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« W\HHT@ and the Higgs

* The nature of dark matter is still a mystery

*The WIMP miracle and EWSB point towards the same scale:
the electroweak scale —

* Maybe the Higgs is (one of) the best way to have access to DM? V4

1
» The Higgs can easily couple to DM: IHHT)EX, HH'S?

Very much motivated to look for the Higgs decaying to invisible!

In good shape:

ATLAS 1402.3244, Zh, Z—l|,
CMS PAS HIG-13-018, Zh, Z—l,
CMS PAS HIG-13-028, Zh, Z—bb,
CMS-PAS-HIG-13-013 VBF Higgs

Zhou, et al. tth, 1408.0011
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cluded Dark Matter

Something beyond this simple framework?

Pospelov et.al. 0711.4866
Feldman et al 0702123

DM does not interact | mediator
directly“ with our SM o DM
SM world, | med TTM 1 Z S, L

but only ,indirectly Suppression of DM direct detection signals,

but still possible to have a thermal DM candidate

Example: " Zp

Y

They ultimately decay
I to SM states thanks
to the ,portal”

€ _
— _B..Z*
& 1)
2cos 6

How to probe this setup in non-DM experiments? New Higgs measurements?

Sy



MﬁM & Visible Matter

» Scalar portal
V(H,S) D (|ISFH|®

Arising in extended
Higgs sector models:
NMSSM, ...

* Vector portal

LS — B, 7"
2cos@ "D

Realized e.g. in
Hidden valley models, ...
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mwﬁM & Visible Matter

» Scalar portal After EWSB:
9 o If also S aquires a VEV,
V(H,S) D (|S|*|H| S and H mix and S is unstable
" (@ 210° to have a
SM F -LhX-- prompt decay): f
Arising in extended = * I'_I<
Higgs sector models: f
NMSSM, ...

* Vector portal

£>—"_B ZH
2cos0

z ziy -t

Realized e.g. in 2, decays proptly “
Hidden valley models, ... as long as € x O(107)
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HM@}M & Visible Matter

» Scalar portal
V(H,S) D ¢|SPH[

Arising in extended
Higgs sector models:
NMSSM, ...

After EWSB:

If also S aquires a VEV,

S and H mix and S is unstable

(@ 210° to have a
prompt decay):

f
S |.‘|<
f

Jessie’s talk

* Vector portal

£>—"_B ZH
2cos0

Realized e.g. in
Hidden valley models, ...

This talk

Z zZN f
f

Z_ decays proptly
as long as € 2 0(10%)
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Minimal model:
Kinetic mixing is the only link between the dark and the SM sectors

4
h
ity ¥ s BR(Zp — ff)
ZD m2 0.4
h’ Z ZD ~ 2 € t’ all 9 2D light hadrons
v 03
............................... e
Z |
h 7 % ~30% decay into leptons!
6 | |
ZD
mA
hZpZp ~ €*tan®6 gD
mzv
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final aim

h—2Z , h—2Z/Z
D DD

J3{bb |z | 11| w

3]

bb Vo

11 @C‘[k‘

vy

Exotic scorecard
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h—2Z , h—2Z/Z
D DD

Curtin, Essig, SG, Jaiswal, Katz, Liu, Liu, Mckeen, Shelton, Strassler, Surujon, Tweedie, Zhong, 1312.4992

6/14 S.Gori

33| bb|7r [ 11 | w
A
S A
D | bb /
Q O@
8 TT 0
O G
= |11
i 2
7 Initial attempt for h — Z_Z_ (by theorists)
Projected /Current -
Decay 20 Limit Produc- Limit on
Mode on BR(F;) tion BR&E}E; 7] GS"’M - BR(non-SM)
F; 7T+8 [14] TeV Mode 7+8 [14] TeV
7333 > 1 w 0.25 >1
[0.1%] [0.47]
eeee 4.107? G 0.09 4.1071
JIp 0.002 — 0.008 G 0.15 0.01 — 0.06
(5 — 20) -1071] [0.003 — 0.01]
bbpp (2—7)-1071 G 0.015 0.01 — 0.05
(0.6 — 2) - 107%] [0.003 — 0.01]




h—2Z , h—2Z/Z
D DD
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Curtin, Essig, SG, Jaiswal, Katz, Liu, Liu, Mckeen, Shelton, Strassler, Surujon, Tweedie, Zhong, 1312.4992
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Initial attempt for h — ZDZD (by theorists)

Projected /Current
Decay 20 Limit Produc- Limit on
Mode on BR(F;) tion BR&E}E; 7] GS"’M - BR(non-SM)
F; 7T+8 [14] TeV Mode 7+8 [14] TeV
7333 > 1 w 0.25 >1
[0.1%] [0.47]
Leee 4.107° G 0.09 4.10°
JIp 0.002 — 0.008 G 0.15 0.01 — 0.06
(5 — 20) -1071] [0.003 — 0.01]
bbpp (2—7)-1071 G 0.015 0.01 — 0.05
(0.6 — 2) - 107%] [0.003 — 0.01]




rview of the existing bounds for Z

£S5 —- B zmw
2cosf P

Minimal model

Fixed target/
beam dump
experiments

Mainly driven by

the tree level

shift in the

Z boson mass
Hook, Izaguirre, Wacker,
1006.0973

Gopalakrishna et al.,
0801.3456

ete”™ — yutp~
Babar, 1406.2980




rview of the existing bounds for Z

6 A ~
£L> —B,,ZY
2cos@ "D 10-1,

Minimal model

10_2;\

E774

Mainly driven by

the tree level

shift in the

Z boson mass
Hook, Izaguirre, Wacker,
1006.0973

Gopalakrishna et al.,
0801.3456

ete” — yputp~

at one loop

€E ~

The ultimate goal: probing as much parameter space as possible

A little theory bias: in GUT theories, the kinetic mixing operator is generated

r M M
e (1) ~ (107 — 107%) log (1)
71'2 M2 M2




W%H H)f the existing bounds for Z

£S5 —- B zmw
2cosf P

]_O_l: T [ e aTE T T T ||:;I_i?,-§|:l
Minimal model -
EWPM
10~ .
AN \DES
N a 50 B
N KL
_/‘_..:/ BaRar
\\"
apx = 1
38 y M
v 10 y s\\\
E774 2 NS
‘\
\\
Y

Mainly driven by

the tree level

shift in the

Z boson mass
Hook, Izaguirre, Wacker,
1006.0973

Gopalakrishna et al.,
0801.3456

ete” — 'y,u,ert,_

at one loop

/

E ~
1672

M1 Ml
=) ~ (1072 =107 log [ —

2

The ultimate goal: probing as much parameter space as possible

A little theory bias: in GUT theories, the kinetic mixing operator is generated

2




Higgs and the Z, (1)

Minimal model:
Kinetic mixing is the only link between the dark and the SM sectors

Vega-Morales, 1405.1095
VA 10 e .
h < .
(]
- T Lower mass: - 8
Z ©K See Davoudias| | =
- et al. 1304.4935 f
b m2 \10—?’{ / g _
hZZp ~ 2¢tanf—2L2 .\f
v w || EWPT )

Hoenig, Samach,

Tucker-Smith,

10731 1408.1075 .
[ LHC 14 ]

Blue: h»ZZp-4r |

Fal . ; \ I Al |
10 102
mz, [GeV]

Curtin, Essig, SG, Shelton, appearing soon
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Higgs and the Z, (1)

Minimal model:

Kinetic mixing is the only link between the dark and the SM sectors

7 §ee also Falkowski, Vega-Morales, 1405.1095
107" gy T ———
h " CMS8, h-77,| 4
_ -\ flcms7, DY >
Z Lk , -
r— a
||'
Z /
b m2 10—2_ % lJ _— _
hZZp ~ 2¢tanf—2L2 5 < > < > .\[f -
v 5 & h—)ZZD h—)ZD”I]}EWPT 1 9
120 GeV < my, < 130 GeV - 'v
Bump hunt in the SFOS dilepton .
invariant mass most away 1070 e
fromm_: M l ]
z 2 I Blue: h»ZZp-4r |
My —mz, | < S
0.02M, (electrons) ms, [GeV]
2.5(0.026 GeV 4+ 0.013M>)  (muons)
Curtin, Essig, SG, Shelton, appearing soon
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wn%marit with EWPMs

Minimal model:

Kinetic mixing is the only link between the dark and the SM sectors

//
&L -1
Effects on the Z phenomenology! 107" oy | = A
cry I G - |
» Tree level shift in the Z mass: %dzé\? ; .
* Modification of the Z couplings <[S < |
is =
1072} /
-
W 2 EWPT
Solid: Current Bound
Dashed: LHC14, 300/tb
Dot—dashed: LHC14, 3000/fb
Dotted: ILC
10—37 |
Central Values:
Purple: as currently measured
Green: assuming yz,, = 0
Lo ‘ . L
10 10

mz, [GeV]

Curtin, Essig, SG, Shelton, appearing soon
9/14 S.Gori




wn%marit with EWPMs

Minimal model:

| nineliol

Kinetic mixing is the only link between the dark and the SM sectors

K‘ Effects on the Z phenomenology!

* Tree level shift in the Z mass;
* Modification of the Z couplings

In the future, a global fit
will give stronger constraints

‘ T
>
Q]7 A
Sp 4 e
~
230 %

_____________________
...........
e

LHC8, DY

Now Future HL-LHC
dmw 15 MeV 5 MeV
omy, 0.24 GeV 0.05 GeV
Oy 0.76 GeV 0.2 GeV

sAal) | 10-10-7 4.7 -1075

Babar /

expectation

9/14

Blue: h»ZZp-4r
|

Solid: Current Bound

Dotted: ILC

Central Values:

Dashed: LHC14, 300/tb
Dot—dashed: LHC14, 3000/tb

Purple: as currently measured
~ - 2
Green: assuming g, = 0

A
10?
myz, [GeV]

Curtin, Essig, SG, Shelton, appearing soon
S.Gori




Higgs and the Z

(2)

Next to Minimal model:

Kinetic mixing and scalar portal are the link between the dark and the SM sectors
The scalar S is responsible of breaking U(1)'

ZD
LD B, Z"
f’ —X—S' 2cos@ M
Responsible for
ZD the decay of Z_

V(H,S) D (|S|*|H|’

back to the SM

Free parameters:

!

My, Mg, €, K = (

A very clean 4l signal with two equal mass resonances!

Bound from recasting CMS-ATLAS h—ZZ*—4l:
BR(h—Z_Z_—4l) <few*1 0°®, at best

Curtin, et al. 1312.4992

We can for sure
do much better!
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Higgs and the Z, (3)

Next to Minimal model:

Kinetic mixing and scalar portal are the link between the dark and the SM sectors
The scalar S is responsible of breaking U(1)'

100 Higgs mixing case, Br(h-»ZpZp,~41) limit at /s = 14 TeV
0.001F
g B 10’
% | —o—o—o—o09 H30MD
;-; ' B 100 fb’
‘55 B 300 b’
o0 3000 || This corresponds
to set a bound on
TR | | the Higgs mixing with
05 1 5 another scalar
mz, at the level of
HL is crucial \ k! ~ few - 107°
since the search is almost

background free/

statisticalli limited



A=promptly decaying Z

Next to Minimal model:
Kinetic mixing and scalar portal are the link between the dark and the SM sectors
The scalar S is responsible of breaking U(1)'

What if the kinetic mixing is very small € < 107* —107°
and Z_ does not decay promptly?

1071,

3
— 2=
= .
Eo~
iy
E £y
~

| | _Probed by
o h—>ZDZD

w 1073

1074

NON-PROMPT ™
Ogsay . UTD B

Accessible? “oc b b UTTTURT

mz, [GeV]




A=promptly decaying Z

Next to Minimal model:

Kinetic mixing and scalar portal are the link between the dark and the SM sectors
The scalar S is responsible of breaking U(1)'

What if the kinetic mixing is very small € < 107* —107°

. and Z_ does not decay promptly?
Let’s estimate... .

LHC 14, 3000/
1[]_1; LB L LA [ Y 2L R R [ P
E Electron FT
1D-2;_ o Meson Decays
£ &*e” Colliders 3
(N g : A similar signal efficiency should be
-8 ] achievable for macroscopic
decay lenghts contained in
=518 _ .
151 the inner detector
W 3 Electron & Prodon ]
107 PR AN 7
107k \\ B BRex = BR(h — ZpZp) P(L,v/s,mz,,¢€)
; \\‘H““ N L UDLT;M—E;J .
10°°F - The BR Probabilty for Z_ to decay
i i | : we measure L
10°F ! inside the detector




What we will gain on the Higgs exo. decays going to higher energy?

Huge productions!

ggF 50.4 pb 178 pb 740 pb
VBF 4.4 pb 17 pb 82 pb
WH 1.6 pb 4.7 pb 16 pb
ttH 62 pb 4.6 pb 38 pb
HH 034 pb 2pb 1 pb

Higgs cross section working group

13/14 S.Gori



haw

) HHHH: gher enerqgy?

What we will gain on the Higgs exo. decays going to higher energy?

Huge productions!
geF 178 pb @2_

VBF 4.4 pb 17 pb 82 pb
WH 1.6 pb 4.7 pb 16 pb

ttH 4.6 pb 38pb ) 1.
HH .034 pb 2 pb 1 pb

Higgs cross section working group

2. Clean decay modes

At the high-lumi LHC,

we cannot expect to be able to put
bounds on BR_ <10°-10"

because of the lack of statistics

1. Difficult decay modes
Benefit from having ,,accessible”
Higgs production in association
with tops, Z bosons, ...

difficult easy

light jets b-jets? Y's? 4+ leptons

T’s?

13/14 S.Gori



What we will gain on the Higgs exo. decays going to higher energy?

Huge productions!

ggF
VBF
WH
ttH

HH

50.4 pb

4.4 pb

1.6 ib

.034 pb

178 pb
17 pb

4.7 pb
4.6 pb

.2 pb

740 pb
82 pb
16 pb

2.

Ceee D 1.

1pb

Higgs cross section working group

difficult

light jets

1. Difficult decay modes
Benefit from having ,,accessible”
Higgs production in association

with tops, Z bosons, ...

Br 95% CL bound

Higgs mixing case, Br(h—ZpZ~4l) limit a{d? =14 TeV )
0100 T T T T

0.001}F

10°°¢ ’k‘—\’/d
10°7F 1

10-9_

05 1 T 5 10 T 50
mZD

Br 95% CL bound

Higgs mixing case, Br(h—=Z,7,—=4l) limit at§y/ 5 = 100 TeV

0.100

0.001-

107

mm 10"
30!
m 100 o'
I 300 o'
B 3000 b!

| m1om

30T

| w100

B 200 i
B 2000 f!




HW%I%S & lessons

Great opportunity to test new forces using Higgs decays!

» Interesting possibility of testing Z_ gauge bosons from dark sectors
using new Higgs boson decays

*» Access to regions of parameter space very well theoretically motivated

* We will incredibly benefit from the High-Luminosity LHC,
since the signature is very clean

*» Going to higher energy, we will gain in rate:
100TeV collider can set bounds BR(h—Z_Z —4l) ~ few*10°!
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H

Hﬂw% production of Z

10™" gy
- CMS8, h»Z77,,
L =
el
3
5
10-2 | Drell-Yan production
o : and decay to di-lepton
. s 0.030 ———
a =
0.025F .
i [
0.020 Recasting 3
1073 3 CMS analysis
i LHC 1 & 0015¢ 1310.7291
Blue: h>Z: | oI, .
£ &g DL ST -
10 10° i b e
my, [GeV] 0.00o:— —
0000 v 1 vy Ll L N Ll L .H.I_.-|I_.I-.I‘C
20 30 40 50 60 70 80
Mz (GeV)
q7 7 Hoenig, Sa_mach,
MARSENRR Tucker-Smith,
q 1408.1075

Backup
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0.12x1071}
1.x107¢

8.x107°}
\1

6.x 1073} "N

4.x1073¢

MH&HG%H\@ of detector desig

Reach at 100 TeV, with 3000 fb™

h—>ZZD—>4|

Increased lepton
acceptance |n|<4

Improved mass resolution
|Mgg — 'sz| < 0.015 My,

h—Z Z —4|
Db D _ .

5.x 1073}

1.x107%¢

5.x 107}

05 1 5 10 50




present

Bounds coming from SM h — ZZ*— 4l searches at the LHC
CMS PAS HIG-13-002, ATLAS-CONF-2013-013

ny (GeV)

~ Because of mispairing:

mzp = 20 GeV

40 50 60 70 80 90 100 110

my (GeV)

Our signal

o0 ﬂmzp =40 GeV_
50F

m, (GeV)
2 8
|
- 'll':
|

40 GeV < m, < 120 GeV,
12 GeV < m, < 120 GeV

To compare to the experimental data:

CMS preliminary N5 =7(8) TeV,L=5.1 (19.6) it

/'>-"\120_I T | T T | LI | LI | T | LR | T | LI 40
(]
0) i 35
“‘";100— / W 4e:8TeV /T TeV
EN i ® /W 4u8TeV/7TeV 30
a0l ® /B 2e2u 8TeV/7TeV o5
i =20
60— —
i ™ 115
B o by - i
40 = -1 10
| = °
- o ® 115
20 —
_|||||.\||||||||.J||||| ||||||\|||||__0
40 50 60 70 80 90 100 110 120
m,, (GeV)

CMS PAS HIG-13-002




present

Bounds coming from SM h — ZZ*— 4l searches at the LHC
CMS PAS HIG-13-002, ATLAS-CONF-2013-013

~ Because of mispairing:

mzp = 20 GeV 40 GeV <m_< 120 GeV,
50F
5 12 GeV <m_ <120 GeV
> 40 2
A m
£ 30
© To compare to the experimental data:
%) 10b i) o R NG LA LR LA
.(T) my (GeV) (('B i 35
(- 1o / W 4e: 8TeV /7 TeV
= — &t o /m 4u8TeV/7TeV | For
O 601 Myp = 40 GeV 80:— e / W 2e2u 8TeV/7TeV _ o5 mZD>40GeV:
50¢ j * I 1=
~ e s0f- mZD<4OGeV__ 21 m,+ 5 GeV
S 40im - I e, {1
% 30} | 40p 1
20k I 20:_ e ® _f —5
Woh 40505050 50 0 10516120 ©
40 50 6 70 80 90 100 110 m,, (GeV)
my (GeV)
CMS PAS HIG-13-002




present

Bounds coming from SM h — ZZ*— 4l searches at the LHC
CMS PAS HIG-13-002, ATLAS-CONF-2013-013

~ Because of mispairing:
M = 20 GeV 40 GeV <m < 120 GeV,
i eV
%‘ 401
< 30}
; 0.0010 _______
© e ntal data:
C 10:_ ’-,‘.\ 00008_”'--
O 40 50 N: : : 40
7y N 0.0006} ! . . 35
| - T L '\ il
=~ L ATLAS-CONF- . ] 30
8 60f = 0.0004 2013-020  TtTeeeeeeeee : e Ir=nor>4OGeV.
. aa i 1 zD )
i 0.0002} ] 2| m_+5GeV
> dofm i ] 15
3 00000 v o v v
< 300 10 20 30 40 10
201 mz, (GeV) °
10t | 0
40 50
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