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@ Higgs portal to Dark Sector.

@ ATLAS and CMS results in invisible decays of the 125 GeV Higgs boson:
e Using jet tagging.
e Using lepton tagging.
o Combination

@ Summary
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Why Higgs Portal to Dark Sector?

o Physics Beyond Standard Model (BSM) needed to explain naturalness, hierachy,
dark matter, etc.

o Dark Sector includes dark matter candidates and other dark particles. This talk
is mainly concerned about dark matter with weakly interacting massive particles
(WIMPs) as the candidates.

o The Higgs portal (more on Dr. Myeonghun Park'’s talk) is simple with two free
parameters: dark matter mass and coupling between the Higgs boson and dark
matter. Higgs as the mediator between SM particles and dark matter.

o WIMPs-nucleon scattering cross section exclusion limit can be constrained by
the LHC experiments by searching for invisible decay of the Higgs boson, in
various production modes.
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Search for invisible Higgs decay with tagged jets

Strategies
o Select events with large missing transverse momentum (EX5) + jet(s).
o Assume productions (& acceptance) as in the SM BR(H — ZZ* — 4v) =
1.2 x 1073 — result not sensitive to this but rather BSM physics.
o Main backgrounds: _ '
o QCD multijets with fake ET"** can be reduced by large ET"™* threshold.
o W/Z+jets with real E}"'®® can be estimated using control regions (CR) with
visible decay products where one sees the p1 spectrum.
o Use statistical method to get upper limit on BR(H— invisible), use the limit to
make dark matter Interpretation.

‘ Analysis ‘ Vs( TeV) ‘ Luminosity (fb—1) ‘ Publication number ‘
ATLAS
Mono-jet 8 20.3 Eur. Phys. J. C (2015) 75:299
VBF H 8 20.3 JHEP 01 (2016) 172
Z/W (= qq)H 8 20.3 Eur. Phys. J. C (2015) 75:337
Z(— t0)H 8,13 20.3, 133 ATLAS-CONF-2016-056
Combination 8 20.8 JHEP11(2015)206
CMS
Mono-jet 8,13 19.7, 2.3 CMS-PAS-HIG-16-016
VBF H 8,13 19.2, 2.3 CMS-PAS-HIG-16-009
Z/W (— jj)H 8,13 19.7, 2.3 CMS-PAS-EXO-16-013
Z(— tH 8,13 19.7, 2.3, 12.9 CMS-PAS-EXO-16-038
Combination mono-jet+VH 13 12.9 CMS-PAS-EX0O-16-037
Combination VBF+VH+ggF | 7+8+13 4.94+19.74+2.3 CMS-PAS-HIG-16-016
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Search for invisible Higgs decay with tagged jets

VBF topology

VH topology

o Two high pr well
separated forward jets,
in opposite hemisphere,

o High pt vector boson
decaying to jets
forming a single

Mono-jet topology
o High pr, central

jet(s) large mj;. “fat-jet” in highly
] ' . o Large separation boosted regime (13
P mau . .
o Large Ep™. between EF"®® and jets. TeV), or 2 very close
o Central jet veto. jets in 8 TeV.
o Large Er}niss. Qo Large EFII‘nlss_
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Mono-jet ATLAS 8TeV Eur.Phys.J.C(2015)75:299

Background estimation
o Z(—)vi+ jets & W(— tv)+ jets
estimated using CRs.

Event Selection
o EMSS trigger 80 GeV threshold.

Leading jet pt > 120 GeV, || < 2.0.
o Leading jet pr eV, Inl o Diboson, Z(— £f)+jets (MC-only)

° for SRI. . .
) ) e Multijets and non-collision
o Ad(jet, Ep™) > 1.0. . backgrounds (Data-driven)
® More signal regions (SRs) in Ef"™ . Results: ©95% CL obs (exp) upper limit
Dominant systematic uncertainties: jet on o x BR: 1.51 (1.91) xSM. (from
energy scale & resolution ~10%. SR3 with )

T T T
ATLAS —e— Data 2012
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3
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Mono-jet CMS ©@13TeV

CMS-PAS-16-013 CMS-PAS-16-037
Background estimation

o High rate in ggH but large QCD
multijets background (data-driven).

o Using ¢/v+jets CRs where emulated

Event Selection
° E{Piss trigger 90 GeV threshold
o Leading jet pr > 100 GeV, |n| < 2.5

. —e
[} E’i‘mss:|E&‘mss _’_ZP—TZM/” to
constrain Z(— vv)/W(— fv) +jets
CMS-PAS-HIG-16-016 pn0n o d( JW(= ) +
3 ralimi A Daa ‘ itting metho
L =T, s et
Swh £ oo o Fit to Ep*'®® distributions in all
[ Top quark . .
10 -y regions, affected by a sizeable theory
10 e oo systematics on ggH pr spectrum.
i The uncertainty in the modelling of
10°
o ERSS ~ 2% to 5%.
g Results: Upper limits on %AB;R @95%
2o, f
e 02 0 760 00 800 100# 1200‘ C L. . i 1
ET [GeV] Luminosity [fb~!] | Expected | Observed
Distributions of ET"'*° in data and predicted 2.3 114 1.46
. . 12.9 0.85 0.48
background contributions.
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VBF ATLAS @8TeV JHEP 01 (2016) 172

Event Selection
S48 o Define 3 orthogonal SRs, see the graph.
° E{Pfss triggers (60, 80 GeV threshold),
—48

-
3
S

g

ER's5 > 150 GeV for SR1 (high sensitivity)
o Lepton veto.

o VBF topologies on two jets, central jet veto,

500 - 1000 > 1000 AD(jx, EMiss) > 1 rad.
mjj[GeV]
Background Estimation

o Use W/Z+jets CRs to estimate Z — vv + jets and W — fv+jets (lepton is not
reconstructed) in the SR.

o Large E{Piss cut reduces QCD multijets background, estimated by data-driven
method.

o The rest estimated by MC.
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VBF ATLAS @8TeVJHEP 01 (2016) 172

T T T
VBF Signal (m, =125 GeV, BR=100%) |
W v 3

. Zovy
BN Other Backgrounds

Events/50 GeV

ATLAS
L. 20.3 b7, 8 TeV
o Fit simultaneously all the SR
signal and CRs for each SR

then combine.

Wl o

@ Dominant uncertainties: jet !
energy scale and resolution 200 250 300 360 400
(~ 16% for signal), @

Data/MC

450500
ET*[GeV]

£ Y As | L VBF Signa (m 125 Gev, BF=100%)
variation for W,Z production 2 :gs goT.lé'?bs-',sTev - -
(~ 7-12% on W/Z ratio). . g o ——R—
Results:@95%CL upper limit of :2: e
BR: obs (exp) 0.28 (0.31). 0

Data/MC

1 15 2 2.! .. 4 4. 5
5 3 35 m 5[TeV] 9
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W/Z (— qq) CMS @13 TeV

Dominant systematic uncertainties

Event Selection:

affect v/Z and W /Z ratios coming from

o Emiss (Hmiss) triggers > 90 GeV  higher order EW and QCD corrections.
: . . 0 [ ogXBR.
° p/T > 250 GeV, ERSS > 250 GeV Results: ©95% CL Upper limits on TV
o Ad(j, EMis5) > 0.5 rad. Luminosity (fb=1) | Expected | Observed
o Using jet substructure techniques to 53 143 Toa
identify jets from V-boson decay: 129 117 0.72

o Fat-jet with m; close to myy,7:

65 < m; <105 GeV
o Likelihood for N-daughter

CMS PAS H|G 16 016 231" 13 TeV)

CMS Prellmlnary 4o

[ Z(~ vv)+jets

V(jjH-tagged
. T2 I W(-1v)+ets
hypotheses 7y: 7 < 0.6 ) oo
. [ Top quark
Backgrounds: Main ones are B 2(-yviets
[ QcD muttijet

Z(— vv)+jets, Z(— vv)/Z(— jj)+jets — HB - imoetoon
o Using W/Z and ~ +jets CRs to
estimate W+jets and Z+jets with
independent scale factor per bin.
Fitting £ distribution all SR and
CRs simultaneously.

Il

i

Data/Pred.
o

ET® [GeV]

300 400 500 600 700 800 900 1000
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Z (— ¢0) ATLAS ©13 TeV ATLAS-CONF-2016-056

Event Selection:

]

© 6 6 o o

Single lepton trigger.

Exactly one ete— or p+ u— pair.

|mgy — mz| <15 GeV.

ARy (boosted Z-boson).

AD(Z, EPiss) > 2.7 (back-to-back)

pL 15=13TeV, 133107 iy f—-

Events/10 GeV

T
ATLAS Preliminary +Data non-
-7z

e
Z(ee).
alke

ke Lej
LMSR ee+jt Other Bkgs 22 Stat.+Sys.
— ZHi

— m=1GeV,m  =10GeV
m, =50 GeV, M =300 GeV

501
Z()

°

T

Data/Pred.

10?

; 10°
ET** [GeV]

Backgrounds:

@ ZZ continuum bkg ( 50% qqZZ, 3%
ggZZ) estimated by MC-only.

o WZ, W(lv), Z(£0) (~24%) estimated
from a 3-lepton CR.

o tt/WW/Wt/Z(77) estimated in
different flavour ey events.

o Drell-Yan Z(¢¢)+jets (~8-10%)
estimated with ABCD method.
Dominant uncertainties lepton and jet
energy scale and resolution propagated to

the uncertainty on the EL"S.

Fitting with maximum likelihood fit of
the E{Piss distribution.

Results: ©95% CL Upper limits on BR:
obs (exp) 0.98 (0.65).
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Combine direct limit on BR(h — inv) @8 TeV ATLAS

JHEP11(2015)206

@ Combine direct invisible Higgs decay
search results from VBF and VH (also

include Z — ¢¢, in backup)

Channel ‘ Expected ‘ Observed

VBF 0.31 0.28
V(jjH 0.86 0.78
Z(¢O)H 0.62 0.75

Combine 0.27 0.25

@ ATLAS brings this down further to 0.23
(0.24), and removes the assumptions of
SM production rates (couplings), by
including measurements of visible Higgs
decay rates (yy, ZZ, WW, 77, bb). (see

backup)

2InA

T
[ ATLAS

t Obs.:

[ (5=7TeV,4547f"
8" s=8Tev,2031"

— Vis. & inv. decay channels /: ¢
- Inv. decay channels

---Vis. decay channels

0 PN
-0.2 -0.1

T L L]
0 01 02 03 04 05
BR

inv
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Combine direct limit on BR(H — inv) CMS

CMS-PAS-HIG-16-016

Analysis Tag [L(bh | Expected Signal Composition (%)
7 TeV 8 TeV 13 TeV ‘ 7 or 8 TeV 13 TeV
qqH-tagged  VBF - 19.2 [16] 2.3 7.8 (ggH), 92.2 (qqH) 9.1 (ggH), 90.9 (qqH)
Z(I''T™) 491[16] 19.7[16] 23 100 (ZH)
Z(bb) - 18.9[16] - 100 (ZH)
VH-tagged 25.1 (ggH
i 1 (ggH), 5.1 (qqH), 387 (ggH), 7.1 (qqH),
Vj)-tagged - 197[56] 23 | 5 s s (WH) 21,3 (ZH), 32.9 (WH)
. 70.4 (ggH), 20.4 (qqH), 69.4 (ggH), 21.9 (qqH),
gghl-tagged  monojet - 1v7bel 23 3.5 (ZH), 5.7 (WH) 42 (ZH), 4.6 (WH)
4917 (7 Tev) +<19.7 fb™ (8 TeV) + 2.3 fb™ (13 TeV)
o VH includes Z(¢¢), Z(bb) and V(qq). g wer — Obsered CMS 7
E W T Median expected Preliminary 3
o Upper limits on BR(H— invisible) S v [ 8% expected E
©95% CL: obs (exp) 0.24 (0.23). SuE | os%expected 3
s F
[16] EUrPhySJC 74(2014) goai— E
[56] arXiv:1607.05764 (submitted to S ot I
JHEP) . ——

1
Combined VBF-tagged VH-tagged ggH-tagged
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LHC results on Higgs portal to dark matter interpretation

o Form factor of Higgs-nucleon coupling
fv = 0.337939 causes a band on
ATLAS/CMS exclusion lines.

o Use limit ©90% CL of 0.20 o Similar exclusion plot from ATLAS for 7-8

of BR(H — inv) to make TeV in JHEP 11 (2015) 206

consistent interpretation

with other 0% 491 (7Tev)+<197fb (8Tev)+23fb a3Tev)

astro-experiments. CMS Prellmmary B(H ~ inv.)<0.20
90% CL limits

o Use Higgs portal models
(Higgs as the only mediator)
assuming scalar/fermion
DM.

o Sensitive for WIMP's mass
< my/2, more sensitive
results in low myymps.

AL SRR L
Vel

T

e~ = S S S
5 9% % %8 %
5 & & & A 08

T

DM-nucleon cross section [cm?

107

vl ol o ol ol 3l sl

1 10 10 103
DM mass [GeV] ,
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@ No significant excess in any of the direct Higgs to invisible searches.

@ Strong limits on the BR(H — invisible) are set.

@ Results for 13 TeV data are available from the CMS Collaboration. Because of
limited statistics, so far nothing has gone beyond the Run | results except the
mono-jet one is much improved.

o ATLAS is working on the same analyses for Run II.

@ The limit on the BR gives compatible exclusion limits comparing with direct
detections at low WIMP mass.
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THANKS!
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LHC

CMs

LHC o

ALICE LHCh

* ATLAS — 7 T
' @ ooF ATLAS Online Luminosity  /s=13Tev ]
2 £ [ LHC Delivered k|
g 30; I:lATLAS Recorded B
£ £
S 25 Total Delivered: 27.7 b
> [ Total Recorded: 25.6 fb™
Q c
g 20:
o c
L 15
= =
T 10F
O c
= £
5
0! PR I IS BRI
19/04 17/05  14/06 12/07  09/08 06/09
Day in 2016

Figure : The LHC sketch out. 27km
circumference
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A Large Toroidal LHC ApparatuS (ATLAS) detector

2 Detector characteristics
Muon Detectors Electromagnetic Calorimeters - | Width: 44m
A N\ - L Diameter: 22m
/AN W < Weight: 7000t
\ \\
/ \ ™ Solenoid 1 CERN AC - ATLAS V1997
Farward Calorimeters

\ \
A N\ \ \ / End Cap Toroid

Barrel Toroid Inner Detector X . - celdi
e ool Hadronic Calorimeters Shielding
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Compact Muon Solenoid (CMS) detector

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0m Pixel (100x150 pn) ~16m* ~66M channels
Overall length ~ :28.7m Microstrips (80x180 pm) ~200m> ~9.6M channels

Magnetic field  :3.8T
SUPERCONDUCTING SOLENOID
Niobium titanium coil cacrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m?® ~137,000 channels

FORWARD CALORIMETER
Steel + Quarlz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCA
Brass + Plastic scintillator ~7,000 channels

n Truong (ATLAS Udin

ICTP)
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VBF CMS @13 TeV CMS-PAS-HIG-16-016

Event Selection L
Background estimation

o VBF trigger on events with 2 jets Z(—)vir)W(— lv) + jets estimated using

having high [An(j,j)], large mj;. W/Z CRs. With 30% systematic on ratio
° pJTl(/z) > 80(70) GeV W/Z for higher order correction.
Fitting method: counting experiment
o mj > 1100 GeV ung m , ng p "
using profile maximum likelihood to fit
[+] .
] simultaneously the SR and CRs.
H miss . .
o Ad(jet, Ef%) >2.3 Results: ©95% CL obs (exp) upper limit
o An(j1,j2)>3.6 on BR: 0.69 (0.62).
CMS-PAS-HIG-16-016 CMS-PAS-HIG-16-009 :
2.3 16 (13 Tev) ontrol Regions Signal
L AR AR AR ERARAASRRR AR gr:g? o W w N QCD | Region
€ "F CMS Preliminary t Daa s - - - 37EL - -
LT>:40 VBF-tagged [Jz(-vv)+jets (EQVCVSE::«VV - - - 21f0'7 - 0412
Wl W(-1v)+ets EWK Z = v - - - - - 246
-VV QCDW — pv - 53+6 0.38 +£0.16 - 4245 13+2
EWKW y - 27+3 - - 59+09 44408
(] oD muttet QCDW : wl 12 - 02403 - " +4 | 95+15
DTOP quark EWKW — ev 78+13 - 024+0.14 - 77+11 55+1.0
—H, B(H - inv.)=100% QCDW — v | 0.054+0.05 - 1+2 - 70+10 13+2
EWKW — v - - 52+12 - 25+4 56+13
Top—quark 14+02 6.8+09 71+1.0 0.22 +0.06 80+10 23+04
QCD multijet 5+2 04+02 1200 + 100 3+£20
Dibosons 04404 0.8+04 — 0.02 +0.02 1.9+0.6 0.7 403
Total Bkg 26+3 92+9 25+3 61+13 1500 +100 | 120 +27
Data 29 89 24 7 1461 126
Signal (my = 125 GeV)
m; [GeV] VBF ‘ = ‘ = ‘ = ‘ = ‘ = ‘53,&4‘9
ggH _ - - - - 54436 | o
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W/Z (— qq) ATLAS @8 TeV Eur.Phys.J.C (2015) 75:337

Event Selection:

o EMSS trigger 80 GeVthreshold.

0 lepton Backgrounds: Main ones are

Z(— vv)+jets, Z(— vv)/Z(— jj)+jets

@ 2 or 3 central jets, forward jet veto
) o Using W/Z+jets CRs to estimate
¢ mj~mw/z o W-jets and Z+jets.
o ARjj cut for closed jets in boosted V. o Multijets estimated by ABCD
o Categorising in 0, 1 and 2-tags b-jet method.

miss
and four Ef™ ranges. o Using tt CR to estimate tt

§1200 ’;“8-’:5 e é%f?&én . Dominant uncertainties: jet energy
< Jooof 2o e S 4 scale (1-3%) and resolution (10-20%).
E 800 Fitting all SR and CRs simultaneously

600 with binning EXi5/pY using an

w00 automated algorithm based on expected

events.

200 ] Results: ©95% CL Upper limits on BR:
%? 12 L+‘ AN obs (exp) 0.78 (0.86).
& 087 g5 200 250 300 350 400

ET™ [GeV]
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Z (— ¢¢) CMS @13 TeV CMS-PAS-EX0-16-038

Event Selection: ete™ /utpu™ & EMIsS

(4]

o AD(Z, EMiss) > 2.8,
° , mp > 200 GeV
o AD(j, ENS) > 0.5 to kill Z+jets.
o Categorising into 0 and 1 jet.

CM§, PAS-HIG-16-016_23m*astey)

w 16f CMS Prellmlnary —+ Da‘a
Z(I)H-tagged (0-jet) L WW-+op quark
[

B zz

CJwz

[ ziy(-hy+ets

—— H, B(H — inv.)=100%

200 300 400 500 600 700 800 900 1000

m; [GeV]

ph > 20 GeV, 76 < my, < 106 GeV.

Backgrounds:

o 77(202v)(70%), WZ(¢vl) (25%)
estimated from MC @NLO.

Fitting mp distributions (transverse mass

of the ((-E™sS system) in e/u channels.

Results: ©95% CL Upper limit on

oz x BR 1.1 pb (1.1 pb). New at 12.9

fb~1 on BR: obs (exp) 0.86 (0.70).
CMSPAS-HIG-16-016 23*@3tev)

CMS Prellmlnary + Da‘a
Z(I)H-tagged (1-et) L WW-+op quark
[N

B zz

CJwz

[ ziy(~y+jets

—— H, B(H - inv.)=100%

200 300 400 500 600 700 800 900 1000
m; [GeV]
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Higgs to invisible, different parametrizations

| Observed  Expected | Assumptions
Direct search 0.25 0.27 Productions as SM (k; = 1)
Indirect search 0.49 0.48 kzw <1
Combination 0.23 0.24 None
Comb. 1 0.23 0.23 kzw <1
Comb. 2 0.18 0.24 one kr and one Ky
Comb. 3 0.16 0.23 one kr and one Ky <1
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Higgs Portal Dark Matter ATLAS

WIMP-nucleon cross section [cm?]

Loan Truong (ATLAS Udine-ICTP)
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10745
e {s=7TeV, 454.7f0"
107F {s=8TeV,20.3 b
10749 ; 5 - Vis. & inv. Higgs boson decay channels ;
et [w, Kz, K, Ko, Ko, Ky Ko Ky, Kz BRT ]
1 0_51 [ No ky,z assumption: BR, <0.22 at 90% CL ]
[ DAMA/LIBRA(99.7% CL) AT AS 90%CLin ]
mmm CRESST Il (95% CL) ; . B
1053 ) CDMS SI (95% ¢L) H'ggsgmla' mocel -
| @ CoGeNT (99% CL) calar ]
F~ —— CRESST Il (90% CL) Majorana WIMP —|
10795 --ee SuperCDMS (90% CL) Vector WIMP ~ —|
-.=...- XENON100 (90% CL) |
r LUX (90% CL) B
10_57 Lol Lol LT
1 10 102 10°

WIMP mass [GeV]
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Higgs Portal Dark Matter

@ The hashed bands indicate the uncertainty resulting from the systematic
variation of the form factor fy

@ The ATLAS limits on the WIMP-nucleon scattering cross section are
proportional to those on the invisible decay branching ratio. They are weaker
(stronger) at low mass for scalar (Majorana and vector) WIMPs, and degrade
as myvp approaches my /2 as expected from kinematics. The limits are shown
for mpymp > 1 GeV, but extend to WIMP masses smaller than this value.

@ The Higgs portal model is a special case of the spin-independent limits where
the Higgs boson is taken to be the only mediator.
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