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Introduction

Several BSM models predict additional contributionsto Higgs boson
width
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Invisible decay channels

In SM, B(H->Inv) ~ 1.2x10°3 (H->4v)

-> Invisible Higgs boson decays will be a hint of new physics

Search for invisible Higgs boson decaysin

I|IIII TTTT TTTT IIII|IIII|IIII|IIII|IIII|IIII|I§ . . .
10°F M(H)= 125 GeV =¢ several production modes, with different
S F o acp N EW cross-sectionsand S/B ratios
o L ~HN3 1z
X _V _§
I 108 . 9 7000000) g x
1\ E _\_N\_OE\N) E .
o [ gr (N0 Q%0 ] Gluon-fusion ~_{H
o pp =9 o NLOEW ]
© 1 :—W—: X
- 70 NS oo 14 VBF g 97000000
B : ]
107'E

1072 See talk from Shin-Shan Yu for bb/tt+MET
I: L 111 | L 111 | 1111 | L1011 | 111 | L 111 | L 111 | 1111 | L1011 |—I|
6 7 8 9 10 11 12 13 _14 15
s [TeV] ¢ q
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Invisible decay channels

In SM, B(H->Inv) ~ 1.2x10°3 (H->4v)

-> Invisible Higgs boson decays will be a hint of new physics

Search for invisible Higgs boson decaysin
several production modes, with different
cross-sections and S/B ratios

W
_montE= ]
. 9 '000000) g x

,,qu(NNLOQCD+N\—OEW) . Gluon-fusion | ~— 4 H

pp CD_\_N\_OEW) N

1 L WH@ENOOCP T — 9 X
. f 14 VBF q 000000

Today, will show results :

from 2.3fb! 13 TeVdata |—
(including some withthe | 1 13—~
full 12.9fb™)and latest |~
combination with Run-1 15

eV] ¢ q
searches /
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Missing Energy at CMS

, , CMS Preliminary 0.8 o' (13 Tev, 2016) Common signatureisvisible system
A F recoilingagainst large missing energy
o [

5 11—

V [
- . . Well modelled missing energy
JENET 500 SR AR S0 B0 N SLESE T 2 S 2 ------- PR
S 4 1 response and resolutionis key to
A . . . .
(4 invisible Higgs decay searches

o u/e

L \Y)
B ’
— MET /
0.8[— Ul —*—Data Z— pp
- UL . —+— Data Z— ee -
N Recoil, U
0.7— + Data v +jets
B U = MET - pTz

0-6 :rl I L1 11l I | .| I 111l | | I | I | I | I | | | L1l I | ||
o 1.1
S 1.08E []Statee . o
5104  [Esstatee Recoil (U) used as proxy for missing
a ; :E I 1*?@???% energy in Z->Il + jets, W->lv +jets, and

gigg y+jets events for modelling E;™s tails
Y from SM backgrounds
' 50 100 150 200 250 300 350 400 450 500

q, [GeV]
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Vector-boson Fusion

Look for two jets with VBF topology:
Dedicated VBF trigger selects events with two jets with

- high ra?'d'ty gap CMSPASHIGA6-016 55 yareyy |, 23w09Tey
- Iarge dlj@t Mass 2455 CMS Prellm/nary Y oaa E S 301 CMS Prellmlnary t Data .
£ 40 VBF-tagged [ z=vv)+ets 3 D [ VBF-tagged I z(=vv)+ets
w Bl W(—1v)+jets 3 25 - W(—Iv)+jets
= W
|:| QCD multijet E - ] |:| QCD multijet ]
X |:| Top quark ; 15 ; « |:| Top quark {
— H, B(H — inv.)=100% 1 C \ — H, B(H — inv.)=100%
= 101
X 0==7500 2000 2500 3000 3500 2000 . .
m, [GeV] AnG,i,)
* p;ii2>80, 70 GeV
Offline selection driven by * m;>1100 GeV
requirement to remain efficient e EMiss> 200 GeV
wrt trigger * Ad(j,E{miss)> 2.3 rad

e An(j,j) > 3.6 :l— Optimized for H(125)

Upgradein hardware trigger for 2016 data-taking will allow reduction of these
thresholds (see talk by A. Tapper)
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Vector-boson Fusion

Dominant backgrounds due to SM W/Z+jets -> Use lepton control regions

in datatonormalize CMS-PAS-HIG-16-009 235" (13 Tev) 23167 (13 TeV)
_9 9k K —+ Data 35 CMS —— Data
C aoF CMS I QCD Z—uu ~. RY ]QCD W—uv
9 8E Preliminary B EWK Z—un 30F Preliminary 0 EWK W—pvy
- Assume common scale-factor & 7t = Top 25 [ Top
6 JQCD JQCD
between W/Z processes 5 -y 20 -V
. . E 15
- 30% systematic on ratio to 2 10
account for HO corrections 1 5
074500 2000 2500 3000 3500 4000 000 250 300 350 400 450 500 550, 600
M; (GeV) Emiss
»,NO-u
Signal Control regions
Process region singlee | singley | singlet | u*p~ | QCD
N QCD - - - — 42411 -
Zt o )4ets gy - - - - 20407 -
. QCD | 47+12 - - _ — —
Z(vv)+jets EW 247 B B B B B
W(uv) et QCD | 1342 - 5345 | 0.40 +0.19 - 4545
prjTiets EW | 43408 - 2743 - - 6.0+09
Wi(ev) et QCD | 93+15 1743 - 02422 — 39 +4
cv)rets EW | 54+11 [ 7.8+13 _ 02+0.13 ~ 6.1+1.0
W(tv)sjets QCD | 13+2 J0.06+0.06 ~ 1242 - 7449
J EW | 5541. — - 51412 - 24+3
Top quark 23104 | 15403 | 68409 | 71410 |0224+006| 82+11
QCD multijet 3423 — 5+3 04+03 — 1200 4 170
Dibosons 07403 | 04404 | 08404 — 00240.02 | 18407
Total bkg. 125+28 | 27+3 91+8 25+ 4 64+14 | 1500+ 170
Data 126 29 89 24 7 1461
Signal qqH | 53.6 £4.9
mpy =125 GeV  ggH | 54+3.6

8/5/16 Nicholas Wardle — LHC DM Searches




Vector-boson Fusion

Dominant backgrounds due to SM W/Z+jets -> Use lepton control regions

in datato normalize CMS-PAS-HIG-16-009 531" (13 TeV) 2317 (13 Tev)
(/] [ D
;a, : CMS m :B?Szw 3E cMS v Eo‘é‘%ww
- Assume common scale-factor

between W/Z processes
- 30% systematic on ratio to
account for HO corrections

Preliminary B EWK Z—un 305 Preliminary g 0 EWK W—>pv
[ Top o5E- [ Top
1QCD F [1QCD
=1 2000 TRt

155

AAAAAAAAAAAAAAAAAAA M L]
1500 2000 2500 3000 3500 4000 800 250 300 350 400 450 500 550. 600

O O N WwH OO N

M; (GeV) nr:lns:_M
Signal Control regions
Process region singlee | singley | singlet T QCD Sim P le countin g
Ny QCD - - - - 42+ 11 - .
aﬂt JHets gy _ - - - 20407 _ experimentto
. QCD | 47+12 - - - - - .
Z(vv)+ets vw | o147 - - - - - extract potential
. QCD | 13+2 - 53+5 | 0.4040.19 - 45+5 ;
W(pv)jets EW | 43408 - 27 43 - - 60t0o  ~'8Na |
Wiev)iets QCD | 93+15 | 17+3 - 02422 - 39 +4
1 EW | 54+11 | 78413 - 0.240.13 - 6.14+1.0

W) siet QCD | 13+2 J006+006| - 1242 - 7449 Backgrounds

\ v)T)ets EW 5.5i1y _ _ 51412 _ 2443 ined in-si
Top quark 23504 | 1.5+03 |68+09| 71410 | 0224006 82+11 constrained in-situ
QCD multijet 3423 - 543 | 04403 - 1200 + 170 o :
Dibosons 07403 | 04+04 |08+04 —~ 0024002 | 18+0y  Viasimu ltaneous fit
Total bkg. 125+28 | 2743 91+38 25+4 64+14 |1500+£170  gcross signal and
Data 126 29 89 24 7 1461 ]
Signal qqH | 53649 control regions
mpy =125 GeV  ggH | 54+3.6
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Vector-boson Fusion

Limits on oxBR of a scalar decayinginvisibly as a function of
hypothesised mass
-> Compare to “Higgs-like” scalar via VBF production

See talk from Bjoern Penning

= 1O " —
2 ECMS 95% CL limits
— 9 L . . °
g s£_ Preliminary (I'E)bser\t/e: II_'m_'tt B(H->|nv)
! E VBF® —invisble xpeetedimi o 0
& g =g | Expected limit (10) < 696 (GZA))
0 s SMH Expected limit (20)
o 55_ Assuming SM Higgs XS %77 oygr (SM) ObS (exp)
i @ 125 GeV
‘
90_0 I2C|)0I — I3(|)OI — I4(|)0I — I5(%0I — I6(%0
Mg, [GeV]
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Vector-boson Fusion

Limits on oxBR of a scalar decayinginvisibly as a function of
hypothesised mass
-> Compare to “Higgs-like” scalar via VBF production

See talk from Bjoern Penning

— 10p Largest systematicdue to
s F 95% CL limits :
2 £ CMS o W/Z ratio, however
= £ preliminar —— Observed limit itivity is statistics limited
= 8- IY_ . Expected limit sensitivity is statistics limite
T E VBF ® — invisible o _ - .
a TE g.=g - Expected limit (10) Systematic uncertainty Impact
o £ Yo YsMH . _Common
< 6 ) ) , Expected limit (20) [W to Z ratio in QCD produced V+jets 13% ]
o} = Assuming SM Higgs XS % OyBF (SM) W to Z ratio in EW produced V+jets 6.3%
SE B( H->i n\l) Jet energy scale+resolution 6.0%
4 = QCD multijet normalisation 4.3%
- (v) (V) PU mis-modelling 4.2%
3: < 69% (GZA)) obs (exp) @ 125 GeV Lepton efficiencies 2.5%
= Luminosity 2.2%
oF Signal specific
- ggH acceptance 3.8%
1= QCD scale + PDF (qqH) 1.8%
- QCD scale + PDF (ggH) < 0.2%
Qoo 260 — 3(;0 B 4(|)0 B 560 B 6(;0 Total statistical only —27/ +28%
mg, [GeV] Total uncertainty (—33/ + 32% )
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Leptonic Z decay offers clean final state

look for E;™ss + 2 well isolated opposite sign, e/u q
-> p;:>20 GeV, 76 < mll< 106 GeV
-> Ad(Z, E{™s5) > 2.8
-> Ad(j, E{™ss) > 0.5 - kills Z+jets background

Fit transverse mass (m;) distributionsin electron/muon 9

channels, separatedintoOand 1 jet categories
CMS-PAS-HIG-16-016

23" (13 TeV)

2.3 (13 TeV)

-> Estimated from

@ 8 ey @ 8 e e BaCngOUHdS
& 16l CMS Preliminary 4 Data § L CMS Preliminary ~—t D ] )
D | zZ()Htagged (0-jet) L Wwatop quark '} ZU)H-tagged (1-et) L wwatop quark dominated by
14 B vvv y 6k Bl vvv ] .
12 B zz b B z dlboson processes
Cwz St Cwz ]
10y [ zn(=i+ets ] ab Ei’Yé:—'”H?tS) oo ]
8 —— H, B(H — inv.)=100% ] — H, B(H — inv.)=100%
) Z7(212v) (70%)
A WZ(IvIl) (25%)
2
0

L 0 o .
200 300 400 500 600 700 800 900 1000 200 300 400 500 600 700 800 900 1000  simulation @NLO

m; [GeV] m; [GeV]
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CMS-PAS-HIG-16-008

2.3 b7 (13 TeV)
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I_III|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_I

IIII|IIII|TT|TFH~IJA—I-IJ.LLI4LI_I_[I|IIII|IIII|IIII_|

— Observed

--- Median expected

I Expected = 1o
Expected = 20

CMS Preliminary
ZH — 21+ET"*°+0/1-jets |

qq - ZH .

UL of 1.1 (1.1) pb obs (exp)
@ 125 GeV 1

N

8/5/16

150200 250 300 350 400 450 500 550 600

Higgs boson mass (GeV)

Systematicuncertainty
dominated by theoryin 2Z
backgrounds

Sensitivity statistics limited

Systematic uncertainty Impact
Common

[_ZZ background theory 16%
luminosity 84%
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"17 )normalisation 4.8%
Signal specific
QCD scale + PDF (qqZH) 7.4%
QCD scale + PDF (ggZH) 4.0%
Total statistical only —50/ 4+ 56%

Total uncertainty —55/ +62% |
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Assuming SM x-section
B(H->inv)

< 86% (70%)
obs (exp)

Ogq - zH X B(H — invisible) (pb)

See talk from Shin-Shan Yu
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CMS-PAS-EXO-16-038

12.9 b (13 TeV)

B — Observed

--- Median expected
" Expected = 1o

B Expected + 20

oM

— ZH
— (o B(H — invisible))/o, < 0.86 (0.70) at 95% CL

CMS Preliminary-
ZH — 21+ET" + < 1 jet”

~N—_— | | | L1

125 200

400 600

Higgs boson mass (GeV)
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Gluon-fusion production tagged via ISR jet(s)

Look for high p+, central jet(s) + large missing

energy

e p;i>100 GeV

* |n|< 2.5

o EMSs > 200 GeV

MET = 1467 GeV

Jet pr = 1467 GeV

CMS ~~~-ment at LHC, CERN
Data

al
| Run/l 58159 / 550030997
Lumi 434

Analysis also used for

generic DM searches
See talk from Shin-Shan Yu

d: Sat Oct 3 06:58:12 2015 CEST

> 10°
G. [ CMS Preliminary —*—°* 3
10 ggH-tagged [ Z(=vv)+ets E
= B W(—/v)+jets ]
°>) 10° [] Dibosons 3
w [ Top quark
102 B z/y (—I)+jets 3
(] QCD multijet ]

—— H, B(H — inv.)=100%

107 ] S T
1072
ie)
o 1.5 1 o
o osactiorg tremere S50 20 5‘,}‘,‘,,,;0/_.// ) 7
> . DM, o2 2oz 7 7 117y 55%% 7
505 |
D ——
200 400 600 800 1000 1200
miss
EMSS [GeV]

>3

9 BOTEO0) g x
X
9 D000

CMS'PAS'HIG'16'016 2.3fb" (13 TeV)

Signal extraction from
fit to E{™ss spectrum
(sizeabletheory
systematics on ggH p+
spectrum)

Dominant backgrounds
from W/Z+jets

-> Constrainshape and
normalization with
lepton and photon
control regions
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CMS-PAS-EXO-16-013 23 fb (13 TeV)

e B R e e o e ‘ T
CMS Preliminary —$— Data

Post-fit (Z — uu)

_
o
W

Events / GeV
3

Pre-fit (Z — uun)

- Other Backgrounds

Y
o
T

g T T
o 3
s =i
B St I R RN S I PR
200 400 600 800 1000 1200
Recoil [GeV]

“Recoil” in control regions

defined as

8/5/16

23 fb (13Tev)

23 fb (13Tev)

—_
Q
™

CMS Preliminary CMS Preliminary + Data

— Post-fit (y + jets)

Events / GeV

- Other Backgrounds

Post-fit (W — uv)

Pre-fit (W — uv)

- Other Backgrounds

Data / Pred.

RPN &= &
DRI S s ©

Data / Pred.

T A (A B

Recaoil [GeV] 400 600 800 1000 1200

-
<

Recoil [GeV]

CMS-PAS-HIG-16-016

2 3fb" (13 TeV)
L |

|Emzss 4 Z —*ll/”>’|

For each bin of E{™ss equivalent recoil binin

Z->up/ee, y+jets and W->ev/pv translated to signal
region via transfer factors.

Simultaneousfit across all regions allowing for sys.

CMS Prellmlnary —+— Dae
ggH-tagged

Events/GeV

[ z=vv)+ets -
B W(—/v)+jets
[ Dibosons E
|:| Top quark
B 7/ (—ll)+jets 4
[ acD muttijet

—— H, B(H — inv.)=100%

-

lepton/photon efficiency/purity

[N

o

Data/Pred.

W/Z and y/Z ratios theory

n
o
o

Nicholas Wardle — LHC DM Searches

4
400 600 800 1000 1200

ET*®® [GeV]

15




Boosted (high p;) vector bosons decaying to jets will form a single “fat”-jet

a.u.

Use jet substructure techniques to identify hadronically g A
decaying V-bosons:
e Look for high-p; “fat” jet with m,close to my, or m, W/z
e 65<m;<105 GeV
* N-subjettiness (ty) (likelihood for N-daughter hypotheses) '
° Tz/Tl <0.6 \
q \H
CMS Preliminary Simulation 13 TeV ] QMS ‘Prt‘-zlim‘inary 79im‘ula‘tion S ‘13‘T‘eV [\A X
E I Z—>‘vv I I I I E (3“ 0.2? I Z—)vv‘ I I t X
025? Mono-W Scalar, Moo= 125 GeV, mDM=1 GeV 7 L Mono-W Scalar, m = 125 GeV, mDM=1 GeV
Mono-W Scalar, M ea =300 GeV, mDM=1 GeV Mono-W Scalar, m_. d=300 GeV, mDM=1 GeV 7 o, . .
- Mono-W Scalar, mmed=500 GeV, mDM=1 GeV 0 15; Mono-W Scalar, mmed:SOO GeV, mDM:1 GeV ; Ad d Itlo n al Iy req u Ire
: ! . | CMS-PAS-EXO-16-013 ! i
| l : 1 ¢ p;!>250GeV
- | L 1 a
e — 4« EMiss > 250 GeV
o1} A ! | * Ad(J,E{ms)> 0.5 rad
' 1 oos | -
| | ] I L | —
oo : 1| | Eventsselected in this
= N s i B . el S analysis are removed
0O 20 40 60 80 100 120 0.2 0.4 0.6 0.8 1 .
Myrunea (GEV) wx,  from gluon-fusion tag
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Signal extracted from fit to E;™s spectrum

\"
- -
o Q
w -h

Events/Ge
3

—
Q
w

—_
<
N

-
O o O

Data/Pred.
o

CMS-PAS-HIG-16-016

MET = 777 GeV

CMS Preliminary
V(jj)H-tagged

T
—4—

2317 (13 TeV)
Data .
[ Z(—=vv)+ets E
B W(—/v)+jets ]
[ Dibosons E
[ Top quark ] S
B 7y (—1)+jets .

(] QCD multtijet
—— H, B(H — inv.)=100%

Jets;nymass = 82 GeV

CMS CMS Experiment at LHC, CERN
—_ <, | Data recorded: Tue Nov 3 01:34:28 2015 CET

% || Run/Event: 260627 / 1739677912 -
| Lumi section: 941 |> Jet pr| = 786 GeV

Dominant backgrounds from SM V+jets

-> Use leptonicW/Zand y + jets events

in data to constrain backgrounds

’_‘//'///////////f’/////////// -> I n d e p e n d e nt Sca I e fa CtO r'S p e r b | n

e { ..................... - -> Systematics due toy/Z and W/Z HO

S,
F=d S S et
300 400 500 600 700

800 900 1000 e|ectroweak and QCD effects as in ggH
ET™ [GeV]
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Gluon-fusion and V(jj)H

Upper limits on 6xBR/og),
for Higgs decayinginvisibly

@ 125 GeV

ggH - tag
V(jj) H -tag

Assume SM values for ratios of

production cross-sections

— Comb.

Systematic uncertainty Impact  Systematic uncertainty Impact
Common Common
y+jets/Z(vv)+jets ratio theory 32%  Muon efficiency 24%
W(Iv)+jets/ Z(vv)+jets ratio theory 21%  Electron efficiency g8 H- tag 22%
Jet energy scale+resolution 12% Lepton veto efficiency 16%
V-tagging efficiency 12% b jet tag efficiency 3.2%
Lepton veto efficiency 13%  W(lv)+jets/Z(vv)+jets ratio theory 16%
Electron efficiency 13%  v+jets/Z(vv)+jets ratio theory 5.8%
Muon efficiency .e 8.6%  Jet energy scale+resolution 10%
b jet tag efficiency V(” ) H -ta g 57%  pmiss gcale 1.8%
Photon efficiency 3.1% Luminosity 3.0%
ET"™* scale 4.6%  Diboson background normalisation 2.7%
Top quark background normalisation 6.0% Top quark background normalisation < 1%
Diboson background normalisation <1% g gnal specific
Luminosity < 1% 5
Signal specific ggHl pr-spectrum 15%
gna’ sp QCD scale + PDF (ggH) 5.8%
ggH pr-spectrum 12% T — =
QCD scale + PDF (ggH) 3.0% otal statlstmfal only —22/ +25%
QCD scale + PDF (VH) 14%  Total uncertainty —55/ +62%
Total statistical only —46/ +50%
Total uncertainty —69/ +74%

Expected

1.11
1.43
0.84

1.46
1.04
0.85

Systematic uncertainty
dominated by W/Z and y/Z
theory systematics, JES and
lepton ID

-> All related to transfer
from CR to SR to constrain
W/Z+jets backgrounds

8/5/16
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Gluon-fusion and V(jj)H

Upper limits on oxBR/og,, for Higgs decaying
invisibly @ 125 GeV

CMS-PAS-EXO-16-037

ggH - tag 0.85 0.48
V(jj) H -tag 0.72 1.17
Comb. 0.56 0.44

See talk from Shin-Shan Yu
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Combination
Run-1 + 2015 data
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Combination

Combination of H->invisible searches performed using
Run-1 dataset and 2.3 fb'! of 13 TeV (2015) data

Analysis Tag /L (fb~1) Expected Signal Composition (%
7 TeV 8TeV  13TeV 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(It17) 49 [16] 19.7 [16] 2.3 100 (ZH)
Z(bb) * - 18.9 [16] - 100 (ZH)
VH-tagged
85¢ V(i) tagged - 197[56] 25 | 251(e8HD.51(qqH), 387 (ggH), 71 (qqH),
)28 ' ' 23.0 (ZH), 46.8 (WH)  21.3 (ZH), 32.9 (WH)
. 70.4 (ggH), 20.4 (qqH), 69.4 (ggH), 21.9 (qqH),
ggH-tagged monojet - 19.7 [56] 2.3 35 (ZH), 5.7 (WH) 42 (ZH), 4.6 (WH)

CMS-PAS-HIG-16-016

* Latest SM x-sections + uncertainties from LHC-HXSWG used as theoryinputs
-> Including N3LO ggH x-section (Phys. Lett. B737 (2014) )

* Expliciteventselection vetos allow for combination of searches
-> VBF tagged events removed from ggH/V/(jj)H-tagged searches)

[16] Eur. Phys. J. C 74 (2014)

, *Also include 8TeV Z(bb) channel (not discussed today)
[56] arXiv:1607.05764 (subJHEP)
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95% CL Upper limits on oxBR relative to SM production

497" (7TeV) +<19.7f" (8 TeV) + 2.3 b (13 TeV)

1 2r I

@) - ]

2 18-~ Observed CMS 5 VH includesz(ll), z(bb) and
_?é e T Median expected Preliminary 5 V(jj)H channels

5 14 " 68% expected m.=125 GeV =

g F . H 1 Expected sensitivity
D 1o 95% expected — ]

o F 7 dominated by vector-
S L ] -

I 4 boson fusion channel
,E_\ 0.8 —

g sE

I

o 04 oxB(H->inv)

X

o 02F < 24% observed

Combined VBF-tagged VH-tagged ggH-tagged (23% EXPECtEd )

Assume SM values for ratios of production cross-sections
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Non-SM production

95% Upper limit on B(H->inv) &
expressed as for different
assumptions on production

Vary coupling modifiers of Higgs
boson to SM fermions (k;) and
vector bosons (k)

* Nontrivial scaling for
gg->/H component
e ZH(H->bb) backgroundin
Z(bb) channel also modified

8/5/16 Nicholas Wardle — LHC DM Searches
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49" (7 TeV) +<19.7 " (8 TeV) + 2.3 b (13 TeV)1

SM production
+ LHC best-fit
— 68% CL
----- 95% CL

(arXiv:1606.02266)
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DM interpretation
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90% CL limits
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updated results (IDM2016)

—

10

10? 10°
DM mass [GeV]

*A. Djouadi et al, Phys. Lett. B709 (2012)

B(H->inv.) translated into
DM-nucleon spin-
independent cross section
limits as a function of DM
mass

Use Higgs-Portal* models
assumingscalar/fermion
DM

90% CL to compareto
direct detection
experiments

CMS limits more stringent
for small DM masses
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Presented searches for Higgs decaying to invisiblesat CMS

490 (7 TeV) + < 19.7fb7" (8 TeV) + 2.3 fb™" (13 TeV)

Look forward to additional data from 2016! ©  *

Run-2 data @ 13 TeV, includingsome new
results with 12.9 fb!

Search channelsinclude VBF, Z(I1)H, V(jj)H
and gluon-fusion tags

Combination of searches between Run-1
and 2015 data provide direct constraint
on B(H->Inv)

B(H->inv) < 24% observed
(23% expected) @ 95% CL

Non SM-production scenariosand DM
interpretations presented

Sensitivity is statistics dominated but
systematics are becoming more important

B(H—> inv.)/o(SM) - Upper limit 95% CL

o X
o
)

N
T

T
F —— Observed

-
[es)
TTTT

Median expected
- 68% expected
95% expected

4 4
)
]

_.
N
'

o
©
T

o
)
TT

o
'S
TT

Combined VBF-tagged

491" (7 TeV) +<19.7 b (8 TeV) + 2.3 fb™ (13 TeV)

VH-tagged ggH-tagged

\’ T
CMS Preliminary

m’]
2 35
5 %

DM-nucleon cross section [cm?

\ E
B(H — inv.)<0.20 1
90% CL limits 3

10? 10°
DM mass [GeV]
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CMS detector

Hermetic design of CMS provides good
coverage of interaction

EM Calorimeter
Lead tungstate (PbWO4 ) crystals

- Vital for searches 7N 61 200 (EB) / 7 324 (EE)
with missing energy

Triggers reduce 40
MHz (LHC)-> O(100)
Hz

High multiplicity from
multiple, pile-up
interactions (PU)

Tracker
-S> Upgrade Trigger for Pixel + Silicon strip

. ~50% of Photons convert
2016 data taking |
g =21 ARSI A Hadron Calorimeter

performs PU Scintillating Brass

subtraction at L1 g 100 GV el Exploit jets from VBF
NS production
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49" (7 TeV) +=<19.7 0" (8 TeV) + 2.3 b (13 TeV)
O- 1 0 : | FL L I I | I I I :'I:' | I “ I I | I I I I | I I :
.. CMS :
-~ Preliminary:; :
8 . —
7 =
6k =
5 =
af E
3f =
2 f— — Combined —f
- A —Observed — 13 TeV 7
1 - 44  -—-Expected —7+8 TeV
O : | | | | ““ ’ | | | | | | | | | | | | | | | :
-0.5 0 0.5 1 1.5

B(H — inv.)
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miss R i t'
E, esolution
MET
Ui
UL pTz
Recoil, U
p 1 U= MET - pT:
40CMS Preliminary 0.8fb" (13 TeV, 2016) 40 CMS Preliminary 0.8fb” (13 TeV, 2016)
S b S F
- (o) C =
8 3l +Data Z— pp & sl Data Z— pp
— | —+~Data Z-ee — | +Data Z-ee
- [ =
S 30 -+ Data y+jets S 30— * Data y+jets
~ » ~ F
b [ : ¥ b [
25— } ¥ o5
20:_ . i i i * 20:— {
Y v ¥ ii i i
10— 10:—
5 sF
:I 1 11 I 1 11 1 I 11 L1 I 1 11 1 I 11 L1 11 1 1 11 :
0 _IIIIIIIIIIIIIIIIIIIIIIIIIIII
g }i []statee ) 1_g
- 13 ] JES+Stat ee S 14E[suatee
@ 1.2 — 13 [E]UES+Stat ee
5 11 m 12
o 1 o 1.1
0.9 a 1E
0.8 0.9
0.7 0.8
0.6 . . . i 0.7
0.5 50 100 150 200 250 300 'y , , . . ,
Boson p_ [GeV] ~0 50 100 150 200 250 300
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E,Miss Tails

0.8 fb™ (13 TeV, 2016)

JILRIN I I LA LN TR A I -Z ARRRER I: Dedicated noise filters remove
10° CMS 5 E events with spurious missing
Zovv —

L Preliminary T . energy

10 E -> Remove E{™ss Resolution
T rk + dibo 7 . . . . .

) = N - fake contributions in high tails.
8 e Data after cleaning E
8 103 o Databefore cleaning =
- i
2107 E
c -
o -
1 10 g

St b o hu 0
ﬁ%ﬁ%+ﬁﬂﬁﬁ?ﬁﬁ%%wﬁ

Illllllllllll:

500 1000 1500 2000 2500 3000
EMS [GeV]
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Backgrounds dominated by diboson processes: Z77(212v) (70%), WZ(Ivll) (25%)
-> Estimated from simulationNLO with POWHEG+MCFM

Process 0jets Ljet
uru ete~ uru ete”

ZH, my =125 GeV | 597 £ 055 4.27+£0.39 | 1.29 £ 0.20 0.98 4 0.15
Z(171)+ets 0454045 0.30+0.30 | 045+ 0.45 0.30 % 0.30
77 — llvv 104 +1.14 7.46+0.81 | 204 £0.31 1.49 +0.23
WZ — lvil 342+ 028 240+0.19 | 1.04 £ 0.10 1.00 £ 0.10
Top/WW/tT 0.69 +0.23 0.88 +0.29 | 044 +0.22 0.26 &= 0.13
VVV - - 0.13 £ 0.06 0.07 = 0.03
Total background 15.04+1.28 11.04+£093 | 410+ 0.60 3.12 +0.41
Data 18 8 5 1
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Event balance variables

CMS Preliminary 2.31b" (13.0 TeV) CMS Preliminary
T T T T T T T T I T T T I T T

2.3fb" (13.0 TeV)
T T I T T T

2907 T - T f2) T T
o eeuu, 0/1jets  WZZ  WWZ VW $107 eeuu, 0/1jets  MZZ  WWZ VW
>10° Wijets: WW [ Single top S W+jets! WW [ Single top
w mit " Z+jets e Data W48 Wit [ Z+jets e Data
10° —Higgs JStat. Unc. 5 —Higgs JStat. Unc.
10
10*
\ 10*
102 10°
10 102
10 10
1 1
-1
10 10—1
1072 1072
N O L Q. [ Tl T L L
= . . o ° ° E . e e e —1
e A S S ] 3 . . . .
a . | | | | I | | | | I | | | | © 05 ISR ] .............................. | .............................. l ............................. | ........................... -
o 1 2 3 () L1 | L1 | L1 | L1 | | [
0 0.2 0.4 0.6 0.8 1
+~ Emiss ;
A¢(I,E.™) [rad] IET**-pl1/p!
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Likelihood Model

Number of observed — 5 ‘I Poisson (di
events -

i :
%ﬁ:ﬂ (dwlBW(B) =

)

Expected ‘other
background’ contamination

in CR Expectation of number
of Z/W/y given TF (R) . Z-wv
X __[Poisson (dfv B} (8) + f’(azveff )
L R (0)
Wl 'z )
/-‘: -l fz(o) #c —Vv v ‘:[POiSSOIl (dilBi(o) + (1 +@))l‘i2_’w 4 ﬂSi(O))

f. 2 ratio of W2>Iv / Z->vv in the signal region :

* Relies on theoretical prediction for differential cross-sections and
lepton acceptance!

* Transfer factors (R) are unchanged (easy to switch back and forth
between this and old likelihood definition
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V+jets theory systematics

arXiV:1505:05704

EWK corrections at High pT are large!

——— n -remonalization - 1 . .
1.2 u -remonalization - 2 - 100% of correction as uncertainty

© - ———— n -factorization - 1

€ 45 |~ w-factorization -2

gV | — por

s - —— EWK

S 11— ______--r""

g : 3 :'---

Q_h1.05 :'_ - -
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DM Scalar + mixing with 125

If DM is light, H(125) will dominate kinematics when mixing is allowed

arXiv:1607.06680 Rescale B(H->Inv) constraints to constrain generic scalar DM models)
-830.1__ pp — i tt+0,1j :mhz_°=SOOGeV,mx=1GeV,ym=1.0
—lc
~. = SMM, 6 = 0.01
.. ...O — _ HVH
102l & SMM, 6=0.2 Mixing
- oo = SMM, 6 = 0.4
F " - DMF < “Heavy Higgs” (no mixing)
- ttH(125) (no mixing)
103
10
10-5 L1 1 I Ll 1 I L L 1 I 1 1 1 I 1
0 200 400 600 800 1000 1200 1400

p.(x%) [GeV]
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Combination

N—"

Assuming SM values for production
49" (7 TeV)+<19.7fb" (8 TeV) + 2.3 fb" (13 TeV

cross sections
O- 10_‘.]' Mm T | | | | | I:'I :'l I
. CMS ]

-> Interpret potential signal as i
Invisible Higgs branchingratio Preliminary

Profile likelihood ratio

_ .. L(data|B(H — inv.), 3) ;
q L(data|B(H — inv.), §) {
Expected sensitivity dominated by 3
VBF but small excess (<10) resultsin — Combined
— VBF-tagged

—Observed — VH-tagged 1
--- Expected ---- ggH-tagged -

Deficit of events in VH tagged
channelsyields stronger observed _ 0.5 1 1.5
B(H — inv.)

limit

less stringent limit

IIII|I}'II|IIIIIr’IIIIJI_I_I_1.|-+—TII|IIII|IIII|
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Combination

491" (7 TeV) +<19.7 o' (8 TeV) + 2.3 fb (13 TeV) . .
O 1O:I”é”|§””III/lIIIIl/lHlllll,””|””|””: SenS|t|V|tYd0m|natedbyRun-l
= 1 analyses
°t Preliminary : ] y
8F i =
75_ 1 Excessin VBF at 8 TeV yields slightly
: 1 worse improvementin observed limit
6 -
C ] 49" (7 TeV) +<19.7 b (8 TeV) + 2.3 b (13 TeV)
5:_ _: O_ 1 :IIIIMIII|IIII|Illl'lIIII|IIII|IIII|"LII:
na = °C Preliminary 7
- . 81~ =
3 - - .
- - s =
21~ — Combined - - :
- —Observed —13TeV - 6L E
1= ---Expected — 748 TeV 5 =
: & 11 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 111 I: E ‘,"' E
% 0102 03 04 05 06 0.7 08 09 1 4 | S— =
B(H — inv.) 3f ‘ -
i — of - Allsyst.
Systematic uncertainties play a large role ) ~Nosig.th. -
-> Large impacts from CR<->SR transfer g e Stlat °”'|y E
theory uncertainties to constrain backgrounds % 005 o1 015 02 025 03 035 04
B(H — inv.)
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497 (7 TeV) + < 19.

L CMS Preliminary
- k=1

1D projections
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B(H— inv.) - Upper limit 95% CL
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