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Outline

Motivation for Invisible Higgs Search
Comparison of direct search channels
Review of latest results

» gqgH (VBF) overview
Z(IDH(inv.) In detall

gH (mono-Jet) overview
Combination

Outlook for Invisible Higgs
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Higgs Couplings: Still room for BSM

e Conference namesake!
e Direct measurement = better constraints
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CMS, !
The Higgs as a Dark Matter Portal

N. Smith

Does the Higgs connect the indirect detection
Standard Model to dark
matter? 5 oM
* DM mass < Higgs /2 3
)
 Complementary to direct =
. @
detection =
DM
production at colliders
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Seeing Invisible Higgs Decays

Invisible Higgs decay — missing energy (MET)
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N. Smith

Tag SM Higgs production mode with recoil topology

MET

* Most sensitive e /(IDH has low
* VBF signature: two background
well-separated |ets *\V/(gg)H uses |et
* Dedicated Trigger substructure
techniques

* Mono-Jet
reinterpretation
* Large backgrounds
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ChS, !
Latest Results @ |
N. Smith
Papers & Conference Notes in 2016 with Higgs Invisible limits
e arXiv:1610.09218
 Combination of 7,8,13TeV results in all production modes
* Includes Moriond 16 results: HIG-16-008, HIG-16-009, EXO-16-013
e CMS-PAS-EXO-16-037
* |CHEP 16 Mono-(Jet/V)
* CMS-PAS-EXO-16-038
e |[CHEP 16 Z(IHH(inv.)
Table of Observed (Expected) Limits on o X B(H— inv.)/o(SM)
qqH (VBF)  Z(IhH V(qq)H gH
CMS-PAS-HIG-16-009 0.69 (0.62)
arXiv:1610.09218 0.24 (0.23) Combined
CMS-PAS-EXO-16-037 1.17 (0.72) 0.48 (0.85)
CMS-PAS-EXO-16-038 0.86 (0.70)
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| CMS,/ !
qqgH - Overview |
N Smith
» Select VBF topology, reject extra leptons
e Offline selection driven by trigger thresholds:
» MET > 140 GeV
» An(jj) > 3.5 2.3t (13 TeV)
» M(jj) > 600 GeV 2 F —+- Data
) > 600 Ge €, CMS QCD W—> Iv
g = Preliminary B EWK W— v
L 20'_ Top
. QCD
13 TeV 15
P > 80 GeV jol
p: > 70 GeV

mj; > 1100 GeV 5

s > 200 GeV :

O-(E'I:'[‘I‘IISS) . — Q ISR A N N A Co ey 1

minA¢( s j) ~ 23 00 250 300 350 400 450 500 550miggo
A7 (j1,j2) > 3.6 CMS-PAS-HIG-16-009 no-u

7 Higgs Invisible - HC16



ggH - Limits

N. Smith

* W to Z fiducial cross section ratio is dominant uncertainty
» Need better EWK production predictions
 Limits scanned by mass of scalar boson
e Couplings to vector bosons = Higgs coupling for given mass
. 237 (13 TeV)
, - 8 F CMS 95% CL limits

Systematic uncertainty Impact ; == ~ Observed limit
Common ? 8 Prellmlna.ly C sesses Expected limit
W to Z ratio in QCD produced V+jets 13% E VBF @ — invisible I Expected limit (1o)
W to Z ratio in EW produced V+ets 6.3% % = 957 9% H Expected limit (20)
Jet energy scale+resolution 6.0% x °F ) P
QCD multijet normalisation 4.3% © s A 777 Ovge (SM)
PU mis-modelling 4.2% =
Lepton efficiencies 2.5% -
Luminosity 2.2% °F
Signal specific 2F
ggH acceptance 3.8% =
QCD scale + PDF (qqH) 1.8% = T T e e
QCD scale + PDF (ggH) < 0.2% 100 200 300 40 " e (G
Total statistical only —27/ + 28% CMS-PAS-HIG-16-009
Total uncertainty —33/ + 32%
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Z(IhH - Selection

N. Smith

e Select good Z bosons + back-to-back topology with MET
12.9 fb' (13 TeV)
> E - r- T 1T 1T T3
Variable Requirements S - -@- data VWV CMS a
P >25/20GeV (electrons) Q& 10° E — a;etsm o ;m"ztg';"q”a'k Preliminary =
>20GeV (muons) E " 22 -==-m,(150)m (500) x 3 Hiree 3
. c - -
Preselection Dllepton.mass my — 15 < my < mz + 10 :>J> ot b _
Jet counting <1jets with p’. > 30GeV = E
p4f >60 GeV - ]
3rd-lepton veto  p7 > 10GeV 10° —=
Top quark veto 0 b jets with pr > 20 GeV s =
A(Plﬁfs’f]guss " " > 2.8 rad 102 ;_\'\\\ _;
Selection |ET ~ P |/pr <04 E
A4>.(]et,E3rmss) >05rad B @ L e 7
ET" >100GeV 10
T, veto 0 7, candidates with pt > 18 GeV
= 1.5
X
a) .
© - ]
0 05 e =
A TR T SR N SR TR ST SR NN S ST SR SR S SR S S S SN S S T S
100 150 200 250 300 350
E™ [GeV]

CMS-PAS-EXO-16-038
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/Z(IhH - Backgrounds |

Nonresonant Backgrounds (Top, WW, etc.)
* Data-driven using ey final state
* Uses flavor universality

_1291b” (13 TeV, 2016

CMS

N. Smith

-o- Data
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sign,uu o
0
E 10°
5
u>.1 10*
DY +Jets
: : 0’
e Drell-Yan o + MET resolution = long tail
* Increasing with pileup v
* Data-driven using y+Jets control region g =
o 2 ’
= 1.5
< 1
g 0.5
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Z(INH -

Backgrounds |

* NLO EWK corrections applied to ZZ->212v sample
e Changes this dominant background yield up to -10%
e Corrections for WZ are not applied (small net contribution)

CMS

Compact Muon Solenoid

N. Smith
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arXiv:1305.5402 (T.Kasprzik et al.)

arXiv:1307.4331 (J.Baglio et al.)

arXiv:1401.3964 (S.Gieseke et al.)
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Z(INH - Limits

e Scan limits over Higgs masses

e SM Higgs limit includes ggH contribution

* Diboson cross section is dominant uncertainty
» Higher-order MC would help

» Future: sufficient luminosity for control region

Systematic uncertainty Impact
Common

727 background theory 16%
luminosity 8.4%
b jet tag efficiency 6.2%
Electron efficiency 6.2%
Muon efficiency 6.2%
Electron energy scale 3.2%
Muon momentum scale 3.2%
Jet energy scale 2.2%
Diboson normalisation 5.3%
ey region extrapolation 4.0%
Z(I"1” )normalisation 4.8%
Signal specific

QCD scale + PDF (qqZH) 7.4%
QCD scale + PDF (ggZH) 4.0%
Total statistical only —50/ + 56%
Total uncertainty —55/ + 62%

CMS

N. Smith

12.9 b (13 TeV)

2_

— Observed
--- Median expected
Expected £ 1o

Expected t 2¢
— oM
qq — ZH —
(c B(H — invisible))/c, < 0.86 (0.70) at 95% CL

CMS Preliminary’

ZH — 21+ET™ 4+ <1 jet]
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V(gg)H - Overview

* Triggered by soup of MET and MHT N. Smith
» 95% Efficient >200GeV
* Jet quality requirements P (13 Tev)
. —&— Data
* \/eto events with any S [ CMS Preliminary W7
; 10° T won
 _eptons (eur) £ B w2z
G>J 102 B Top Quark
° Photons L [ zy =1, y+jets
: 10 [ Jacp :
o B Jets :)i(ial-\'/ec.to'r, Mmed=1.6 TeV ;
. . . 1 ggs invisible, m, = 125 GeV _
* AK8 |ets with subjet cuts to tag V
10
13 TeV
V(jj)-tag monojet 10°
pjl" ) > 250 GeV > 100 GeV -qo; 15 ._l..l...|...l...JA..L..l..|‘..l...l..l...l...l..l.“l..J...J...|.A.|..J...l...l...I.A.l...l...l...l...l...l...l...l..J...I..J...l...l...l.._
vi <24 <25 a SRS SR S—
ETmISS > 250 GeV > 200 GeV g 0_5 _l...l...l...l...l...[...l...i...[...l...l...l...l...l...l...l...]...l...l...]...[...l...l...[...l...l...[...l...l...l...l...1...l...l...l...[...l..-
T/ T < 0.6 - 300 400 500 600 700 800 900 1000
mprune 65-105 GeV - E-rp o8 [GeV]
nﬁnA¢(ﬁ{~“iSS,j)1 > 0.5 CMS-PAS-EXO-16-037
Nj .
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gH - Overview

* Events with high quality AK4 jets
* \/eto events with any
 Leptons (ept)

e Photons
*B jets

* Includes events failing V-tagging

13 TeV
V(jj)-tag monojet

2 > 250 GeV > 100 GeV
7)) <24 <25
Emiss > 250 GeV > 200 GeV
/T < 0.6 -
Mprune 65-105 GeV -
minA¢(Fmiss, )’ > 0.5
N, -

14

i = |
N. Smith
12.9 b (13 TeV)
> 105 — 71 r r ] r 1] 1 ] ?
® 5
Q) 10° CMS Preliminary
~~
2.
(- 3
o 10
T
10°
1 0 . — :l(ggf Invisibl;, mH-= 125T G:V
107"
102}
'8 15T SO o S | FSUUSL SR OO SO T T T T T ]
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/(qg)H & gH - Limits
e Transfer factors are dominant uncertainty
» Need better EWK production theory

. . . 12917 (13 Te
* 5 Control region simultaneous fit 25 , . {15 TeV)
» 2 W(Iv)+Jets (e, ) O ey oL
’ s | ~-©-- Median Expected CL_ |
w

» 3 Z(VV)+JetS (ee, LM, V) o 2 [0 Expected CL_= 10—
Systematic uncertainty Impact % - Expected CLs + 20 R
Common X i |
y+jets/ Z(vv)+ets ratio theory 32% ﬁ 15 _
W(lv)+ets/Z(vv)+jets ratio theory 21% = L i
Jet energy scale+resolution 12% S s -
V-tagging efficiency 12% "E’ .
Lepton veto efficiency 13% = -
Electron efficiency 13% EJ_ 1 ~
Muon efficiency 8.6% o
b jet tag efficiency 5.7% 1
Photon efficiency 3.1% (g
E™Ss scale 4.6% & 0.5
Top quark background normalisation 6.0% @
Diboson background normalisation <1%
Luminosity < 1%
Signal specific 0
ggH pr-spectrum 12% monojet mono-V combined
QCD scale + PDF (ggH) 3.0%
QCD scale + PDF (VH) 1.4% CMS-PAS-EXO-16-037
Total statistical only —46/ + 50%
Total uncertainty —69/ +74%
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o X B(H— inv.)/o(SM) - Upper limit 95% CL

The Combination

=

. 491" (7 TeV) + 5119.7 b’ (8 TeV) +2.3fb™" (13 TeV_) N. Smith
1sf- — Observed CMS 3
N Median expected Preliminary - o
I 6% expected ER Leverage statistical power
12f- 95% expected 14 * No excess — set upper limits
i :
0.8 =
0.65—
0.4:— ._.10-39E , IR , P , o
I CMS -
0.2 5 - \ ]
oF | pou (U RN 490" (7 TeV) +19.7 fb™ (8 TeV) =
Combined VBF-tagged VH-tagged ggH-tagged [e) - \\CDMS,,, +23fp" (13 TeV) -
Q10" e NG : B(H —inv.) <0.20 =
& L - -
. 8 10—42 ........... =
o (@) o~ .:._ =
Translatlon tq dark matter S ol o 90% CL limits -
direct detection limits s F AU - E
—=10% 5
* Complementary phase space N N/ z
SO e N et E
0O ~ .
1076 = E
- 1 | | | | | 1 1 1 | | I 1 1 1 L1 11 l:
1 10 102 10°
DM mass [GeV]
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CMS, !
Qutlook @
N. Smith
Will CMS see Higgs Invisible Signal?
* SM predicts BR(H—inv.) = 0.001 CMS Projection VBF H — inv.
= 0.45) — E
« BSM could be around the corner & % E
T 7 F — ECFA16 S2 -
% 0.35 - E
S 0.3 —==1/{L scaling -
Future Collider Workshop study: g 0 o5
* Extrapolate result under different é 0 oF
assumptions about uncertainties _'% 0.15L5
arXiv:1610.09218 i\g 0_15_ \ |
Projected limit by 2018 3 005 SN
50l Lol L Wl \1-‘1
10 10 10°
Luminosity [fb ]

CMS-DP-2016-064 o
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CMS

Systematics Extrapolation

N. Smith

Extrapolation strategy
for ECFA16 projections

Public results are extrapolated to larger data sets 300 and 3000 fb-'. In order to summarize
the future physics potential of the CMS detector at the HL-LHC, extrapolations are presented
under different uncertainty scenarios:

S1 All systematic uncertainties are kept constant with integrated luminosity. The performance of the
CMS detector is assumed to be unchanged with respect to the reference analysis.

S1+ All systematic uncertainties are kept constant with integrated luminosity. The effects of higher
pileup conditions and detector upgrades on the future performance of CMS are taken into account.

S2 Theoretical uncertainties scaled down by a factor 1/2, while experimental systematic uncertainties
are scaled down by the square root of the integrated luminosity until they reach a defined lower limit
based on estimates of the achievable accuracy with the upgraded detector. The performance of the
CMS detector is assumed to be unchanged with respect to the reference analysis.

S2+ Theoretical uncertainties scaled down by a factor 1/2, while experimental systematic uncertainties
are scaled down by the square root of the integrated luminosity until they reach a defined lower limit
based on estimates of the achievable accuracy with the upgraded detector. The effects of higher pileup
conditions and detector upgrades on the future performance of CMS are taken into account.

Theoretical uncertainties follow the prescriptions of the LHC Yellow Report 4 (in preparation).
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