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July 4, 2012

« ATLAS and CMS announce discovery of a new
particle.

- Consistent with long sought-after Higgs boson.

"We have reached a milestone in our
understanding of Nature".
--- CERN Director General Rolf Heuer

Feb. 17, 2015 Ian Lewis (SLAC)



Long Search

- -
N — —

» 50+ years of work by theorists.
» 25+ years of work by thousands of experimentalists.

Feb. 17, 2015 Ian Lewis (SLAC)



Standard Model Complete

Fermions
Matter

. Leptons

Bosons
Force Carriers

. Quarks . Gauge bosons

Higgs boson

Particles of the Standard Model

Quarks: charge +2/3 (up type) and -1/3 (down type)

Leptons: charge -1 and O

Feb. 17, 2015 Ian Lewis (SLAC)



Does Everything

* Gives masses to Gauge Bosons:

1 h)?
2 T T — 2
(mWW W+ 2mZZ“ZM) (1 + U)

e Glve masses to charged fermions:

My 1+ZJ¢¢

 Completely predictive:

- Higgs couplings to fermions: Yo X Ty,

- Higgs couplings to gauge boson: ¢ m%/

Feb. 17, 2015 Ian Lewis (SLAC)



Completely Predictive

* Know everything:

Higgs decays at m«=125GeV

\s= 14 TeV

| IIII]III

LHC HIGGS XS WG 2010

10

200 300 400 500 00

S EmEEES)
o_
o

—1O L

]
My [GeV
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Remarkably Standard Model Like

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

Q :III P e iR e 90 SN e B A e e e R B | .
< +CMS a
N 1E t 4
> = =
Syl .
— - |==68% CL .
S 107E |—gs9% oL E
<& U F ° -
- |---SM Higgs 1
10% E
0 [ M,e)fit | _
5 =68%CL | -
Wo5%CL | -
10'4 R e ik 1 sl AT L T 51 | —
0.1 1 10 100

Particle mass (GeV)
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Remarkably Standard Model Like

ATLAS Preliminary
my, = 125.36 GeV

Total uncertainty
+ic onp

Phys. Rev. D 90, 112015 (2014)

H- vy

w=14743

arXiv:1408.5191

H— ZZ* — 4l
M= 1.447333

arXiv:1412.2641

H— WW* - Ivlv
u=1.09"g5

W,ZH— bb

5+0 4

w=0.50,

ATLAS-CONF-2014-061

H-o 1t

w=147%

O..

\s=7TeV [Ldt = 4.5-4.7 fb”
\s=8TeV [Ldt=20.3fb’

Feb. 17, 2015

hise B eia s
0.5

R

Signal strength (u)

released 12.01.20

P

15

Combined
u=1.00+0.14

H — yy tagged
n=1.12+0.24

H— ZZ tagged
n=1.00+£0.29

H— WW tagged
i =0.83+%0.21

H — 1t tagged
uw=0.981+0.28

H — bb tagged
w=0.8410.44

Ian Lewis (SLAC)

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

m, =125 GeV

CMS

p,,, = 0.96

———

0

Best f|t G/G
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Why the Discontent?

» Great! Seems we know everything... Hierarchy
problem.

e Little to no fine-tuning: ém3 ~ (100 GeV)?

 Scale of New Physics: M ~1 myp~1TeV

Feb. 17, 2015 Ian Lewis (SLAC)



New Physics Scales

* Expect new physics scales:

19
~1 GeV ~10' GeV ~10 GeV
Proton Heavy Neutrinos Gravity
W/Z/Higgs GUT

Feb. 17, 2015 Ian Lewis (SLAC) 10



The Problem

 Fermion masses protected by symmetry.

- In massless case can transform left and right
handed fields separately.

 Gauge bosons protected by gauge symmetry.
1 1

L= _EF'LLVFILLV + QMI%AMA’LL AY — AV — aVOé<$)

 No symmetry protection for Higgs mass:
. L= (D'H)'\D,H — /*H'H

 Many models built to construct ways to protect
Higgs mass from large contributions.

Feb. 17, 2015 Ian Lewis (SLAC)
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Solutions to Hierarchy Problem

e Supersymmetry:

- ~
/ AN
/ \
| \
: Partner |
\ /
H H n H ~_ . 7 H

o Supersymmetry relates mass and couplings of
fermion and scalar partners.

- Loops have opposite signs and cancel.
- SUSY must be broken, cancellation incomplete.

Feb. 17, 2015 Ian Lewis (SLAC)
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Composite Models

* Observed Higgs boson is a composite particle:

i
o —

 No fundamental scalars
- Hierarchy problem unique to scalars.

Feb. 17, 2015 Ian Lewis (SLAC)
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Electroweak Symmetry Breaking
Sector

 Many of these models contain extended or
altered electroweak symmetry breaking sectors.

* Typically have additional new physics
assoclated with this sector.

- Top partners
- New resonances

Feb. 17, 2015 Ian Lewis (SLAC) 14
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Supersymmetry
(Weakly Interacting Solution)

Ian Lewis (SLAC)
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Supersymmetry

* Supersymmetry has two Higgs doublets.

- One couples to up type fermions.
- One couples to down type fermions.

e Special case of a Type Il two Higgs doublet
model.

e Discuss 2HDMS first.

Feb. 17, 2015 Ian Lewis (SLAC)
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Generic Two Higgs Doublet Models
(Momentary Detour)

Feb. 17, 2015 Ian Lewis (SLAC)

17



Generic Two Higgs Doublet models

 Why have one Higgs that does all the work?

- Masses to gauge bosons.
- Masses to up-type and down-type fermions.
- Masses to quarks are leptons.

« MSSM Higgs sector is a special case of Type Il
2HDMSs.

Feb. 17, 2015 Ian Lewis (SLAC) 18



Generic 2ZHDM

* Physical Spectrum:

- Two neutral scalars: /1, H

- Pseudoscalar: A

- Charged Higgs: =+
* Free parameters

v
- tan f8 = 2

..
- Mixing between two neutral scalars: «
- Higgs masses: my, = 126GeV, mpy, m4, mp+

Feb. 17, 2015 Ian Lewis (SLAC)
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Higgs Couplings to Fermions

* Generically have FCNCS.

- Two Higgs doublets, both can couple to fermions.
- Both Higgs doublets obtain vevs.
- Fermion masses have two sources:

M = \}5 (Y (HY) + Y?(Ho))

- Yukawa and mass matrices not necessarily
simultaneously diagonalized.

- Leads to tree level flavor changing neutral currents.
- Can have sever constraints from flavor physics.

Feb. 17, 2015 Ian Lewis (SLAC) 20



Avoiding FCNCs

* Impose parity on one Higgs doublet and subset of
right-handed fermions.

 Type Il 2HDM:
- Odd particles: g, — —Hy, dp — —dp, (p— —(p

- Odd particle have to couple to other odd parity particles.

- Yukawa couplings:
—L = YYQy Hyup + YEQ1 Hodly + V5B Holy + hec.

» Fermions get mass from one source.

- Mass and Yukawa matrices proportional.
- No tree level FCNCs.

Feb. 17, 2015 Ian Lewis (SLAC)
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Types of 2HDMS

* Focus on two types:

- Type |
« Only one Higgs doublet couples to fermions.
- Type |
* One Higgs doublet couples to up-type fermions
* One Higgs doublet couples to down-type fermions.

* Other popular types

- Lepton specific:
* One Higgs doublet couples to leptons.
* One Higgs doublet couples to quarks.
- Flipped.
* One Higgs doublet couples to up-type quark and leptons
« One Higgs doublet couples to down-type quarks.

o See Branco et al, Phys.Rept. 516 (2012) 1-102 for a reV|eW

Feb. 17, 2015 Ian Lewis (SLAC)
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Couplings to Fermions

 Each fermion type couples to one Higgs doublet.

« Each Higgs doublet has a scalar component.
- Why there are two scalars in physical spectrum
» Scalar bosons can mix.

- Both physical neutral scalars couple to all fermions.
- Changes standard model predictions.

X X
H, h

nisik s Y Y COS

Feb. 17, 2015 Ian Lewis (SLAC) 23



Precision Measurements and Direct
Searches

 Precision measurements.

- Gauge boson and fermion couplings altered from SM
values.

- Precise measurements of observed Higgs boson can limit
parameter space.

 Direct Searches

- Additional Higgs bosons beyond the Standard Model to
search for.

e Both important and can give complementary
iInformation.

Feb. 17, 2015 Ian Lewis (SLAC) 24



Precision Higgs Measurements

* Higgs Precision Measurements:

Type-I Type-11
95% Confidence Level 95% Confidence Level
fl T I T T | T ||I T I T I] T ]I T T T ﬁ T I T ] T | T | T
| .
— current limit | J' — current limit
-1 — i AL
I 300fb Projection : i r 300 fb Projection
-1 Lo ! ! : -1 .
== 3000 fb  Projection ! [ : == 3000 fb  Projection
2 ., ' ‘ : 2 L
4 ® y minimum '1 : — 4 ¥ % minimum
| ]
1 I
<= ! ol
o L ! i = |
g ~ g
]
1
2+ . 2
ob— 1 1 ol 11 s
-1 08 06  -04 02 0 0.2 0.4 0.6 0.8 1 -1 08 06 04 02
cos(B-a)

Chen, Dawson, Sher Phys.Rev. D88 (2013) 015018
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tanf3

Alignment Limit - o=

T

2

Light Higgs

Type I

Type 11

Gauge Bosons

1

1

Down Type Fermions

1 —cotB(8 —a—m/2)

1 +tan B(8 — a — 7/2)

Up Type Fermions

1 —cotB(B—a—m/2)

1 —cotB(B—a—m/2)

Type-I

95% Confidence Level

Type-11

95% Confidence Level

6 I I I I | ‘I. T ||I I I 1 I I' I ﬁ 1 I I | | T | : E I
— current limit : ,' — current limit
- 300fb" Projection | : 300 b Projection Iy
} I . 1y
== 3000 b Projection ! :' == 3000fb" Projection [ Iy
4 @ % minimum ' ! — s @ %’ minimum —
| X L
! sk e
[=) . |-|:
E | |
. 1
sy
Ik
2+ - 2 e
e
sl
Sk
2
Lyl
Al
0 | L . . Ll ol 11 N | | |
-1 08 0.6 04 02 0 02 04 06 08 1 1 08 06 04 02 0 02 04 06 08
cos(B-a) cos(B-a)
Chen, Dawson, Sher Phys.Rev. D88 (2013) 015018
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Search For Heavy Neutral Higgs

Type-1, M, =200 GeV

o =7
-1, Type-1I, M, =200 GeV
95% Confidence Level, x=({) 95% Confidence Level, x={}
i} T p— T T T 1T ] T T T ] T T ! T 3 T T T T . T T ™
\ \ : : | | | l] | II. | | . | i | |
—_ Currentl Limits II1I . "1 — Current Limit | I:
== 300 t:n Limuit \ '|1l == 300 tb'l Limit '1 :
“ 3ab Limit L | - L 3ab Limit | .
- B \ 7 4 e |
L ! | ‘
I VG 1
15 = \ !
I 5 E !
(1] = :
I:f
2 :: 2
11
i
4!
[
&
3
0 | L | L | vl 0 i | I | | L i
-1 0.3 0 0.5 1 -1 0.8 0.6 04 0.2 1) 0.2 0.4 0.6 0.8 1
cos(p—ar) cos(-a)

Chen, Dawson, Sher Phys.Rev. D88 (2013) 015018
Feb. 17, 2015
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tanf3

Comparison

e Direct searches and precision measurements
give complementary information.

Type-1 Type-II Projections
95% Confidence Level 95% Confidence Level
10 -
T 1 T I L ] T l_! | LI | T 1 ll [ LI I LI ] T T II_I' L L L T I T ] T | T | :I'I T I T ] T I‘_
S ! _ v
i - 3ab" Limit from Heavy Higgs Search, M, =300 GeV ] L -3 ab”' Limit from Heavy Higgs Search, M ;=300 GeV
g |- — - 3ab’ Limit from Heavy Higgs Search, M, =200 GeV - gl- —- 3ab’ Limit from Heavy Higgs Search, M, =200 GeV
— 3ab”" Limit from Higgs Coupling Measurements L — 3ab’ Limit from Higgs Coupling Measurements
I ' | | : t |
| "-, 1
6 | ] 61 I‘, \
i [T 1'—, \
L \: 4 = : \
\: S \: |
\ l: e~ \:
v - | AN E
. - . . . .
- Y s i "'._ S TN
Neoow 'l‘.. il .
2 el i - 2+ /
L 3
L 4 H]
{} L1l I - J L1 | L | Ll ; | - I 1 I - | Ll | Ll {] L I L J L | L | 1 w L I L I L | 1
4 08 06 -04 02 0 02 04 06 08 1 1 08 06 04 02 0 02 04 06 OB
cos(p-o) cos(B-o)

Chen, Dawson, Sher Phys.Rev. D88 (2013) 015018
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Recent Bounds

e Type I

e Type Il

Dumont et al arXiv: 1409.4088

Feb. 17, 2015

cos(pB-a)

cos(B-o)

06

0.4

0.2

06

0.4

2HDMit (typel) m,=125.5+2.5 GeV

[ postLHC8(2013)-FDOK .
[ postLHC8(2013 & 2014)-FDOK

0.5 1 5 10 50

tanf3

2HDMfit (typell) m,=125.5+2.5 GeV

04 | .

06 | postLHC8(2013)-FDOK i
I polst.Lll-IICS(2013l& 20.14)-.FD.O.K. o . o

-0'80.5 1 5 10 50
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Supersymmetry
(Weakly Interacting Solution to
Hierarchy Problem)

Feb. 17, 2015 Ian Lewis (SLAC)
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SUSY

 Minimal Supersymmetric Standard Model (MSSM):

- Two Higgs Doublets: H,,, H,,

* H,, gives masses to up-type fermions.
* H,; gives masses to down-type fermions.

- So called Type-Il Two Higgs Doublet Model (2HDM).

L=—y,QrHwup—yQrHdp — vy LHzep +h.c.

Feb. 17, 2015 Ian Lewis (SLAC)
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MSSM Higgs =

* Five Higgses..
- Two scalars:  h, H
- Pseudoscalar: A
- Charged Higgs: H -
e Supersymmetry more
constraining than parity,
two free parameters:
(Hu)
(Ha)

- Pseudoscalar mass: my

- tanf =

Feb. 17, 2015 Ian Lewis (SLAC) 32



Mass, Mixing, and Couplings to
other SM particles

* At tree level have upper bound on Higgs mass:
mj7 < m% cos 2

« Stop squark can raise mass to observed level.

- Higgs mass sensitive to highest scale in the theory.
— Stop squark couples strongly.

Feb. 17, 2015 Ian Lewis (SLAC)
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Decays of Heavy
Scalar

* Branching ratio depends
greatly on tan g
(Hy)

(Hg)
- Down type termions get
mass from (H)

- Smaller (H,;) , larger
coupling

* For small tan 3

- Many possible decay
channels

- Depends greatly on mass

Feb. 17, 2015
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tan B =30, M, =2 TeV

_I_ T T T T T .T T ._[__.'IJ_ L. T T T | T T T T | T T T T | T T T T ‘_[_.L_ T _'I.
C bb
+ -
-1 TT _ _ _ _ _ -
10 T T T T ;
- ml|1l1zlx
__ mod+
my
. mod-
my
l()'2 1 L 1 L J L 1 L 1 l 1 L L 1 I 1 L 1 L | L 1 L 1 I 1 L 1 L J L 1 L 1
150 200 250 300 350 400 450 500
M, (GeV)
tan p =3, M, =2TeV
T
r 10
m
I N
].0'2Jllllllllll..lll||||||~\;\||\|\'r||]11‘|q‘=
150 200 250 300 350 400 450 500
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tanB 30 M =2TeV

Decays Of 1 e i , LLﬁ
Pseudscalar O

<
&g | ]
 Branching ratio depends [ _:
greatly on tan 3 H - b ;

e For large tan/ e S '

10100 150 200 250 300 350 400 450 500
M, (GeV)

- Decays to down-type
fermions

e For small tan/j

- Many possible decay 10
channels :

- Exotic decay channels open
up
- Depends on thresholds

tan[3=3,M2=2TeV

BR(A)

107

10ll’_)l’_) 150 200 250 300 350 400 450 500
M, (GeV)
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SUSY Spectrum

Matters

At low tan /3 spectrum of
SUSY particles matters

 Forlarge tan

- Branching ratios largely the
same.

e For small tanf

— Open up neutralino decay
channels.

- Depends on mass
thresholds.

Feb. 17, 2015 Ian Lewis (SLAC)

M, (GeV)

BR(A)

L | 1 L L1 | 1 L L | 1 L1l 1 | L 1 Ll | 1l | 1 | L Ll L
200 250 300 350 400 450 500
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L

'3 -
101007 150
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Production of Neutral Scalars
* Production mechanism depends on tanj

o (pb)

LOTE 2 ]
100 150 200 250 300 350 400 450 50( 100 150 200 250 300 350 400 450 500
(GEV) (GeV)
;
: 0000000000
L ¢
_______ t Y s =
NV0.0/0,00/0,0,0,0)
b
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Direct Searches and Precision

30 e
i
95% C L. Scaled Exclusion {
----- o(ggh)xBRh-VV)/SM | |
I
I i 1
25 e
1 1
\ !
\
\
I \
e
L e
i
20F | £=200Gev |
Em alt 11
< : \
g L Em mod+ 11
< i i \
~— 1]
15¢ !
[}
L n
1)
\
\
10 ‘
B \
\

s S S

T

200 250 300 350 400 450
ma (GeV)

tan

2

20}

 Solid line: recast searches for 1t resonances.

« Dotted lines: precision Higgs measurements.

 Limits depend on SUSY spectrum.
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Carena et al Phys.Rev. D91 (2015) 3, 035003
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Composite Models
(Strongly Interacting Solution)

Feb. 17, 2015 Ian Lewis (SLAC)
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Technicolor

* Most basically: scaled up QCD
- Electroweak symmetry broken by strong

Interactions, similar to pions.

- Strong scale is electroweak scale, expect resonances.
:IIIIII| I III\I\‘ | T T 1T T 1T —

u T ]
N J ]
1035_ /P | p(28) Zf |

10
_ _ Vs [GeV]
- Separate strong interaction from electroweak scales.
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Pseudo Nambu-Goldstone Boson
Higgs

 Make Higgs a Nambu-Goldstone boson of
some symmetry breaking.

- Massless at tree level.

- Natural to be much lighter than other resonances in
the strongly Interacting sector.

- Use loops to give Higgs mass.

+——+

VEW < Mp = gpJ < A f — UV completion

Feb. 17, 2015 Ian Lewis (SLAC) 41



Parameterize Via EFT

* Do not necessarily know dynamics of strongly
Interacting sector.

1 Sm%
S =73

h i h
B + mpy W WK (1 + 20+ ) + im%ZMZ“ (1 +2c7 4

h
wudé w@b@b(l—FCw + - )—|—

o Standard Model Limit: ey =cz=¢; =1

 Changes couplings from Standard Model,
expect corrections of order

v’ (Electroweak scale)?

e
Feb. 17 2015 S f 2 (Strongly interacting scale)? s




Minimal Composite Models
» Specific models=- specific predictions:
- MCHMb5: cpy

1 € 1 — 25 Agashe, Contino, Pomarol,
CZ = /] — : 63 — Cw p— Nucl.Phys. B719 (2005) 165-187
vi—=¢

BR(H)
M,=120 GeV
MCHMS5

-------------------------
Py
.

\J
.,
ol
e
1 |’ L |
0.8

. . :
Feb. 17, 2015 Espinosa, Grojean, Muhlleinter, JHEP 1005 (2010) 065 43




Precision Higgs Measurements

* Precise Higgs signal rates:

£ LHC | HL-LHC LC HL-LC || HL-LHC+HL-LC
universal 0.076 0.051 0.008 | 0.0052 0.0052
non-universal || 0.068 0.015 0.0023 | 0.0019 0.0019

f [TeV]

universal 0.89 1.09 2.82 3.41 3.41
non-universal || 0.94 1.98 5.13 5.65 5.65

Englert et al J.Phys. G41 (2014) 113001

 For moderate fine tuning, generically expect top
partners in TeV range.

Feb. 17, 2015
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Double Higgs Production

* Need to expand effective field theory:

- New resonances introduce new Higgs couplings:

h

h h
0000 < _ = 0000 < / P
~
N\ /
T TR o T
Q Q N ~

h h

-

t h t h T h
— T - — —< / -

4 \ / -

A A N % -
-5 | __ _ — s V AN ~

t h t h ¢ h
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Double Higgs Production

* Representative Diagrams:

0000000000 o i 0 i g i
{ h
il
vt - —=-- wt
\\ h h

/s
/h //h
bz /
=
] N
\\ N h
N N

0000000000) y
, h
|t :
\\h
NO0/0/0,0.000/0/0) )
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Double Higgs Production

« Search for double Higgs production via gg — hh — bbyy

- Solid: LHC 14 TeV 300 fb1, Dashed: 14 TeV 3 ab?
REd 100 TeV 3 ab'l Azatov, Contino, Panico, Son arXiv:1502.00539

~ Cy,: 9-g-h-h C;: h-h-h
0.10
10
0.05" ﬁ
5.
0.00 ﬁ
C2g ' 3
I | 0-
~0.05- |
~0.10- -5¢
~0.15. 0b
~1.0 ~0.5 0.0 0.5 1.0




Validity of EFT

Db Sh Dt Db Sh Hit Hb
O =0, =05 =0.6'=0063,0,"=0.1.03'= 0" =0, =6, 0.0 95"_9“’_9 =0.07'=0.063,0"=0.1.0) =0 =0" =0 =0.05
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Chen, Dawson, IL Phys.Rev. D90 (2014) 3, 035016
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Higgs and the Dark Sector
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Invisible Higgs Decays

* Higgs decays to Dark Matter:

________ Dark Matter

* Heard about yesterday.

* Possible for Higgs processes to probe dark sector
In other ways.

Feb. 17, 2015 Ian Lewis (SLAC)
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Higgs and Dark Matter Sector

* Higgs can serve as portal to other particles of
the dark sector.

Standard Mediator Dark
Model Sector

Feb. 17, 2015 Ian Lewis (SLAC)
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Higgs Portal

» Add new scalar no couplings to SM

- S could be part of a dark sector, generically couples to
Higgs.

* New potential
V(H,5) = Vp(H)+ Vy5(H,5) + Vs(S5)

- New Higgs Interactions: Vjq(h,S) = aH'HS + C;QHTHSQ

- Mixing with Higgs introduces new interactions:

X X
S
__h__ mx — . sin&m—
v v
X X

Feb. 17, 2015 Ian Lewis (SLAC)
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Double Higgs Resonance

 New Higgs process.
* Potential has many minima

now ‘000000 ¢+
. g S
- Vacuum expectation value t | X
of S cannot give mass to Y
WI/Z. Q000004

- Require minimum with
Standard Model Higgs
vacuum expectation value
IS global minimum.

- Affect S-h-h coupling

Feb. 17, 2015 Ian Lewis (SLAC)
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Large Enhancements

\S =14 TeV (LHC Energy)
 Ratio of double o R s L A RN
Higgs rate with B, S m, (GeV)
S Included to Al Mass of New Scalar_
double Higgs _ |
rate in Standard 2 [~ ~—-- 370 :
Model 63 y
+ Dashed lines %,
have incorrect w
vacuum i
expectation e
value for Higgs. g il |
©c 2 0 2 A
o b3/VEw

Chen, Dawson, IL arXiv:1410.5488 [hep-ph]
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Bounds With Current Data

VS = 8 TeV, L=20 fb"

 Ratio of double Current Data
Higgs rate with S - ATLAS observed 95 %CL (yybb)
to Standard - 10000; — . CMS observed 95%CL (yybb)
Model prediction. 2 B = CMS observed 95%CL (bbbb)
L: 1000 E — Allowed region for b4=3,a2=0
- Area W|th|n g : — Allowed region for b4=1,a2=-1
green and (S0
magenta ST
curves are G 1ol ]
theoretical %\ ; ;
bounds. F 1 ;—\Theoretical Bounds =
« Current bounds i :
Nnot enough 01300200 '5(1)0' i '6(1)0' 00 50 '9(1)0' 1000

Mass of New Scalar (GeV)
Chen, Dawson, IL arXiv:1410.5488 [hep-ph]
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Extrapolated bounds

VS = 14 TeV, L=300 b’

Ratio of double

Higgs rate with S L A DAl
dicti —u i i e SR B — . Projected CMS 95%CL (7ybb)
prediction. LR aty . [ — Projected CMS 95%CL (bbbb)
— Area within E I ‘\Theoretlcal Bounds i'—— Allowed region for b4=3,a2=0
green an d O s Allowed region for b4=1,a2=-1
magenta curves s [ TNLa :
: a2 - o A i
are theoretical T ! i
[ \ -
bounds. " 'S, T
5\ | = \.\, —...-_-—'—————_
Need 2023 data ~ ¢ o :
. @ i b ~. ]
Scenario where  © | it TTOM 8t aia
scalar only has e e e s
couplinas throuah 300 400 500 600 700 800 900 1000
Higgs J J Mass of New Scalar (GeV)
Chen, Dawson, IL arXiv:1410.5488 [hep-ph]
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U(1) Symmetry in 2HDM

* Previously used parity to constrain Higgs

fermion coup
e Possible to a

INgs.
so charge second Higgs doublet

under a U(1) gauge symmetry
- Both Higgses get vevs

- New massive gauge boson, Dark Z (Z,)

* New light gauge bosons motivated.

- Interacting dark matter.

Feb. 17, 2015
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Exotic Higgs Decays
« H, charged under U(1) and Standard Model.

- Mass mixing between SM Z-boson and new Z,

2 (2 2 2
~ (71 7 (92@1 + gz) gdgzgz) ( Zyi )
TN gagzvs g5 ) \Zay

o If Z, light exotic Higgs decay:

Feb. 17, 2015 * lan Lewis (SLAC)



1000

800 -

LHC Search

)

600 -

400

Luminosity (fb

200

h — ZZda,Tk — 4/ 0;

VS = 14 TeV
mzcI =5GeV

my, =125 GeV |

. With 300 fo™: 10”

8 X Br(Z —I'T)

- Exclusion: §2By(7Z, — ¢t07) >4 x 107"

- Discovery: §°Br(Zy; — (107) > 1.5x 1077

» Stronger than current bounds.

Davoudiasl, Lee, IL, Marciano Phys. Rev. D88 (2013) 015022
Ian Lewis (SLAC)
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Searchfor h — ZZ;,.1. — 4

Mass of 20 30 50
Dark Z (Exclusion) (Observation) (Discovery)
5 GeV 78 fb* 180 fb™ 490 fb™
10 GeV 100 fb™ 230 fb™ 640 fo™

Davoudiasl, Lee, IL, Marciano Phys. Rev. D88 (2013) 015022

« Complementary to low energy searches.
* Observable within next decade.

* Looked for in other exotic decays as well.

Davoudiasl, Marciano, Ramos, Sher Phys.Rev. D89 (2014) 11, 115008
Curtin et al arXiv:1412.0018
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Conclusions

» Discovered a Higgs boson!

- Not end of story, hierarchy problem still there.
- Two major solutions:

« Strong interactions: composite Higgs
« Weak interactions: SUSY

- Precision Higgs measurements and direct searches can shed
light on situation.

* Higgs measurements sensitive to new physics.

- Test the origin of the fundamental masses of particles.

- Help us search for new sources or changes in the breaking of
gauge invariance.

— Search for sector decoupled from rest of the Standard Model.
- Interesting new physics scenarios probed in next run.
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The Problem

- Fermions protected via chiral symmetry:

L =iy, + bpilDibg + my (Yribp + hoe.)
v — eQLyp g — Yy

« Without fermion mass: Q); # Q) p

- Gauge boson masses protected via gauge

symmetry.

 No symmetry protection for Higgs mass:

L= (D'H)'\D,H — /*H'H



Higgs as Pseudo-Nambu Goldstone
Boson.

« Symmetry breaking pattern:

G—Hi DG

e Have set of massless Nambu-
Goldstone bosons associated
with broken generators of

G/H

» Gauge SM such that Nambu-
Goldstone bosons gain mass
at loop level.

- Higgs is one of these PNG
bosons.
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Electroweak Precision
« EWPT with [Vtb|>0.92

Gillioz, Grober, Kapuvari, Muhlleitner JHEP 1403 (2014) 037

95% C.L.]

........................................




Composite Models

» Single flavor strongly interacting sector:

L=9piyr, + YpilDvp
 Becomes strongly interacting, have scalar
composite states of fermions:

(W) ~ (L) + (VRYL)

* Two flavor QCD more complicated, breaks non-
Abelian chiral symmetry:

SU(:Z)L X SU(2>R — SU(Z)V
* Breaks electroweak symmetry.



Minimal Composite Models
» Specific models=- specific predictions:
CMCHMS: o = ey = |1~ €, 5= e = 20 RS e

V1—¢
—- MCHM4:ciy =czg=c3=cy=+1-¢ e 01)
I T v 1 r T I T T T T

bb
BR(H)

M,=120 GeV
MCHMS5

-------------------------
Py
.

\J
.,
ol
e
1 |’ L |
0.8

Espinosa, Grojean, Muhlleinter, JHEP 1005 (2010) 065




Couplings to Gauge Bosons and
Fermions

* Mixing a neutral scalars introduce couplings to
all fermions.

h Couplings Typel Typell
Gauge Bosons sin(8 — «) |sin(f — «)
Down Type Fermions cos _sina
U ] % cc@
Up Type Fermions Syl =
H Couplings Typel Typell
Gauge Bosons  |cos(f8 — a) cos(fB — )
Down Type Fermions % %
Up Type Fermions ::ﬁlﬁ‘%‘ %




Search For Heavy Neutral Higgs

* Alignment limit

Heavy Higgs

Type |

Type 11

Gauge Bosons
Down Type Fermions

—(f—a—n/2)

—(f—a—n/2)

—cotf—(f—a—m/2)

tan 8 — (8 — a — m/2)

Up Type Fermions

—cotf— (B —a—7/2)

—cotf— (B —a—7/2)

Type-1, M, =200 GeV

95% Confidence Level, x=(0

Type-I1, M, =200 GeV

95% Confidence Level, x={}
o 'll""l':""""" b T T [T~ M T T T T T
[ I ll | ' I
— Current Limits i1 "1 " — Current Limit | ':
-1 N N . -
[ 77 3001 Limit [ - - == 300 b Limit '1 f_ [
i -iﬂhlLIITIIT. "‘ s . ‘1 | -iﬂbll_.ll'l'llt | 1'
4 [ \ | 'l : i
| 1 4 V |
L ‘ ! |- |
s I [ [
= I = \ \
b I = 1 \
(1] =
Il
- L
1l B
4
3]
&
[
&
£
{' i - i - I i - L - I‘H 1" L I L I L I L 1 | 1 1 1
-1 A3 0 0.5 1 1 08 D6 04 D2 ) 0.2 0.4 0.6 0.8 1
cos(P-a) cos(-a)
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