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Experimental Overview Of Flavor-changing And
Non-standard Flavor-diagonal Higgs Boson Decays

Sasha Pranko (LBNL)
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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
Theories with Grand Unification
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CMS Search For LFV H—put: Analysis Overview

Variable H— ute H— ut,
[GeV] O-jet 1et 2-jet | O-jet 1-jet 2-et
pr > 50 45 25 | 45 35 30
pS > 0 10 10| — — —
pr > — —  — | 35 40 40
Me < 65 65 25 | — — @—
My > 50 40 15 | — — @ —
ML < — — — | 50 3 35
[radians]

Apy_sm >  — — — [27 —  —
Adpy pme< 05 05 03 | — — —
Ape > 27 10 — | — — —

 Two channels: H—=put(—e) and
H—ut(—hadrons)

* 3 categories per channel

— 0O-jet, 1-jet, VBF-like 2-jet

 Dominant backgrounds

— Z—T17, VV, ttbar, events with fake T, _,

* Leading systematics: modeling of
backgrounds with fakes (30-40%)
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CMS Search For LFV H—put: Results

19.7 o' (8 TeV)

% C cMS e Data 1
(OD 60— [ Bkgd. uncertainty ~ _]|
g % g I M ]
P C : [ ]zom ]
5 50— I Other ]
3 C It ]
8 40 - [ ] MisiD'd 7, e, p ]
2 C T R - LFV Higgs, (B=0.84%) |
> ¢ .
S C 1
30— ]
= r _
s | |
n 20 B
= C ]
w - i
10— ]

o) OF

E1=0.1 = T ——

Bl 0 ! _+_ f =

kel —?—

& 5-0.1; ! e

e 700 200

 Observe 2.40 excess
— Excesses (~10) are observed in 3 out of 6 categories

— Best fit Br(H—ut)=(0.84%3% , ,.)%
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— Observed (expected) 95% CL limit is Br(H—pt)<1.51% (<0.75%%0.38%)
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CMS Search For LFV H—et

Events/ 10 GeV

Data-Bkgd (fit)

Two channels: H—et(—u) and H—et(—hadrons)
Event selection, analysis categories and techniques are almost the
same as in the H—put search
Major backgrounds: fake leptons/t, 4, Z—1t/ee/puu
No excess observed: 95% CL limit is Br(H—et)<0.69%
imit. +0.32 o)
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CMS Search For LFV H—epu: Analysis Overview

e 11 analysis categories (including 2 VBF categories)
— Approach similar to H—vyy analysis

* Fit M, distribution is fitted with analytic function
— Background: polynomial, power law, exponential (depending on category)
— Signal: sum of two Gaussians

19.7 fo' (8 TeV)
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| | VBF
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CMS Search For LFV H—ep: Results

incOjet
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95% CL limit on B(H—eu), 107

CMS-PAS-HIG-14-040

O-jet categories have largest
sensitivity, followed by events
with 1-jet

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

— Indirect constraint based on
experimental bounds on p—ey:
Br(H—eu)<0(108)
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CMS Search For LFV Higgs Boson Decays

1 19.7 1™ (8 TeV) 4 CMS Preiiminary 19.7 b (8 TeV) CMS preliminary 19.7 fb" (8 TeV)
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* Limits on lepton-flavor-violating Yukawa couplings
— Naturalness limit |Y,Y; | <mm,/v2
— Direct H—put and H—et searches provide most stringent constraints

— Searches for H—pt decays already probe phenomenologically interesting
region

— Experimental results in p—ey searches provides most stringent indirect

constrainton |Y, Y .|
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ATLAS Search For LFV H—put: Analysis Overview

— 140y = O . o )
E *5 P.(t,.)>45 GeV
' L — Two signal regions based on
.“f-g g M;(MET,u) and M(MET, 1,,4)
G * Major backgrounds: W+jets and Z—tt
“- « Major uncertainty: normalization of W
+jets and Z—tt and modeling of W
+jets
m“" [GeV]
. Signal regions  Control regions
& Cut SR1 SR2 WCR TCR
E pr(K) >26 GeV | >26 GeV | >26 GeV | >26 GeV
8 P1(Thad) >45 GeV | >45 GeV | >45 GeV | >45 GeV
mr(u, Egﬁé) >40 GeV | <40 GeV | >60 GeV | —
m1(Thad, ET™) | <30 GeV | <60 GeV | >40 GeV | —
() — n(Thad)l | <2 <2 <2 <2
my" [GeV]
Niet - - - >1
12/3/15 Np—jet 0 0 0 >0




ATLAS Search For LFV H—ut: Results

Events/ 10 GeV

Data - Bkg.

Observe small 1.30 excess

— Fitted Br(H—pt)=(0.77+£0.62)%

* Observed 95% CL limit Br(H—ut)<1.85%

— Expected 95% CL limit: Br(H—pt)<(1.2490 1 .)%

x10°
- ' [ ]
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2 5__ g €VONS , MRz jell; (0s-ss) —| SR1 SR2 Combined
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- = e s ] Expected limit on Br(H — p7) [%] | 1601064 | 1751071 | 1.24+030
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3 ma | Bestfit Br(H — ur) [%] ~0.07*081 | 1944092 | 0774062
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arXiv: 1508.03372
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Rare Decays

* H—=Qy (Q=J/y, Y) decays

— H—J/yy probes Hcc coupling, which can be enhanced by new physics
— SM expectation for Br(H—J/yy)=(2.8+£0.2)x10°

— SM expectation for Br(H—Y(nS)y)=0(10719)

 H—yy*—/ly decays
— Probes new couplings predicted by some new physics models

— Non-trivial angular distributions and forward-backward asymmetry variables

reconstructed from the /Iy final state have potential to investigate Higgs boson
properties beyond what can be learned from H—yy

I'H— y*y — eey)

I'(H— Zy — £ly)

I(H— )

o9y, LH =Y 2 pp)

~ 1.1%, ~ 2.2%.

I'H— ) I'(H— )

H—uu and H—ee decays

— H—pup probes coupling to 2" generation of leptons

— Probes mass dependence of Hff couplings
e Unlike Z or Z’ bosons, Higgs boson does not couple universally to leptons

— Sensitive to new physics

12/3/15
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ATLAS Search For H—=Qy (Q=J/wy, Y): Analysis Overview

Search is performed in JAy—pu and Y (nS)—pu decay modes

Analysis assumes SM Higgs boson production and dynamics

— NP affecting Hcc coupling can also modify Higgs boson production and dynamcis

Event selection:

— Two OS muons with P;(n1)>20 GeV, P-(p2)>3 GeV, P-(up)>36 GeV

— lIsolated photon with P{(y)>36 GeV, Ad(up,y)>0.5

4 analysis categories based on location of muon pairs and photon type (converted/

unconverted)

Main background: inclusive quarkonium production in association with jet—y,.

Background is modeled by loosely selected data

H—J/yy search H—Y(nS)y search
b S nd RRAN LR RARE LERN RARS RALE RARE RARE RER b IS >
o 1 @
S 22p ATLAS 1 O g ATLAS © 35
~ 20F s=8 TeV det=19.2fb'1 4 3 (s=8 TeV ﬂ_dt=20‘3fb" 8
2 - ¢+ Data 3 w7 + Data - 30
o 185 —— S+BFit ?J - S
Lﬁ 16:_ [ Background E Lﬁ 60 E%?.%?'"aw"c *2 25
14 [JH[B=10"] = == ZFSR _ 3
12 z[B=107 E o0 =2 b0 @ 20f
10F {4 40 5l
3 E 30 i
C . 10
2 E 20
3 1 10

ATLAS

s=8TeV [Ldt=20.3 fb!
¢+ Data
—— S+BFit
#== Combinatoric
== Y(nS)
== ZFSR
[ H[B=107
o Z[B=107

Rl O
% 85 9 95 10 105 11 115 12 12
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ATLAS Search For H=Qy (Q=J/y, Y): Results

5 ATLAS  \E-8TeV | 95% CL, Upper Limits
g ] Jib | TAS) | T@2S) | YEBS) | 2. Y(nS)
£ Wz o B(Z - Qv)[1078]
g o oObsved 1 Expected | 2.0730 | 4.9723 | 62132 | 54727 | 8847
g == Beecedtl2 Observed | 2.6 3.4 6.5 5.4 7.9
TR 20317 B(H— Qv)[1073]
5w Expected | 12106 | 18+09 | g1+l1 | jg+09 | 55413
5| --- | Observed | 15 1.3 1.9 1.3 2.0
| Expected | 2677 | 3843 | 45%%) | 38} 54127
TP & S &S S & Obsaved | 33 29 41 28 44
& & o o o 2/ e A A A 1
PRL 114 (2015) 121801
* Nosigns of H—=Qy or Z—Qy (Q=J/y, Y) are observed
* 95% CL limits on branching ratio are set
— Br(H—J/yy)<1.5x1073, ~540 time the expected SM value
— Br(H—=Y(nS)y) < (1.3, 1.9, 1.3) x103 for (1S, 2S, 3S)
12/3/15 Higgs And Beyond, Pittsburg 13



CMS Search For H—=yy*—lly: Analysis Overview

Events/2.0 GeV

Search for Dalitz H—=yy*—eey/uuy decays and for H—=J/yy—puuy decays
— Contribution from H—=Zy and H—pu—>puy®*™ are removed by M;<20 GeV and isolation cuts
Event selection

Leptons: [n(u)[<2.4, [n(e)|<1.44, p(11)>0.3M,,,, p1(n1/n2)>23/4 GeV, p;(el)+p;(e2)>44 GeV
Photons: |n|<1.44, pr>0.3M,,

110 GeV<M,,<170 GeV

H—yy* search: M , <20 GeV (veto J/y, Y decays), M.<1.5 GeV

H—J/yy—ppy search: 2.9 GeV<M,, <3.3 GeV, p(pp/y)>40 GeV

50
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10F

-1
19.7 o' (8 TeV) 19.7 b (8 TeV) P Y — e 27 07 (8 TeV)
I B B I B e e b GEC L- ) s B L B B % _CM[S ' ' ' ' ' -
60 CMS PO - 8 30: Cms e Data o oF e Data
r o — ]
Background model Q E Background model & r B?cjkground+r;10:el ]
10 £20 X =10 20 B = a - 4
1 2 2B . 41 € 8 [ ] 500x SM H—>(J/¥)y — puy ]
[ J10xSMH =y — uuy J S [ J10xSMH—y*y —eey 1 3 H |
- > — - .
52 ] O g £
15F C
F 45
10F
E AT I = [ P PN IR S ]
o 1e0 Ta0 e e 170 990 120 130 140 150  160_ 170 0 115 120 125 130 135 140 1(436\}5”0
m,,, (GeV) Mee, (GeV) et

Background model: polynomial function (4t or 2"d degree)
Signal model: Crystal Ball + Gaussian
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CMS Search For H—=yy*—lly: Results

95% CL limit on o/oSM

No signs of signal are observed

Limits on H—=yy*—lly for M,;=125 GeV: 0/0,<7.7 (6.4*31, )

— Results are statistically limited
— Need ~30 more data (~600 fb) to have sensitivity for SM H—yy*—/ly decays

Limit on Br(H—=J/yy)<1.5x103, ~540 time the expected SM value
— No hope to observe at LHC

arXiv:1507.03031, submitted to PLB

19.7 fb™ (8 TeV)
R B N L e e e s B EP N
50: CMS — Observed i é
T Expected ] )
40 H—>vy%y —liy [ Expected = 1o — 2
[ (kuy and eey) [ ] Expected = 20 P
B 1 5
30 =
i 1 !
o 1 £
20 1 o
i ] X
N
: 1 1
- , , , , , - Q.
||||||||||||||||||||||||||||| Q_
920 125 130 135 140 14 150 F
m,, (GeV)
12/3/15

19.7 fb™" (8 TeV)

[ T T T I T T T T | T T T T I T T T T | T T T T | T T T T _]

20 - CMS — Observed E
18 |- Expected —
16 :_ H—y* — puy - Expected = 1o _:
- [ ] Expected = 20 =
14 — 10 x SM —
121 =
10 —
o 3

Y20 125

Higgs And Beyond, Pittsburg

130 185

140

145 150
m,, (GeV)

15



ATLAS Search For H—=ppu: Analysis Overview

Entries / GeV

Pull
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Event selection

— p(K1)>25 GeV, p;(u2)>15 GeV, MET<80 GeV, 120 GeV<M , <150 GeV

Event categories

— 6 analysis categories based on [n(p)| and p(pp)
— VBF category: M;>500 GeV, [An;[>3, n;;n;,>0

Background model: f*BW/(x)*GS(x)+(1-f)*Exp(x)/x3

— Background model in VBF category: BW(x)*Exp(x)
Signal model: f;*CB(x)+(1-f5)*GS(x)
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ATLAS Search For H—=pupu: Results

95% CL limit on

No sign of signal

Limits on p=(0*BR)/(0*BR)g,, for M;=125 GeV: observed (expected) p.<7.1 (7.2)

Limit on Br(H—pup)<1.5*103

Statistically limited analysis; sensitivity to SM H—pu decays with ~40 more data
— Should be able to see this decay with 1000 fb! of data

S

UL L B B B
B ~ p i

- — Observed CL \s=7 TeV 4.51b ;
40 ---- Expected CL Vs=8 TeV 20.3fb™ E
O— O+ 10 1
E [ ]+20 E
30— E
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0_ ]
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CMS Search For H—pupu: Analysis Overview

* H—pu event selection & categorization

— py(n1)>25 GeV, p(n2)>15 GeV, |n(n)|<2.1, MP.<40 GeV (2-jet events only)
— 15 analysis categories based on number of jets, |n(n)| and p(pp)

* VBF Tight category: M;>650 GeV, |An;[>3.5

* GF Tight category: M;>250 GeV, p(up)>50 GeV
— Search window: 120 GeV<M <150 GeV

* Signal model: double-Gaussian
* Background model: f(m,,) = pcie—rm L + (1= B)CaeMmm L
1257 1 2 2 2 m2
(Mmyy —mz)? + 5 Hp
H—u'w 19.7 b (8 TeV) H—u'w 19.7 fb™ (8 TeV)
>100F——"T7 7 17 " " 1 " > e L L B A R R
8 - 0,1-Jet Tight BB —e— Data CMS 1 8 16 2-Jet VBF Tight —e— Data CMS 3
1C_>- 800 Background model — : 14Fr Background model =
3 L 13 ]
1= I - SMHiggsbosonx20 | € TR | .. SM Higgs bosonx 20 3
w C L :\ .
_ 8= =
400 |- - .
C 6 =
200~ 4 =
A 2 i
0 - 0 o .--':"‘| L | 4 l M B _.“:
» 3 E »2/NDF = 45.7/48 = 0.953; p-value: 0.566 .2 '
II i 21 ET = 0.1
o . o -1
-% -1:8
110 120 130 140 150 160 110 120 130 140 150 160
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CMS Search For H—¢e: Analysis Overview

e H—ee event selection & categorization
— p.(e)>25 GeV, |n(e)|<2.5
— 4 analysis categories based on number of jets and |n(e)|
— Tight (Loose) 2-jet category: M;>500 (250) GeV, p+(jets)>30 (20) GeV,
* [n(ee)+0.5*[n(j1)+n(j2)]<2.5,|Ad(jj,ee)|>2.6
— Search window: 120 GeV<M_.<150 GeV

* Signal and background models are the same as in H—=pupu search

H—e'e 19.7 b (8 TeV) H—e'e 19.7 b7 (8 TeV)
>4000""I""I""I""l""_ > 30_""I""I""I""l""_
o 0,1-jet BB —e— MS 1 o 2-jet Tight —e— MS 1
G 3500 & ] Data CMS E NG - J g Data CMS
o = [ = o 25— . ]
% 3000 - Background model ] % - Background model .
§ 2500 E_ """" SM Higgs boson x 10° _f § 0/ SM Higgs boson x 10° _:
w o i wWw ]

2000 [~ 15
1500 |-
- 10
1000 | N
- 5F
500 - - *
0 F o : | IR S T T L TR S T 1 PRI BN
4 _ 12 +2INDF = 13.1/23 = 0.567; p-value: 0.951 '
2 | o4
0 & 0
» ®° 05
- ) A
-4 ) ) ) ) = -1:5 ) ) ) X
110 120 130 140 150 160 %10 120 130 140 150 160
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CMS Search For H—=uu and H—ee: Results

95% CL upper limit on o/ogy, (H = uw)

H—pu search, results for M ;=125 GeV:
— Limits on p=(0*BR)/(0*BR),\,: observed (expected) pu.<7.4 (6.5*28 , ;)
— Limit on Br(H—up)<1.6*103

H—ee search, results for M;=125 GeV:
— Limit on Br(H—¢e¢)<1.9*%103, which is 3.7x10° times the SM prediction

60 H—u*w 19.7 fb™ (8 TeV) + 5.0 fb™' (7 TeV)
B 1 I T T I T 1 T T I 1 T 1 1 I T ]
[ —e— Observed limit CMS |
SO e Median expected limit .
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Summary

» Searches for LFV H—put/et/eu decays

— H—put: CMS & ATLAS observe 2.40 and 1.30 excesses, respectively
* results already probe phenomenologically interesting phase-space

— H—et & H—ep: no significant excess, Br(H—e1)<0.69%, Br(H—eu)<0.358x103
* Much tighter indirect limits on Br(H—ep) based on p—ey searches
* Searches for H—=Qy (Q=J/y, Y) and H—yy*

— CMS/ATLAS limits on Br(H—J/yy)<1.5x1073 or ~540 times SM value
* no hope to observe this decays at LHC

— ATLAS limits on Br(H—=Y(nS)y) < (1.3, 1.9, 1.3) x10°3 for (1S, 2S, 3S)
— CMS limits on H—yy*: o/0,,<7.7 (6.4*31, )
* Need ~600 fb to have sensitivity for SM H—yy*—/ly decays

* Searches for H—=uu and H—ee:

— Higgs boson does not couple to leptons universally

— ATLAS/CMS limit on Br(H—uu)<1.5/1.6*103or 7.1/7.4 times SM value
* Should be able to see this decay with 1000 fb! of data

— CMS limit on Br(H—ee)<1.9*103, which is 3.7x10° times the SM prediction
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