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Introduction

[arXiv:1606.02266]

Since the discovery of the Higgs in 2012,

measurements agree very well with the
Standard Model.

But still unanswered questions for which
Higgs could play a major role, such as:

@ Fine tuning?
@ Dark matter?

@ Matter/antimatter asymmetry?

Many BSM models predict nonstandard
“exotic” decays of the 125 GeV Higgs.

Measurements of visible decays limit
branching fraction to non-SM particles:
Bgsm < 0.34 (0.39).
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physics in Higgs decays! ATLAS Run2: Bin < 0.09; Bundet < 0.19 [ATLAS-CONF-2020-027]
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Searches covered

Include only recent searches using the full 13 TeV Run 2 data set.

Not considering searches for long-lived particles.

Invisible Higgs decays Higgs — scalars

(V — had)/monojet +(H — inv) H — aa = yyyy

(Z = )+ (H — inv) H — aa — bbup

VBF + (H — inv) ZH — tlbb + ET's*

tt(H — inv) ‘
Dark sector Higgs decays

H— Z4Zq — 4L H — er/ur

H— 774 — 4¢ H—)ee/e'u

Also H — aa — 4/, H—)Za—>4€J
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Invisible Higgs decays

A weakly-interacting, massive dark matter particle could interact with the
SM Higgs boson. J

Many BSM theories predict Higgs decays to “stable” dark matter particles.J

SM BR for H — invisible Bj,,(4v) is ~ 0.1%. J

Look for VBF or W/Z or jet recoiling against invisibly-decaying Higgs. J

19000, 19000,

g g

e H {
w/z ggF
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. s, |
H — invisible: E™* + (V — J) or monojet Z frxiv:2107.13021]

Selection

PS> 250 GeV

No ¢, ~, b-tags.

Jet > 100 GeV and |n| < 2.4.

Mono-V (high- and low-purity):
Large-R jet > 250 GeV and |n| < 2.4

65 < my < 105 GeV
Consistent with W /Z decay.

Separate mono-jet, and high-low
purity mono-V categories.
Combination over all channels and full
Run-2 (137 fb~1):

Binv < 0.278 at 95% CL
(exp: 0.253)

V + jets estimated from CRs with
leptons, photons.

59.7 fol (13 TeV)

T T
+Da'a .Z(vv)ﬂets 4
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; Mono-V (high-purity) DW(IV)+jel$ .WW/ZZ/WZ
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L

— H(inv), B =25% 4
Axial, m =2TeV
med
m, =1GeV

(All Biny results here assume the SM Higgs
boson production cross section.)
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CMS/| .
. - . H | [arXiv:2008.04735]
H — invisible: E™* + (Z — £0) &Tf!ﬁﬁst [ATLAS-CONF-2021-029]
Require s ~ back-to-back with Z — ¢/ J

BG mostly (Z — €£)(Z — vv), (Z — 0)(W = (v), and Z + jets.

ATLAS: Use BDT; CMS: Fit Efiss, J

137 th™ (13 TeV,
T

g 1000—= " T T T T T T . 2 104 - - e
4  ATLAS Preliminary e Data —B(H-inv)=1+ o] CMS ==Z(hh,, (inv.) \#\\ g:ta E
r - 1 B = 103 —ADDn=4M =2Tev 3\ Bkg.unc.  _]
i [ §=13Tev,139fb* Mzz mwz b 2 10 . X o Sk e 4
800— SR Z+ets Non-res. — § O-jet category -wz E
L %% Uncertainty b o 10?2 22 -
L 4 [ vw E
600— B DT — 10 [ Nonresonant
B . 1 ET"5: 0 jetsH
400— — 3
r 1 10t b
200— 102 E
107° -
ol =
T T T T T T 15 —]
B 12 E > l
& - 4.

% 1 F Arcnhosmpsond ¥ (3 ¥ g N . | |
T 08 E [a) 3 M | I &
a I I I | | | | k| [ ]
-0.8 -06 -04 -0.2 0 0.2 0.4 0.6 L B

200 400 600 800
BDT p:lss [GeV]

ATLAS: Biny < 0.18 (0.18) [95% CL] CMS: Bin, < 0.29 (0.25) [95% CL] |
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H — invisible: E_Irpiss_‘_ VBF ?!;\I!Tﬁusr [ATLAS-CONF-2020-008]
Selection
Emiss > 200 GeV; HT* > 180 GeV Mostly (Z — vv) + jets,
2 jets |n| < 4.5; [An(jj)| > 3.8; mmn2 <0 (W — tv) + jets.

pr(j1) > 80 GeV; pr(j2) > 50 GeV Constrain BG using CRs with 1 or 2
A¢(jj) < 2.0; mj; > 0.8 TeV Ieptons.

No leptons or photons

Additional jets consistent with QCD radiation
v

11 bins in mj;, A¢(jj), and Njets. Simultaneous fit to SR and CRs.

Z 6000

2 "ATLAS Prellmlnary Postfit | b Nuncertainty g [ aTLAS F‘rellmlnary Postfit
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Biny < 0.13 at 95% CL (exp: 0.137993) CMS: B,y < 0.17 (0.11) [CMS-PAS-HIG-20-003] |
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H el . i i ATLAS
H — invisible: E_Ir_nlss + tt @mmwm [ATLAS-CONF-2020-052]
All-hadronic tf with 2 b-tagged jets J 2 OS leptons, jets, Ess

Ef™ss > 250 GeV 1 b-tagged jet

E™iss significance > 12

t candidates identified by reclustering decay J

products into R = 1.2 jet. stransverse mass mys:

2-body selection -“Z
2.b0d [ Diboson [l Other

Zly+jets

. . ) min {max[m71(p7,e1,97,1), Mm7(PT,02,97.2)]}
Leading reclustered jet mass: g " jmss
ATLAS Preliminary oua s sandva o s A‘TL Aé Prel‘lmma‘ry . Dm " < Standard Model
Vs =13 TeV, 139 fbo Ziy+iets 3 ; {5 = 13 TeV, 139 fb B single-top
SRBTT Wiz Mwes 2 e
&

[N
Q
3

M single-top [l Diboson

Events / 20 GeV

n

4
Z 3 2 T
I3} = E
g 2 2 £
8 1 /%W(/j '}/////J//I//W%%//} FEE - % % S jL
%00 250 300 350 400 450 500 ot - . . - . . - . d
m(J; R=1.2) [GeV] 100 120 140 160 180 200 220 240 260 280
my, [GeV]

Binv < 0.37 (0.42) at 95% CL ]

CMS 36 fb— ! result: Bi,, < 0.46 (0.48) (backup)
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H — invisible: Combination

CATLAS
expentment  [ATLAS-CONF-2020-052]

Combination includes Run 2 VBF and ttH results, but not ZH.

J

T T T
ATLAS Prellmmary
ls=7Tev,47ib"  —— Qbsenved
F 8Tev,203f% o PARSC®

=13TeV, 139" i

95% CL upper limiton By, .,

ttH VBF
Run 2 Run 2

Comblned Comblned Combined
Run 2 Run 1 Run 1+2

95% CL; obs (exp)

Run 1 Bin < 0.25 (0.27)
Run 2 VBF B, < 0.13 (0.13)
Run 2 ttH B, < 0.40 (0.36)
Run 2 Binv < 0.13 (0.12)
Al Biny < 0.11 (0.11)

Scott Snyder (BNL)

Higgs portal: interpret in terms of

WIMP mass and nuclear scattering
cross section.

90% CL: Biny < 0.09 (0.09)

Owiwe-nucleon [€M7]

Exotic and invisible Higgs decays at the LHC
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Higgs — scalars

Some extensions to the SM include 'u’
Higgs decays via a pair of on-shell
(pseudo)scalars, eg, 2HDM+S. a ‘LL+

a — bb generally dominates, but
other decays may also be significant
depending on the model, such as
a— U, a—> 7T, a— Yy, a— g§. ) b

Upper limit of sensitivity m, < 62.5 GeV set by requirement of H — aa.
Most searches sensitive down to 15-20 GeV — below that, decay products
can start to merge.
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H— aa— YYYY [CMS-PAS-HIG-21-003]
CMS Preliminary 132 b (13 TeV)
Decay to 4 resolved « has low SM background. | £ T Dt
:>j B Event Mixing

In some models, a may have only decays to

— m, =50 GeV
photons

H
_____ N
\\
9 a \\< 7
BT e e N I I
7 8 1af T z
£ et 1t ﬁﬁ LTbr T T4
Use BDT to separate S/B. 0sf + 1 ‘L‘H T +‘ TLH
Hypothesized m, is one input to BDT. OB [y e
. -08 -06 -04 -0.2 0 0.2 0.4 0.6 0.8 1
[arXiv:1601.07913] BDT Output
BDT variables chosen to be uncorrelated with
WAy
Event mixing used for background training
sample.

Use my~~~ as final discriminant. Fit to sum of
signal+background models.

v,
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H — aa — yyvyy

Events / GeV

CMS Preliminary

132 b (13 TeV)
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YYyy
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CMS Preliminary

CMS
[CMS-PAS-HIG-21-003]

132 fb? (13 TeV)
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H — aa — bbuyu

a — bb expected to dominate, but
a — pp can be significant in 2HDM
models with enhanced lepton couplings.

SATLAS | om0y

Background mostly Z + jets and tt.
Use BDT to improve S/B discrimination.

whp~ with 15 <my,,, < 65 GeV.
Exactly 2 b-tags.

Kinematic fit of bb to enforce mpp ~ my, to

improve mpp,,,, resolution.

110 < mfjy , < 140 GeV; ET™s* < 60 GeV

_ Top CR: EM > 60 GeV
DY CR: mpp,,,, inconsistent with H(125).

Fit signal 4 control regions and search
for excess in m,,,.

0.0014— ——— Observed 95% CL upper imi]
E ATLAS — — Expected 95% CL upper limit
0.00121— s = 13 TeV, 139 fb* N Expected limit (+ 1o)
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59

BR upper limits: 0.2 x 10~* to 4.0 x 10~%.
Significance of excess: 3.3c (local) / 1.70 (global).
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ZH — 00bb + EMiss

?&Ikﬁé [arXiv:2109.02447]

Search for cascade decay H — ¥3%% — (a — bb)¥ Y J

Selection

81 < m(¢¢) < 101 GeV; pr(¢L) > 40 GeV
> 2jets; > 1 b-tag; 20 < m(jj) < 120 GeV
Emiss > 100 GeV;

0.8 < (pr(if) + Efs®)/pr(£€) < 1.2

@
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T
ATLAS

3 60—
(G} C ® Data I N
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Scott Snyder (BNL) Exotic and invisible Higgs decays at the LHC

0

Background primarily Z+H.F. and tt. J

Fit m(jj) in signal and control regions.

= T T T T T

=1 E — . - SMZH (Z- Il) cross section _]
o~ 016F «AtLAS L —k— m,,m =10GeV,80GeV
g i .FVs=13Tev, 130" Ty X 10 GeV, 65GeV
1 0.14F-95% CL Obs. Limits g m; 10 GeV,95GeV
[ —a—m, 10 GeV, 110 GeV 4
5 0.12F 20 GeV, 80 GeV B
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T 01 E
5 0.08 E
" 0.06]~ E
o 006 B
g E
5 0.04 E
0.02~ E

0 E L L I I L k|
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Assuming B(%3 — a%?) = B(a — bb) = 100%
and meo 9 = 10,80 GeV:

B(H — %3%9) < 31% (95% CL)
for 35 < m, < 55 GeV.
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ATLAS H — aa summary

Interpret as limits on

H — aa branching ratio
in the context of specific
2HDM+S models.

10

Oy
=2x BR(H- aa)
Osu (

95% CL on

Includes results current
through 03/2021.

Scott Snyder (B

GH
X BR(H- aa)
T, BR( )
& g g

95% CL on

Exotic and invisible Higgs decays at the LHC

s
expeRmment  [ATL-PHYS-PUB-2021-008]

ATLAS Preliminary
March 2021

Run 1 {5 =8 TeV
Run 2: {s = 13 TeV

2HDM+S Type-|
AW expected £1 0
——— observed

Run 120.3fb H-- aa - ppre
PRD 92 (2015) 0

Run 120.31b™ H- aa— yyyy
EPIC 76 (2016) 210
Run 236.11b™ H- aa— ppup
JHEP 06 (2018) 166

Run 2139 b H-- aa . bbuy
ATLAS-CONF-2021-009

ATLAS Preliminary
March 2021

Run L /S = 8 TeV
Run 2: {s = 13 TeV

2HDM+SType-l1l, m, =40 GeV

MR expected £10
observed

JIHEP 06 (2018) 166



Higgs decays to dark photons

Many SM extensions include a U(1) dark gauge symmetry with gauge boson Zy J

mixing with SM Higgs via x and with hypercharge gauge boson via €.

Gives rise to H — ZyZ4 and H — ZZ,.

J

Z4 has significant decays to £ (~ 0.2-0.3). Prompt for ¢ 2, 1075.

¢
Zy ¢ Z t
K
H---o- 2 —
Z Z;
d ¢ 7 ¢
¢ ¢

Also sensitive to H — aa — 4y if B(a — pp) is significant.
Could be ~ 10% for Type-ll 2HDM-S with tan 8 ~ 5 and m, < 4 GeV.
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H — ZdZd/aa — 4/

Two £ pairs: (ee)(ee), (ee)(up), (ppe)(peps)-
myy consistent with my.

myg inconsistent with J//T and mispaired Z.

Mass compatibility of pairs: m12/ms34 2 0.85.
Consider only 4y for 1 < my < 15 GeV.

[ATLAS-CONF-2021-034]

18|
16|
14
12
10|

Events /2.5 GeV
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ATLAS Preliminary ] Z+jets
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o

=

g

ATLAS Preliminary
Vs =13 TeV, 139 fb™
H-aa— 4y, 2HDM+S

High mass: 20 evts obs.; bkg: 15.6 £ 1.2

Low mass: 0 evts obs.; bkg: 0.9 £0.1
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§
E 3
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g E
g e / E
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o 10+ / — Observed =
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J
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Also limits on model-independent fiducial cross sections and on ' (in backup).
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H— ZZd — 4/ ?!;\I!Tﬁwsr [ATLAS-CONF-2021-034]
Two £ pairs: (ee)(ee), (ee)(u), (pp)(ap)- 356 events observed; bkg: 319.7 £17.0 J

Mmgyy consistent with my. — 12 T T T T T T T
= C ATLAS Preliminary ]
. . . = - 1
One pair (mi2) consistent with m. s oL H — ZZd fS=1sTev. 130M7 1
0 e 0 . N Expected ]
Look for peak in distribution of msq. NI = Expected 16
v 000 [ Expected 2 & ]
ey . -
T C ]
> goE T T T s *°F B
8 E ATLAS Preliminary @) v, i+z ] % M} {
o 80 C 5 =13 Tev, 139 o™ [ Reducible (z+Jets, Wz, tf) E “;t’ E :
< E ) _ 2z -« ] 3 o2 —
I 70 - ZX Signal Region Bl 3 ; E ]
2 r B zza.m =206ev 1 & 01573035 30 35 a0 a5 50 55
g 60 2zd, m, =35GeV — Mz, [GeV]
Li E . 22, m, =56 Gev E £ 3 = ! ! A‘TLAS ‘Prelim‘inaw 3
50 5 B Uncertainty E = E H Z Vs=13TeVv, 139 fb* ]
r ® Data | 8 C — a —— Observed B
A0 F 4 o Expected =
E msg 3 s F [ Expected 10 E
= 1 =N [ Expected+20
30F - [ ]
£ 1 = C 3
C ] B 15 —
20 [ | - s E E
£ E E £ =
10 = = 3 £ 7
E B S os -
3
) £ B
10 20 30 40 50 €0 R B N N N NN
m,, [GeV] s m, [GeV]

Also model-independent fiducial cross section limits and €/¢ limits (in backup).
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H— XX/ZX — 44 % [CMS-PAS-HIG-19-007]

Exclusion limits for comparable CMS analysis are similar. )
CMS Preliminary 137 b (13 TeV) CMS Preliminary 137 b (13 TeV)
é‘ ---------- Expected exclusion = i e Expected exclusion
5 Observed exclusion §10‘3 Er —— Observed exclusion
810° H - 2,27, - 4l, k =0.0002 A —— H 22, - 4,£e=005
! to L
X X | A
Q Q
X X 1o
< ;210
x N
1 e !
£ N z
Q N q -
b
10\ T ‘20‘ T \30\ T \40\ T \50\ L1 10—5 5 10 L ‘15‘ L ‘20‘ L \25\ L ‘30‘ L \35
m, [GeV] m, [GeV]

Also limits on axion-like particle interpretation and on x (in backup). J
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Lepton flavor violation
and rare decays

H — ¢¢' forbidden in SM but allowed in some extensions:

SUSY, composite Higgs, Randall-Sundrum, etc.

H — ey strongly constrained by p — ey limits: B(H — ep) < O(1078).
[arXiv:1209.1397]

However this assumes SM values of the Yukawa couplings Yee and Y.

A direct search allows constraining Y, without such assumptions.

Limits on rare 7 decay 7 — p and 7 — e imply
B(H — p7) and B(H — e71) < 10%. [arxiv:1309.3564]

Also interesting to look for anomalous H — ee.
SM B(H — ee) ~ 5 x 107, far below the LHC sensitivity.
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H— er/ur

Channels: ety eT,, puth, jiTe

Jet categories: 0j, 1/, 2 (ggH), VBF

Use BDTs to discriminate signal.
Joint fit to BDT output.

137 b} (13 TeV)

T T T T T [¢
CMS ~+Observed ~ [JZ-Tt
u . 2 jets VBF B Z-eelup mtit+jets

MEW Wiz Diboson 0.37(0.33)%

[CIW+jets/QCD  [SM H b, 136t

— H-pit (8=20%)[]Bkg. unc. 0.40 (0.43)%
w2 Jets
0.50 (0.49)%
o) VBF

b, 0 Jets

b, 0 Jets

b, 10et
036 (057)%
w2 Jets

06 =04 =02 0 0.2 wr,, VBE
. 0.58 (0.83)%
BDT discriminant

ns
015 (0.15)%

0.39 (0.30)%

031 (0.34)%

077 (1.13)%

MS

cms, |
— | [arXiv:2105.03007]

Backgrounds: Z — 77; W + jets and
QCD with jets misidentified as leptons.

137 fb™ (13 Tev)

H - pt BDT fit

e Observed

X Median expected|
[ 68% expected |
[ 95% expected

H — pr limits

-1

B(H — pr) < 0.15 (0.15)% ¢!

VIV P+ [ Yeu? < 1.11 x 10—

3

1 2 4 5
95% CL limit on B(H- ) %

CcMS 137 fb™ (13 Tev)
e, 00015 HH‘H.‘“HH‘HH‘HH‘HH
044(039)% | H - et BDT fit B
er,, 1Jet e Observed
0.68 (0.44)% l X Median expected|
er, 205 | [ 68% expected |
0.78 (0.55)% . [ 95% expected
er,, VBF
o B er limits]
ex,, 0 Jets I T
0.42 (0.34)%
er,, 1 Jet
0.56 (0.53)% .
er,, 2 Jets
1“35 (1.08)% -
er,, VBF
0.42 (0.86)% ‘=
et
0.22(0.16)% * ) ) ) ‘

-1 0 1 2 3 4

5
95% CL limit on B(H- e1) %

B(H — er) < 0.22(0.16)% Lo/e ]

obs (exp)

VI Yer|2 +[Yre2 < 1.35 x 1073
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H— ee/e,LL ?!;\I'!T'ﬁ'«sr [arXiv:1900.10235]

Search for a peak around 125 GeV in ee and ey distributions.
Divide into categories depending on kinematics of the leptons and any jets.
Fit to sum of signal and an analytic background model.
ee bkg dominated by Z/y* — ee. eu bkg includes Z/v* — 77, tt, WW, etc.
> 100840 P > 700 P
8 [ ATLAS s=13Tev, 139 fb* ] 8 £ ATLAS s=13Tev, 139 fb™ ]
% 80k ¢ Data . g 600? ¢ Data E
E R — Background model ] -‘-é 500 — Background model 4
u 60 — Signal B(H - ee)=2% | u s, —— Signal B(H - e)=0.05% E
¥ 1 g el E
] Vot
[ 1 200 b
20 - E E
r ] 100; E
R N
500}~ 3 60F e
=S 1 = 405 =
P (} \m ++ H%‘J‘nﬁ Ppgbi et ptet] . % 1‘.+ “ L ‘Lﬁ H%\W +++ i
g 3“# wﬁH AT ! 5 :Lzlg—ﬂ, W f+++ ++ RN
-500( | -60F "
110 115 120 125 130 135 140 145 150 155 160 110 115 120 125 130 135 140 145 150 155 160
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B(H — ee) <3.6 x 107* (3.5 x 107%) B(H — ep) < 6.2 x 107° (5.9 x 10_5)J

[95%] obs (exp)
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Summary

Both experiments searching for nonstandard decays of the 125 GeV Higgs. )i

Converging on final results from Run 2. J
Limits on H — invisible, H — aa, H — ZZ4/Z4Z,4, and
H — er/ut/eu/ee. J

Many searches are statistically limited. Looking forward to improvements
in LHC Run 3! J
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. Cms |
H — invisible: E™* + (V — J) or monojet b [

Result by channel: Result by channel and run period: )

137 fb=1, 2016-2018 (13 TeV)
T T

137 fb~1, 2016-2018 (13 TeV)
T T T T T T

T 1.0 T T 2.00pT T
»(E; 95% CL upper limits CcMS %/1 - CMS
95% ted P E
E [ Z:p:;: d E 95% expected ~ -o- Median expected
20.8- ° P n 21.50 M 68% expected  —e— Observed B
S -o- Median expected s
" —e— Observed 425k , , 4
— —_ H Years H i
> > | combined | Nocombination
= o6l I = i i
T T i i
S z 0.75 H i
Q Q i
0.4 -
95% CL upper limits
0.2 b I I I I

Mono-V |-
Monojet -

Combination [

1 1 1
Combined Mono-V Monojet

Mono-V (2017) &

Mono-V (2018) [
Mono-V (2016)
Monojet (2018)
Monojet (2017)
Monojet (2016
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H — invisible: Es+ VBF

Higgs portal

Interpret in terms of WIMP mass and nuclear scattering cross section.

FAILAS s conr 2020009

)

Owmp-nucleon [cm?]

ATLAS Preliminar
10% |- B,, <0.11 y
i - Vs=13 TeV, 139 fb™
— All limits at 90% CL
10—41 - Higgs Portal Other experiments__|
B % Scalar WIMP DarkSide-50 |
- S Majorana WIMP v LUX
10—43 | == pandaX-ll __|
B = XenoniT
107 —
10—47 nl TR | 1l TR | Lo
1 10 10 10° 10"
My [GEV]
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H — invisible: EM4 VBF
Selection

PS> 250 GeV

2 jets |An(j)| > 1

pr(j1) > 80 GeV; pr(j2) > 40 GeV
mj; > 200 GeV; A¢(jj) < 1.5

mnz2 <0

No leptons or b-tags.

Cms |
[arXiv:1809.05937]

Mostly (Z — vv) + jets,
(W — tv) + jets.

Constrain BG using CRs with 1 or 2
leptons.

35.9 bl (13 TeV)

>
D o ) 1
& 0'r CMS —$— paia [ zovysiets @coy

Fit shape of entire mj; distribution. g pregfiom Ewerecco El oo
o . -W(\v)ﬂers EW) -rop quark 3
w Il ovoson- [ owmerskae

Biny < 0.33 at 95% CL (exp: 0.25) J ...... vor bz v, - gz .

i ———
T T T [T [T T T T
e-fit - Post-fit Uncertainty

5.

(Data-Pred.) Data / Pred.

el b b b b b b b bee
0.5 1 15 2 25 3 3.5 4 4.5 5

m; [TeV]
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H — invisible: EM™S 4 (Z — 04

Selection

P > 100 GeV

Z — 00 candidate (|mge — Mz| < 15 GeV)
pr(£€) > 60 GeV; AR(¢¢) < 1.8

p1"_‘iss is back-to-back with #¢, not dominated
by soft terms, and away from any jet.

No b-tags or additional leptons; no more
than 1 jet.

.

137 fb™' (13 TeV)

> 10* T T
3 cMsS Zanh,, Gnv.) * Data
g o vy S Bre e,
2 © = Oreli-van
] 107 O-jet category wz
2

10 Wl Nonresonant

1 0 jets

107t

1072

1072

=
w
s

< 1

o h +

200 400 600 00

8
pI'*® [GeV]

Cms |
[arXiv:2008.04735]

(Z = 40)(Z — vv) and
(Z — £0)(W — fv) constrained from
data in 3/, 4¢ CRs.

ep CR constrains tf, etc. Low-ETss CR

constrains DY.

Fit to E™Mss distribution.

137 fb™ (13 TeV)
10* T

zanh,, Gnv.)
— ADD n=4,M_=2 Tev

* Data
S\ Bkg. une.
= oreli-van
-z

CMS

1-jet category

Events / GeV
I
o
»

zz

vwv
B Nonresonant

1 jet

Biny < 0.29 at 95% CL (exp: 0.25733%)

Scott Snyder (BNL)

Exotic and invisible Higgs decays at the LHC

10t

1072

107® -

= s =

g N POPSE ] | |

g T + 1 l E

200 260 600 500
pm=s [GeV]
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H — invisible: E"* 4 (Z — ¢0) Yatas [ATLAS-CONF-2021-029]

Seectior Bakgomds

EF™ > 90 GeV; Sppis > 9 (Z — £0)(Z — vv) constrained with
Z — 0f candidate (76 < my, < 106 GeV) simulation and 4/ CR.
AR(£0) < 1.8 (Z — £0)(W — lv) constrained with 3/
No b-tags or additional leptons CR.
2 4opo T/ + jets estimated from simulation.
“>) ATLAS PreliminaryJ - ;;ta 73’(; —~inv) = | _
Y soof STV B Ml eu CR for tt, Z — 77, etc.

Sensitivity improved with BDT.

Simultaneous fit of BDT distribution
in SR and CRs.

2
s}
AR RERARERE]

Data/Pred.
4
+
o

Binv < 0.18 at 95% CL (exp: 0.18) J
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H — invisible: EM + (Z — (/)

Higgs portal

Interpret in terms of WIMP mass and nuclear scattering cross section.

FAILAS s conr 200 0o

)

;E F — ;‘.HH‘ T R
S, . BH inv) <0.15 ATLAS Preliminary -
5 107 |- " All limits at 90% CL —
2 r Vs=13TeV, 139 fb™* R
: F 3
$ 109
3
N
107
107
- Higgs Portal Other experiments ]
F 445%% Scalar WIMP = 1= XENONLT MIGD 2020
ag | W Majorana WIMP -« . - DarkSide-50 2018
107 | LUX 2017 3
----- PandaXx-l 2020
— —— = XENONIT 2018 —
10750 Ll | Ll
1 10 10 10°
My [GEV]
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H — invisible: EMss 1 (Z — (0) b [——

Higgs portal

Interpret in terms of WIMP mass and

137 fb~! (13 TeV)

— 10732
& " — C
€ CcMS = CMS (Vector, Dirac, gy =1, gq=0.25)
So10-34f —— XENONIT (2018) ]
= —— LUX (2016)
o —— PandaX-Il (2017)
100t —— CRESST-Ill (2019) 1
2 —— DarkSide-50 (2
s 10738} ]
e
§ 107} ]
1042 —/_\
107441
107461
90% CL
-48 " X
10 100 10T 102 103
m, [GeV]

Scott Snyder (BNL)

nuclear scattering cross section. J
137 fb~! (13 TeV)
NE ~ —— CMS (Axial, Dirac, gy =1, gq = 0.25)
5107 CMS o0 2019) 1
= —— PICO-2L Run-2 (2016)
S —— IceCube tt (2016)
< 10736 —— Super-Kamiokande bb (2015) g
g
3
\é’ 10—38 4
S
10—40 4
10—42 4
90% CL|
10—44 L L
10° 107 10? 103
m, [GeV]
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H — invisible: EM™ + (V — had)

Selection

Resolved: )
2 jets 65 < my; < 105 GeV; ET'™* > 150 GeV

Merged: Large-R jet consistent with W /Z
decay; ET"* > 250 GeV

No extra ¢; no b-tags unassociated with
signal jets.

Multijet suppression requirements.

Bin according to number of b-tags
and jet substructure variables.

Biny < 0.83 at 95% CL
(exp: 0. 58+8 %g)

Scott Snyder (BNL)

Exotic and invisible Higgs decays at the LHC

?&I.!Tﬁ»ﬁ [arXiv:1807.11471]

Mostly V + jets and tz.

Constrained using CRs containing
leptons.

> ‘ ‘ ‘
—e— Data

8 ATLAS =gt

-1
= Vs=13TeV,36.11b :| n by smgle top quark
[2]
= SR: resolved topology I:I
q>_) 0 leptons, 2 b-tags \\\\ BaCkgglajgl?glch?::g ainy
] —'H—)IHV(B =100%)

H o inv
— - Vector Mediator Model

my =600 GeV, m =1 GeV

200 400 600 800 1000 1ZOQ 1400
ET [GeV]
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H — invisible: E—P“SS + tt [CMS-PAS-HIG-18-008]

35.9 fb* (13 TeV)
T

T
CMS Preliminary

SM

INd
3

Discriminating variables:
o all-had: Emiss

o /4 jets: mt

—e— Observed
--©- Median expected

. 68% expected

[ 95% expected

N

95% CL upper limit on o x B(H - inv.)/o,

15
e ll: myy
— 1 1 2
= MIN miss,1 , miss,2 iss |Max(m=, m
pT 5 +pT =p$|ss[ ( T T)]
v
CMS Preliminary 359" (13 Tev)
““““““““J““““‘AN153“5>10'
[ Lost Lepton 1] 1 (not from ) tiH, H- invisible M, <1_75u GeV 0.5
2 Total uncertainty  B(H-invisible) =100% 3 g. "% 3 ¢ =10,
4 Data 377 mod '
M, > 175 GeV
CiNy24,t <0,
M, <175 GeV
DiN;24,t <0, Combined oL 1L 2L
M, > 175 GeV
E:N,24,0<t <10, 0 - - =1l
wemew  95% CL limits obs (exp) (36 fb™1)
TN, 24,0<t <10,
] M, >175GeV
all-had: Bin, < 0.85 (0.73)
M, <175 GeV

e 0 + jets: By < 0.71 (0.87)
00: Biny < 0.89 (1.06)
7 Gev) all: Bi,, < 0.46 (0.48)

Data / pred.
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H — invisible: Combination Yatas [ATLAS-CONF-2020-052]

~ 10f——— g z 1 T T T T 3
< .. | £ . . =
= ATLAS Prelimina B El
2:1 91'-. 5=7TeV, 4.7 b i E mIr 0.9 %TI=_A7S'I'e|;>/r,ellllr;1 I?be'l{y —_ (é)bser\t/eg E
o g} Ezsrevaosn E _ 08 Is=8Tev,203fb! o PSCEC 2
=13 TeV, 139 fb" E = ) T B
7:, :Run i Comb. = .2 0.7 /s=13TeV, 139 b C£20 =
E — Run 2 Comb. E £ B
60 — Run 1+2 Comb. E = 06 E
E Q =)
5 . — Observed 4 % 0.5 =
£ ---- Expected 4 S 0.4 B
4? E d . E
3F E § 0.3 -
X+ E ° 02 =
£ L

= g | 0 1 1 - 1 . 1 -

0 _ ttH VBF Combined Combined Combined
01 0 01 02 03 Run2 Run2 Run2 Runl  Run1+2
BH - inv

Run 2: Bipy < 0.13 at 95% CL (exp: 0.1275:53
Run 142: By, < 0.21 at 95% CL (exp: 0.1170:02
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CMmS/ |
H — invisible: Combination Z [arXiv:1809.05937]

4910 (7 TeV) + 19.71b™ (8 TeV) + 38.2 b (13 TeV)
T T

95% CL; obs (exp)

Run 112015 0.23 (0.24) m, GeV]

2016 0.26 (0.20)
All 0.19 (015) | | Biny < 0.16 at 90% CL J
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o F - . . .
£ of CMs Higgs portal: interpret in terms of
> 0.9
c £ 0
T oar O WIMP mass and nuclear scattering
T ’ oo Median expected Cross SeCtion
[+1] r .
0.7
< r 68% expected
© r - . 4917 (7 TeV) +19.7 b (8 TeV) + 38.2fb™ (13 TeV)
S 0.6F 95% expected G 107 g e g
£ I 5 0. CMS 90% CL limits E
= g B(H-inv)<0.16  J
aé_- E E Higgs-portal models
3 %% E £55 Fermon DM
(&) E Scalar DM 3
° L 4
ﬂ\-) E Direct detection %
@ E © —— XENONAT
E I —Lux E
E | = PandaX-li <
E H — CDMSLite E
0 1 1 E ,-' —— CRESST-lI -
Combined 7+8+13 TeV  Combined 13 TeV  Combined 7+8 TeV E —— CDEX-10 E
10°




H — invisible: Combination

491" (7 TeV) + 19.7 fo™' (8 TeV) + 38.2 fb™ (13 TeV)

B T
5 rews ] ]
> _r ; 1
o 70 / 1
-4 r J ]
< f ; ]
o 6 / K E
F ’ g B
[ : . ]
5- : B
4l ;o E
——— Observed
3
- - Expected
Combined 7+8+13 TeV/

Combined 13 TeV

Combined 7+8 TeV

LT B

Ll e e b Lo Loy

007 02 03 04 05 06 07
B(H —inv)

CMS, “
1z [arXiv:1809.05937]

4917 (7 TeV) +19.7 b (8 TeV) + 38.2 b (13 TeV)

Kr
o
=
&
/Oy

4 LHC best it
— 68% CL
---95%CL

S
N
&

95% CL upper limit on o x B(H— inv}

o
N

o
o

Run 2 (2016): Biny < 0.26 at 95% CL (exp: 0.20)
Run 142: Bi,, < 0.19 at 95% CL (exp: 0.15)
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VH — Vaa — (£0/0v)bbbb (resolved)  FATHAS xiseosors

Searching for H produced with W /Z. Pair b-jets to minimize mpp1 — Mppy.

H decays via aa — bbbb either promptly Train BDTs for a masses of 20, 30, and 50 GeV
or with ¢7 up to 6 mm for signal against tf and Z + jets backgrounds.

< Fit BDT outputs to signal+bkg.

Limits for prompt decays: 3.0-1.3 pb.

)
7 - Best for c7, ~ 0.4 mm: 1.8-0.68 pb.
o \<h <
Require W /Z decay and > 3 b-tags. J g N /
= 5FB8: ATLAS /
g7 T ] S [ E: (s=13Tev, 361"
= 6 " E % aF% 7 —m=20Gev -e-Observed
< ATLAS (s=13TeV, 36.1 b E 4 F — m.-60GeV o Expected ]
[ . ] C\ﬂ/ L . 4
© 5F  Combined  observessswol S Tgy(PP - VH) E
I | I L 4
o Expected 95% CL + 1o _| 1 E ]
£ 4= Prompt I =oecre = ° F 1
I | Expected 95% CL +20 ] o Lo 7
s 3 i 2 2r ]
s (PP~ VH) E E S E
a 3 P [ e ]
£’ E 2 1
e 3 E FO v 1
— Eoof e ]
g O r | ) 4
30 ‘ 2 0 ““1‘0'1 L L
2 %0 30 0 50 60 3 1
) m, [GeV] ct, [mm]

Lose sensitivity for m, < 30 GeV because jets start to merge.
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ZH — Zaa — (£)bbbb (merged) N R

%100,” U0 L BN N B &
85 < myp < 100 GeV 2 Wb a7LAS Simulathn E
. T . o g L & M3 Tev, 36.1 10 ©
Dedicated bb pair reconstruction: 3 el ' ' 18
Reclustering of large-R jets 5 gH - aa - 4bm, =20 Gev
BDT discrimination £ Y

|ma1 — ma| < 25 GeV 2
Overall mass consistent with H(125) 0

Background primarily tt and Z + jets. w w w w
. . -100 0 100 200 300 400 500
Constralned Wlth CRS Reduced Mass (for m,=20 GeV) [GeV]
= T T T = 100 T c
= S N | BN | T T 35 £
S 4 atas e s 's W ATLAS Simulation @
------ Expected 95% C.L. — 2

T35 EE=13TeV. 30100 coumnc - g O |u | [ GewTevasie s £
§ commanssn oL :20 ¢ Jd % ™ Top-quark pair events d
z Expected 95% C.L. (resolved) g E M 2.5
z r

@ - Expoctod S CL. = 1o resoied) e

3 Observed 550 C.L. (resaved) g 4o >

& r

e ouop-2)

5 2000
2 C 1.5

£ [
< o

2 C 1

g r
j -20(—
S 05
g 40
o [ ] L L 0

-100 0 700 200 300 400 500

ma [GeV] Reduced Mass (for m;=20 GeV) [GeV]
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VBF H — aa — YYEE ?!;\Ikﬁé [arXiv:1803.11145]

> C UL L L L | T T T T ]
If fermionic decay is suppressed, a can S o 4:“:’-‘1; VT — ot ool ]
. . o . s = eV, . —
have significant decays to g/~. - Bef =t ¢ Data ]
. . n F efore selection ]
Tag H production using VBF. £ 03 E
<3 : Myjj 1
2 photons, > 4 jets E s ' ]
VBF o F LT i
mg=t > 500 GeV E 0.1 . .-.!I. . -
100 < my~j < 150 GeV s F = teee,,
himiminialamaae® | e
[mjj — myy| < 12-24 GeV 0-% 50 100 150 200 250
% M, [GeV]
YvJ
Bkg estimated from data sidebands (ABCD). J 5 O T T ]
2 CATLAS ®  Observed 95% CL limit |
- C 1 Expected 95% CL limit ]
T 0.4FVs =13TeV, 36.7 fb " mmmm Expected limit 10 ]
C Expected limit 20
my Nevt kag o F ]
= +7 T 0.3F 4
20-25 4 6, + O3 ]
25-35 15 81 g ook E
35-45 26 3673 s f :
45-55 38 26793 0.1 3
55-60 36 66159 NN T
0'01 1 IR Lo Lo Lo 1
> 20 30 40 50 60
m, [GeV]
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H — aa — bbupu

ptp™ with 20 <my, < 62.5 GeV.
Exactly 2 b-tags; E{-"iss < 60 GeV

=

— (mbb*mu#)z (m#m,b—125)2
A

Events/(0.85)

35.9 fb' (13 TeV)

50
CMS
+ Data (combined)

Best-fit bkg. model

4! Background-only fit

5}

4

s}

3

a

68% CL uncertainty

3

S
T[T [T T[T T[T [ TT T[T 7TT

N
a

m,, (GeV)

Extract signal via unbinned fit to my,,.

Scott Snyder (BNL)

— 2x10
2 I 95% CL upper limits
6
g 3 PP CMS
= [ e Median expected
L [ [] 95% expected
:_‘ 1.5~ [ 68% expected
T r —e— Observed
= L
=
= L
x = r
°£| 5 1
= L
S .
0.5—

tanf

Exotic and invisible Higgs decays at the LHC

o | T R S T R A
25 30 35 40 45 50 55 60

Cms |
[arXiv:1812.06359]

-2 35.9 fb! (13 TeV)

m,, (GeV)
35.9 fb (13 TeV)

<,
2HDM+S type Il T
— — — 95% CL on :T':m xB(h-aa,) =100 10 %
....... 95% CL on 5 xB(h-~aa,) = 0.34 Az
Sl
<
o
3
o
1=
n
(52
107
60
m, (GeV)
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s |
h — UL Z [arXiv:1812.00380]

35.9 fb* (13 TeV,

0
1L
)

Search for h — aa+ X — pupup + X. =045 i
S 0.4

h may or may not be SM Higgs. Foas

—95% CL upper limit

< O3

AE’ 0.25

2 pp pairs, my,, < 9 GeV. < o2
. ]

myu1 and my,n consistent. ~

0.15
0.1

35.9 fb? (13 TeV) < 005
7 10

CMS
T

L
N
IS
o
®

m, [GeV]
35.9 fb1 (13 TeV)
NMSSM 95% CL upper limits:
—-m, = 90 GeV
— - m, =125 GeV
v m, =150 GeV

m(l—lli)z [GeV]
&

0
<
[0}

"
5]
&
025 GeV x 0.025 GeV)
) [fo]
B
o
R

Reference model:
— o(Pp — h, - 2a) = 0.003 x og,
o(pp — h) x B(h — 2a) =0forj#i

0.
a

107 S 10

Events
2
- 2a)B

10®

.
T

6 7 8 9 o
m(uu)J [GeV] g

10" L B
1 1.5 2 2.5 3 3.5 4

e o T . o 05
Dominant bkgs: bb, double-J/1, VV. Observe e, [GEV]
13 evts, expect 9.90 + 1.24 + 1.84.
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M5! [arxiv:1805.10191]

H — da — bbTT/ILLILLTT ~— | [arXiv:1805.04865]
Final states: ey, uth, eth Final states: upu _|_(e'u, WTh, EThv ThTh)
At least one b-tag.
_ ‘ m¥s < 100-130 GeV;  m¥s < m,,,
Categorize based on m“'sbr7;
additional kinematic selection. J 35,9 53(13 Tev
. =

> T T T T T T T T T J
35.9 fbt (13 TeV) 8 cMS — Signal modell — Bkg. model E
> - T T T T = 7 ---Bkg.uncertainty [ |zz- 4 -
8 6000 CMS —+- Observed Cz-w = w [ misidentified t ¢ Observed 3
E oyt [z - eelup [[it+jets E o SFUM+ Ut =
S 5000F " n DCliet- 1, [ other = ‘qc: h B(h- aa- 2u21) =0.01% E
= E me=40Gev L E E B(a- 2u)/B(a- 2t)=m %m? E
2 4000 h- aa- bbrt  [[1]Bkg. unc. 3 o ( 1)/B( )= m5/m, E
g o o(h) B(h— aa— bbtt) =10 9 =
> = 2 - ]
o 3000 E E 3
2000 - = E
1000 = E
g 14 T 20 25030 35 a0 450 50 55 60
1.2
w g T S S, S SO L Y My, (GeV)
= [ % eveos QO A ¥e
82 os
(@] 0.6 .
0 60 560 300 Te) Search for peak in my,.

mys (GeV) Bkg: Mostly ZZ and Z/WZ + jets with
misidentified 7, estimated with simulation +
fake factor.

Extract signal using m¥s

Estimate bkgs with simulation + fake factor. J
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H — aa — bbr7/purt

M7 (ariv:1805.10191]
[arXiv:1805.04865]

Model-independent limits on 72 B(H — aa — bbr7/putT).

SM
bbrT HUTT
35.9 fb? (13 TeV) X 102 35.9 bl (13 TeV)
§ 25FCMS —— Observed ij_ O-S-CMS —— Observed 1
_Jg —— Median expected 1 o7k —— Median expected ]
< O
T b I 68% expected “T‘ osk Combined [ 68% expected ]
g l:l 95% expected % ’ [ 95% expected
!t Combined <] 705F 1
< 15f o |
= o
Sk c
B’ 2
c £
o =
= —
£ ©
- X
- IS
o 3
X
wn 1 1 1 1 1 1 1 1 1
@ 15 20 25 30 35 40 45 50 55 60 15 20 25 30 35 40 45 50 55 60
m, (GeV) m, (GeV)
3% < B(H — aa — bbr7) < 12% 12% < B(H — aa — ppt7) < 30% |
S
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M5! [arxiv:1805.10191]
— | [arXiv:1805.04865]

H — aa — bbr7/purt

Model-dependent limits on 2L B(H — aa) for NMSSM models. J

HUTT
35.9 fb? (13 TeV
(13 Te )106

bbrT

35.9 b (13 TeV)
T

CMS
< 10 T T
g LE 2HDM+S type | _ % 50 E)
) X L 2HDM+S type II, tanp = 2.0 X
% "3 ‘, oS upe =20 E g ) 2HDM+S type llI 1
I . - 2HDM+S type IV, tanB = 0.5 ¥ 5
=z o7f T
s o s s oL on 90 @
B 10'g| 2
S o5 & 2
g : minn g6 ot on 9Wah - as) = 0.34 -
g 0 :
B o3 o
(@]
02 ol
0.1] Lor\c;
00 T ¢ ¢ ’
X 35 20 60 >
[T S iy,
m, (GeV) o
1
107?
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h — aa — 7777 /7T

Require SS, widely-separated p pair, each with

a nearby OS track.
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Background mostly QCD multijets.
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H— aa— MUUTT (bOOSted) — | [arXiv:2005.08694]

Dedicated reconstruction algorithm for close-by 7,7, allows probing smaller m,. J
ptu~ pair with AR < 1 Background mostly W/T + jets
TuTH pair with AR < 0.8 '
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H — aa — pprt (boosted)

mpp) vs. m(ugimms)
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Model-dependent branching ratio
limit: 2HDM+S Type-I
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H— ZdZd — 4 @;\I!Tﬁusr [ATLAS-CONF-2021-034]
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H — ZdZd / aa — 44 ATEAS  (arLas-conr-2021.034

Model-independent fiducial Limit on ' mixing parameter.
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H— ZZy/aa — 40

Limits on fiducial H — ZX — 4¢
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CMS

H— XX/ZX — 44 | [cMS-PAS-HIG-10-007]
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H— XX/ZX — 44 % [CMS-PAS-HIG-19-007]

Axion interpretation limits. )
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Run 2 ATLAS Bggy limits
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