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Introduction

e Scalar boson discovered in 2012 consistent with SM Higgs boson

e New physics searches and precision measurements at LHC, HL/HE-LHC to
determine is true nature

e Focus on Higgs decays: 3 big & interesting fields

§ ATLAS and CMS  [x,, k. &, %o X, %o %,
- LHC Run 1

2InA

- —— Observed

1) Exotic decays

* Higgs to BSM particles or forbidden SM decays

e Currently Bessu<34% at 95% CL (ATLAS+CMS) |
* Sets upper limit to all exotic branching ratios %005 01 015 02 025 03 03 04 045 05

BBSM

* Popular set of models include Higgs decays to light bosons, h—2x, with mx < mn/2
* NMSSM: CP-odd pseudo-scalar light boson
e 2HDM + S: extra singlet scalar X
* Dark sector models with U(1)p: extra dark vector boson

* Many different final states! 2b2y, 4T, 4b, 212b, 212,... X77¢<
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Introduction

2) Invisible decays

 Higgs decays to particles that leave a detector unseen
e Higgs decay to unseen SM particles
* Example:H =+ZZ —4v

 Higgs decay to weakly interacting massive particles
e Example: WIMP dark matter

e Currently Binn<24% at 95% CL (CMS)

* Note: exotic decays can become “invisible” when particle becomes long-lived
e Decays to SM particles after it left the detector

3) Rare SM decays W Z
e H-»>»2y

* H-=dy
° H—py W



Higgs to boson: h(125) & aa/ZgZq4 — 4i

Run-2 (2016) data: 36.1 fb-1@ 13 TeV ATLAS-EXOT-2016-22 |-

A
|+
7
* Three different searches for new bosons a and Z4
o pseudo-scalar “a” (2HDM+S) A I
e vector boson “Z4* (U(1) dark sector) |- |+
Z I+
e Channels: aa, ZZqand Z4Z4
A== Z
* Final states: 4y, 4e and 2e2p ‘e
ZZ@< |-
* Largest backgrounds: I+
* pp—>ZZ*—>4Iand pp—>h—>ZZ*—>4I > 225AITLASI|II JRAARLRAARRARALINE:
Q 205_ o224l -k_i—>22'—>4|./zz*—>4l E
e Limits at 95% CL: g -
* B —ZZs— 4)=~0.1% Io1an E
e Also valid for h = Za — 4l, with a necessarily = =
pseudo-scalar if CP is conserved - =
e B(h— ZyZg — 4l) = 0.01% -
e Blh—aa—4l)=1% 4G
e Also valid in case light boson is scalar 2
(o I e

) 15 20 25 30 35 40 45 50 55
5 reconstructed Zqg mass m, [GeV]


https://arxiv.org/abs/1802.03388

Higgs to light boson:
h(125) — 2a1 — 4y, h(125) — 2n1 = 2y12np — 4p2np

Run-2 (2015) data: 2.8 fb-1@ 13 TeV CMS-HIG-16-035

Light boson decays to pair of opposite-sign muons

» Search for enhancement in 2D mass spectrum

Interpreted in context of two benchmark models:

« NMSSM: a1 is pseudo-scalar
» Dark SUSY: ypis vector boson
* long-lived if it mixes with photon — displaced muons

NMSSM

10°

A
o
N

o(pp > h —2a) B?-(a — 2 1) [fb]

0.25 < ma1 < 3.55 GeV
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CMS Preliminary

2.8 b (13 TeV)
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NMSSM 95% CL upper limits:
—-m, = 86 GeV/c?
— m, =125 GeV/c?
v my =150 GeV/c?
Reference model:
—o(pp — hi —2a,)=0.03 x o,
o(pp — hj)x B(hj —2a)=0forj#i ]

25 3
mass of a, [GeV]

No significant excess of events over the SM background prediction

Model independent limit on o(h — 2a) x B(a — 2p)2 x GEN-acceptance
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-035/index.html

Higgs to light boson:
h(125) = 2n1 = 2y12np — 4p2np

CMS Phase-2 Simulation
T 1T 7T

Pe E UL L L L L L [T =

s e e B R -

 This analysis is one of the benchmark ones S 09 = |
considered for the Phase-2 upgrade of the CMS 5 gj‘ ________________________________ "~ i# """"" T T -
Muon detector g 0:6; a constrained) %
osi—"'r‘:t 0<hi<0:9, p-'>20 GeV-—-- —

 Displacement in this study limited by trigger and 04 [ o odanyictsom + ooss veto | 2
reconstruction capabilities by CMS gz; | —=— 2sdexicoom v iooseveto |

* impact parameter dxy < 10 cm o 1__“_'*' __________________ —— 45<dwyi<50om +looseveto | 3
Ooi:'fz:' g '1i51 N 'ziol N 12i51 S

* Analysis can be significantly improved in True muon p_[GeV]
Phase-2 with dedicated displaced muon trigger _ CMS Phase2 Smulation______{5=14 TeV, <PU>=200
| S et T S S A SR R

2 = -l-'."'"-H Sl . ...... _

« Requires = 2:_ """""""""""" - -
* upgrade of Muon system (GEMS) S orE T 'G::T”O_D—Gv i E

. o Y-IE -65<il<2.10, p_">10 Ge\ =

* upgrade of Tracker system (Track-Trigger) R Lt-track based veto not applied-——
0.5

« Such displaced muon trigger would allow for QA i ntt(d """ - = e
. —_J _____________ u: No vertex constrain Isplace =
dlSpIaCGmentS de ~1 O to ~1 OO cm (and beyond) gzg_ ________ ,;J ________ ——&—— Phase-1+GE11(CSC+GE11): positionsonly_E

0' 1 = 5 Phase-2(CSC+GE11+GE21): =

B | ey o positions and directions =

NS S T R N N :

|I 11 |IIII I | I|III IIIIiIIII_
0 5 10 15 20 25 30 35 40 45 50

CMS-TDR-1 7-003 True muon P, [GeV]
CMS-TDR-17-004 !


https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-035/index.html

Higgs to light boson: h(125) —» 2a — 2u2b

Run-1 (2012) data: 19.7 fb-1@ 8 TeV CMS-HIG-14-041

* Light boson with mass between 25 < ma< 65 GeV g b
« Selection: . L\ .
« 2 opposite sign muons and 2 b-jets _h L
« |m(upbb) — 125 GeV| < 25 GeV N .
« Good agreement between MC and data , Yt
il

* No significant excess of events over the SM background prediction

« Limits evaluated in context of 2HDM+S, assuming 100% ggh
production, B(h = 2a) = 10% and B(2a — 2b2u) = 0.17%

19.7 ib”' (8TeV
L O(pp_’ h)/OSMXB(h_’2a_’2b2u)~0.04% 300025 IIIIIvtlllvllllll!v'llllltllllll(lllll)
e I —— ]
1 [cms eres
> 105 TT T T T L N I |1[9[7| Ttl)-: |(8| ITeIY)I— ;E 0.002 .— - + “‘3 Expected -:
3 — * -1 @ i - i
8 § CMS - Data, 19.7 fb™ @ 8 Tev I i []+ 20 Expected
S 10* Preliminary =[] Z/y* (= 1D + jets (> 10 GeV) 1 - '
~ . X 0.0015} —
2 ¢ 1 I f0+jeto +tw ~ I
o ] _
u>-l 102 .................................................................. tt (II)
N Diboson
10 \‘ \\ N\ W \:\ Zh
1 §\\i§\\§x\§§\\i\\\i\\ T Statistical uncertainty
1ot BTV IR iy Ma=a00e
0O 50 100 150 200 250 300 350 400 8

di-u P, (GeV)


https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-14-041/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-14-041/index.html

Higgs to boson: h(125) — aa — 4b

Run-2 (2015) data: 3.2 fb-1@ 13 TeV ATLAS-HIGG-2016-01 o PO R ARSI WA
% o s=13TeV, 3.2 b M WH
E 10° 4 jets, 4 b-tags I:]tf+lig_;ht
 Search for (pseudo-) scalar boson with mass 10°F H — 2a — 4b, m, = 60 GeV EEIE%
between 20 and 60 GeV 12 B Non-f
102
* Focus on the Wh production channel, with W —|v 10
e Extra lepton (I=e,p) powerful handle to reduce the L
large QCD multi-jet background 10"
1072
S. I . . I.t . t d d. oS 10_35
o D 145 £
ignal region is split up in sectors depending on £ S R
#jets and #b-tagged S oe b
0O 025 :

— :.6 —6.4 —d.2 0 0.2 0.I4 0:6 0.8
. . . BDT output (4j, 4b)
* Dominant background: top quark pair production

* Kinematic variables feed into a BDT to discriminate - ATLAS Vs=13TeV,32f"

signal from background
®  Mpb, Mpbbb, HT, PT(W),...

20 - — Observed 95% CLs |
i {5555 Expected 95% CLs * 10

------- Expected 95% CLs * 20
— Ogu(WH)

e Limits at 95% CL
e o(pp > Wh)xB(h —aa — 4b)<1.5-6.2 pb

95% C.L. upper limits on o(WH)XBR [pb]

m, [GeV]


https://arxiv.org/pdf/1606.08391.pdf

Higgs to light boson: h(125) & 2a — 2t2b

Run-2 (2016) data: 35.9 fb-1@ 13 TeV CMS-HIG-17-024 35.9 fo' (13 TeV)

.- C M —e— Observed — Median expected -

: Prelimin ary . 68% expected D 95% expected

N
%))

e Masses of the pseudo-scalar boson between 15
and 60 GeV in context of 2ZHDM+S

E_Combined

B(h—aa—2b21) (%)
N
o

15
e Production modes: ggh, Vh, and VBF SN
6
e Three final states studied: bbteth, bbTuth, bbT,Te E .
« Tn: tau decaying to hadrons O
2
. . 8 (%5 20 25 30 35 40 45 50 55 60
e Require at least one b-jet. m, (GeV)
_ 1. CMS Preliminary 35.9 fb™' (13 TeV)
e Events must have good separation between g FE T\ zowsyer T3
oo T S e eng :
lepton and T &b\ A e 20 3
E'TE 07 W\ e 2HDM+S type IV, tanB=05  / E
vb(/) ’ E — g
e |argest backgrounds: °g OBF
o ttbar + jets’ Z N _l_l_ Cl) 0.52_ ............. “ ................ ..................................................................... " ....................... _g
o\o 04 :._ AAAAAAAAAAAAAAAAAAAA ‘ AAAAAAAAAAAAAAA >.\.\.‘.\ ..................................................... "”’ ...... " ........................... _:.I
. . . 8 0.3 ;_ ........ R ) Z».;;.:;. ........... \ ........................ ‘.‘..’.;._..,.»..’.'. ...... "' ............................... _;
e Results are interpreted in the context of different ]
2HDM+S mOde|S 0.1 E_.............................i:::-.-..,4.4..,.,,,..__::::::::‘::‘::'::'::'::‘::‘:':‘::'::::::::::::::::::::::::: ............... S _;
0.0 - M 1 M M " 1 M " M 1 =

10 m, (GeV)


https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-024/index.html

Run-1 (2012) data: 19.7 fb-1@ 8 TeV CMS-HIG-14-019

Higgs to light boson: h(125) = 2a — 4t

Masses of the pseudo-scalar boson between 5 and 15

GeV in context of NMSSM

Low mass light boson

— dedicated algos to distinguish the overlapping T

To reduce QCD multi-jet background, require at least 2

muons in final state

* other T leptons decay to py/e/hadrons

2 search regions based on mt formed from high-pr trigger

muon and missing pr

— ensure high sensitivity to signal in each region

* low mr (<50 GeV): mainly ggh

* high mt (> 50 GeV): equal parts ggh and Wh

95% CL limits on o(pp— h)/osm X B(h = 2a) x B(a —21)2
between 20 to 0.3 for ma from 5 to 15 GeV
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CMS-HIG-14-022

well separated 7 @(2)
same-sign muons 1

pE
07wt /et /hT

cb(l) Lorentz-boosted ¢ states
71
) 19.7 b (8 TeV)
’l'_-: 10' 1 l T L3 T l T Ll T ] T T T l 13 T L] I T E
e
T CMS —+— Observed
Ni‘; ----- Expected
o 10° ] £10 Expected 3
%(g* [ ]#20 Expected
T .2 . o '
£ 10°F Low and high m, combination
°£|b$
=
o
E
-
O
2
Ty}
o)}

sl L
m, (GeV)


https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-14-019/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-14-022/index.html

Higgs to light boson: h(125) —» 2a — 2u2t

Run-2 (2016) data: 35.9 fb-1@ 13 TeV CMS-HIG-17-029
as in mass range 15 to 62.5 GeV
— good separation between tau leptons
Four final states studied: puTeTy, HHTeTh, HUTTh, MUTHTh
UUTeTe and putyu Ty NOt considered
« smaller branching fractions
« large contribution from pp = ZZ* — 4e/4p
Dominant backgrounds: ZZ, Z+jets, WZ+jets

No significant excess over the SM prediction

95% CL limits on o(pp— h)/osm x B(h = 2a — 2u21)
between 2.8e-4 and 1.2e-4 for ma from 15 to 62.5 GeV

Interpretation in context of NMSSM and 2HDM+S

12

Events

Events / (6 GeV)

10

(*]

[T T T[T r [T T[T [y rrrrrrr

- CMS m, =20 GeV — m, = 30 GeV -
~  Simulation Preliminary — m, =40 GeV m, = 50 GeV 1
:_ uu-’- “'Th _ma=60 GeV ]

B(h— aa— 2p21)=0.1% ]

15 20 25 30 35 40 45 50 55 60

my, (GeV)

Signal dimuon invariant mass

35.9 fb' (13 TeV
-"l'l'l"l'll""l":'ll"'l(l""(l""lll"'ll"'-
L CMS —— Signal model — Bkg. model _]

- - - Bkg. uncertainty [ | ZZ— 4l

[ ]Reduciblebkg. ¢ Observed -

i +e Bla—s 2y m?2
__’J'u u B(h—) aa— 2}12'[) = 001%, m = R

: Preliminary



http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-029/index.html

Higgs to light boson: combination

Run-1 (2012) + Run-2 (2016): 19.7 fb-'@ 8 TeV + 35.9 fb-1 @ 13 TeV CMS-HIG-17-029

e (Combined results from CMS
searches: h(125) = 2a

 Extraresults at 13 TeV
expected soon:
« h(125) = 2a— 4p
« h(125) = 2a— 41

B(h— aa)

On
Ogm

95% CL on

13

19.7 fb' (8 TeV) + 35.9 fb™' (13 TeV
! | .

—
o
w

T T TY

107

DR o i

h—aa—-puup (8 TeV)
h—aa—tttt (8 TeV)
h—aa—tttt (8 TeV)

10 h
—aa—uubb (8 TeV)

1 0—5 h—aa—-puutr (8 TeV)

ZHDI\f.‘-S type I h—aa—-putt (13 TeV)
106 - tanp = 5.0 h—aa—>ttbb (13 TeV)

- - expected observed
.1()- 1 1 1 1 L1 11 1 | | 1 [ ]
1 10
m, (GeV)


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-029/index.html

Lepton flavor violation: h(125) — et/ut

Run-1 (2012) data: 20.3 fb-1@ 8 TeV ATLAS-HIGG-2015-09

* Three searches: h = eth, h = eTigpand h = PTiep

e Use Missing Mass Calculator (MMC): more

sophisticated version of the collinear approximation

e |argest background from Z boson production with
misidentified lepton in the decay

e Results at 95% CL
e B(h—e1)<1.04%
e B(h = put) <1.43%

(1.21% exp.)
(1.01% exp.)

e
ATLAS

IIIII

IIIII

IIIIII
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https://arxiv.org/abs/1604.07730

Lepton flavor violation: h(125) — et/ut

Run-2 (2016) data: 35.9 fb-1@ 13 TeV CMS-HIG-17-001

Four decay channels: eth, €Ty, HTh, MTe
* eTeand pty not considered (large Z —ee/pp background)

Two complementary analyses:
1. Template fit to collinear mass as estimated for mn
2. Boosted decision tree

Most prominent backgrounds: Z —1t, QCD and W+jets
* For W+jets use the mt as discriminator
 Smaller backgrounds: ttbar, SM Higgs decays, VV

Results at 95% CL.:
e B(h — e1)<0.61% (0.37% expected)
e B(h — p1) <0.25% (0.25% expected)
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Events/bin

—————————
L. CMS Preliminary

L ut, 2 jets VBF-enriched [llzoeeinn [t t+ets
e -
\:’ Diboson D Reducible 7

—+— Observed Z>1T

[ SM H—t, W= H>11 (B=5%)]

| |Bkg. unc.

2016, 35.9 fb' (13 TeV)

200

300

700
Collinear Mass [GeV]
CMS 35.9fb' (13 TeV)
ue 0 Jets i . I I I I | I
1.04% (1.14%) B h—out: M__ fit ]
L 1 Jet l ® Observed
1.74% (1.26%) X Median expected
2 B - 68% expected N
ne, Jets - ’
1.65% (2_120/0) 95% expected
ut , VBF
h
1.30% (1.41%) .
ur, 0 Jets l
1.08% (1.01%)
ut, 1 Jet
1.35% (1.47%) .
ut, 2 Jets
3.33% (3.23%) -
ut,, VBF
1.40% (1.73%) .
H-ut l
0.51% (0.49%) ; | | | | | | |
0O 2 4 6 8 10 12 14

95% CL limit on B(H—ur),

%


http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-001/index.html

Run-2 (2016) data: 36.1 fb-1@ 13 TeV ATLAS-HIGG-2016-28

Invisible decays: ATLAS

ATLAS search for h— invisible decay or dark
matter candidates with associated Z— |l

Dark matter model includes axial-vector

mediator that decays to pair of WIMPs
e Zis radiated off in ISR

“Cut-and-count” analysis relies on accurate

understanding of missing Er
e Requires good understanding of leptons and jets

Result at 95% CL.:
e B(h— invisible) < 67% (39% exp.)

Sensitivity limited due to large systematic

uncertainties
e Theory predictions qqZZ and ggZZ
e Data-driven estimation of the WZ and Z + jets

16
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-28/

Invisible decays: CMS

Run-2 (2016) data: 35.9 fb-'@ 13 TeV CMS-HIG-17-023

h(125) — xx (x invisible) production through VBF
* Two jets with large Anj powerful discriminator
agains QCD

* Two complementary analyses:
 Cut-and-count: signal extraction with fit to events
passing selection based on kinematic differences
 Shape analysis: more relaxed selection, template
to binned dijet mass

35.9 b (13 TeV)
|

CMS Preliminary -

SM
—
N
I I I

| —e— Observed

- --©- Median expected

B . 68% expected ol

95% expected

-
N

* Result (assuming SM production through VBF)
e B(H— invisible) < 0.28% at 95% CL (21% exp.)

—
I

e (Combination also available from searches with
qqH, ZH (with Z boson decaying to pair of lepton
VH (with hadronically decaying boson) and ggH

modes
e B(H— invisible) < 24% at 95% CL (24% exp.)

o ¢
(o))
1 I LI |

| | | |
Combined VBF-tag Z(lh)H-tag V(qq')H-tag  ggH-tag

95% CL upper limiton ¢ x B(H — inv.)/c
o o
n (00]

O
N

o
T
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-023/index.html

Rare decays: h(125) — py/ody

Run-2 (2016) data: 35.6 fb-1@ 13 TeV ATLAS-HIGG-2016-13

%3000; U DL L DL L DL L L L L
N E ATLAS -:-Eﬁggesun E
§2500-_ Vs =13 TeV, 35.6 fb” qT>T>IKB*K‘k =
* ¢ and p meson decay to pairs of K+K- and rt+1t- S - ’
© 2000}~ =
* Reconstruct ¢ and p meson mass g :
T ]
515001 5
© -
* Events are selected with dedicated triggers derived ° 100"
from the t-lepton trigger 5005 ‘
* Require an isolated photon with pr> 35 GeV and 100 101 102 103 104 105
two isolated tracks e [GeV
> N e e
S 250 ATLAS _
* Background: inclusive photon + jet or multijet 3 (513 TeV, 35.6 o i
processes £ s00f- bt -
* Use K+*K-y and mt*mty enriched sample - Bl -
 Data-driven background determination with 150 ~
templates - -
100— pata
B —— Background Fit 1o
- - ackgroun
e Results at 95% CL 500 [:]z(r:yy)::sxm‘"
[ ] Bz—¢y)=0.9x10°

e B(h— oy <4.8x104 (4.2 x 104 exp.)
 B(h—py)<88x104 (8.4 x 104 exp.)

—

© N

++ ++++++++++++++++++++++++++++++++++++++ +
213"0 90 100 110 120 130

o

Data / Fit

18


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-13/

Rare decays: h(125) =& 2y —eey/uuy

h(125) — Zy through ggh, VBF or Vh

Event selection: Two isolated leptons and an
iIsolated photon

Analysis is limited by small branching fraction

B(h = Zy) x B(Z —II)

e B(h — Zy) similar to B(h — yy), but B(Z —1I)
only 3.63%

Can fully reconstruct the invariant mass of the

Higgs boson

* Apply final-state-radiation corrections +
constrained kinematic fit to Z boson mass

Result:
e Bh—2y)<1% at 95% CL

19

Run-2 (2015+2016) data: 36.1 fb-1@ 13 TeV ATLAS-HIGG-2016-14

W Z
-(.I ...... %
% /
- 03r——F———77—7r7
'% - ATLAS Simulation
(,2,0-25:_ ls =13 TeVv - No corrections
- - pp—oH—->Zy, Z—ee ,
EN 0.2F m, =125 GeV e T Mzconstraint 4
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-14/

Plans for the Yellow Report

* Plans were outlined in HL-LHC Higgs Yellow Report Preparation meeting:
https://indico.cern.ch/event/714119/

* Preliminary wishlists:

ATLAS plans for Yellow Report studies
h — invisible

h(125) = Zy
h(125) — py/¢y (Extrapolation of Run-2 result should be done by summer)

No plans for studies on exotic decays of the Higgs boson

CMS plans for Yellow Report studies

h — invisible

h(125) = ¢ — 4jets (¢ long-lived boson, https://arxiv.org/pdf/1705.04321.pdf)
h(125) = 2n1 = 2yp2np — 4p2np (see muon TDR CMS-TDR-17-003)
h(125) = ZqZq — 4l

LFV Higgs decays
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https://indico.cern.ch/event/714119/
https://arxiv.org/pdf/1705.04321.pdf

Summary

Study of exotic, invisble and rare decays is a very exciting field to
explore the properties of the SM(?) Higgs boson!

Many channels and final states have been studied by ATLAS and CMS
Yellow Paper wish lists for ATLAS and CMS are taking shape

Looking forward to including the projections in the Yellow Paper
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Run-2 (2015) data: 2.8 fb-1@ 13 TeV CMS-HIG-16-035

Higgs to light boson:
h(125) — 2a1 — 4y, h(125) — 2n1 = 2y12np — 4p2np

CMS search for light boson decays to pair of opposite-
sign muons

Two different benchmark models:
* NMSSM: ay is a pseudo-scalar boson
* Dark SUSY: ypis a vector boson that mixes
kinetically with the SM photon

Kinetic mixing between y and yp can result in long-lived
dark photons
* Detector reqisters pairs of displaced muons in the
muon system

Light boson masses:
* m(a1): 0.25 - 3.55 GeV
* m(yp): 0.25 - 8.5 GeV

Search for enhancement in selected events over
background in 2D dimuon-dimuon mass spectrum

No significant excess of events over the SM background

prediction
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-035/index.html

Higgs to light boson:
h(125) — 2a1 — 4y, h(125) — 2n1 = 2y12np — 4p2np

* Model independent limit on o(pp = h = 2a + X) x B(a = 2u)2 x GEN-level acceptance

 Interpreted in context of NMSSM and dark SUSY

* Limits on dark SUSY greatly improved (both in mass and coupling) compared to 8 TeV results
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Higgs to light boson: h(125) —» 2a — 2u2t

Run-2 (2016) data: 35.9 fb-1@ 13 TeV CMS-HIG-17-029

S L L L L L B L L B L R L L R

£  CMS m, = 20 GeV — m, = 30 GeV ]

] ] Q - Simulation Preliminary — m, = 40 GeV m, = 50 GeV 1

CMS Search for a1 with mass in range 15 < ma< 62.5 YOF e, —m=80Gev E

GeV : :

« Context of NMSSM and 2HDM+S °’F E

 Lowest mass point (15 GeV) was chosen from oF E

requirement to have good signal selection efficiency

11— —]

ai relatively heavy — good separation between tau OJK
15 20 25 30 35 40 45 50 55 60

leptons M, (GeV)

_ _ Signal dimuon invariant mass
Four final states studied:

*  HUPTeTy, MMTeTh, MMTuTh, MMThTh (Th: tau decaying to hadrons)
*  UMPTeTe and pptyTy NOt considered
« smaller branching fractions
« large contribution from irreducible pp = ZZ* — 4e
and pp = ZZ" - 4y

Selections:
« 2 muons with pt: 18-9 GeV
« Well separated from electrons or hadronic jets

 m(visible) ~< 120 GeV to suppress background OLbmtbsibisbisss bbb bbb
_ _ m,, (GeV)

Dominant background from ZZ and reducible Back d di _ it

orocesses (Z+jets, WZ-+jets) ackground dimuon invarian ;r;ass
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-029/index.html

Higgs to light boson: h(125) —» 2a — 2u2t

No significant excess of events over the SM background prediction
Results are interpreted as upper limits on the production of pp — relative to the SM
Higgs boson production, scaled by B(h = 2a — 2u27)

* Run-1 results were interpreted in terms of B(h = 2a) x B(a —»21)2 (CMS-HIG-15-011)
Limits between 2.8e-4 and 1.2e-4 at 95% CL for ma from 15 to 60 GeV

Interpretations are also provided in context of 2HDM+S models

x 10° 35.9 fb' (13 TeV)
359fb (13TeV) T o[ T
— ' llllllll | LAEE BEAAEE BREREE BEARE | RS BEAAE BREREE BEE N - .
% 10 d CMS — Signal model _ Bkg model - gjl‘ CMS —e— Observed Median expected
Q) " Preliminary - Bkg. uncertainty [ | ZZ— 4l T o ' Preliminary . 68% expected 95% expected
= (U — -
= 8-—|.L}1 +eu |:] Reducible bkg. o B(:_)(gl:)ser;fed - t1g | Combined
) B B(h— aa— 2u.21) = 0.01 %, m = R _ 5 [
c - m 0.4f
= — = i
¢ [ ma=40GeV h & |
[ - S 0.3}
E |
— 0.2
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O 3
2
in 0.1
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-15-011/index.html

Higgs to light boson: h(125) = 2a — 4t

Run-1 (2012) data: 19.7 fb-1@ 8 TeV CMS-HIG-14-019 CMS-HIG-14-022

* CMS searches for a pseudo-scalar in mass range 5 to g -
15 GeV decaying to pairs of tau leptons L
. H(12) o T
* Relatively light boson = boosted tau leptons — qy e ----- «_
dedicated algorithms to distinguish the overlapping by =
taus r
g +

« Tau decays into py/e/hadrons

« To reduce QCD multi-jet background, require at least 2

muons in final state well separated /Q)(Q)
same-sign muons . 71
+ L,
« 2 search regions defined based on mt formed from a \ f{""'ﬁ/e*/}ﬁ
high-pt trigger muon and the missing pr
— ensure high sensitivity to signal in each region pEa
* low mr (<50 GeV): mainly ggh
«  high mt (> 50 GeV): equal parts ggh and Wh "t /et[hT

Lorentz-boosted ¢ states

2%
my = \/ prlf“g EMisS[1 — cos AP (Hirgs pmiss)],
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-14-019/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-14-022/index.html

Higgs to light boson: h(125) = 2a — 4t

* Do a counting experiment on tau pair invariant mass m(tt) in each search region

* SM production cross sections are taken for ggh, Vh, and VBF processes

* Expected yields in each search region shown below (assuming B(h — 2a) x B(a —2T1)2 = 0.1)

mt < 50GeV mt > 50 GeV
geh 46403 0.8+0.1
Wh 0.27 +0.02 0.70 +0.03
Zh 0.068 + 0.005 0.19 £0.01
VBF 0.51 +£0.03 0.09 £+ 0.01
SM background | 5.4 + 1.0 (stat)fi% (syst) | 6.1 +1.6 (stat)fgjg (syst)
Observed 7 14

* No significant excess of events over the SM
background prediction

* Results are interpreted as upper limits on the
production of pp— h relative to the SM Higgs
boson production, scaled by B(h — 2a) x B(a —21)2

* Limits between 20 and 0.3 at 95% CL for mas from

510 15 GeV
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-14-022/index.html

Higgs to light boson: h(125) —» 2a — 2u2b

Run-1 (2012) data: 19.7 fb-1@ 8 TeV CMS-HIG-14-041 ! L
ar - b
Search for a with mass in range 25 < ma< 62.5 GeV -
Selection: r M
« 2 opposite sign muons with p11 > 24 and pr2> 9 GeV 9 ut
2 b-jets with pr > 15 GeV 4 o termie ey
* |m(UUbb) - 125 GeVl <25 GeV ] Z/y'i—)l'l)+jets(>10GeV)
Good agreement between MC and data 10° grrrrprrrr T EEE:JHSMW
= I:I Diboson
Signal yield is calculated assuming 100% 10° L

Statistical uncertainty

ggh production and B(h — 2a) = 10% and
B(2a — 2b2pu) = 1.7e-3 (type-3 2HDM+S

SRSIERTSER
iRy m, =40 GeV
E!!‘-\‘-\‘-ll\l\:‘

“““““ R

| IIIIIIII | IIIIIIII | IIIIII_Iiv

Events / 20 GeV

With tan — 2 2 L == : fistustustnstustnstustuststnetuatnLt  SRUNLHIRNILHIRNILHIRNIHIRN 2 Hs 20sn:
B=2) 07 el
T : :\s\i\\\\ix\;‘\\
Z/y*+ets (mg; > 10GeV) tt (£0) Other 10 g\\§\§\§x§-\<\
Backgrounds 210 + 35 22+1 3+1 210NN
Total 235 + 35 OO
1 — \\\\\\\\x\\\\Q&\Q\\.&\\ R AL R LR R LR AR R T_é
Data 252 \\\\\\\\\W\\x\%\\\&\\\\\w\
LN 75 Y
ma = 30GeV | m, = 40GeV | m, = 50GeV | m, = 60 GeV 10“0\ 50 10\0\\\1;6\ 2\\58 E\sé\\é&)x;so\ﬁ)\()
Signal 118 | 097 | 111 | 149 di-u p_(GeV)
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-14-041/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-14-041/index.html

Higgs to light boson: h(125) —» 2a — 2u2b

* No significant excess of events over the SM background prediction

* Smooth shape + gaussian to model dimuon mass distribution was used for
signal search and limit setting

« QObserved and expected limits on h boson production normalized to the
SM prediction times B(h — 2a = 2b2p) ~ 0.04%
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Lepton flavor violation: h(125) — ey

Run-1 (2012) data: 19.7 fb-1@ 8 TeV = CMS-HIG-14-040

. 19.7 b (8 TeV
. MOSt promlnent baCkground 9MISII:IIIIIIIllIIIIIIllIIIIIIIIIIII7IIIII(IIIeII)
e Drell-Yan incl. 0 jets * Observed
. 0.061 % (exp.) X
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e Electroweak diboson production u ]
: : Expected + 1o
incl. 1 jets
 No excess over SM prediction 0.094 % (exp.) | Expected * 2

0.066 % (obs.)

e Results at 95% CL.: incl. 2 jets
e B(h = en) <0.048% (0.035% expected) 0.304 % (exp.) X

0.360 % (obs.)
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https://arxiv.org/pdf/1607.03561.pdf

