues like PU, MET 2 4000
we rely on MC only for the tau decay

uncertainty > from Z—> Tt cross- ) 1

. € 12000 —e— Observed = L
section :>: MTh [ ] Bkg. uncertainty - \L_)f
10000 gg—’“ . 3

. o —uu J Q

* Shape modeling using the embedded 2000 B Electroweak o
. O+ O
technique developed by H>tt - o p

T

=

JHEP 05 (2014) 104 -

2000 CMS-HIG-13-004

0
30 35 40 45 50 55 60 65 70 75 80 N
Pl [GeV] |




Jet-> Lepton misidentification

* Leptons can arise from mis-id’ed jets in W+Jets and QCD
multijet events = Difficult to model on MC =2  will be
estimated directly on data

@ Measure the misidentification rate (fake rate) in an
independent Zup sample:

f — N[Z(pp)+p(tight)]
B N[Z(pp)+p(loose)]

- 12/October/2015

@ Apply this ratio of non-isolated to isolated muons to a data
sample with anti-isolation required for one lepton that
otherwise fulfills all selection criteria
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* This technique can be applied to obtain Jet>Tau,
Jet—>Electron, Jet->Muon misidentified lepton contributions

Shape and yield prediction for

fake lepton backgrounds
(mainly W+Jets)




Jet-> Lepton misidentification

Lepton Isolation

A

1] \Y;
OS, Anti- | | SS, Anti-
Isolated || Isolated
I I
N\ N
Os, SS,
|solated Isolated
Charge

—>
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1 - Validation

- _ ‘ 19A7fb'(8TeV—)
<§ 10°-CMS | . \::l:t;.:;l.uncenainty E ﬂ
- Bkgd. syst. uncertainty O
g B e N
A ”I IV & 0 :Lrvesmgasm:wo%)_: MUOH, }
------- LFV VBF Higgs (B=100%) = Q
- - Electron -
OS, Anti- || | SS, Anti- o | : g
S~
L o~
_ || Isolated | | Isolated M H‘ILLL‘ 3 S
2 %Eﬁg _ :
c_U I 5 ‘0‘50 100 e 20(; 300
o) Miuz,)_ [GeV] .
l) R S 19.71b"|(8'|:eV) 5
g OS’ SSI 3505—f-’:r25ir§inary i]g:s:rved, eth. t 6
-5 - er,,OJet gd. uncertain y ~—
300} I other
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r T1au (* e
Charge i ) S
150; ,Q
100;— (LU
Validation based on a SameSign Lepton =
oheesine
control sample ey bttty ++§

200 300
M(e,t)con[GeV]

(* for tau leptons, the anti isolated candidates of regions Ill and IV are substituted by loosely isolated candidates that fail to
pass the strict criteria of regions | and )




2 - Misidentified Lepton predlctlon

19 7 fb (8 TeV)

> 60 T T

8 CMS ® Data, pt, N

o L lJ-T 0-Jet Bkgd. u ncena inty N

= 50— r ‘ [ sM Higgs -]

« - Zoe

S - Il other ]
III IV & 40 Ittt -

- 5 Misidentified leptons
$oeeeee LFV Higgs (B=0.84%) _|
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OS, Anti- || SS, Anti- on,
Isolated || Isolated stron

c ;
O ;
‘E %E‘O.g:" ‘+I .;* o l ‘
o ” ?E’E,og: '+ N +¢+¢++H"+++++ .
l) e 0 100 ﬁ(()ute)cm Ge \7?0 E
§ OS, SS, 20— 19T @ TeV) 6
Q' 3 i Cneiginar . ::s;rvod,eznl ] S—
@ || Isolated || Isolated S ol o B e |
g e ] o
—> & =Tau ()l = ] e
Charge Tau ( Mg e S
600_% .Q
400? (LU
Conservative uncertainties (yield (30-40%) and =
shape) I
Excellent description of the data E bee oot

100

200 300
M(e1:h)ool [GeV]

(* for tau leptons, the anti isolated candidates of regions Ill and IV are substituted by loosely isolated candidates that fail to
pass the strict criteria of regions | and )




Full Selection

— Greatly improve S/B by applying what we have learned about
kinematics = higher electron/muon p;, smart angular

requirements

— Differentiated by category to account for differences in sample
composition in the 0-1-2 Jet bins

- 12/October/2015
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: H — ey, H — eT,

Variable 0jet | 1det | 25et | Ojet | 1det | 29et
4 (GeV) =50 | >40 | >40 | =45 | >35 | > 35
Pt
PT GeV) | >15 | >15 | >15 | - - -
Pt (GeV) - . N >30 | >40 | > 30
Mt (n) (GeV) - <30 | <40 . - -
Mr (1) (GeV) - . - < 70 ; < 50
App,,—pr, ~(radians) | - - — [ >23] - -
A(Pi"r.u— Fmiss (radians) | < 0.8 | < 0.8 - - _ _
Aps,,—p,, (radians) | - >05 | - - - -




H—et: Collinear Mass after selection
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H—ut: Collinear Mass after selection
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H—ut: Collinear Mass after selection

Aiih'.

0 Jets 1 Jet 2 Jets Ln
19.7 fb™ (8 TeV) 19.7 fb™ (8 TeV) 19.7 fb™ (8 TeV) i
T S s Vf—/m———F—F——————F7————] » f————— ] o
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Signal extraction is performed through a Mz, [CeV]
. " " " S 0T 1,' - S81:eV) g
simultaneous fit to these six collinear mass 8 LEoMs S O
- - . E o " I sM Higgs =
distributions g e O
% 14? I e, E ©
“E A
These fits will be used to derive a limit on the l ----- =
branching ratio of the Higgs to et and put i
(assuming the SM prediction for the cross- 2
section of My=125GeV) B e :
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Systematic Uncertainties

e Background modeling (specially the fake background) is the lead
experimental systematic uncertainty

* Normalization uncertainty taken either from our data driven estimates or
from CMS measurements and correlated between bins

* Additional uncorrelated uncertainty include to account for potential
control region biases
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* The remaining experimental uncertainties (eg: lepton efficiencies) come

from dedicated data studies performed centrally in CMS =
o
Systematic Uncertainty H — pre H — pmhaq 6
O-jet | 1-jet | 2-jet O-jet | 1-jet | 2-jet ~
- - - ©
electron trigger/ID /isolation 3% 3% 3% - - - ©
muon trigger/ID /isolation 2% 2% 2% 2% 2% 2% o
hadronic tau efficiency - - . 9% 9% 9% 8
luminosity 2.6% | 2.6% 2.6% 2.6% 2.6% 2.6% pul
7 — 71 background 3+3*% | 34+5*% | 3+10*%% | 3+5*% | 3+5*% | 3+10*% =
7 — pp, ee background 30% | 30% 30% 30% 30% 30% §
misidentified muon and electron background | 40% 40% 40% - - -
misidentified hadronic tau background - - - 30+10*%% | 30% 30%
WW, ZZ+jets background 15% 15% 15% 15% 15% 65%
tt+jets background 10% | 10% |10+10*% | 10% 10 % | 10+33*%
W + + background 100 % | 100 % 100 % - - -
B-tagging veto 3% 3% 3%

Single top production background 10 % 10 % 10 % 10 % 10 % 10%




Systematic Uncertainties

LN

i

* Additional experimental systematic uncertainties (effects on 8

the mass resolution and shape): o

o

Systematic H —pre | H— phad é

Hadronic Tau energy scale | - 3% N

Jet Energy scale 3-7% 3-7% ,

Unclustered energy scale | 10% 10 %

Z(rT) Bias 100% - =

oc

Ll

=

(4°)

* Theoretical uncertainties: @

Q

Uncertainty Gluon-Gluon Fusion Vector Boson Fusion %)U

0-jet 1-jet 2-jet 0-jet 1-jet 2-jet =

parton density function +9.7% | +9.7% | +9.7% | + 3.6% | +3.6% | +3.6% S
renormalization scale +8% | +10% |-30% |+4% | +1.5% | +2%
underlying event /parton shower | +4% | -5% -10% | +10% | 0% -1%
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_> Experimental techniques close to H>up
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What about Hup and Hee?

e Hee> Br(Hee)<0.0019 (3.7x10°

° = -
BR(Hee)=5x10 times the SM!)

 ForaHiggsof 125 GeV,the . /s search: LN
SM predicts: « Huu~> at95% CL o/ogy,< 7.4 s

- BR(Ht1)=6.32% (expected 6.528_ () > At 125GeV, 2
 BR(Hup)=0.0219% upper limit on the Br(Hpp)< 0.0016 §

S~

(@\]

i

H— uw 19.7 fo'' (8 TeV)
> 100077 T 1 T 1 T - 19.7 1 (8 TeV
® - 0,1-Jet Tight BB —e— Data CMS P 9.71b” (8 TeV)
o T ] '_g'- . _I A AL L B L B B B B N B B B B I_
2 800 S Background model  — = [ CMS —e— Observed limit =
& [ j Ao12F . o o
GCJ &N SM Higgs boson x 20 = e Median expected limit i T
o oor T ik B 1o expected limit =
L g - ] (q0)
400 - % +2 o expected limit -8
! c0.08|- o
i £ @
2001~ S o006 - O
g ] Ml
S ] e
. . . 50.04 - ©
+?/NDF = 45.7/48 = 0.953; p-value: 0.566 o ] =
2 ]
& 0.021- =i

Data-Fit
Ot
- WwhLoaNhw O

120 130 140 150 160
m,, [GeV]

CMS-HIG-13-007
arXiv:1410.6679 Exclusion of universal coupling to leptons

—y
o

O 1 1 1 1 1 1 1 1 1 1 1 1 1 1
120 130 140 150




Selection of Heu events

- Very clean in comparison - but
targeting a very small Br! (10®
already excluded)

Backgrounds: TTbar/Diboson/DY tails

10 Categories based on:
- GGF vs VBF discrimination:
- inclusive categories: 0-1-2 jets

- VBF categories (tight/loose)
following Hyy

- Barrel/Endcap leptons

1 Good, Isolated, High p; Electron

1 Good, isolated, High p; Muon

Opposite charge of the pe Pair

Veto on additional leptons

Btagged Jets veto
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Background composition

LN

- Very clean search comparison §

- non-LHC limits already constrain the Br tightly 5
124 <Mep< 126 GeV s

Jet category: 0-Jet 1-Jet 2-Jet VBEF é
Drell-Yan 17842 41+£20 19414 0.0=x0.0 N
tt 14+12 31+18 141438 04+£0.6 .

t, t 0000 00x£00 27+£16 0.0£0.0

EWK diboson 21.6 =47 23+02 00+£0.0 0.0££0.0 =
SM Higgs boson background 0.0£00 0102 00£0.0 0.0=x0.0 g

Sum of backgrounds 408 =64 9.6+31 188+£43 05+£07 =

Observed 49 6 17 2 5
(Data-BG)/Uncert(BG) 1.3 12 0.4 2.2 3
LFV Higgs boson signal (B=1%) 21.2+46 91+£30 26+£16 15+12 0
{°)

=

non-LHC limits at Br<1078 ...




Signal Extraction

Signal Extraction through a fit to the invariant mass distribution:

LN

Background: Modelled by a combination of polynomials S

. . . ~N

Signal: Modelled using two gaussians >~
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Systematic Uncertainties: Hep

Experimental uncertainties 0
Jet energy scale (inclusive categories) 0.6% -22.4 % s
Jet energy scale (VBF categories) 0.1% -77.6 % o
Jet energy resolution (inclusive categories) | 0.3% -23.8 % 2
Jet energy resolution (VBF categories) 8.4% - 93.7 % g
Luminosity 2.6% .
Trigger efficiency 1.0% |
Lepton ID 2.0% =
Leton energy scale 1.0% 0
Di-lepton mass resolution 5.0% %
Pileup 0.7% - 2.3 % -Gé
B-tag efficiency 0.05 % - 0.70 % S
Acceptance (PDF variations) 0.8 % -5.1% g

Theoretical uncertainties =

GGEF cross section (QCD scale) +7.2/-7.8%
GGEF cross section (PDF+as) +7.5/-6.9%
VBF cross section (QCD scale) +0.2%
VBEF cross section (PDF+ay) +2.6/-2.8%
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95% CL Limits on the Branching Ratio

-1
CMS Preliminary 19.7 fb" (8 TeV) CMS Preliminary 19.7 o' (8 TeV) CMS — T T 11?'7. ",) .(B'TG:V)
) IIIIIll:IIII|III||IIIIIlllIIIIlllIIIIIIIII|I||l e’twoJets LN L L L L L L LB L L L L LB B pte,OJetS . Ln
incOjet .\ ¢ Observed 1.63% (exp) . e Observed 1.32% (exp.) .' ® Observed i
0.625-10° (exp.) 1.82% (obs) 2.04% (obs.) % Expected o
0.417 - 10 (obs.) X Expected o 1 Jot «  Expected e 1 det - pe _ ~
| [ Expected +16 ' o) . P e i) - [ expected = 16 >~
inctjet [ ]Expected + 2 0.94% (obs.) - Expected * 16 2.38% (obs.) | [ ] Expected + 20 _(G:J
0.941-10° (exp.) l et 2Jets | T, 2 Jets
065 10° e locer) | [l [ Expected £20 | BT 2
- - 1.49% (obs.) 3.84% (obs.) | ] (@]
inc2jet et 0 Jets ut,, 0 Jets @
3.016 - 10° (exp.) - 2.71% (exp.) - 2.34% (exp.) - R
3.597 - 10 (obs.) 3.92% (obs.) 2.61% (obs.) —
— — e, 1Jet nt, 1 Jet
2.76% (exp.) - 2.07% (exp.) - 1
V1E~;£:=78-10'3 (exp.) - o 3.00% (obs.) | | 2o | |
3.470-10° (obs.) et,, 2 Jets wt, 2 Jets
3.55% (exp.) - 2.31% (exp.) - .
| 2.88% (obs.) 3.68% (obs.)
a
. H-et H
0.480 - 10° (exp.) I A I —UT
0.358 - 10 (obs.) g‘gg;: Egg‘s"; 0.75% (exp.) I .
AU TETEIUTEY FEVEY FOTRY PTEY PV FOVSY FOTRT PR, ' ) ORI I U S e e s e Bl N S SRR B N
140 1 2 3 4 5 6 7 8 0 g 4 6 8 10 12 12 0 2 4 6 8 10
95% CL limit on B(H—ep), 10° 95% CL limit on B(H—e1), % 95% CL limit on B(H-u1), %

Br(H->eu)<0.36e-3 (0.48e-3 expected)
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Br(H->et1)<0.69% (0.75% expected)

Br(H>ut)<1.51% (0.75% expected)




Best Fit to the Branching Ratio

CMS 19.7 o™ (8 TeV)

IIII||IIIIIII.IIIlIIIII.I[IIlIIIIlIIII

HT, 0 Jets

* Small deviations per 087 Pez %

category (at most ut , 1 Jet
~1sigma) 0.81 575 %
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T, 2 Jets

* Hemu and Hert fit 005 D7 %

compatible with 0. ut , 0 Jets

+1.20
0.41 +1209

bT 1 Jet

1.03
0.21 #1039,

uT 2 Jets

1.16
1.48 #1169
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+0.39 o,
0.84 *0399,
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Best fit to B(H—-ur), %




Back to the couplings...

— arXiv:1209.1397

LN
Channel Coupling Bound §
2 2 -6 ~

i — ey VIYe|? + |Yey < 3.6 x10 =
o)

o
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CMS limits on the yukawa couplings

LN

Channel Coupling CMS Limit (95% CL) 8
o\

H — pe IYoel? + Yo, l? < 5.4 x 101 O
o

‘ 2

H—er Yer |2+ |Yzel? <24 x107° 3]
\ | | | @)

)

H—= pr VIV + [Yrul? < 3.6 x 10-* N
[}
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CMS limits on the yukawa couplings

107°

10°°

CMS Preliminary
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1 L1]

19.7 fb" (8 TeV)

19.7 b”' (8 TeV)

10°°
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Channel

)
H — pe e

H—er

H— pr

CMS pPreliminary

CMS Preliminary

19.7 fb" (8 TeV)

lings

19.7 b”' (8 TeV)
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CMS limits on the yukawa couplings

CMS 19.7 b (8 TeV)

1

Channel

H — pe

H— er
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CMS limits on the yukawa couplings

Channel Coupling CMS Limit (95% CL)
One order of
, Ny |2 e < 5.4 % 10-1 .
H = pe VI¥uel* 1Yo A0 magnitude
H— er Y2+ |Yee |2 <24 x 107 improvement
A o for ut/et
H— pr VI Yir |2+ |Yesl? < 3.6 x 107°

19.7 fb™" (8 TeV)

CMS Preliminary 19.7 b (8 TeV) 1 CMS Preliminary 19.7 fb” (8 TeV) 1
o e
> >
10_1 1 0—1
mm—”
1— e conv. \
“@ 1072 102 R
‘ B
1073
[V S
107
||||T| 1 i ! 0 i -4 L1 i
10°° 10°° 10 107 108 102 10" 1 10 10° 10 107
1Yl v, 1Y,

* Already digging into the “natural” regime for ut
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ATLAS LFV Higgs search

(0.77+0.62)%

* So far, only made public for the pt, channel g
S~
R ~ Upper limit for g
S 3 atLas ~—ommmae background hypothesis: 5
S 2'5;_ Eh:dBTeVILdt=20.3fb" -fvfi;:s‘;:;fs(so)s'ss) —; BR(H_’HT) <1.85% =
5 2 - s | (1:24% €XDP) |
g 1 sb e 1.30 excess corresponding
T to BR(H— ) =

Illlﬂllllllllll

2 categories: excess only
observed in one of them
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Summary

* The SM-like Brout-Englert-Higgs boson discovery opens a era of precision physics

—> Comprehensive set of production and decay measurements performed
using the 7 and 8 TeV CMS data

- Searches in rarer modes become sensitive enough for discovery

* CMS performed the first ever direct search for LFV Higgs decays, in the three
decay channels: ut, pe, et

* The CMS limits on the Br(H->It) are one order of magnitude tighter than the
preexisting non-LHC ones

- 12/October/2015

* The branching ratio for LFV decay to ut is constrained to be less than 1.57 %
(one order of magnitude better than previous experimental constraints). The
expected BR limit was 0.75 %.

* No deviation from the background-only hypothesis is observed for the et
channel or pe channels
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Summary

* The SM-like Brout-Englert-Higgs boson discovery opens a era of precision physics

—> Comprehensive set of production and decay measurements performed
using the 7 and 8 TeV CMS data

- Searches in rarer modes become sensitive enough for discovery

 CMS performed the first ever direct search for LFV Higgs decays, in the three
decay channels: ur, pe, et

* The CMS limits on the Br(H->It) are one order of magnitude tighter than the
preexisting non-LHC ones

- 12/October/2015

* The branching ratio for LFV decay to ut is constrained to be less than 1.57 %
(one order of magnitude better than previous experimental constraints). The
expected BR limit was 0.75 %.

* No deviation from the background-only hypothesis is observed for the et
channel or pe channels
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Run Il has arrived!—> 13TeV searches for LFV decays of the Higgs have
already started —> one of the key BSM Higgs Searches

Could new physics be hidden in the Higgs Flavor sector?
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CMS Results on LFV

 Search for lepton-flavour-violating decays of the Higgs boson
(pt): http://cms-results.web.cern.ch/cms-results/public-
results/publications/HIG-14-005/

 Search for lepton-flavour-violating decays of the Higgs boson to
et and ep at 8 TeV : http://cms-results.web.cern.ch/cms-
results/public-results/preliminary-results/HIG-14-040/

- 12/October/2015
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-14-005/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-14-040/

Events / 10 GeV

[ts width is as the SM predicts...

o [,SM = 4.7 MeV

LN
i
CMS-HIG-14-002 =
* [,<22 MeV (expected 33 MeV) Phys. Lett. B 736 (2014) 64 [
O
. (@]
* Best Fit: [,=1.8""-7 , . MeV g
S~
9M|S| | T T L L |1 19|7|fb| |(|8 |T|e\|/)|+| 5|‘|I Tb| I(7l -lrelvl_) CMS 19.7 fb-I (8 TeV) +5.1 fb1 (7 TeV) g
60 N e Data ] :Cl 10— 4/ observed !
B : 1 <« e 4] expected
L 4 o —— 2/2v +4l__ . observed —
S0 o P 212v + 4l expected =
8 = on-shel m
- ] i Combined ZZ observed 6
40 :_ _: : ------- Combined ZZ expected \C_U,
: - 6~ k5
B Ed i " 8
30 __ —_ = Q
C i - ©
L - 4 _ _95%CL _ | =
| § 2 5 ©
o Jnti TIIEUIT I =
110 120 130 140 150 i i
10 m, (GeV) ] 2 B
i ] - e _68%CL |
. { ; . L Lx({?"'—'l‘-:;'l | SR B R T

100 200 300 400 500 600 700 800 0 10 20 30 40 50 60 —~
m,, (GeV) [, (MeV) £




[ts spin is like the SM Higgs

B , CMS prolimingey YE=TT,L=51R" \G=8ToV, L= 198 0"
OS On S One EEn g 0-1;” I I I DIg | ‘ ﬂ
. . g 0.08- — CMS data o
* Spin 1 excluded by observation of Hyy & A
0,06 1 Q
* All tested hypotheses excluded at - ; i 3
0.04( — i
more than 99.9% CLS (HZZ/Hyy/ 5 | o
0.02_— ] o
HWW) _ ~
o jPC - 0++ BN -120x In(f(: /l.;)0 |
120 CMS _ X—=ZZ+WW ' 19.7 fb” (8TeV)+51fb (7TeV)
—e-Observed --—-Expected | | | | | | F
100F mo'=> MWS=6 | | § i @ CMSHIG 14 018

0'=2c WY =2c 00 b gy 1411 3441
RS S S A S S A A A

— :bfofofofbf?f+‘bfcfof?§?\f+2?fofd= of o o
. gg production afl production

2xIn(L,/Ly)
S 3

=
oc
L
=
@
©
Q
Q
Qv
O
@©
-
©
=

h10




[t couples like the SM Higgs

LN
» Symmetry between W and Z o
Y i y betwee and * All decay channels converge g
couplings . =
Ping around SM expectation g
p 1 2
| 1 0 [T T T T T T T T 1T 1||9|7| fIt)I T $8| ITlel\/|)|-i|. |5|.|11 flbl |(|7| -Ir?\l/l)_ - CMS Pfe/iminafy 19.7 fb1 (8 TeV) + 5.1 fb1 (7 TeV) 8
£ o CMS — Observed “ | + Observed ¢ SM Higgs )
<1 [ Preliminary --—-Exp.for SMH |- ' -
a8 H— VV (0/1 jet) : '
7t K=Ky Mz - —
6F E =
- . 6
5_ E l‘ ©
- O
4= = O
g . | o
3F s S
g . .©
or E T
1f 2
El L I T | I L | T \\ .L’l"ll | . I | S N I | Ii O ! . i L i -
% 0.5 1 1.5 2 0 0.5 1 1.5

Mz (K= 1)

oy CMS HIG-14-009 [~
xy — KdKy arXiv:1412.8662 &




[t couples like the SM Higgs

* Similar coupling to up-type vs down-type fermions g
19.7fb" (8 TeV) + 5.1 f6' (7 TeV) 19.7fo" (8 TeV) + 5.1 6" (7 TeV) N

_j 0:1 T T T T 177 T T Tr1T 1T 1T 1T 1T 17T 1771 I T T T 1T T T 11 I: _l O:T T T T 1T 1T 1T 17T | T 1 T T T 1T 1T 17171 [ T T T T T T 1771 I: E
£ 9 CMS — Observed i £ 9of CMS — Observed . -8
<1 [ Preliminary ——-Exp.forSMH |1 <4 [ Preliminary - Exp.for SMH |] s
C\II 85 xdus Kua K.V ; E (\'l 8: }\'|qs KQ’ KV ! E Q
Us ': E Us = -

o 71 e\ N
51 ‘ = 5/ ‘ .

- . - | b . 2

4 , — 4 N — o

- : ’ - ,’ ’ L
3 ; = 3f- = =

z ; ] t i

2F E 2F E @
1F ' 1 o

- . - . O

0 | ! pde b be vy 0 SEEENEENEE N cab v e (g0}

0 0.5 1.5 2 0 0.5 1.5 2 'g

}\‘du 7\‘Iq =

* Similar coupling to quarks and
leptons

CMS HIG-14-009 [~ X
arXiv:1412.8662 [ \

Ay = KKy




[t couples like the SM Higgs

* New physics can show up in loop mediated processes
* BR(BSM)<0.32 if we fix all tree level couplings to the SM values
- BR(BSM)<0.58 for k<=1

19.7 fo'! (8 TeV) + 5.1 16" (7 TeV)
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1_8 ............... N EEEme 10 197fb (8TeV)+ 51fb (7TeV)
: _I lllllllllllllllllllllllllllllllllllllllllllll ]
1 6 gN/IS ] C oF CMS — Observed ]
oy rreminary 1 < _f Preliminary - Exp.for SMH |-
1 af N o\ 8; Ky, Kgy Ky<T, . ]
S 1 7} o Ko Ky BRgg, 1 3
1.2 R . 3 E o
i :.-' // \\\..’-...Q j 6 - ] \L_),
1.0 P N . 51 B -
0.8 N )y : ] 2
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i § 2 e T
0.4 = 1F - - =
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Previous limits on \Yi].\

R. Harnik, J.
Kopp, J. Zupan,

arXiv:1209.1397

(and references
therein)

- 12/October/2015
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Channel Coupling Bound

o= ey VIYel? + [Yepul? < 3.6 x107°

[ — 3e VIYiel? + [Yeul? <3.1x107°
electron g — 2 Re(Ye,Ye) —0.019...0.026
electron EDM T (Ye,Ye)| <9.8x107%

[t — e conversion VIYel? + [Yeul? < 4.6 x107°
M-M oscillations Ve + Y] < 0.079

T — ey VIYrel2 + |[Yer |2 < 0.014

T — 3e VIYrel2 + [Yer|? <0.12
electron g — 2 Re(Ye,Yre) [-2.1...2.9] x 1073
electron EDM Im(Y., Ye)]| <1.1x107®

T — 1y VIYrul? + [Yer]? 0.016

T — 3y \/|Y72,, + Ve |2 <0.25

muon g — 2 Re(Y,rYr,.) (2.74+0.75) x 1073
muon EDM Im(Y,-Yz,) —-0.8...1.0
1= ey (Vs Yrel? + |Vyr Yer [2)* < 3.4 %1074




From the PDG

(e 7)/Ttotal 78/
Test of lepton family number conservation.
VALUE CL% DOCUMENT ID TECN _ COMMENT
<3.3x10~8 90 AUBERT 108 BABR 516 fb—1, £€8,=10.6 GeV
e o ¢ We do not use the following data for averages, fits, limits, etc. @ o
<1.2x 107 90 HAYASAKA 08 BELL 535 b1, EES,= 10.6 GeV
-7 -1 _
<1.1x 10 ; 90 AUBERT 06C BABR 232 fb ; Ee=106GevV | PRL 104 021802
<3.9 x 10— 90 HAYASAKA 05 BELL 86.7 fb—+ EE£S,=10.6 GeV
B. Aubert et al.
F(1™7)/Trotal rize/T | (BABAR)
Test of lepton family number conservation.
VALUE CL% DOCUMENT ID TECN COMMENT /
<44 x1078 o0 AUBERT 108 BABR 516 fb— 1, EES,=10.6 GeV/
e o ¢ We do not use the following data for averages, fits, limits, etc. e o @
< 45 x1078 90 HAYASAKA 08 BELL 535 fb 1, EES, = 10.6 GeV
< 68 x1078 00 AUBERT,B  05A BABR 232 fb~ 1, EEE = 10.6 GeV
<31 x1077 90 ABE 048 BELL 86.3fb— 1, ES = 10.6 GeV
F(e™7)/ total s/T
Forbidden by lepton family number conservation.
VALUE (units 10_11) CL% DOCUMENT ID TECN CHG COMMENT
< 0.057 90 ADAM 138 SPEC + MEG at PSI
e ¢ o We do not use the following data for averages, fits, limits, etc. @ o @ PRL 1 07 1 71 801

. Adam et al.

< 0.24 90 ADAM 11 SPEC + MEG at PSI
< 28 90 ADAM 10 SPEC + MEG at PSI

< 1.2 90 AHMED 02 SPEC + MEGA

< 1.2 90 BROOKS 99 SPEC + LAMPF

(MEG Collab.)

- 12/October/2015

=
oc
L
=
@
©
Q
Q
Qv
O
@©
-
©
=




Observed vs Expected Limits: pt

Expected Limits =

0-Jet 1-Jet 2-Jets %

(%) (%) (%) S

ute | <1.32(£0.67) | <1.66 (£0.85) | <3.77 (£1.92) Q

ut, | <2.34(x£1.19) | <2.07 (£1.06) | <2.31 (£1.18) =

Ut <0.75 (£0.38) |

Observed Limits z

UTe <2.04 <2.38 <3.84 o

UTh <2.61 <2.22 <3.68 S

Ut <1.51 Small Excess o)

Best Fit Branching Fractions =

UTe 0.8710:% 0.817053 0.057 .38 =

ut, | 0417712 0.21+793 1.487 a3

= 084702
=\




Observed vs Expected Limits: et

- 12/October/2015
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Expected Limits
0 Jet 1 Jet 2 Jets
(%) (%) (%)
et, | <1.63(Tp%) | <154(77%) | <1.59(75z:)
ety | < 2.71:1):9:2 < 2.76“_“3,:% < 3.55“:(1):33
p < 075(*0%%)
Observed Limits
0 Jet 1 Jet 2 Jets
(%) (%) (%)
ety | < 1.83 < 0.94 < 1.49
e, | < 3.92 < 3.00 < 2.88
et < 0.69
Best Fit Branching Fractions
0 Jet 1 Jet 2 Jets
(%) (%) (%)
ety 0.19j§’;§§ —1.047570 —0.12f8;§§
ey, | 143755 | 030%5% | 0917y
et -0.10793¢




Observed vs Expected Limits: eu

CMS Preliminary 19.7 o' (8 TeV)
IIIIIlI:lIIIIIIIIlIIIIIIIlIlIIII|IIII|IIII|IIII
incOjet e Observed
0.625 - 10 (exp.)
0.417 - 10 (obs.) X Expected

L || Expected + 16 —
Expected + 2¢

inc1jet
0.941 - 10 (exp.)
0.659 - 10 (obs.)

- 12/October/2015

inc2jet
3.016 - 10 (exp.)
3.597 - 10 (obs.)

VBF
1.878 - 10 (exp.)
3.470 - 10” (obs.)
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all
0.480 - 10”° (exp.)
0.358 - 10™ (obs.)
IIIIIII:IIIIIIIII|IIII|IIII|IIII|IlIl|lI[I|[III

-1 0 1 2 3 4 5 6 7 8
95% CL limit on B(H—eu), 10°




Systematic Uncertainties: Hut

e Background modeling (specially the fake background) is the lead
experimental systematic uncertainty

* Normalization uncertainty taken either from our data driven estimates or
from CMS measurements and correlated between bins

* Additional uncorrelated uncertainty include to account for potential
control region biases

LN
—i

(@)
N

S~
o
Q
o)
(@]
=
(®)
O

S~
(@]
i

1

* The remaining experimental uncertainties (eg: lepton efficiencies) come

from dedicated data studies performed centrally in CMS =
o
Systematic Uncertainty H — pre H — pmhaq 6
O-jet | 1-jet | 2-jet O-jet | 1-jet | 2-jet ~
- - - ©
electron trigger/ID /isolation 3% 3% 3% - - - ©
muon trigger/ID /isolation 2% 2% 2% 2% 2% 2% o
hadronic tau efficiency - - . 9% 9% 9% 8
luminosity 2.6% | 2.6% 2.6% 2.6% 2.6% 2.6% pul
7 — 71 background 3+3*% | 34+5*% | 3+10*%% | 3+5*% | 3+5*% | 3+10*% =
7 — pp, ee background 30% | 30% 30% 30% 30% 30% g
misidentified muon and electron background | 40% 40% 40% - - -
misidentified hadronic tau background - - - 30+10*%% | 30% 30%
WW, ZZ+jets background 15% 15% 15% 15% 15% 65%
tt+jets background 10% | 10% |10+10*% | 10% 10 % | 10+33*%
W + + background 100 % | 100 % 100 % - - -
B-tagging veto 3% 3% 3%

Single top production background 10 % 10 % 10 % 10 % 10 % 10%




Systematic Uncertainties: Het

Systematic H— ety H— ety
O—jet | 1-jet 2—jet O—jet | I1-jet 2-jet
Electron Trigger/ID/Isolation 1 1 2 3 3 3
Muon Trigger/ID/Isolation - - - 2 2 2
Hadronic tau efficiency 6.7 6.7 6.7 - - -
Luminosity 2.6 2.6 2.6 2.6 2.6 2.6
B-Tagging veto - - - 3 3 3
Z — 1T background 35" | 345 | 310" | 345" | 345" | 34107
Z — up, ee background 30 30 30 30 30 30
Reducible background 30 30 30 40 40 40
Diboson background 15 15 15 15 15 15
Top pair background 10 10 10 & 33" 10 10 10 & 107
Single top background 10 10 10 10 10 10
Higgs boson GGF production 970438
Higgs boson VBF production 3.651004

- 12/October/2015
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Systematic Uncertainties: Hut/Het

LN

i

* Additional experimental systematic uncertainties (effects on 8

the mass resolution and shape): o

o

Systematic H — pre | H— pThad g

Hadronic Tau energy scale | - 3% E

Jet Energy scale 3-7% 3-7% |

Unclustered energy scale 10% 10 %

Z(r7) Bias 100% - =

oc

Ll
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4°)

* Theoretical uncertainties: @

Q

Uncertainty Gluon-Gluon Fusion Vector Boson Fusion %)U

0-jet 1-jet 2-jet 0-jet 1-jet 2-jet =

parton density function +9.7% | +9.7% | +9.7% | + 3.6% | +3.6% | +3.6% S
renormalization scale +8% | +10% |-30% |+4% | +1.5% | +2%
underlying event /parton shower | +4% | -5% -10% | +10% | 0% -1%




Systematic Uncertainties: Hep

Experimental uncertainties

Jet energy scale (inclusive categories)
Jet energy scale (VBF categories)

Jet energy resolution (inclusive categories)
Jet energy resolution (VBF categories)
Luminosity

Trigger efficiency

Lepton ID

Leton energy scale

Di-lepton mass resolution

Pileup

B-tag efficiency

0.6% -22.4 %
0.1% -77.6 %
0.3% - 23.8 %
8.4% -93.7 %

2.6%
1.0%
2.0%
1.0%
5.0%
0.7% - 2.3 %

0.05 % - 0.70 %

Acceptance (PDF variations) 0.8 % -5.1 %
Theoretical uncertainties

GGEF cross section (QCD scale) +7.2/-7.8%

GGEF cross section (PDF+as) +7.5/-6.9%

VBF cross section (QCD scale) +0.2%

VBEF cross section (PDF+ay) +2.6/-2.8%

- 12/October/2015
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Yields H>put

Sample H— put, H— ut
0-Jet 1-Jet 2-Jets 0-Jet 1-Jet 2-Jets

misidentified leptons 1770 £530 377114 1.8+£1.0 | 42+17 l6+7 1.1x07
Z =TT 187 £ 10 59 +4 04+02 | 65+3 39+2 1.3+£02
77, WW 46 £ 8 15+£3 02402 | 41+L7 224+4 0.7+£0.2
Wo — — — 2+2 2+2 —

Z — eeor upu 110 £ 23 207 014£01|16£0.7 1.840.8 —

tt 2240.6 2443 09405 |48+07 303 1.8+04
tt 224+ 1.1 13£3 054+05|{19+£02 68408 0.2+£0.1
SM H background 71+1.3 534+£08 1.64+05|19+£03 1.64+02 0.6+£0.1
sum of backgrounds 2125+£530 513+114 54414 |160£19 1189 56+09
LFV Higgs boson signal 66 1= 18 3048 294+11 | 23+£6 133 1.2%+03
data 2147 511 10 180 128 6

- 12/October/2015
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Yields H—>et

3
-
o

e,

Jet category: 0-Jet 1-Jet 2-Jet
Misidentified leptons 85.2+£59  38.1+39 21407
Z — ee, up 2.3+0.6 5.440.5 -
Z — 1T 84.7+2.1 113.3+42 8.5%0.6
tt, t,t 13.8+0.3  69.4+23 12.740.8
EWK diboson 83.0+27 51.7+2.0 3.6£04
Wey, W 2.24+1.0 1.2+0.6 -
SM Higgs boson background 2.3+0.3 3.6+£04  1.1+0.2
Sum of background 273.5+6.1 282.0£6.0 28.1£1.3
LFV Higgs boson signal (BR=1%) 33.4£2.3 232+17 8.6=1.4
Observed 286 268 33
Jet category: 0-Jet 1-Jet 2-Jet
Misidentified leptons 336625 223+£11 8.7£223
Z — ee, up 714430 85+4 3.2+ 0.25
Z— 1T 27010  324+3 1.6+ 0.30
tt, t,t 10£2 132 0.5+£0.2
EWK diboson 53+2 6+1 0.3+ 0.1
SM Higgs boson background 12+1 3+1 1.0+ 0.1
Sum of background 4425+28 363+11 15.34+2.3

- 12/October/2015
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LFV Higgs boson signal (BR=1%)  88+6 2242 4.1£0.7

Observed 4438 375 13




Full Selection

— Greatly improve S/B by applying what we have learned about L0
kinematics 2  higher muon p;, smart angular requirements §
—> Differentiated by category to account for differences in sample %
composition in the 0-1-2 Jet bins é
Variable H— ute H— ut, =
[GeV] O-jet 1-et 2-et | O-jet 1-et 2-et |
pr > 50 45 25 | 45 35 30 =
S > 0 10 10| — — — i
pr > — — — 35 40 40 g
M5 < 65 65 25 — — — §
M} > 50 40 15 | — — @ — p
Mt < — — — 50 35 35 g
[radians]
Agbﬁflf—p’?‘ > — — — 2.7 — —
A(Pf"f’r _ Fmiss < 05 05 03 — — —
A([)ﬁ%_ﬁglg > 2.7 1.0 - - - -




Hue: categories and background

Number | Lepton py = EF™ LN
Category of jets (P(;e\" )! ((_;Te\" ) B-tag 8
0 | EB-MB 0 > 25 < 30 - o
T | EB-MB 1 > 22 < 30 < 0.38 O
> | EB-MB T2 > 25 <25 | < 0.38, < 048 S
3 | EB-ME 0 =20 < 30 - O
4 | EB-ME 1 > 22 < 20 < 0.48 Q
5 | EB-ME 2 =20 | <30 | <051, <057 i
6 | EE-(MD or MFE) 0 = 20) < 30) . \
7 | EE-(MB or ME) 1 = 22 < 20 < 0.48
8 | LE-(MB or ML) 2 = 20 <2 30 0.51, << 0.57 —
VBF =
9 | Tight 2 > 22 < 30 | < 0.58, < 0.244 O
10 | Loose 2 = 22 < 25 < 0.62, < 0.30 ‘(_'U’
- o
Category | Selected function Selected order Bias =
0 Polynomial 4 10.8 L 1.0 % 8
1 Polynomial 4 46+1.1% -
2 Power law 1 7.6 +1.0% %
3 Polynomial Bt 4.8+ 1.1% S
4 Exponential 1 74+1.0%
5 Exponential 1 8411.0%
6 Polynomial + 138+14%
7 Power law 1 126 +1.0%
; Polynomial N 77 L11% ||CMS.:
9 Exponential 1 <01% |[~2X
10 Exponential 1 < (.1 % ,\x\\ al
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The Compact Muon Solenoid

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overall diameter :15.0m Pixel (100x150 pm) ~16m* ~66M channels
Overalllength  :28.7m Microstrips (80x180 pm) ~200m* ~9.6M channels

Magneticfield :38T

SUPERCONDUCTING SOLENOID
Niobtam titantum cotl carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resisttve Plate Chambers
Endcaps: 468 Cathode Strip, 432 Reststive Plate Chambers
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PRESHOWER
Stlscon strips ~16m* ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 santiliating PbWO, crystals
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HADRON CALORIMETER (HC
Brass + Plastic scintillator ~7,000 channels




