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Itinerary

Show compatibility of CMS Data (5 fb~! at 7 TeV and 20 fb~! at 8 TeV) with
the Standard Model

@ Stop before the gate and measure the Higgs mass

@ Enter to the Bright World of Higgs boson couplings to fermions and
bosons

@ Turn right from the peak and do the Higgs width measurement from & |
off-shell production

e Continue along the way of Exotic Models and drop spin-1 and spin-2
models

@ Stop in the Spin-0 Higgs Tensor Structure Hall
e Pass through the dark tunnel of Searches for Invisible Higgs
@ Open the luminous Higgs Portal, and shed light on the Dark World



Higgs signatures explored at CMS

m,, fixed to 125.0 GeV

Decay tag |incl.(ggH) VBF tag|VH tag |ttH tag Obs. | Exp.
H—ZZ v v - 6.5 | 6.3
H-yy (74 v v v —> 56 | 5.3
H->WW U v v v - 47 | 5.4
H-Tt v v v v - 38 | 39
H—bb v v v - 20 | 23
H-Zy v v

H-uu v v

H—inv. v v

CMS-PAS-HIG-14-009 Tags are never 100% pure

207 subcategories e.g. VBF-tagged events are expected to

2519 nuisance parameters contain 20-50% gg—H, depending on
J the analysis and subcategory




Higgs boson mass

Analysis with good mass resolution
Using only analysis with good mass resolution Energy scale is dominant systematic. J

and with fully reconstructed final state:
o H— ZZ* — 4l

19.7 b (8 TeV) + 5.1 167 (7 TeV)

e H— vy g
’Yﬂ}' y 35F CMS 5/{5+B) weighted sum
CEH=yy
¢ Data
H } alia 3 £ — 5B fits {weighted sum)
l’ / 25 :_ ++++ B component

- e
cmeame 490

Two isolated, high pr photons

Events categorized by m.,., resolution, kinematics
and production mode

Foi= 114708
0.5 M, =124.7010.34 GeV

S/(S+B) weighted events / GeV

Same as measurement of the couplings

200

Simultaneous S+B fit to all categories 100

T

MEFETEE IR R R -
110 115 120 125

wdaaa e la e L e
130 135 140 145 150

0
°
@ Background from fit to data
o

Analytloc signal model.accountmg for .data/MC m,., (GeV)
corrections and associated uncertainties ) cus (527 ToV, L =51 1" (5=8ToV, L = 19.7 10"
E 35:_ I I I I . Dala[ E
H— ZZ* — 41 ® 305_ Bz E
@ Four isolated leptons € Bzz
. s [ Jm=126 Gev -
@ Only lepton flavor categorization (4e, 4y, 2€2p ) : ]
201 .
@ Unbinned maximum likelihood fit - ]
15 -
@ Use my vs kin. discriminant (KD) for S/B S :
separation 105— E

@ Use information on event-by-event mass 5% _

resolution 0

~ 80 100 120 140 160 180
m,, (GeV)




Higgs boson mass

q(my)

3 =~ » o

4,

CMS H— vy 197 b (8 TeV) + 5.1 it (7 TeV)
1Y I
o\ iy, = 124.70 + 0.34 GeV i
-\ % 124,70 + 0.31 (stat) + 0.15 (syst) GeV [ [ ]
- ; Floating Wygr vy and H gon iH ,'] ]
:_ " —— Total uncertainty ‘ _:
= ', === Statistical only J E
124 124.5 125 125.5
my, (GeV)

my = 125.03103%(stat.) 10 12 (syst.) GeV ]
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@ Reduce model dependence of the mass estimate
by allowing signal strengths of Higgs production

mechanisms to float independently

@ H— vyyand H— ZZ* — 4l results compatible

at the 1.60 level

@ Statistical uncertainty still dominates the
measurement (wait for Run2)

0 19.7fb" (8 TeV) + 5.1 fb! (7 TeV) 1Ocms Is=7TeV,L=51f"; (s=8TeV,L=19.7 o’
rrrrrrrrrprrrr e T T T T L T T T T T T N N T | :'TII[III| — ¥ [ 1 1 —]
- CMS = Combined ‘g E — Combined R
oF Pre,l'fmfnary —— H— vy tagged z 9 L e Combined (stat. only) —
| . - —H—=ZZ —-4e
8lHoyy+H->ZZ e tagged R -
E— — — 4u .
7 p'zz: I.l_n(ggH,ﬂH], 7 f ¥, .
L (VBFVH) My = 125.6 + 0.4(stat) + 0.2(syst) GeV ]
6 " 6 3
5| \ \\ ; E
4f 4: 1
3 3t :
2 2 |
1 1 :
b SXAZ T NN
23 124 125 126 127 22 124 126 128 130 1832
my, (GeV) m,, (GeV)
[T F— |1|9,|?|tll?"l(lsl1l'evl)l+I§.1Hﬂa'1|(7 TeV)
- Hoyy+H—>ZZ
£ 9o CM,S. n YE (ggH,ttH), E
< - Preliminary = ]
o~ 8F n_(VBFVH) =
1 7: E
8_ -
5F =
4'_ —]
3|
2
1F
b L Ll ol
—8.5 2 -1.5 -1 -0.5 0
/ my - m}



Global signal strength

Overall signal strength

1.00 + 0.09(stat.) "9 %5 (theo.) + 0.07(syst.)

@ theo. includes QCD scales, PDF+ag,
UEPS, and BR

Combined
1.00+0.13

H - bb (VH tag)
H — bb (itH tag)
H — yy (untagged)

H— yy (VBF tag)

\

Production and decay tag
o x2/d.o.f. =10.5/16

@ p-value = 0.84 (asymptotic)

Signal strength grouped by production and decay

H— vy (VH tag)
H— vy (ttH tag)
H— WW (0/1 jet)
H— WW (VBF tag)
H— WW (VH tag)
H— WW (ttH tag)
H— 1t (0/1 jet)

H — tt (VBF tag)
H— 1t (VH tag)

H — 7t (ttH tag)
H— ZZ (0/1 jet)
H— ZZ (2 jets)

-4

19.7fb ' (8 TeV) + 5.1 fs' (7 TeV)

m, =125 GeV

1 1 1 I 1 1 1 I 1

1 1 1 1 I 1 1 1

-2

6

2 4
Best fit O'/O'SM



Signal strength grouped by production and decay

19.7 o' (8 TeV) + 5.1 fb' (7 TeV)

m, = 125 GeV
Combined CMS "
u=100£0.13| Preliminary

Untagged
u=087+0.16

VBF tagged
p=1.14+027

VH tagged
u=0.891+0.38

ttH tagged
u=276+0.99

2 3
Best fit O‘/GS

Grouped by production tag
o x?/d.o.f.=5.3/4
@ p-value = 0.26 (asymptotic)

@ ttH excess from SM at 20
level

4

M

19.7 o' (8 TeV) + 5.1 fb' (7 TeV)

Combined CMS m, =125 GeV
n=1.00%£0.13 . '
Preliminary

H — bb tagged
n=0.93%0.49

H — 1t tagged
u=091+0.27

H — vy tagged
n=1.13+0.24

H— WW tagged
n=0.83+0.21

H — ZZ tagged
u=100+0.29

0 05 1 15
Best fit 0/05

Grouped by decay tag
e x?/d.o.f.=0.9/5
@ p-value = 0.97 (asymptotic)

2
M

>




Tests of Higgs boson couplings

Prescription from LHCHXSWG [arXiv:1307.1347] ]

Production modes Detectable decay modes Currently undetectable decay modes
2 ”
OggH v { Kg(xbsxtsmﬂ) F’W\N{'} - K2 Ftt . I(2
M K SM i g - ™
OVBF 2
—— = imp(xw,xz,m L I .
oSM vBr(kw, Xz, mp) 2z _ 2 —58 . gee Section 3.1.2
VBF FSM Z 'SM
U\VH - 2 ZZ{.] 144
SM = Ky r FCE 2
OWH bb ~sM K
—— oz 'SM
OZH 2 'sM b cc
sM — %z bb .
OzH - S
£ FT tt 2 FSM = Kp
il R M- T % ss
SM = K I
o> T -
ttH : i~ KTz
F"'"! . { %(Kbaxhxtax“ﬁ mH) FSM
SM i wou
T K
FZY o K2Z'I’) (Kbs Kty Koy KW, mH) Total width 2
rsM Xt P _ ) (ki mn)
: 'SM K2
H H

@ Assume single resonance

@ Zero-width approximation: (o x BR)(i - H — f) = —J‘:HA’

@ SM tensor structure




Custodial symmetry
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Only WW and ZZ channels (0/1 jet) ] Full combination J

19.7 fb" (8 TeV) + 5.1 f5' (7 TeV) 19.7 6" (8 TeV) + 5.1 15 (7 TeV)
10:| T T T TTT T [ TT T T TTTTT | TTTTTTTTT | T T T T TTTT |: J 10 :-[ T T T T T T .I T T T T T TTT ] T T TTTTT .| ™ T T T T I:
of CMS — Observed | S o CMS — Obsenved |
- Preliminary e Exo.for SMH |- b - Preliminary .
- _ p. for ] - ----Exp. for SMH |
8f H— VV (0/1 jet) 5 N8 K, Ky kbl
7_ Kf=1,1(zs lWZ /’l —; ' 7 '-. —f
6| : 6l ; 3
- \ NE = 1 : ' ]
5F l'. F J 5 '.l =
41 s al- :: : -
3:_ “‘l ! _; 3 . ‘tl :: _i
2| . of : -
1f A : 1 - f
OZIII ' N e T . A IR |"""": 0:11|11111|111|L ‘J'IJ'IJllllllllllllJJI:
0 0.5 1 1.5 2 0 0.5 1 1.5 2
; Myz (k= 1) Ky, o4 Mz

Ay, =—%=0.9477 Az = P =0915,, .

K, 7 Custodial Symmetry

@ The SM Higgs sector symmetry
5U(2)L X SU(2)R — SU(2)L+R
. . d Hi
No deviation — treat Z and W as V' | 500 ..

couplings to the Higgs, gw/gz .
protected against large rad




— N W
TTI1 1IIIIIIIIII

-
lllllllllllllll

0 | I L 11 | |
0 0.5 1.5 2
K +0.14 A'WZ
A'wz = = 0-91—0.12
7 Custodial Symmetry

@ The SM Higgs sector symmetry
SU(2)L x SU(2)r — SU(2)L+r

(due to Higgs vev)
nd W dsS V ' @ Result: mf/g/mz , and their

couplings to the Higgs, gw/gz ,
protected against large rad




Custodial symmetry
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Only WW and ZZ channels (0/1 jet) ] Full combination J

19.7 fb" (8 TeV) + 5.1 f5' (7 TeV) 19.7 6" (8 TeV) + 5.1 15 (7 TeV)
10:| T T T TTT T [ TT T T TTTTT | TTTTTTTTT | T T T T TTTT |: J 10 :-[ T T T T T T .I T T T T T TTT ] T T TTTTT .| ™ T T T T I:
of CMS — Observed | S o CMS — Obsenved |
- Preliminary e Exo.for SMH |- b - Preliminary .
- _ p. for ] - ----Exp. for SMH |
8f H— VV (0/1 jet) 5 N8 K, Ky kbl
7_ Kf=1,1(zs lWZ /’l —; ' 7 '-. —f
6| : 6l ; 3
- \ NE = 1 : ' ]
5F l'. F J 5 '.l =
41 s al- :: : -
3:_ “‘l ! _; 3 . ‘tl :: _i
2| . of : -
1f A : 1 - f
OZIII ' N e T . A IR |"""": 0:11|11111|111|L ‘J'IJ'IJllllllllllllJJI:
0 0.5 1 1.5 2 0 0.5 1 1.5 2
; Myz (k= 1) Ky, o4 Mz

Ay, =—%=0.9477 Az = P =0915,, .

K, 7 Custodial Symmetry

@ The SM Higgs sector symmetry
5U(2)L X SU(2)R — SU(2)L+R
. . d Hi
No deviation — treat Z and W as V' | 500 ..

couplings to the Higgs, gw/gz .
protected against large rad




Couplings to vector bosons and fFermions

@ Map vector-boson and fermionic couplings into Ky and k¢ plane

@ H — v~ (through the loops) sensitive to relative sign (—) of couplings to W
and top

@ interference between W and top loops plays a role

¥ i
w _@g.wu\w& i
= Sw 5 '
I
AAARARR 1 AR
b |

imi 19.7 " (8 TeV) + 5.1 fb™ (7 TeV : o
CMS Preliminary (8 TeV) + (7 TeV) CMS Preliminary 19.71b" (8 TeV) + 5.1 fb™ (7 TeV)

“oLr Observed o SMHiggs | I Opseed o SM Higgs
|
05 —
0: t |
0 0.5 1 15




Search for new physics in loops
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@ New particles can potentially
hide in the loop-mediated
couplings (H~~ and ggH)

@ The photons and gluons are
treated tree-level effective

couplings

10prrrrrrrere ST 107 (8 TeV) + 51 157 (7 TeV)
9 f_ CMS — Observed f
8§1<P ’eimfgfq’y ---- Exp. for SM H t

- ™ BSM ’ ]
U= =
6F =
5 :
4} =
3k E
2F E
06 1 | |

02 04

L NERERENE ERRRREE
0.6 0.8

1

BRBSM

19.7fb" (8 TeV) + 5.1 fb' (7 TeV)
IIIII|IIIIIIII|IIII

7 e

1.6f Preliminary
1.4f
1.23
1.0;
0.8;
0.6}

0.4}

02 T

aenm—

.,
_________
..............

@ New particles can contribute
to the total width

@ Allow total width to scale as

1/(1 — BRgswm)




Generic models of couplings and their ratios

19.7 b7 (8 TeV) + 5.1 fb' (7 TeV)
CMS & 68% CL

Preliminary : == 95% CL

[}
Kb l*:
*:

KT
% A ———
Kg —---—
BR — E
BS M 1 1 L 1 | 1 1 1 1 I 1 1 1 I 1 1

1 | | L1 1 1 |
0 0.5 1 1.5 2 2.5
parameter value

Six-parameter model + free width

Allow beyond-SM decays and restricting
the tree-level effective couplings to
vector bosons to Ky < 1.0

19.7 b (8 TeV) + 5.1 6" (7 TeV)

CMS - 68% CL
Preliminary == 95% CL
KgZ il
?l'Zg —E—*—

le .#'-

}'72 +
l tZ *'_':
lig E o eeeeellee—

1 011 | L1l I 1111 | | I 1111 | | | 1111
0 05 1 15 2 25 3 35
parameter value

Couplings ratio model

All gauge and third generation fermion
couplings are floated allowing for
invisible (undetectable) widths




Coupling vs. particle mass

Generic M and € model

Parametrized in terms of a mass scaling
parameter € and a vev parameter M:

my
@ Kf = vev - Mite
2e

@ Ky = vev -

Vv
Ml+§e

[J. Ellis and T. You, arXiv:1207.1693]
19.7fo" (8 TeV) + 5.1 16" (7 TeV)
| rTrrrrTT | TTTTTTTTT | TTTTTTTTT | FrTrrTTTTd I_‘

' - CMS
0.2

_____
o

01" -

----------
"""""
..
e,
e,
"u
v,
L

i \/ H\‘\\ ..... 3
0.0k \ SO

- ", ~

; T :::.:h‘h"‘--____ ___,..---j,
2 ;
-0.2 .
_0.3 _III | |I L1 11111 I|I L1111l 1 |I I |I 11111 ]

200 220 240 260 280

M (GeV)

300

A or (g/2v)"?

102

19.7 fo' (8 TeV) + 5.1 fb1 7TeV)

: CMS gy l 12y :
Preliminary vev) Ky vev t

__ m -

- A=K, —L .

[ |===68% CL f ey ]

L |=—95% CL -

---SM Higgs

IIIII

1 L1111 llI

(M, g) fit
— 68% CL
—95% CL

100 200
mass (GeV)

| 1 111 IJII

1 2 345 10 20

Standard Model

vev = 246 GeV and kf = Ky = 1
recovered for M = vev and ¢ = 0




Higgs boson width from offshell production

F. Caola, K. Melnikov (Phys. Rev. D88 2013)

. gz HS%IZZ J. Campbell et al. (arXiv:1311.3589)
on—pea gg
dogg 122 o g2 H8%1 F(mzz) VggoH-zz < T T on-shell: mzz ~ my
Vo AT 2 \2 2 12 -
A 88 m2., — m2)2 + m2T off—peak 5 2 off-shell: mzz — my >>T
2z ( ZZ, H) il | ep—H—ZZ ocgggHgHZZ ZZ H H

On-shell /Off-shell ratio

CMS 19.7 o' (B TeV) + 5.1 fo 7' (7 TeV)
@ SM predicts [;o; = 4.2 MeV, direct measurement . e T T
yields [;; = 3.4 GeV, 3 orders of magnitude B -z ° I EEogW 522
.. q q = 50- I qg —» 22 ]
@ [y can indirectly be extracted from . O @ B Z+X ]
. o
On-shell/Off-shell ratio ) : , S a0 ]
. o H -
@ Mild model dependence — works for BSM N S i:*i a0l 3
models if the ratio is not altered by new physics g t z -

.

10 120 130 140 150

(i.e. top loop still dominates in ggH)

]
=
T

@ Signal - background destructive interference
through fermion box diagrams

Analysis

@ The H— ZZ* — 4] analysis uses the my,
distribution near the peak and above the ZZ
production threshold as well as a kinematic
discriminant to separate the Higgs boson
production from the ZZ continuum background

Fnp mio 400 a00 E00 0D b0 600 10oo
800 m, (GeV)

e The H — ZZ* — 2/2v analysis relies on the ol .
transverse mass or missing transverse energy >
distributions, depending on the jet categories.

B Dt Py {] Vax P L ax PP,
[10.1103/PhysRevD.89.092007, 10.1140/epjc/s10052-013-2469-8]

-1
.

2 2
N i’ P —_
"y {\ Prect +me + o TP+ masz} - {ﬁ"r et r«-'f-"ss}




0 4 . LW "
100 200 300 400 500 600 700 800
m, (GeV)

o 1CMS (unpubllshed) 19.7 b’ (8 TBV) +5.1 m" {7 TeV) |03 CMS {unpublished) 19.7 o' (8 TeV)
I|IIII|IIII|III|IIII|IIII|IIII|IIII|IIII:
Dm M ® Data .
----- All contributions (I,=10xI'{M ,u=1) -
[ 9g+VV - ZZ (I =l .u=1) ]
0.8 0.15 B o 22
10° B Z+Jets —
--o---o [ top/W+jetsAWW 3
. Wz .
oclpN s o ", T B }
1 0.1 10 .
0.05 S e
0.2
S s i
0 0""200 300 400 500 600 700 800 900 1000
400 600 800 m; (GeV)
m,, (GeV)
= -1
qq
P, P,
Dgg = ﬁ == e 58 e
88+ q9 axpsig+\/axpmt+73bkg
2 2
2 _ . 2 - — s
my = \/PT,£32+m£fz+\/EFIrmSS _|_m££2 _ pTlff_l_EI%‘llSS]




Higgs boson width from offshell production
Likelihood fits

3 parameters are unconstrained in the likelihood fit:

® li1ggH and pver @ Signal strength scale w.r.t SM prediction (driven by the
on-shell analysis — 4/ analysis dominates)

o [y/lo : Higgs width scal w.r.t SM prediction (I'yy extracted from the off-shell

analysis)
CMS 19.7 fb™! (8 TeV) + 5.1 16" (7 TeV)
-
2 10— 4 observed [ 4 Measurement
4 Femnmnns 4] expected
o ~—— 2/2v +4l__ . observed

o expected: [y = 4.2723> MeV

o measured: Iy = 1.877% MeV

8 - an-shell exmc‘ed

B Combined ZZ observed
«eesee. Combined ZZ expected

T A iart [y 95% limits
2: @ expected: 33 MeV
_ 69% Gl @ measured: 22 MeV




Higgs spin and parity - spin 1 and 2

@ Combination of

R aeve—— 11 e ZZ+WW channels
_F 100k - * ata - - - Median expected ':“ | r - ;
= WMo MEF+ilo SOoaen o EpAEWe
el o e IV N e O excludes. all pure
T ool ep%, MIEa oo b DD alternative models at
& o} l 99.9 % CL
20 "1,
0 E @ Case of nearly
20} degenerated states —
:g testing for mixture of
- -H ‘E: - - 0:4_5;_:-45;“;,:,:_h_;,:,o . +
RN SRt I N N - D B T T C S B B
L I 11 7 & & & L1111 3 SM nggs (0 ) and
PEFEBEEE TR EEEEE spin 1 or 2 models
CMS (prelimin
a 7 CMS ipreliminary!
St 77 2
“—E_B E% (325_

0.4

0.2

0

== Best-fit + 1o
# Excluded at 95% CL

& 1
H{J")
decay-only discriminants

Expected ar 95% CL i ' .
a gg production : qq production (gg acceptance)

I Expected at 68% CL



Higgs spin and parity - spin 0

ViV V1Va
ViVa Ky 2"151 + Ky qxzfz ViVa p4(V1) px(Va),uv ViVo px(V1) fx(Va),uv
A(HV1V2) ~ (11 + T” F»l \,2 + a. 2 f v f + Qg f f

T\ 2 pv
(A1)

A1 term a» term as term
leading momentum expansion CP even state CP odd state
Phenomenology of HVV interactions
gy SM values |
Interaction between a spin 0 Higgs and two gauge S,
bosons Vi, Vs (Z, W, 7, g): SO A e o
L V2 (£, VW7 &) HZZ(WW) 2 107%-10"2 107%-10"2 <1071°
@ Expansion up to g° HZ~ - 1073 -10"2  ~0.0035 <1010
. 4 Hyy - - ~ -0.004 <1071
@ assume small anomalous couplings — g* and h.o.
not considered )
5 Interaction  Anomalous Coupling Effective Translation
Ana|y5|5 Strategy coupling phase fraction constant
@ Use sensitive channels H — ZZ and H — WW . A a1 Ja 71/Fa1 =145 x 107° GeV
HZZ ﬂ.g (.“}(!.‘2 f_,.,z I'le,’"lﬁ'z = 268
@ Test exotic spin-parity states using hypothesis as Da3 fas o1/o3 = 6.36
testing AYW PWW WW aWWGWW — 187 x 10 B ey
. HWW u_jzwi-'\\-' U\NQVL f“ W ) \\'W {,f WW —1.25
@ Measure tensor structure parameters using AW HWW FWw \w« ,ﬂ“\,\ 3.01
likelihood fits y i ,
/ AT o1 i o1/55] = 5.76 x 107° Gev ™
HZy ad” %3 fos oy /odT =224 x 1071
a2 & e 1h oufod =22 107
Ja2 = , : , _ | |
" |a1[201 + |az|202 + |as|203 + 54,/ (A1)° Hyy ay” Pas fas o1/o3" =282 x 107"
ay’ orq FAS o1/o;" =288 x 1074

[Phys.Rev.Lett. 110 (2013) 081803, Phys.Rev. D89 (2014) 092007, CMS-PAS-HIG-14-014]



Higgs spin and parity - spin 0

0
=
7
g
5
S
3

Y

f
IIIIIII|IlIlIIIlIIITIIIIIIIIIIIIIllllll

i e e

;./-Best fit & 68% CL a, A}"’W a;"“' g
Expeciod st 99% L HWW
9 Expected at 68% CL
le ||h fl Region not excluded in
¢ OOd ts either HZZ or HWW/ .
@ Use suitable Kinematic Discriminants for each measurement Cousitrallid Loy _
HZZ — HWW correlation

@ Construct multidimensional signal and background pdf templates from
discriminants

@ Perform likelihood function scans over complex couplings ratios (exotic/SM)

&
CMS (preliminary) 19.7 ' (8 Tav) « 5.1 &7 (7 TaV) CMS Ipreiminan 19717 (B TeV) + 5.1 ' (7 Te)
1 @B — 1 T o e B S B B L O L B
£ o —hww ] = = - ]
<] -1 hal hal
o a- HWWAHEZ, R =05 "}' (}.I

-1 05 o 0.5

. 1
fac08(d_)




Higgs — invisible decays

19.7 ' (8 TeV) + 5.1 16" (7 TeV)

Recent measurements of the branching fractions of ome .
the 125 GeV Higgs boson are compatible with the 4.P"*"””’”ﬂ”’ \l;, amgw
SM expectations, but with large uncertainties. | e

-|; H —» 1T Iz-aggeci

HVE.F,\.I‘H

@ Can still accommodate significant non-SM decays

@ Additional Higgs bosons with exotic decays are 0
still possible ' .
y 1 2 ”ggH_nHS
JRT PR 4 G
. . £ oLCMS

Indirect constraints < 2 prmnary

_ . "7 KR, BR,
Bgsy can be inferred by fitting of
+l‘\ﬂ f\l"\C"QY\IQI‘I I‘lﬂl"'\\! mr\rlac-- 5;_




/S

19.7 6" (8 TeV) + 5.1 15" (7 TeV)
T T T T |

......... Many models predict Higgs boson(s) decaying to

u%__ 6“5 4+ Ho triagged -

S| Preliminary + s heavy, undetectable particles
4 e e @ 4_generation neutrinos, neutralinos, graviscalars
_ In extra-dimensions, etc.
o il

@ Some of these constitute viable dark matter
(DM) candidates

! . @ In "Higgs portal” models, the DM does not
T 2 couple to any SM particles but the Higgs — a
mediator between the SM and DM sectors

19.7 o' (8 TeV) + 5.1 f6' (7 TeV) 19.7 fo' (8 TeV) + 5.1 fb" (7 TeV)

1 0 FrrTrrr1r7rrTd | rr1rrrrrTri 1 FTTTTrTa ] rTrrr17i17Ta l fTTr1TrriTrnriTi 1 0 rrrrrrrinria | Fr1Trrrrirna | rrrrrrruna l FTrrrrrna J LI 1111
QE CMS —— Observed E QE CMS — Observed E
Preliminary - Exp. for SM H Preliminary - Exp. for SM H

AlnL




Higgs — invisible decays

Recent measurements of the branching fractions of B e e :"a”Y mOSE-"S Pfe;'liCt Higgls boson(s) decaying to
} ; - volminary |, |+ -V | eavy, undetectable particles

the 125 GeV Higgs boson are compatible with the ) et ”‘ \|# B vy, u parti

SM expectations, but with large uncertainties. |

‘u\a'LiI WH

H ¢ b tngged
+ H-—+yjlagged

° 4”’—generation neutrinos, neutralinos, graviscalars

R in extra-dimensions, etc.
o Can still accommodate significant non-SM decays T C ﬂ*i:}\\ 1 @ Some of these constitute viable dark matter
e Additional Higgs bosons with exotic decays are > A= (DM) candidates

=il et . \ ' . @ In "Higgs portal’ models, the DM does not
P y - 0 1 2 couple to any SM particles but the Higgs — a

mediator between the SM and DM sectors
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Indirect constraints I LT e :C'“?BF; o
Bgsny can be inferred by fitting B Ao Y A B .f -
the observed decay modes: )i 10
Bgsm < 0.58 (0.32 from more i / 13 / ]
constrained model) i Al
4o e P - U
Direct searches |
In production channels where the Higgs boson [arXiv:1404:1344] =2 = N
recoils against a visible system: ——
@ Vector boson fusion (VBF) A e
@ Associated production with a Z boson, 992" = ZH - [+ MET |
decaying to a pair of leptons or bb 99— Z* = ZH — bb+ MET |
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[arXiv:1404:1344]

qq — qqVV — ggH — 2jets + MET J

qq — Z* — ZH — 7] + MET J

qq — Z* — ZH — bb+ MET ]

0.4 0.6 0.8

1

BRBSM

CMS Experiment at LHC, CERN

Data recorded: Mon Sep 17 04:50:40 2012 BST
Run/Event: 203002 / 1762672184

Lumi section: 1570

Orbit/Crossing: 411409864 / 423

MET =248.6 GeV

M(jj) =3371.7 GeV

eta()j) = 6.41
phi(jj) = 0.96
PF Jet 2
pT =90.2 GeV
| eta=3.63

phi=1.17

MET = 248.6 GeV



H - invisible pillars [VBF, H+Zll, H+Zbb]

q , = Jet

> @ e
2 [ ]

) 104 CMS —8— Observed L%mo__ cMms * Observed 1
Q) 4 — VBFm, =125 GeV, | is=8Tev,L=19.7 fp* __ ZH(m7125GeV). |
O . .4 (s=8TeV,L=19.5fb" BHSI =100 | E 20 ey 0 B(H - inv)=100% |

) Vel g I zz
~ 10 VBF H(inv) ] viiers g | oms 80~ 5
- ) _ @eo I B wz ]
" B . w, ovansiers, v [ is=8Tev,L .
=10 g sof ZINHGM) g0l [ovopsies
g) |_| OV WW,WHets
L 10 ]
— 1 15 2 25 3
10*

150 200 250 300 350 400 450 50(
miss
E; ™ [GeV]
VBF production
@ Two forward jets, separated by a large rapidity gap,
high invariant mass
o Large missing transverse energy (MET, E)
o Backgrounds: Z(v%) + jets, W(/v) + jets, DY ({l)
-+ jets, Single top, tt, dibosons, QCD multijets

o Rates from data control regions: Z(v7) + jets,
W(lr) + jets, QCD multijets

Ag{l]) [radians]

Associated H(inv.) + Z(Il)

@ Two isolated leptons from Z decay,large MET

@ Backgrounds: ZZ({fvv) + jets, WW (lvf) + jets,
WZ(Ivll) + jets, DY () + jets, tt, single top,
W(lv) + jets, QCD

@ Data control regions: ZZ(771) + jets, WW(lviv) +
jets, DY (i) + jets, tt, single top

Events /0.1

L
b-jet hv

LI I LI ) | LI
CMS
Vs=8TeV,L=189 fb*
Z(bb) H(inv) high p_

10°

—@— Observed

ZH m, =125GeV,
T BH — inv)=100%
[ zies
[ wiets
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BDT output

Associated H(inv.) + Z(bb)
® Two b-jets from Z decay, large MET
e Backgrounds: Z(vir) + jets, W(/v) + jets,

ZZ(bbvv) + jets, WZ(lvbb) + jets, tt, Single top,
tt, dibosons, QCD multijets

@ Background modeled with MC, normalized from data
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VBF(SM)
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¢ X B(H— inv)/c
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H - invisible results [VBF, H+Zl|, H+Zbb]

VBF production

95% CL limits

— Observed limit
------- Expected limit
[ Expected limit (1o)

¥s=8TeV,L=19.5f"

Mass independent selection, cut-and-count approach
Using a CL S method, we set limits on

o x B(H — invisible).

Assuming SM VBF production cross section and
acceptance at my = 125 GeV :

o o Observed: 0.65 (Expected 0.49) at 95% CL
Expected limit (20)
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6 X B(H— inv)/c_ (SM)

0.5

150 200 250 300

Associated H(inv.) + Z(!I)

Combination of Z(bb)H
and Z(Il)H, H — invisible

(s = 8 TeV (Both ZH channels)
L=18.9-19.7 fb’

Vs =7 TeV (Z(INH only)
L=49fb"

O
=
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Limits from a fit to 2D distributions m+ vs Ag(f).
Assuming SM ZH cross section and my = 125 GeV:

@ Observed: 0.83 (Expected 0.86) at 95% CL

Associated H(inv.) + Z(bb)

Limits from fit to multivariate analysis (BDT) output.
Assuming SM ZH cross section and my = 125 GeV:

o Observed: 1.82 (Expected 1.99) at 95% CL

105

110 115 120 125 130 135 140 145

m, [GeV]

SM

o X B(H— inv)/c

M

B
o

II1]III|III|III|I’II

1.6

14

1.2

0.8

0.6

0.4

0.2

O
<
w

95% CL limits
Observed limit
------- Expected limit

I Expected limit (1o)
Expected limit (20)

Combination of VBF and
ZH, H — invisible

s =8 TeV (VBF + ZH)
L=18.9-19.7 fb!

s =7 TeV (Z(I)H only)
49!
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my [GeV]
Combination of VBF and ZH production

Individual limits on o x B(H — invisible) /osm from VBF
and ZH channels are combined.

Assuming SM VBF and ZH cross sections, they are
interpreted as limits on B(H — invisible)

@ Observed: 0.58 (Expected 0.44) at 95% CL
@ Comparable to indirect constraints

Main systematic uncertainties
o let energy scale
@ PDF renormalziation /factorization scale
@ Total integrated luminasity
@ Lepton momentum scale
@ Jet energy resolution

o MET scale/resclution
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VBF

o X B(H— inv)/o

H - invisible results [VBF, H+:

VBF production
B e Mass independent selection, cut-and-count approach s
25— 99% CL limits Using a CL S method, we set limits on b‘”
| —— Observed limit o x B(H — invisible). =
T Expected limit Assuming SM VBF production cross section and E
— . t t = 125 GeV : P
" W Expected limit (Is) 2o o A c T
B o o Observed: 0.65 (Expected 0.49) at 95% CL T
s Expected limit (2c) . =y
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my, [GeV]
oS Associated H(inv.) + Z(II)
o _ Limits from a fit to 2D distributions my vs Ag(/l).
Combination of Z(bb)H  Assuming SM ZH cross section and my = 125 GeV:

and Z/Ihd 4
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c X B(H— inv)/c_ (SM)
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my, [GeV]
T oMS Associated H(inv.) + Z(Il)
- o _ Limits from a fit to 2D distributions m+ vs Ag¢(/).
el Combination of Z(bb)H  Assuming SM ZH cross section and my = 125 GeV:
T and Z(I)H, H— invisible @ Observed: 0.83 (Expected 0.86) at 95% CL
_ Vs =8 TeV (Both ZH channels) -
o[ L=189-19.7fb" Associated H(inv.) + Z(bb)
E F_:JQT%\.{ (Z(IDH only) Limits from fit to multivariate analysis (BDT) output.
- Assuming SM ZH cross section and my = 125 GeV:
1'5:_ @ Observed: 1.82 (Expected 1.99) at 95% CL
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0&5_
_||||I||I|IIIII||IIIIIIIIIIIIIIIIIIIlIIIIl

105 110 115 120 125 130 135 140 145

m, [GeV]

0.8}
0.6}
0.4}

0.2}




ction, cut-and-count approach
we set limits on

duction cross section and
25 GeV :

xpected 0.49) at 95% CL

o |
400

Ny, [GeV]

+ Z(In

 distributions my vs Ag(M).
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95% CL limits

Observed limit
------- Expected limit

I Expected limit (1o)
Expected limit (20)

Combination of VBF and
ZH, H — invisible

Vs =8 TeV (VBF + ZH)
L=18.9-19.7 fb™

Vs =7 TeV (Z(IH only)
L=49fb"
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my, [GeV]
Combination of VBF and ZH production

Individual limits on o x B(H — invisible)/osm from VBF
and ZH channels are combined.

Assuming SM VBF and ZH cross sections, they are
interpreted as limits on B(H — invisible)

@ Observed: 0.58 (Expected 0.44) at 95% CL
@ Comparable to indirect constraints

Main systematic uncertainties
@ Jet energy scale
@ PDF renormalziation/factorization scale
o Total integrated luminosity
@ Lepton momentum scale

e Jet energy resolution

@ MET scale/resolution




Dark Matter enters through Higgs Portal

Combination of VBF and ZH production

Limits on the Higgs invisible branching fraction can be interpreted in the context

of Higgs portal DM models

@ Direct-detection experiments measure the DM-nucleon elastic interaction,

mediated by a Higgs

o If the DM has mass below my /2, the decay width I;,, can be translated to
spin-independent DM-nucleon elastic cross section and compared to results

from direct detection

DM Ay DM
Direct detection | h
.'-’,/.-xﬁ‘"' ~
N £, N
Production at colliders | ) DM
hy A ,

)\2 m4 f2
ST hSS NJIN
a —
\2 ms, f2
ST hVV NN
— vector DM
Cv-N 16mm3 (My + my)?
2 2 072 £2
S Mpr MMy fermion DM

1N = AwA%ms (Ms +my)?

Higgs-nucleon coupling fy

fn = 0.326 from lattice calculation
(min/max from MILC Collaboration)

Phys. Rev. Lett. 103 (2009) 122002




Some Higgs portal related talks

First order electroweak phase transition and dark matter in (non)conformal Higgs portal models
Session: Higgs Portal Models

More
Presented by Jussi VIRKAJARVI on 16 Dec 2014 at 09:45

The Higgs Portal

Session: Higgs Portal Models

Presented by Oleg LEBEDEV on 16 Dec 2014 at 09:00



Dark Matter enters through Higgs Portal

Combination of VBF and ZH production

Limits on the Higgs invisible branching fraction can be interpreted in the context

of Higgs portal DM models

@ Direct-detection experiments measure the DM-nucleon elastic interaction,

mediated by a Higgs

o If the DM has mass below my /2, the decay width I;,, can be translated to
spin-independent DM-nucleon elastic cross section and compared to results

from direct detection

DM Ay DM
Direct detection | h
.'-’,/.-xﬁ‘"' ~
N £, N
Production at colliders | ) DM
hy A ,

)\2 m4 f2
ST hSS NJIN
a —
\2 ms, f2
ST hVV NN
— vector DM
Cv-N 16mm3 (My + my)?
2 2 072 £2
S Mpr MMy fermion DM

1N = AwA%ms (Ms +my)?

Higgs-nucleon coupling fy

fn = 0.326 from lattice calculation
(min/max from MILC Collaboration)

Phys. Rev. Lett. 103 (2009) 122002




Limits on DM - nucleon cross section

I 1 I I | LI I I I I I L ] —
Combination of VBF and
ZH, H - invisible CMS

\s=8.0TeV, L = 18.9-19.7 fb* (VBF+ZH)

[o = . -1
\s=7.0TeV, L=4.9fb"(ZH) B(H— inv) < 0.51 @ 90% CL
my =125 GeV

e
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DM-nucleon cross section O [pb]
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Competitive results

Use the combined limits from
VBF, Z(II)H, and Z(bb)H
searches for my = 125 GeV:
B(H — inv) < 0.51 at 90% CL

@ Set limits on the
spin-independent
DM-nucleon cross section
for 3 scenarios: scalar,
fermion, vector DM

@ Results competitive with
current results from
direct-detection
experiments in the low DM
mass region




Conclusions

@ Higgs boson couplings to fermions and bosons measured

@ Higgs mass precisely determined — statistical uncertainty still dominates
(Run2)

@ Higgs width measurement boosted to the realm of SM expectation using
off-shell production

e Excluded at > 99% CL models with Higgs boson of spin-1 and spin-2

@ Set stringent limits on effective fractions and phases from spin-0 tensor
structure allowing for mixture of multiple spin-0 models

@ Indirect measurements and direct searches set consistent limits on
B(H — invisible)

@ Under Higgs Portal model interpretation, CMS sets concurrent limits on low
mass dark matter

All consistent with SM with the back door left open for some DM to enter. J
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