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VBF-mode
Monte Carlo samples

Signal modeling :
VBF-mode :

-CMS: Powheg (LO, CTEQ6L1)
- ATLAS : Powheg-Box (NLO, CT10, pT-reweight by HAWK2.0)

Z(->inv.)H->bb mode
is treated as background

VH-mode :
-CMS: Pythia 6 (LO, CTEQ6L1)
- ATLAS : Powheg(Herwig++) (NLO, CT10)

ggH (mono-jet) -mode :
- CMS : Powheg (p-rewighted to NLO)

g g
- ATLAS : Powheg-Box (NLO, p;-reweighted to NNLO+NNLL) p
Cross section (normalization) : g
ggH-mode
- LHC Higgs Cross Section Working Group (YR1/2)
Backgrounds :
W/Z + jets : Sherpa (ATLAS) / MarGraph (CMS) Use data-driven approach
top : Powheg-Box (ATLAS) / MadGraph (CMS) as much as possible.
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Vector Boson Fusion mode

Unique topology : MET + VBF-jets

= Large Missing E; (MET)
= Two jets in opposite direction with
- large separation in eta

- large di-jet mass.

Analysis strategy :

= CMS : VBF-trigger

- MET > 65 GeV + 2 jets (> 40 GeV) |:>

- An > 3.5 + M;; > 800 GeV

=  ATLAS : MET trigger > 80 GeV

October.13.2015
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c 10F cms simulation — VBFm, =125 GeV,

S F B(H—inv) = 100%
- -1

% 1- (s=8TeV,L=19.5fb" __ _

hd E VBF H(inv)

= F D aco

2 B _

< 1 0-1 - —>

loose MET but tight VBF selection

=

- higher yield for VBF production mode,
- lower for ggH mode.

tigcht MET but loose VBF selection
- relatively lower for VBF,

- but also save ggH mode.
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Event selection

CMS :

MET > 90 GeV

= An>3.6, M;; > 1200 GeV,

= A¢(MET,jet) > 2.3, METSig(*) > 4

ATLAS :

= MET > 150 GeV
= An>4.3, M;; > 1000 GeV,
= AQ(MET,jet) > 1.6 for j1, otherwise >1

= A¢(j,j) < 2.5, 3rd Jet Veto (p; > 30 GeV)

enhance VBF mo&

These categories are

less sensitive.

A

|

(*) MET significance is defined as \/1\%
Process Event yields
Z — Vv 158.1 +37.3 £ 21.2
W — uv 1025 +62+11.7
W — ev 579+744+77
W — tv 94.6 +13.1 & 23.8
top 55+1.38
VvV 39+0.7
QCD multijet 17 + 14
Total Background 439.4 4= 40.7 = 43.5
Signal(VBF) 2731 +31.2
Signal(ggH) 23.1+15.9
Observed data 508

October.13.2015

Signal region SR1 SR2a SR2b

Process

ggF signal 20+ 15 58+ 22 19+ 8
VBF signal 286+ 57 182+ 19 | 10515
Z(— vv)+jets 339+37 | 1580+ 90 | 335+23
W(— {v)+jets 235+42 | 1010+ 50 | 225+16
Multijet 2+ 2 20+ 20 4+ 4
Other backgrounds 1+0.4 64+ 9 19+ 6
Total background 577+62 | 2680+130 | 583+34
Data 539 2654 636
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Event selection

CMS : ATLAS :
= MET > 90 GeV = MET > 150 GeV
= An>3.6,M,>1200 GeV, = An>4.8, M, > 1000 GeV,

(*) MET significance ic definad ac 1L
Signal fraction (VBF v.s. ggH) is similar. mm\ These categories are
Process Event yields ) ’ : \
Z — v 158.1 +£37.3 +21.2 \(S;inal region SR1 SR2a SR2b
W — uv 1025+ 6.2+ 11.7 cess
W — ev 579+ 74+77 gF signal 20+ 15 5822 | 19%8
W=ty 946+ 13.1+23.8 BF signal 286+57 1/ 182+ 19 | 10515
$5 gg i (1)37‘ Z(S e 330237 | 1580+ 90 | 33523
y e W(— bv)+jets 235+£42 | 1010+ 50 | 225+16
QCD multijet 17 + 14 Multii e 9 20+ 20 As 4
Total Background ¥ 439.4 & 40.7 + 43.5 jet + + +
Tenal(VBE) 5731 & 3T Other backgrounds 1+0.4 64+ 9 19+ 6
Q&l(ggH) 23.@ Total background | 577+62 | 2680+130 | 583+34
Observed data 508 Data 539 2654 636
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Event selection

This cut provides further
QCD reduction.

CMS: ATLAS :

= A¢(MET,jet) > 2.3, METSig(*) > 4

MET

AG(MET,jet) > 1.6 for j1, other
Ad(j,j) < 2.5, 3rd Jet Veto (p; > 30 GeV)

ise >1

(*I MET cionificance ic defined ac

Multi-jet background is very different.

These categories are

VBF moc& .
less sensitive.
A

Process / Event yields ’ \
Z = vy 158.14+37.3 £ 21.2 Signal region SR1 SR2a SR2b
W — uv 1025+ 6.2 +11.7 ocess
W — ev 579 +£74+77 nal 20+ 15 58+22 | 19+8
W= v 946131238 VBF signal 286+57 | 182+ 19 | 105+15
tOP 2 g f 1.8 Z(= w)tje 339+37 | 1580+ 90 | 335+23
@ multijet 17+ (1)47 Wi Lrjes Satag | 01050 22016
Total ackgrou +43.5 @]et 2+ 2—>20i 20 44
Signal(VBE) 7731 i 312 Other backgrounds 1+0.4 64+ 9 19+ 6
Signal(ggH) 231+ 159 Total background 577+ 62 2680+130 | 583+34
Observed data 508 Data 539 2654 636
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Background estimation

Dominant background:
Z(vv)+jet, W(lv)+jets

Background estimation:

W/Z + jets :

- construct W/Z+jets control
region. (tag leptons, M)
- normalization from BR ratio.

- use shape from MC.

Multi-jets :

- so-called Matrix or ABCD method
(shape) : MET v.s 3rd jet
(normalization) : MET v.s. A¢

Others (top/WW) : simulation

> 3 | . "
v 10°E VBF Signal (m =125 GeV, BR=100%) =
o E Wo v 3
3 = v :
@ @ Other Backgrounds -
t 02 {fifets  SM Uncertainty ]
9 1 —@— Data2012 E
w 3
ATLAS ]
10 g 203107, 8 TeV

L.

Data/MC
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e
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Final discriminant : MET and ij
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Systematics

ATLAS uncertainties due to JET energy scale / theory prediction (3rd jet) are larger.

CMS uncertainty

(3rd jet veto )

ATLAS signal uncertainty

Source Total background Signal ~ _Uncertainty _VBE | egF
Control region data stat. 9.3 - Jet energy Scale/w\/\ 196 ) 4113
MC stat. o4 A8 / || Néuligible | Negligible
Jet energy scale 4.6 Cono energy resolution 31 39
W — tv cont.rol region extrapolation 4.3 - Luminosity ” 3 58
QCD normalisation (ATLAS:QCD100%) 3.2 -
Jet energy resolution 3.0 1.8 QCD scale 0.2 7.8
Lepton ID efficiency 2.4 - 73
Unclustered energy scale 1.9 1.6 PDF 4238 75
Pileup weight 11 1.5 Parton shower PR
show / \

Top MC scale factor unc. 0.25 - R
LumiHOSity 0.02 2.6 Veto on thlrd Jet \\\\ //I 29
QCD scale, PDF and cross section uncertainties 0.01 5.2

Higgs boson pr Negligible 9.7

. 2 46
MC statistics 0.6 13
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Systematics

ATLAS uncertainties due to JET energy scale / theory prediction (3rd jet) are larger.

(3rd jet veto )

CMS uncertainty ATLAS signal uncertainty

Source Total background Signal ~ _Uncertainty YBE gek
Control region data stat. 9.3 - Jet energy scale 196 ﬁ
MC stat. 54 38 - o | Negligible | Negligible
]et energy Scale 46 11 Jctenergy resolution 31 392
W — v cont.rol region extrapolation 4.3 - Luminosity )8 )8
QCD normalisation (ATLAS:QCD100%) 3.2 - .
Jet energy resolution 3.0 1.8 QCD scale 702 7.8
Lepton ID efficiency 24 - 173 7
Unclustered energy scale 1.9 1.6 PDF 58 75
Pileup weight 11 15 Dot V\\'O
Top MC scale factor unc. 0.25 - o S- 44 41
Luminosity 0.02 K. v ¥ on third jet 29
QCD scale, PDF and cross section uncertainties 0.01 (52 )

"" Higgs boson pr Negligible 9.7

. 2 46
MC statistics 06 13
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Limit on BR(H->invisible) 19.2 o (8 TeV)
—~ 2.5
% E 95% CL limits N CMS
Assuming SM cross section (VBF) & | Observed limit Preliminary
_ 2P Expected limit VBF H— invisible
atm, =125 GeV, E ~ | Expected limit (10)
CMS : BR(95%CL) < 0.57 (exp.0.40) 4 +sf- ~ Expected limit (20
e B

ATLAS : BR(95%) <0.30 (exp.0.35) x

Note: coupling strength k,, = 1 is assumed.
0.5

100 150 200 250 300 350 400
m,, [GeV]
ATLAS limit
Results Expected +loc —-lo +20 —20 | Observed .
SRI (VBF) 035 049 025 0.67 0.09] 030 ii:'scjzzizir;\z
SR2 (gegH) 060 085 043 118 032 083 -
Combined Results | 0.31 044 023 060 0.17 | 0.8

No deviation seen from SM expectation.
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Associated production mode (VH)

Categorize by Z-decay mode : Event selection :

-Z->1l (lepton triggers) - optimize AG(MET, jet)

-Z-> jet jet (incl. b-jet) (MET triggers) - categorize by # of b-jets and MET
Dominant background : Final discriminant :

- W/Z + jets (similar technique as VBF-analysis) - CMS : BDT score

-72Z / WZ (simulation) - ATLAS : MET and p4(V)

Limit of BR(H->invisible) : CMS:0.81(0.83) ~ ATLAS : 0.78 (0.86) <] weaker than VBF-mode

3

S | owms % CL limi —
< :"Car;\t—)la;ﬁo-n_o_f_zzl;bﬂ:l‘ 0% C Imis = 's~8TeV 203 1o ATLAS
T 1mi | =TT T T==J
o 25 ~and Z(IhH, H — invisibleg Observed I_|m.|t N " (WZGI) Hinv) L Eemectos GLa)
= r‘ ------------------- Expected limit - e - -+1%ece (CLs)
c - 8 TeV (Both ZH channels) . T B ¥o
% LF L=189197 1" ected limit (1o) T —
T [ »F 7 Te (Z(I)H only) 1
m o =491fb" X r
x - T =
o 1.5_ s L
N o -
1 = |
N = - CMS only includes
B (&) Z(ll/bb), while ATLAS has
051 § 10“— ﬁIIW/Z j modes o, N
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII L L o - — Ll T — L
105 110 115 120 125 130 135 140 145 120 140 160 180 200 220 240 260 280 300
m,, [GeV] m,, [GeV]

October.13.2015 Higgs Coupling 2015, Lumley Castle, UK 12



ggH (mono-jet)-mode 061" 8700

o S ows o
Trigger : E 3— Freliminary o
- CMS : MET (>120) and Mono-jet (p; > 80GeV) £ s E:::x
- ATLAS : MET > 80 GeV é oF
Event selection: & "°F
- CMS : MET > 200 GeV, jet p; > 150 GeV, h:
veto event if >2 jets (p; > 30GeV, [n|<2.5) 0-52—
- ATLAS : MET > 250 GeV, A(MET,jet) > 1.0, Qi
leading jet p; > 120 GeV, p,/MET>05  _ o ™®
ATLAS oy 3
Dominant background : 1s=8TeV, 203"~ —— Observed 3
- Z(vv) + jet (similar technique as VBF-analysis) Er>250GeV ;i?c‘ed =

J:2e

Limits at m,, =125 GeV :
- CMS : BR(H->inv.) < 0.53 (0.62)
- ATLAS : 0 x BR(H->inv.) < 1.59 (1.91)

95% CL Upper Bound on ¢ x BR(H— inv) [pb]

0||||||||||||| |

Rather sensitive to hlgher mass nggs 200 TeeTe 200 220200 280 300

m, [GeV]
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18.9-19.7 fb™' (8 TeV) + 0-4.9 fo (7 TeV)

Summary of BR(H->inv.) limit

g 2-5:_ 95% CL limits CMS
L L Observed limit .
BR(H->inv.) Limit @m, = 125 GeV R — Expected limit Preliminary
' [ [ Expected limit (10)
ATLAS CMS = F Expected limit (20)
VBF-mode | 0.30(0.35) | 0.57 (0.40) ° i
ggH-mode | 0.83 (0.60) | 0.67 (0.71) T
VH-mode 0.78 (0.86) | 0.60 (0.69) 0_5:_
Combined | 0.25(0.27) |0.36(0.30)
Combined VBF-tagged VH-tagged ggH-tagged
1E T T T T T E
Constraint from visible analyses : ° ]
Combined with BR(H->visible; i:[k, k, , k: ...]) 10_1__ \ |
ir = Tp/Thsm = ZK?BRj/(]- — BRjny) z____________\;‘;‘\_\___;
J  ATLAS NS

ATLAS: Inv. + vis. 102 Vs=7TeV,45 o _
- (s=8TeV,20.3fb" .
kyw, k;<1 [0.23(0.23) - Obs. .
None 0.23 (0.24) L
0% ""005 01 015 02 025 03 035
Visible decays allow to remove k,, = 1 assumption in production. BR, .
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Constraint of Higgs portal to dark matter interactions

WIMP dark matter interacts through Nuclei recoil by Higgs :

SI 41—1nv m4NfN2 C\E1O_39 I‘_‘I I.I |||| T T T T |||| T T T 17T III_

08 N = .

SN 3 2B (My + my)? S, ATLAS -
[

4 40 2107 -

ST _ 16150y My mafS 8 E

OvV-N = 3.2 4 AM?2 2 12M* (M 2 @ 10%°E =

mipveB(my — 4AMymy + 12M75) (My +my)= o B PRSIy

2 8 107% - L s _

8LinwMZ  mb f2 [ ]

oty = ———~ NN § D i (s=7TeV, 4547 " -

myv2p3 (My +mn)? < 10 (s=8TeV,203f"

3 —

c 1074 Vis. & inv. Higgs boson decay channels |

where % [Kw» Kz, K Koo Ko, Ky, Kg, Ky, Kz, BRT ]

g 10_51 B No Ky, z assumption: BR_ <0.22 at 90% CL ]|

VEV: 20 = 246GeV By = \/ 1 - 4m)2( /m}zl [ ) DAMA/LIBRA(99.7%CL)  ATLAS90% CLin  _

53| . ggﬁ%sgl I(Ig(59$ /E’:E)L) Higgs portal model: ]

my (proton mass) = 0.939GeV, 107 Smm CoGeNT (99% CL) wn Scalar WIMP -+

of TGty o bt -

- i = - 107°>° - - uper % wis Vector —

fy (H-nucleon coupling) = 0.33+0.30-0.07 O e XENONT00 (50% o0) E

e LUX (90% CL) ]

10_57 - | | | I | | | | | | | | | 1 1 11 IT"

1 10 10? 10°

LHC is the most sensitive search for the Higgs portable model at m, < m, /2. WIMP mass [GeV]
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Prospect for low mass region

For “vector WIMP”, Anvv

1 T ; O
-- Min XENONI100 1

Phys.Lett.B 709 (2012) 65

Current limit: A, ,, = 0.013 @ BR=0.2

r \ — Lattice

Simple scaling by the statistics :
Ay = 0.0065 @ L =300 fb? 10 11—
0.0037 @ L = 3000 fb? I ———‘.—w___.»-""”XENCNUP

current |

"~ XENONIT

With 3000 fb! by simple scaling, “vector 02 | | R
300fb-1 =i | -

—
.

" : : red band is the allowed regiof
WIMP” can be excluded if m,, <m, /2. 3000fb-1 —+ g !
The scalar is most severe case... WMAP e B =10% |

10_3 = ! | 1
Critical path : 50 | 100 ;50 200
! M., (GeV)

. . ) H->inv. + photon / jet
requires to improve MET resolution

RMS ~ 10 GeV @ Runl > 40 GeV @Run4 (2026, 3000fb1, u=200) (Ref. ATLAS)

Single photon / (mono-)jet can explore high mass (> 60 GeV) region.
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Prospect for high mass region

Accessible to high mass region
using mono-jet search Suppression scale M* by EFT:

Three scenario : N*— M

- MET > 400, 600, 800 GeV \ IsniIp

with leading jet p; > 300 GeV

where, EFT is valid under

Suppose dominant background :
- Z->vv controlled under 5% T <\ 9suIpn < 47T (checked stability of M*)

Suppression scale M, [GeV]

3000 | | T | | ] < = ]
[ ATLAS Simulation Preliminary i & 4500F @ 3000 b ATLAS Simulation Preliminary
2500 Ds5, m, = 400 GeV — = 40003_ 300 fb™ m,=400GeV n<\|g, g, <4r _E
C 5% syst ] k> = \s=14 TeV E
N - s 3500E ]
2000 < g g <41 — O C 1% syst 3
- / . n = I
- \ SM~DM . S 3000; E
1500 . = e ] ‘@ 25001 E
L - o r - -
B - g 2000: E
1000 —e— MET>400GeV ] 3 1500F =
N MET > 600 GeV ] - E
500 - A~ 1000¢ E
- —+— MET > 800 GeV . 500 —
0 C '|3 = |74 |74 |74 |74 ] 0 - .

oV Tey . MTe, . Tg, ol 400 600 800
20 fy-1 Styr gy 3004, 300p ET™* threshold [GeV]
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Prospect for high mass region

Accessible to high mass region

using mono-jet search Suppression scale M* by EFT:
Three scenario : M*— M (This is not Higgs-portal
_ MET > 400, 600, 800 GeV /gSMgDM scenario, but brings same

experimental message.)
where, EFT is valid under

Suppose dominant background :
-Z ->vv controlled under 1% T <\ YsuIpy <47 (checked stability of M*)

with leading jet p; > 300 GeV

= 3000— | . . : - .
8 - ATLAS Simulation Preliminary . 0] OF e 3000fb" ATLAS Simulation Preliminary
= 2500F D5, m, = 400 GeV TN = 4000th;1 MA00SEV <Gty <t 3
% - 5% syst / ] % 3500:_ \s=14 TeV =
O 2000 4 f - O E 1% syst 3
g E n<\‘ 9\ Oy <47 | E ((,:) 3000;_ _;
2 15001 . A o 2 2500 E
o) C % g E . =
5 - T £ 2000 =

~ AN e B o C 3

a 1000 —e— MET > 200 GeV ] 2 18NNE =
No further improvement —=— MET>600Gev 4 But improving to 1% systematics

by the statistics. - MET-SwGY 3 gives nearly 30% enhancement at 3000fb.

OI | | | | | U
STey, ., 1o, 147, 4, 4 400 600 800
v el el el |
Vs St 3B, 23004 300 ET™* threshold [GeV]
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Summary

= VBF H->inv. is the most sensitive channel.
- MET or VBF trigger is good.
- Z H channel is significantly less sensitive.
- Should improve MET resolution.

= “3rd jet veto” looks very powerful to reject QCD multi-jet events.
- Theory uncertainty ?
- Modeling systematics especially at higher pileup.

= LHCis the most powerful machine to search for DM if my < m,, /2.
- Supposing WMAP constraint, almost entire region is covered
for vector WIMP scenario at my < m,, /2.
- MET should be improved for further extension to access higher mass region.
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CMS dark matter result

October.13.2015

107 &

10?
10°
10*
10°
10°
107
10°
10°
1 0-10
1 0-11
1 0-12
1 0-13

: S/
DM-nucleon cross section Sy [pb]

| T T T T T 1T | T T T T 1T 115
Combination of VBF and =

ZH, H— invisible CMs

= \s=8.0TeV,L=18.9-19.7 " (VBF+ZH) =
?___ s=7.0TeV,L=4.91f"(ZH) B(Hos inv) <0.51 @ 90% CL 3
C - \ m,, = 125 GeV ]
E - =
= E

—— p—
—
e — e

J* _ — — [ICRESST1s
1 CRESST 26

1 DAMA/LIBRA

== Max {7771 COUPP(2012)
—— LUX(90%CL)
1 111 | | | |

—— XENON100(2012)
........ XENON10(2011)

=== Min [ CoGeNT(2013)/90%CL
—— lattce [ CoGeNT(2013)/99%CL
[ CDMS(2013)/95%CL

——
’—//

IIIII.I.II| Illllllll ||||Lll|| |||||l|]| IIIIIA\JLLLLLHIl

10°

DM Mass M, [GeV]
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2In A

ATLAS Constraint from visible decay

10

T T ~~L»' ‘ T T T ‘ T T T ‘ T T T ‘ T T T

ATLAS

(s=7TeV, 4547 fb"

Vs=8TeV,20.3fb"

Obs.: .
—Vis. & inv. decay channels
"""" Inv. decay channels :

--=-Vis. decay channels

o
_____

- 03
-;—\ | | ‘ | | \.‘L | | | ‘ | | | ‘ | | |

0 e """""a,,\, \ ) -
-02 -0.1 0 01 0.2

03 04 05

inv

BR.
Kz Z boson coupling s.f. 0.99 £0.15
Higgs portal Kw W boson coupling s.f. 0.92+0.14
(Baseline config. . +0.32
of Vis. & inv. K t-quark coupling s.f. 1.267534
Higgs boson Kp b-quark coupling s.f. 0.61 £0.28
decay channels: . +0.20
general coupling Kr Tau lepton coupling s.f. 0.98%1s
param., no Ky Muon coupling s.f. <2.25at95% CL
assumption about . 0.18
wz) Ky Gluon coupling s.f. 0.927 515
Ky Photon coupling s.f. 0.90f8:{2
Kzy Zvy coupling s.f. <3.15at95% CL
BRipny Invisible branching ratio < 0.23 at 95% CL
Higgs Coupling 2015, Lumley Castle, UK
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[GeV]

E;"‘SS Resolution

miss
X b

E

ATLAS MET resolution

Run-1 Run-4
[ T Ll L T ] T T L] T l L] T T L I L] L T L] l T 1 L] T l i ;‘ 160 _I T I TrTT I TTTT I L T T I T I T I T | T I_
30+ e Data 2012 default ATLAS Preliminary — o - ATLAS Simulation {s=14 TeV,u=190-210 -
| = Data 2012 Pile-up suppression 1 S 140r PowhegPythia fi -
[ o MC default P S 120 o g /<40, I, 1<4.0, Reference -
25[ © MC Pile-up suppression +g¢<{> . %J? [ I, <32, ln:|<3.2, Middle P
- *zf}{* 1 ¢ 100= M <27, IanTI<2.7, Low
o0l 2 Zoup g1 = '
a #3:3& \s=8TeV 1 @ 80
. o ILdt:ZO ' 60 -
151~ -* ~— ]
* —
i #-o-* ] 40 ]
- -3 . - .
10 +* _._-.--.--l--!-“'"'_e’_ﬂcc!At ] 20 ]
[ e nawsasseh ] - .
4+ - -
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0 5 10 15 20 25 00 500 1000 150020002500 3000350040004500
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. . X000 LT L S
= "L ATLAS Simulation -
EFT validity test 3 pAmAssi |
o
80j ]
Suppression scale M* by EFT: 60 .
M wlb E
M*: med B Vs=8TeV J-L o0t i
,g g sl m, = 400 Gev ) L=2010" ]
I — ET*° > 400 GeV ]
SM~DM L — EE‘SS>600 GeV ]
ok — ET** > 800 GeV .
where, EFT is valid under I A ey ———
‘gSMgDM
= T T T T T T T T T e
T < \/gSMgDM <Am E;OO;ATLAS Simulation ]
8= [ Preliminary i
© 8ol -
Ouw < Mmed is typical scale of the production. - .
60— -
In this case, Q,, is mass of yx system that satisfies: - .
40— .
O < VgsmgpmM* - ﬁjtgec\;’evszsfb"j
20— — ET™ > 400 GeV 7
ges - . B — EI™ > 600 GeV i
Validity is tested how often event fails above of — ET.800GeV -
formula given fraction of N
[CJe )
A7) = (M) - RS (M) -
O valid O full Mied .
For given range: 7 < \/gq\Ipy < 47

R =100%.
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