DIS2018 § R

Kobe, Japan
Apr 18,2018

Search for rare and exotic Higgs
boson decays with CMS

Chia Ming, Kuo
National Central University, Taiwan



Motivation
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Higgs boson has been observed in several
decay channels
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current studies of its properties are
consistent with the SM predictions
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Several rare decays have not been observed

an excess would be a clear indication of

new physics ; L
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Several BSM theories predict exotic decays A W R
Al invia S TRTLAS and M8 e 5
potential invisible or undetectable Besm <34% £ o Lhchunt 0 e fel
(39% exp.) @ 95% C.L. with Run-| data TE_ opseres
6 - SM expected -
still allow ample space to look for BSM s JHEP 06 (2016) 045
Higgs decays ]
provide an excellent opportunity to look for
new physics ! |
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Rare and exotic Higgs decays

Exotic
decays

N o

LFV Higgs decays

0
™ H—aa
*“" H—invisible

recently updated results are ~1 month old
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— sensitive to physics

Z g g W/<C beyond SM

* Signature: an opposite-sign isolated lepton pair and an isolated photon
* a clean final-state with good mass resolution

* the threshold, miy =50 GeV, is used to separate H—Zy and H—=y*y

I'(H— Zy — lly)
I'(H — 7y)

o In SM, CH = 7™ = BEY) _ (469 4 0.10)%,

= (2.27 £ 0.14)%,
F(H - 77) ( )
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H—Zy—lly (I =e, Y)

BR(H—Zy) = 1.533 x 103

signal yield is similar to H—ZZ—4l but suffers from large
background (Zy, Z+jets)

7 mutually exclusive categories used to differentiate production
modes, increase S/B, and enhance the peak resolution

sensitivity enhanced by 18%

lepton tag di-jet tag boosted tag 4 untagged
electron pr > 7 GeV Anj; > 3.5, mjj >500 GeV prily > 60 GeV categories
muon p7 > 5 GeV Zeppenfeld < 2.5 enhance I
. Yy mass
Ad(lly, jj) > 2.4 resolution and S/B
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Hoy*y—=Ily (=)  cMsHIG-17-007

* BR(H->Y*Y2HMY) =3.83 x 10

* unique event topology — two collimated leptons from y* decay
» challenge in trigger and identification
* smaller signal yield but better sensitivity than H—=Zy

e reject J/Y+y and Y+y with my

* 4 mutually exclusive categories used to differentiate production modes, increase S/B,
and enhance the peak resolution

* sensitivity enhanced by 11%

P
g
. --- H
Y
di-jet tag 3 untagged
Anj > 3.5, mj; >500 GeV categories

Zeppenfeld < 2.5

- enhance lly mass
AP(lly, jj) > 2.4

resolution and S/B
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Signal extraction

background fit function minimizes
the bias introduced by selected
shape

data are fitted by smoothly falling
functions to determine the
background

signal is modeled with a double
sided Crystal Ball function and a
Crystal Ball function plus an
additional Gaussian function for
Y*Y and Zy
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Results of H— I
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CMS preliminary

CMS HIG-17-007

35.9 fb" (13 TeV)
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H—Zy—lly, Lepton tag
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* observed
(expected) upper
limit for o/osm is
3.9 (2.0)

» corresponding to
an observed
(expected) p-
value of ~20
(~10)
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H—up

19.7fb" (8 TeV) + 5.1 fb' (7 TeV)
IIII| T IIIIIII| T IIIIIII| I_

. Tows |
& b
BR(H—p) = 2.18 x 10+ 8 o TS

only accessible channel to test Higgs
couplings to second generation fermions at

3| (M, e) fit | _
LHC 10 =68%CL | ]
g —95%CL | -
clean fermionic decay L T B R T
Particle mass (GeV)
search for a small peak over a large DY s e eTey
O (L125=0.7 for my=125 GeV Cat. 12
background Sl ' E
;Ej ;E;:;)mponent

L J=20

several BSM scenarios predict a higher BR

deviation from SM could be a sign for

n eW p h yS i CS jo E: ' ' ' B componént subtrécted '
t * {
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m,, [GeV]
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H— UM analysis
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BDT is used to improve the search sensitivity

15 categories are defined based on BDT score and pu
mass resolution

BDT loosely correlated with VBF
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Results of H— Ul CMS HIG-17-019

5.0 (7 TeV) + 19.8 fb" (8 TeV) + 35.9 fb™ (13 TeV)

50f0" (7 TeV) +19.8 ™ (8 TeV) +35.9 fb™ (13 TeV)
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95% CL limit on o/osm Significance
observed (expected) observed (expected)

13 TeV (35.9/fb) 2.64 (2.08) 0.74 (0.98)c
7 TeV + 8 TeV+ 13 TeV 2.64 (1.89) 0.98 (1.09)0

Dataset

o upper limit on BR(H—pp) is 5.7 x 104
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H— invisible

BR(H2ZZ—4v) =0.1% in SM

a number of BSM models allow for this

interactions between the Higgs and dark matter

complementary to direct detection

dark matter mass < mn/2 ; H—DM kinematically open

oM

oM

http://rejuvenatte.blogspot.tw
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H—invisible - VBF tag CMS HIG-17-023

e most sensitive mode due to VBF
topology

* reject extra leptons

* two strategies: s
(15) 'k oM S | ~$— Data | .Z(vv)ﬂiets (@co)
e cut and count = S —
e shape analysis based on mj
» use the full discrimination power ;
of the invariant mass distribution s
ggg | | | |

1000 2000 3000 4000 5000
m; [GeV]
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arXiv:1711.00431

H—invisible : mono-V tag ..ix1712.02315

o Z(—I)+H
e smaller cross section than VBF

» clean final state with low background

» the multivariate BDT classifier is
used to improve the search

-1
T V7 35.9 fb” (13 TeV) 35.9fo" (13 TeV)
(o) T} T T T T T T T T T T T T — > LI A
sensitivity by 10% 8 oFoms | a0 3 T
~ | - WZ EJ mono-V : :S:Isje:t::v ;nmed =2.0TeV
2] ee+uu [ Other bkg. g B 2ot
GC) B Nonresonant Lﬁ [ wiv)jets
> Drell-Yan — I wwwzizz
® V(_’ CICI)+H L — ZH(125) B op querc
\ B 0 iy, y+iets
N g. unc. I:I Qcb

* large background but relatively larger
signal contribution

200 — —

e large radius jet (R =0.8), pr > 250
GeV o 15 £ oy
B 1 “:‘ aBen memmnitons Sreuioie cheoonn SsiinSEREEFLEEE TR | :% 8 s I ' I I I I I I
* rely on jet substructure techniques cesp o
0.2 0.4 0.6 0.8 300 400 500 600 700 800 900 1000
BDT classifier p?‘ss [GeV]
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°* measure ggH process where
the Higgs system is boosted JUS—
and recoils against a jet

* events failing mono-V tag but
satisfying jet pr > 100 GeV
(R =0.4) are included

* large background

Events / GeV

o = =9
© o o N =

* improve V(jj))H sensitivity by
12.5% after adding this mode

o
©

N

(Data-Pred.) Data / Pred.

-2 1 1 | 11| | 1 11 | |

| | | | | | | | | |
400 600 800 1000 1200 1400

p'T“'SS [GeV]
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H— invisible : combination cvsici7-02

SM
—
N

o o -
o (e - N

95% CL upper limit on o x B(H — inv.)/c
o
>

0.2

* No significant deviations from SM expectation are observed in any search mode

35.9 fb' (13 TeV)

35.9 fb™ (13 TeV)

[ | | | | ] c\l'_| 10_36 T T T LU I| T T T L I| T T T L
— CMS Preliminary ] 5 10 &= CMS Preliminary 90% CL Limits
[ —e— Observed : 510% B(H— inv) < 0.20
- --o-- Median expected 1 U)g 1073 RE—
L . 68% expected ] o 10740
i 95% expected 1 104 Direct Detection
3 — LUX
. 1072 k= —— CDMSLite
I .- —— XENON-1T
- 10 —— CRESST-II
i 10-% — PandaX-Il
:— B 107 =
_ : 10-46 ~ \_/ V
i | | | | i 10—48 | Lol | ool ] L1111
Combined VBF-tag Z(Ih)H-tag  V(qq')H-tag ggH-tag 1 10 10°? 10°
Mpy [GeV]
Analysis Final state Signal composition Observed limit | Expected limit
qqH-tagged | VBF-jets + p7"*° 52% qqH, 48% ggH 0.28 0.21
Z(40) + pr [? ] 79% qqZH, 21% ggZH 0.40 0.42
VH-tagged / miss o o 0 0
V(gq') + prss [? 1| 39% ggH, 6% qqH, 33% WH, 22% ZH 0.50 0.48
ggH-tagged | jets + p7*° [? ] 80% ggH, 12% qqH, 5% WH, 3% ZH 0.66 0.59

* The observed (expected) 95% CL limit on BR(H—inv) assuming SM is 0.24 (0.18)

* The results have been interpreted in Higgs portal model assuming the scalar or fermion nature of the DM

* excluding the very low DM masses below 20 (fermion) or 7 (scalar) GeV
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Lepton flavor violating decays

a clear indication of BSM physics
best sensitivity for Hetand H—»ptr TS

look into multiple channels of the T decay

T
BDT is used to improve the search sensitivity cMs  asewmnatey
m:h,OJets l
no obvious excess observed 051% (043%) | hopBOTH |
uT 1 Jet I e Observed
. . . . 0.53% (0.56%) X Median expected
set upper limits on branching ratios and non- .« 2uets | 2 Ess%expected e
. . . % (0.94% 95% expected
diagonal elements of Yukawa coupling matrix " T
h0.51% (0.58%) l
me,OJetS I'
Observed (expected) limits (%) Best fit branching fraction (%) 1:30% (083%) | B
BDT fit M, fit BDT fit M, fit wr,, 1 Jet .
H— ut <025(0.25)% <0.51(0.49) % 0.00+£0.12% 0.02 4 0.20 % 1:34% (1.19%) | _
H— et <061(037)% <0.72(0.56)% 0.30+0.18% 0.23+0.24 % ue,, 2 Jets .
2.27% (1.98%) B |
ut_, VBF
BDT fit M col fit 1.79% (1.62%) .
VY + Yo <143 x107% < 2.05x 1073 o 0o ko
VIYer|? + [Ye]2 <226x107° < 245x107° 0 2 4 6 8 10 12 14

95% CL limit on B(H—ut), %
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h—aa—2X2Y

well motivated by BSM theories

o 10°
such as 2HDM+S, ... cF '
X and Y can be any types of = 10

X 1

fermions, gluon or photon

BR of “a” boson to SM patrticles

depends on W haz—pup 147]

—— h—aa—TtttT [48]

10
TPg] h—aa—tttt

mass of the “a” boson .
10" F aHDM+S type-3 =~ h—aa—uubb
10 k- tanp = 5.0 h—aa—uutt

models (i.e. types of the 2HDM)

—_— explected - observed

model parameters (i.e. tanf3) 1 10

m, (GeV)
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h—aa— JUUTT

35.9fb" (13 TeV)

R Gl
. 3 [ ] Reducible bkg. ¢ Observed 3
4 final states: P X (TeTy, TeTh, PR S CE R Rt =
TuTh, ThTh) g E
targets on non-boosted T pairs, 2 -+ -+ 3
and requires 4 well reconstructed |
and iSOIated Ieptons 15 20 25 30 35 40 45 50 55 (éOGV)
S ?5,9.‘.‘*?,..(1.?.?‘??’.)
main backgrounds (fake leptons S *rCMS L
. | [ Preliminary 68% expected [ |95% expected ]
or taus) estimated from data 3 oo Combined
final observable is the mass of pu O%""‘;‘
0.3
no significant excess observed
0.2

95% CL limit on
o

I
15 20 25 30 35 40 45 50 55 60
m, (GeV)
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h—aa— TTbb

;Eo 25_CMS ;Observed D
first probe of this final state Saf p ]
A
large BRs in most models due to m, and my L i Combined :
o
3 1T final states: etn, UTh, €M F‘D‘”m'

at least 1 b-tagged jet (pt > 20 GeV)

95% CL limit on

backgro_unds estimated from MC or data Qe ]
depending on whether taus are real or fake m, (GeV)

CMS Preliminar 35.9fb (13 TeV)
= Y | T T T T | =

final observable is the visible mass of Tt 3 '°F B—— :
o | . é 0_95_ ................ ‘.“ ................ HDMsS type I tanp=2,0 T _é

the sensitivity at low(high) masses is reduced &\ . SoignIiln s
due to isolation inefficiencies of boosted “a” Flo‘” Y
bOSOn to TT (hlgher baCkgrOundS) (_I: 0.55_ ........... e RS N A gt T
2 0.4 R ........................... _§

the most stringent limits in 2HDM+S type Il at = > . - "= s
the LHC so far 0.1 E— ----- i _E
m, (GeV)
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new summary plot of aa—2X2Y

19.7 b7 (8 TeV) + 35.9 fb

(13 TeV)

10°
2HDM+S type Il
tanp =5.0

h—aa—tttt (8 TeV)
— h—aa—uubb (8 TeV)
——— h—aa—uurtt (8 TeV)

h—aa—uutr (13 TeV)

10 h—aa—>ttbb (13 TeV)
—explected - observed
1 0-7 L 1 11 L L
1 10
m, (GeV)
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Summary

* the discovery of the Higgs boson opens a
new opportunity to search for new
physics via the rare or exotic decays!

* a broad program performed by CMS In
this field

* observations are in agreement with SM

o still looking for it ...
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o Backup

Chia Ming, Kuo/NCU, Taiwan 23 2018/4/18



OUtIOOI( Of.H—PinvisibIe CMS DP-2016-064

SM BR(H—inv.) = 0.001

CMS Projection

(" VBF H— inv. )
II T T T -
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10°
Luminosity [fbo]

24

S1 : all systematic uncertainties are fixed
to 2015 values

S2 : experimental systematic uncertainties
decrease with L and theoretical ones
are scaled by 1/2
— improved by a factor of 2 by the
end of 2018 and 5 at HL-LHC

2018/4/18




2HDM+S

* type I: all SM particles couple to the first doublet

* type ll: leptons and down-type quarks couple to
the second doublet and up-type quarks couple to
the first doublet

* type lll: leptons couple to the second doublet
and guarks to the first one

* type IV: down-type quarks couple to the second
doublet, while leptons and up-type quarks couple
to the first doublet
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