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Primary Focus of Run II at the LHC
Electroweak Scale Physics at
the Electroweak Scale

Uncover Physics in the Higgs Sector
Underlying Electroweak Symmetry Breaking

Preview What's Ahead by Way of
Ongoing Work on Run I at the LHC
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Minimal Renormalizable Standard Model

Three generations
of matter (fermions)

Predictive ;o
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Search for New Physics at the
Electroweak Scale

. Physics of ElectroWeak
Symmetry Breaking

. Quantum Space-Time Dimensions

(Super-Space)

. Identity of Dark Matter

. New Flavor Changing Interactions +

Origin of Flavor

. New Symmetries

. New Forces

. Origin of Cosmic Baryon Asymmetry

. Dark Hidden Sectors
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Search for New Physics

Signature Space

MET, ...

Jets, b-jets

Leptons, taus, Photons, ...

Searches are Built Around
SM (+fake) Backgrounds -

Design Searches Away from
“Origin“ of Signature Space
Along Some Axis or Axes

o (fb) 7 TeV
wW 100,000,000
Z 30,000,000
1t 150,000
ww 40,000
WZ 17,000
ZZ 6,500
h inclusive 17,900
tW 150
1Z 100
wWwWWw 60
TWW 2

ww (150 GeV ) 1000
(400 GeV ) 10
99 (1Tev) 10




Search for New Physics

Signature Space

MET, ...

Jets, b-jets

Leptons, taus, Photons, ...

Discovery Potential Evolves:

Luminosity Increases
(Production + Rare Decays)

Control over Backgrounds Improves
Analysis Techniques Improve

Identified/Reconstructed Objects
Improves W, Z, top, Higgs

o (fb) 7 TeV

wW 100,000,000
Z 30,000,000
1t 150,000
ww 40,000
WZ 17,000
ZZ 6,500
h inclusive 17,900
tW 150
1Z 100
wWwWWw 60
TWW 2
ww (150 GeV) 1000
(400 GeV ) 10

99 (1TeV) 10
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Search for New Physics at the
Electroweak Scale

Higgs Sector
Mass Scale O(100-200) GeV
SU(2), U(l)y Interactions

o(pp -> Higgs Sector -> Electroweak), ;.- = O(pb)

Higgs Identified Object
(New Opportunities for Searches)

Focused on Electroweak Physics
at the Electroweak Scale

LHC Sensitivity to Electroweak Physics in
Higgs Sector Just Beginning ...

7+8 TeV 25 fb!

Reached an
Important
Milestone !
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Search for Electroweak Scale Physics

in the Higgs Sector

- Higgs Rate Measurements

- Search for Additional States Directly in
the Higgs Sector

- Searching for New Physics Produced
in Association with Higgs

- Search for Additional States New CMS Results
Related to the Higgs Sector  PAS next week

- Searching for New Physics Produced
from Decay of Higgs

- Precision Higgs Measurements to Search for
New Physics
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Search for Electroweak Scale Physics
in the Higgs Sector

- Higgs Rate Measurements

- Search for Additional States Directly in
the Higgs Sector

- Searching for New Physics Produced
in Association with Higgs

- Search for Additional States New CMS Results
Related to the Higgs Sector  PAS next week

ing f ' Discovered
; Sef:;:'ggef:g; f;‘f?\& izg)slsms Produced Un-Anticipated
High p+
- Precision Higgs Measurements to Search for Elgc'rroweak
rocess

New Physics

(Single Example Run I)
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Higgs Boson Rate Measurements

Number of Channels Observed + Measured

Many Many More Eventually ...

vy OENECOIECORES
77* (x) X X ()
wwr | (0 0 | 0| )
w O |0 | | ®
bb (x) (x)

Combined
u=0.80+0.14

H— bb (VH tag)
H— bb (itH tag)
H— yy (untagged)
H— yy (VBF tag)
H—yy (VH tag)
H— WW (0/1 jet)
H— WW (VBF tag)
H— WW (VH tag)
H — tt (0/1 jet)

H — ©t (VBF tag)
H — tt (VH tag)
H— ZZ (01 jet)
H— ZZ (2 jets)

Vs=7TeV,L<5.1f" (s=8TeV,L=19.6fb"

CMS Preliminary m,, =125.7 GeV
P, = 0.94

2 4
Best fit oloSM
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Higgs Boson Rate Measurements

Signals of New Physics in
SM Higgs Rate Measurements

Deviations in SM Higgs Couplings

- Fit to SM Couplings
- Effective Operator Analysis

- Specific Underlying
Theoretical Framework

Extended Higgs Sector
Supersymmetry

Combined
uw=080x0.14

H — bb (VH tag)

H — bb (ttH tag)
H— yy (untagged)
H— yy (VBF tag)
H— vy (VH tag)
H— WW (0/1 jet)
H— WW (VBF tag)
H— WW (VH tag)
H — tt (0/1 jet)

H — ©t (VBF tag)
H — tt (VH tag)
H— ZZ (0/1 jet)
H— ZZ (2 jets)

4 2

Vs=7TeV,L<5.1f" {s=8TeV,L<19.6fb"

CMS Preliminary m,, =125.7 GeV
P, = 0.94

2 4
Best fit oloSM

Any Deviations at Discovery Level
are by Definition Large ...
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Modifications of

Higgs Boson Rate Measurements

SM Higgs Rate Measurements

Specific Underlying Framework

h ->aa

Higgs Mixing

Yukawa Form

Factor

Partner Loops

O(IO‘*) (mh/f)4
o)  (m/M)

o)  (m/M)

o)  (m /M)

( No Loop Suppression ! )

Vs=7TeV,L<5.1f" {s=8TeV,L<19.6fb"

Combined
u=080=0.14 | CMS Preliminary my=125.7 GeV

H—bb (VH tag) | p,,, =0.94

H — bb (ttH tag)
H— yy (untagged)
H— yy (VBF tag)
H— vy (VH tag)
H— WW (0/1 jet)
H— WW (VBF tag)
H— WW (VH tag)
H — 7t (0/1 jet)

H — =t (VBF tag)
H — 7t (VH tag)
H— ZZ (0/1 jet)
H— ZZ (2 jets)
4 2

2 4
Best fit oloSM

Any Deviations at Discovery Level
are by Definition Large ...
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Higgs Boson Rate Measurements

It's the Higgs Boson !

b t | CMS Global Fits
t (Pre-Moriond 2013)
7 // Re-interpreted Loop
7 # Couplings in terms of
0.1y A W and top Couplings
SW
g v = (My /)"
0.01- + | Inxx X
f n=1 Fermion
n=2 Boson
0.001F =
0.1 05 10 5.0 100 50.0100.0

m (GeV)
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Higgs Boson Rate Measurements

It's the Higgs Boson !

1 tt
e
h
0.1F g
.z
CW
b
0.01F f -
0.001- -
/.//
0.1 05 10 50100  50.0100.0

m (GeV)

CMS Global Fits
(Pre-Moriond 2013)

Re-interpreted Loop
Couplings in terms of
W and top Couplings

Gnxx = (My/ V)"

n=1 Fermion
n=2 Boson

20
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Precision Probes of New Physics

Electroweak Observables
G, My, Mz, Iz, Az gp, ..

PDG

Renormalizable SM +

D=6 Operators

$=0.01+-0.10

H = <H>
¢ T=0.03+0.11
ﬁTz (H'D,H)(H'D*H)
9—1?\"’;2512 H'W,,H B*

Systematics: m,, In(m,), as , ...



Precision Physics Through the Higgs

Higgs Observables
o . Br ( Initial -> h -> Final )

(Craig, ST)
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Precision Physics Through the Higgs

Higgs Observables
o . Br ( Initial -> h -> Final )

Best Channels:

o . Br ( Inclusive -> h ->
Resonant Final )

(Craig, ST)

24



Precision Physics Through the Higgs

Higgs Observables Br(h — v7)
o . Br ( Initial -> h -> Final ) Br(h — ZZ)

Best Channels: (Ratios)

o . Br ( Inclusive -> h ->
Resonant Final )

(Craig, ST)
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Precision Physics Through the Higgs (

[1 +0O (
SM

Higgs Observables Br(h —vy) _ Br(h— )
o . Br ( Initial -> h -> Final ) Br(h — ZZ) ~ Br(h = Z2)

Best Channels: (Ratios)

o . Br ( Inclusive -> h ->
Resonant Final )

Renormalizable SM +
D=6 Operators

H=<H>+h

% (H'D,H)(H'D*H)

919285 y
Wl? HTWW H B*

2
g §5 v
s 05,

2
9265‘ 1‘ v
W;Z H'H W, W*




Precision Physics Through the Higgs (Craig, ST)

Higgs Observables
o . Br ( Initial -> h -> Final )

Best Channels: (Ratios)

o . Br ( Inclusive -> h ->
Resonant Final )

Renormalizable SM +
D=6 Operators

H=z<H>+h

% (H'D,H)(H'D*H)

919285 y
Wl? HTWW H B*

2
9i&s v
aps H'H BuB"

2
9265‘ 1‘ v
W;Z H'H W, W*

Br(h = vy) _ Br(h—=77)

Br(h —» ZZ)  Br(h — ZZ)

S11+5y

a M?
1+0 | ——
SM[ (47”’2 § )]

PEW
VT -

0.4}

0.2}

-02}

-0.4}

0.0}

—-0.6L . LS. . L]
-06 -04 -02 00 02 04 06
S12
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Precision Physics Through the Higgs (Craig, ST)

Higgs Observables Br(h 2 vy)  Brlh=2v)| [, o[ @ M
SM[ " (47”’2 § )]

o . Br ( Initial -> h -> Final ) Br(h — ZZ) ~ Br(h = Z2)

Best Channels: (Ratios)

o . Br ( Inclusive -> h -> PEW + CMS 5+ 12(5) fbl 7 + 8 TeV

Resonant Final ) 0.6 T ]
0.4}
Renormalizable SM + [
D=6 Operators 0.2
H=<H> +h 1 oo}
(/)F| r
&r ~0.2}
A3 (H'D,H)(H'D*H) [

—0.4}

91926512 1 v -
e H'W, H B* |
-0.61 .
5511 HfHB B -06 -04 -02 00 02 04 06

oN2
2M Sy,

6522 i ny
2M? HHWuW Systematics: Statistics, Resonant-Continuum

Separation + Interference, .. 3




Precision Physics Through the Higgs (craig, ST)

Higgs Observables

o . Br ( Initial -> h -> Final )

Best Channels: (Ratios)

o . Br ( Inclusive -> h ->
Resonant Final )

Renormalizable SM +
D=6 Operators

H=z<H>+h

Jf/fz (H'D,H)(H'D*H)

919265 i v
NS {iW,,H B

915511 1 v
H'H B, ,B*
oM?

6522 i ny
28 HH W, W

Br(h = vy) _ Br(h—=77)
Br(h — ZZ) — Br(h = ZZ)|q,

Lo ()]

PEW + 5% Uncertamty Br(h- >yy)/Br(h >ZZ)
0.6F ' - :

0.4}
02} .

0.0' /’ /”

S11+5y
~\

—06 —04 —02 00 02 04 06
S12

Systematics: Statistics, Resonant-Continuum
Separation + Interference, .. 29
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Searching for 2" Higgs Doublet in
SM Higgs Boson Rate Measurements

Two Higgs Doublets h, A, H, H*

h-H mix

Large modifications of
h couplings Possible

Four Discrete Two Doublet
Models that Satisfy
Glashow-Weinberg Condition

Twe Parameters,

o, p

tan 8 = |(3)/(9])]
V2 Re(®3) —v2\ [ cosa sina h
V2 Re(®)) —v1) \ —sinacosa ) \ H

Four couplings
(see paper for correlations)

(Craig, ST)
2HDM I | 2HDM II | 2HDM III | 2HDM IV
u D, D, ) D,
d D, D, D, D,
€ (I)g @1 q)l @2
2HDM I 2HDM II 2HDM III 2HDM IV
RVV | sin(B—«a) | sin(8—a) sin(8 — a) sin(8 — @)
hQu | cosa/sinf8 | cosa/sinf | cosa/sinf | cosa/sinf
hQd | cosa/sinf | —sina/cosf | cosa/sinf8 | —sina/cosf
hLe | cosa/sinf3 | —sina/cosf | —sina/cosf | cosa/sinf
HVV | cos(B—a) | cos(B—a) cos(fB — @) cos(B — a)
HQu | sina/sinf | sina/sinf sin a/sin sin a/sin
HQd | sina/sinf | cosa/cosfB | sina/sinf | cosa/cosf
HLe | sina/sinf | cosa/cosf cosa/cos sin a/sin 8
AVV 0 0 0 0
AQu cot 8 cot 8 cot 8 cot B
AQd —cot 8 tan 3 —cot 8 tan 8
ALe —cot 8 tan 3 tan 3 —cot B
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Searching for 2" Higgs Doublet in
SM Higgs Boson Rate Measurements

Two Higgs Doublets @H mix

h-H mix

Large modifications of
h couplings Possible

Four Discrete Two Doublet
Models that Satisfy
Glashow-Weinberg Condition

Twe Parameters,

o, p

tan 8 = |(3)/(9])]
V2 Re(®3) —v2\ [ cosa sina h
V2 Re(®)) —v1) \ —sinacosa ) \ H

Four couplings
(see paper for correlations)

(Craig, ST)
2HDM I | 2HDM II | 2HDM III | 2HDM IV
u Lo L2 Dy 2
d D, g} D, @,
€ q)g @1 @1 @2
2HDM I 2HDM II 2HDM III 2HDM IV
RVV | sin(B—«a) | sin(8—a) sin(8 — a) sin(8 — @)
hQu | cosa/sinf8 | cosa/sinf | cosa/sinf | cosa/sinf
hQd | cosa/sinf | —sina/cosf | cosa/sinf8 | —sina/cosf
hLe | cosa/sinf3 | —sina/cosf | —sina/cosf | cosa/sinf
HVV | cos(B—a) | cos(B— ) cos(f —a) cos(B — a)
HQu | sina/sinf | sina/sinf sin a/sin sin a/sin
HQd | sina/sinf | cosa/cosfB | sina/sinf | cosa/cosf
HLe | sina/sinf8 | cosa/cosf | cosafcosf | sina/sinf
AVV 0 0 0 0
AQu cot 8 cot 8 cot 8 cot B
AQd —cot 8 tan 8 —cot 8 tan 8
ALe —cot 8 tan 3 tan 3 —cot B

h mass Eigenstate || Expectation Values

Alignment Limit:

cos(B-a)=0

h couplings = hg,, couplings

32



Searching for 2" Higgs Doublet in (Craig, Galloway, ST)
SM Higgs Boson Rate Measurements

Two Higgs Doublets @H mix

02 % =100

B ;=10
h-H mix

Large modifications of
h couplings Possible -

Four Discrete Two Doublet
Models that Satisfy
Glashow-Weinberg Condition

Two Parameters, o, p

15=0

tan § = |(93)/(®9)|
(\/Q Re(®9) —vz) _ ( cos & sina) (h)
V2 Re(®9) — v —sina cosa | \ H Alignmen‘l’ Limit:

F ki h mass Eigenstate || Expectation Values
our COUp |n95 COS(B _ 0(.) - O
(see paper for correlations)

h couplings = hg,, couplings

33




Searching for 2" Higgs Doublet in (Craig, Galloway, ST)
SM Higgs Boson Rate Measurements

Two Higgs Doublets (hyH mix

Type 1: Combined Fit [68,95% CL] Type 2: Combined Fit [68,95% CL]

tg = 100 2 tg = 100
—t;; =10 n —t;} =10
{tg=1 'B p tg=1
i Ats=0 L] U S S A 44444 118 =0
-10 -05 0.0 05 10 -10 -05 0.0 05 10
cos(B—a) cos(B—a)
hQd, hQu  sin(8—a) + cotBcos(f—a) hQd sin(8—a) — tanfcos(8—a)

hQu  sin(8—a) + cotBcos(—ca)
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Searching for 2" Higgs Doublet in (Craig, Galloway, ST)
SM Higgs Boson Rate Measurements

Two Higgs Doublets (h}H mix

Experimentally:

h Couplings ~ hg,, Couplings

Theoretically for 2HDM Implies:

Type I - Close to Alignment Limit
Type II - Very Close to Alignment Limit

Implications for Proximity to
Decoupling Limit - (Model Dependent)

Implications for A,H H+- Couplings
Direct Searches ...

35



36



Direct Searches for 2" Higgs Doublet (i Evrs, K
ark,

Two Higgs Doublets h, A, H, H*

Leading Topologies with Unsuppressed
Production Cross Sections
Near Alignment Limit

Consider Spectrum:
Second Higgs Doublet Alignment
2 mp < My ~ my ~ my,. < 2 m, Decay Topology Limit

splittings < O(my,) H - WW,ZZ -

P 9 W H,A — ~y v

H, A — 77,uu v

H A — tt v

A — Zh —

H — hh —

t — H*b v
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Direct Searches for 2" Higgs Doublet (Crie vans, i
ark,

Two Higgs Doublets h, A, H, H*

Leading Topologies with Unsuppressed
Production Cross Sections
Near Alignment Limit

Consider Spectrum:
Second Higgs Doublet Alignment
2 mh < my~ mH ~ mH+- < 2 mT Decay Topology Limit

splittings < O(my,) H - WW,22 -

P B W H,A — ~y v

H,A — 77,04 v

H A — tt v

A — Zh -

. H — hh —

SM Higgs Search Channels
Non-Standard Channels t — H*b v

38
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Direct Searches for 2" Higgs Doublet (Craig, Galloway, ST)

Two Higgs Double‘rs H, H*

gg9->AH-> vy
o.Br(A->yy)=few.o.Br(H->vyy)

TYPE 1: Inclusive 0~-Br(A—vyy) (fb), ma=300 GeV TYPE 2: Inclusive o~Br(A—7yy) (fb), mx=300 GeV
I s i '// " ! tﬂ=100

[NE
(SR

tg = 100
G st |7
/’ s \‘\‘\ —t/g =10

o[

0 1y

~06 Z04 202 00 02 04 06

O .Br(hg,->yy)=51fb

for m, =125 GeV
40



Direct Searches for 2" Higgs Doublet

-BR [fb]

95% CL limit on Cpy

Two Higgs Double’rs. H,H-S

T 1 T T I T L I T T T 71 I T 1 T 1T I T 1 T 7T I T 1 T 1 I T 1 L

> ]
Qo ATLAS Preliminary 2000 .
AH S 10 = 1800f =
99 -> ' -> YY E; = 1eoo§ 3
S = 1400 .
Z 10 1200F o oo =
© = N 10003——Continuum+Hfit (m_ =125 GeV) =
- 3 3 . X =
L ‘ S e 800F -~ Continuum part of the fit -
10 \s=8TeV 115 120 125 130 135
- I Ldt=20.3fb" 3
- ty + ]
1 E—edata f _§
o.Br(hg,->yy)<5fb = Continuum-+H fit (m, = 125 GeV) '“ ﬂ| s
_ - —— Continuum+H fit (m_ = 250 GeV)
for m, =300 GeV 10" = Continuums+H fit (m i— 500 GeV) ‘ | | "E
Co v v b v b v b by b L1 -
100 200 300 400 500 600 700
my, [GeV]
10° = T LA R T ,- i<
— . ATLAS Preliminary 1 C ; 13
- E — Observed 00: : 14
102 k : - -- Expected N | 13
: I+ io 50~ i 43
[ [CJ+20 - 13
10 == ! 60 160 3
1E- E
= | \s=8TeV [ Lt =203 0" :
10—1 B 1 I E L 1 1 1 I L 1 L L I 1 1 L l 1 L 1 l 1 1 1 1 ||
100 200 300 400 500 600 1
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Direct Searches for 2" Higgs Doublet

Two Higgs Doublets h, A,@ H*
h-H mix gg->H->WW,ZZ

CMS \s=7TeV,L<5.1fb" \s=8TeV, L< 5.3 fb

=102 S A kadkand i i i I BN I
b"’ g — Observed “SM-like” H
B [ [ oo Expected
8 " | === Expected + 10
= 10 [ Expected + 20
E
-
@)
X 1E
& -
(o))
10" H— WW/ZZ

200 400 600 800 1000
m, (GeV)

(CMS)
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Direct Searches for 2" Higgs Doublet (Craig, Galloway, ST)

Two Higgs Doublets h, A,@ H*-
h-H mix gg->H->WW,ZZ

TYPE 1: Inclusive o-Br(H-VV)/oBr(Hsy—»VV), my=300 GeV, 15=0 TYPE 2: Inclusive o~Br(H-VV)/o-Br(Hgy— VV), my=300 GeV, A5s=0
z : : . z : 15 = 100

l/g=|0

] 2 " iy 15 = 100 o f T o0 . 0.01

2100 I ,/ 4 h
: : s T -
e / 00s]% =10

/

]
0.05 [
| !
1
|

0.1

1
|
I
1
1

o0 114

Could do a bit better with Narrow
Width H-> ZZ->| lll Search

44
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Reconstructing the Higgs Mass in the
Higgs -> WW* -> | v | v Channel

Much of the Phase Space
Distribution Near Threshold

At Threshold:
E.= E.. InHiggs Rest Frame

Boost to this Frame - form
Mme.g Without Using MET

1 Er, el — Er, e
o= 5In - -
2 ETZ— e M- — ET£+ e et

e+ — Te—
.= 627’0 - ET£+€ ETE_B

o M- — Mg+
ETZ— € ET£+ €

m— { 4E7; cosh (nj — % In EO)

4iEr, | sinh (n; — 3 In(—Zy)) |

(1]

(Park, ST)

=0 >0
=0 <0
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Reconstructing the Higgs Mass in the

Higgs -> WW* -> | v | v Channel

Much of the Phase Space
Distribution Near Threshold

At Threshold:
E.= E.. InHiggs Rest Frame

Boost to this Frame - form
Mme.g Without Using MET

Systematically Improve Threshold
Approximation by

1. Threshold Corrections
o= E1 / E2

2. Iterative Transverse
Reboosting - pr.iges# 0

m =

~

i
-
W]

F 0.8F

1

Mg T¢eq
m= 1l Er,e akbr, e
2

O‘ETel e M — Eng e e

7722 — ¢ 1
20 ET£2 e ozETe1 e

Eoze =

abr, e — Er, e

{ 2(a + 1)Er, cosh (m; — 3 InZy)
2(a + 1)iEr | sinh (771 - %ln(—Eo)) |

1.4F
1.2F
1+

0.6
0.4F
0.2 i

a=E, /E,

P N AN AR SRR S AN O
00 02040608 1 1.2 14

(Park, ST)

=0 >0
=0 <0



Reconstructing the Higgs Mass in the

Higgs -> WW™* -> | v | v Channel

Much of the Phase Space
Distribution Near Threshold

At Threshold:
E.= E.. InHiggs Rest Frame

Boost to this Frame - form
Mme.g Without Using MET

Systematically Improve Threshold
Approximation by

1. Threshold Corrections
o= E1 / E2

2. Iterative Transverse
Reboosting - pr.piges# O

0 »
TN
T

- N
OO VDO w o
T

Events / Bin / fb™

o

S

125 GeV Higgs
Signal Only —
Perfect
Detector

50 100

150 200 250 300

— —h
T |'|“| T I-Ihl

1
F 0.8F
"

P 0.6F
0.4"

0.2 S

O I

me_e (GeV) (MC)

a=E, /E,

0

I R AR A A
02040608 1 1.2 14

(Park, ST)



Reconstructing the Higgs Mass in the

Higgs -> WW* -> | v | v Channel

Much of the Phase Space
Distribution Near Threshold

At Threshold:
E. = E. InHiggs Rest Frame

Boost to this Frame - form
me-g  Without Using MET

Systematically Improve Threshold
Approximation by

1. Threshold Corrections
o= E1 / Ez

2. Iterative Transverse
Reboosting - pr.iiggs# O

45K
ab 125 GeV Higgs
_ 35} Signal Only —
2 4 Perfect
= f Detector
o 2-9F
g 2
515
o 1
0.5}
% 50 100 150 200 250 300
Mee (GeV) (MC)
4.5 125 GeV Higgs
4_ Signal Only -
kel 3-55_ Detector
T 3 Simulation
m2.5F
2 2
& 1.5F
> =
TR =
0.5F
00 50 100 150 200 250 300

Mz (GeV)

(Park, ST)
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Reconstructing the Higgs Mass in the
Higgs -> WW* -> | v | v Channel

Much of the Phase Space
Distribution Near Threshold

At Threshold:
E.= E.. InHiggs Rest Frame

Boost to this Frame - form
me-g Without Using MET

Systematically Improve Threshold
Approximation by

1. Threshold Corrections
o= E1 / E2

2. Iterative Transverse
Reboosting - pr.piges# O

| e
0 50 100 150 200 250 300

(Park, ST)
251
- 125 GeV Higgs
20 WW
o | AIC Wy* -> IvI(l)
= 151 Higgs Cuts + +
@
2 10¢ Preliminary
o [
> I
L 5_
00 50 100 150 200 250 300
me_e (GeV)
25 .
- 125 GeV Higgs
_ 20f Ww
o AIC Wy* -> IvI(l)
< 15 Higgs Cuts ++
S M_rier =
2 10 90-130 GeV
o I
o f
5P Preliminary
of

mee (GeV) 20



Reconstructing the 2" Higgs Mass in the

(Park, ST)
Higgs -> WW* -> | v | v Channel
Much of the Phase Space 25;_ 125 GeV Higgs
Distribution Near Threshold o0l ww
o | AIC Wy* -> IvI(l)
At Threshold: < 15} Higgs Cuts + +
E.= E.. InHiggs Rest Frame % ol oreliminary
o B
Boost to this Frame - form M gl
Mme.g Without Using MET 5
% B0 100 150 200 250 300
Systematically Improve Threshold Mee (GeV)
Approximation by
251 .
1. Threshold Corrections 205_ \1,53VGeV Higgs
az=E/E, P AIC Wy* -> Ivl(])
< 15 Higgs Cuts ++
2. Iterative Transverse 2 7 M_rimer =
Reboosting - prigys7 0 £ 10;‘ 90-130 GeV
i minar
Search for H -> WW g e
130 - 160 GeV 0% ~""50 100 150 200 250 300
mee (GeV) 51
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Direct Searches for 2" Higgs Doublet

Two Higgs Doublets h, A,@ H*
g9 -> H -> hh

F(H—)hh), mAzmH=300 GCV, lsﬂ)

10f{ 15 = 100
tﬁ=10

2 10 7] =0
-1.0 -05 0.0 05 10

cos(b—a)

['(H-hh)/T(H->WW), my=my=300 GeV, A5=0

10
10
5 5
ix 0.1
8 |3
0.1
2
0.5
z 1
4l !
0.5
2
01
3
1| 4
8101
) 5
10
10
0F
-06 -04 -02 00 02 04 0.6
cos(f-a)

tp=]00
Ip=]0

{1 =1

-Ip=0
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Direct Searches for 2" Higgs Doublet (Craig, Galloway, ST)

Two Higgs Doublets h,@H, H*-
gg -> A ->Zh

TYPE 1: Inclusive o-Br(A—Zh) (pb), m;,=300 GeV TYPE 2: Inclusive o-Br(A—Zh) (pb), m, =300 GeV
§ 0.005 s P 2 i U005] 15 = 100 % r 0.1 : 0.005 0 0005 : 0.1
0.1 ’ -7 ’ 0.1 : ¢ :

1‘3=|00
g =10

1
>

tg =10

04 - 1
05

J- 04
05

e
|3

% |3
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Direct Searches for 2" Higgs Doublet
Two Higgs Doublets h H*

gg->H->hh , gg->A->Zh

hh Decay Modes Zh Decay Modes
hh || WwW | ZZ | 77 | bb | vy Zh| WW | ZZ | 77 | bb | vy
Ww ' 74
VA 2%
TT 17
bb
Y
Leptons +X Lept X
Di-Photons + X D??Pk?g‘fo:\s + X

Quad-b-jets Di-b-jets + X
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Direct Multi-Lepton Search for 2" Higgs Doublet
Two Higgs Doublets h H* (CMS)

gg->H->hh , gg->A->Zh

Extremely Sensitive Probes
for New Physics
Exclusive Channels Based on CMS Preliminary {s=7TeV,L =47f"  3leptons: 3(e/u) channels
@«10® | | T |
All Flavor + Charge Combinations 3 =L
T More Leptons (and taus) T
wo Or p 102 - t{w / ﬁz / WWW OOXNNNAXHNN]
HTI METI STI s - Data-driven
b'TGQS, e, je?s B8 Bkg Uncertainties
K|n@ma'hcs D|Scr‘|m|nqnfs + . 10 RIS
Events -> Channels Lowest to 2 e
Highest Background Exclusively
Maximizes Sensitivity 10" Hgh — Mid " Low  Hgh Mid  Low Hih
: : : DYo DYo DYo DYf DYl DYi DV
(Given Signal may Overlap with OFFZ OFFZ OFFZ ONZ
Low Background Channels)
Exclusive Combination of All
(100Q's) of Channels
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Direct Multi-Lepton Search for 2" Higgs
Two Higgs Doublets h H*-

Doublet

(CMS)
gg->H->hh , gg->A->Zh
2 CMS Preliminary (s=8TeV,[Ldt=19.5fb" CMS Preliminary (5=8TeV, [L dt = 19.5 1"
10 ..... T...] L ISP T.... T ... T 1. ..., ..., LIS T...- T.... ... 2
s T'YPE 1 2HDI\;| " : |

oo dbeit]

95% C.L. CLs Limits ; : g : .
— Observed 95% %tl’..sgrl‘.,séé.lmlts
---- NLO expected . .

-0.6 -0.4 -0.2 0 0.2 0.4 0.6
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Multi-Lepton Search for A->Zh

Tri-Leptons OSSF + Third Lepton

WZ -> 3 Leptons - Dominant Background

Zh Decay Modes

Zh| WW | ZZ | 77 | bb | vy
o |

2%
3

Includes Tri-Leptons + X




Multi-Lepton Search for A->Zh o e
Tri-Leptons OSSF + Third Lepton

WZ -> 3 Leptons - Dominant Background

CMS Preliminary Vs =8 TeV, LInt = 9.2 fb"

= 0T T T T T T -]
% © o a *e*e’e i .
s . RO g9 -> A -> Zh -> (I1)(Ivjj)
200 ot e
i v " v Lands Right on Top of WZ
150; ........... ; ............... . ..... ;""E--""-"""""""-"""""": Backgr‘ound |n mT _ m”
100 . }-v: va N ] 2 Extra Jets
E ':.A 'V'AA"A w E
501 A_° I . . Can Completely
., T - ] Reconstruct Kinematics
R 1
0 L1 | Ll | L8 |T | Ll | L | L
0 20 40 60 80 100 120 140 160 180 200
M. [GeV]

60



61



Searching for Non-Standard Production of Higgs

Use 125 GeV Higgs as Calibration to Search for New Physics
h -> WW?*, ZZx*, 1t , bb, vy

tt Pair Production with

t>chandt >W

Wh| WW | ZZ | 77 | bb | vy
4%
i ||

Leptons + X
Di-Photons + X



Searching for Non-Standard Production of Higgs

Use 125 GeV Higgs as Calibration to Search for New Physics
h -> WW*, ZZ*, tt —> Multi-Leptons + X

(CMS)

tt Pair Production with
t->ch and t -> leptonic 8 TeV 20 fb!

Br(t ->c h) <0.0056

7 TeV First Use of Higgs Boson to
Search for New Physics in Existing Data

First Direct Probe of Flaveor Violation in
Higgs sector (1 n that |
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Using Higgs to Discover New Physics

_L_Ll\)
o
o
o

Events / (1.67 GeV

Weighted

Use 125 GeV Higgs as Calibration to Search for New Physics

h->yr + X

(On-Resonance + Upper and Lower Side Bands)

T— Even Blunt Variables Suffice + More focused + ...

D o
o O
o O

CMS Preliminary
(s=7TeV,L=5.1fb"
(s=8TeV,L=5.3fb"

—e— S/B Weighted Data
S+B Fit

------ Bkg Fit Component
[ =10

Side Band

Events / 50 GeV / 15 fb”

—
o
w

Bl

TF

2

T IILIIUIl

10

T IIIIIIII

8 TeV 15 fb?
Pheno Study

4

L, On Resonance
N
/" T T
Side Band ] ‘ T

lIII|Illllllll|I|Illlllllllll[lllllllIlIII

100

200 300 400 500 600 700 800 900
S; (GeV)

Blue = Side Band Background

(CMS ; Gershtein,
Baker, Y. Kats, ST)
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Using Higgs to Discover New Physics (M ; Gershein,

Baker, Y. Kats, ST)
Use 125 GeV Higgs as Calibration to Search for New Physics
h->yy + X (On-Resonance + Upper and Lower Side Bands)

T— Even Blunt Variables Suffice + More focused + ...

© ]
w0 10° 8 TeV 15 fb?
Natural Higgsino NLSP §1° TZL Pheno Study
3 .
: . %102__ l;.: On Resonance
Stop Pair Production 250 GeV EE e . /
with stop -> b + Higgsino and @ F sl
Higgsino -> h + Goldstino - ! +
T+
Many other Examples .. / . ‘ji $#f
e Side Band IT
More Focused -> : -
100500 500400 500 600 700800 800"
X = Multi-Channel Analysis St (GeV)
Blue = Side Band Background 66
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Search for Additional States Related to Higgs Sector

Higgs Partners @ (CMS)
H->(hZ)6 HH - (h.Z)(h Z) GG

hh Decay Modes Zh Decay Modes
hh | WW | ZZ | 77 | bb | vy Zh| WW | ZZ | 77 | bb | vy
WWwW ' 174
Z7Z vv
TT 17
bb
Y
Leptons +X Lept X
Di-Photons + X D??Pk?g‘fo:\s + X
Quad-b-jets Di-b-jets + X
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10?2

Search for Additional States Related to Higgs Sector

Higgs Partners @
H-(h2Z)6

New CMS Result
PAS next week

HH -> hh 66

CMS Preliminary L=19.5fb" V(s=8TeV
LN LA B B BN L BRI IR S R BN B
me=m_.=m;; mG=1GeV Individual expected
= - m > 3 == : = bbbb 3
-h’ﬂ.l:.’l".l-l - bb =i YYI E
...... — \I-|-u-ﬂ'h‘:ﬂd|.--,.-_'ﬁ'{-‘|'
S ==
= —~ —
— o oy -
g N
00 i
X1X1 -
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= === Expected =1 o,
N =2 Oexp. L.t
[ === NLO+NLL =1 0y, ]
;_l I 1 1 1 1 I L 1 1 1 I 1 1 1 1 l 1 1 1 1 I 1 1 1 1 l 1 1 1 1 I 1 1 L 1
150 200 250 300 350 400 450 500

Higgsino mass m_ (GeV)
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10

107

10%

HH - (h.Z)(h Z) GG

(CMS)

New CMS Result
PAS next week

l'—vﬂji > hZ 66

]

=
™

1’I| T IIIIII|

CMS Preliminary
L L L L I

Nig
'm
'm
'y
I LT T
.I.l-l.l.l.l.l-l.|.|- L AL R I AT ST IT T IT L

mo=m..=m.,; m_=1GeV —— Observed
%y % % ]

hGzG events only

~0-.0 B(f(f - h&) =05
X1)(1 B()-(S

P T

L=19.5fb" V(s=8TeV
1 rrr 1 ] rrrrrrrr
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Search for Additional States Related to Higgs Sector

Higgs Partners @
H->(hZ)6

New CMS Result
PAS next week

HH -> hh 66

CMS Preliminary L=19.5fb" Vs=8TeV
L DL L B L BN R B L BB S B B AL I L
me=m_.=m;; mG=1GeV Individual expected
= we= = >3] === bbbb I
- . bE mimim | .
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HH - (h.Z)(h Z) GG

(CMS)

New CMS Result
PAS next week

HH -> (hh hZ.ZZ) GG
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Search for Additional States Related to Higgs Sector

Higgs Partners @ (CMS)
H-(h2Z)6 HH - (h.Z)(h Z) GG

New CMS Result
PAS next week

Gl - 77 &6

CMS Preliminary L=19.5fb" V(s=8TeV

& E mi:= mi, = mi:; ma =1GeV — Observed E
T Expected =1 Oexp. t---1 £2 Ogyp, ]
o) === NLO+NLL =1 0y, _
1 E
[ — - > 3 E
--- "ij :
Al TN =
10 X D 7:~~__-.—‘~————-:
: ....-'-.-------.

[ %%, — 262G

102

P IS S T SN S SN S SN ST ST S SN S SN SO H HN ST SO ST SN TSNS SO S ST S S
150 200 250 300 350 400 450 500
Higgsino mass m_ (GeV)
X,
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Search for Additional States Related to Higgs Sector

Higgs and Electroweak Partners @

H-(h2Z)6
W->(W,hZ)G
New CMS Result

PAS next week

HH -> ZZ 66

~
P
.

T 1 IIIIIII

*}Il

CMS Preliminary L=19.5f" V(s=8TeV
= e e e e
E m,i: = mi‘ = mxa; ma =1GeV —— Observed E
s = Expected =1 0y, ___; *2 Oexp. ]

|| IIIIIII

i BT RPN R B R R
150 200 250 300 350 400

M I
450

500
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1

HH - (h.Z)(h Z) GG
WW -> (W.h Z)(W.h Z) GG

(CMS)

WW -> Wh GG
. CMS \s=8TeV  L=195fb"

31 0 E T I T T T T | T T T T I T T T T ‘ T T T T } T T T T E
5= c ]
© I % 3 - Wi )(HY), combined )
4 m—— Obsarved 95% CLs limits
10 ? ------- Expected 35% CLs limits E

. Expected +1o ]

10°

T |II1H|

m— Theoretical o,
- Theoretical uncertainty
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----------
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Electroweak Signatures Multi-Leptons  (“Vs Kilic Park )

Sensitive to Extremely Rare Processes

Un-Anticipated Process -

Largest Source: Z ->||y*->111(l)

(Others)
q ¢
VA
7" o
(7)
7 Z

Asymmetric Internal Conversion
v ->e(e) , u(n)

Compare External Conversion
in Material vy ->e(e)

Standard MC's Don't Capture IR Singular
Region of Phase Space

g TPOT 0 _ 20 (| 4mp\TE () om
“ dmy 3w m2, mZ,

20

1.5+ |
Momentum
Fraction S 10] ,
Distribution

0.5+

00502 02 06 08 10




Electroweak Signatures Multi-Leptons

Sensitive to Extremely Rare Processes

Events/25 GeV/c?

Un-Anticipated Process -

Largest Source: Z ->||y*->111(l)
(Others)

CMS Preliminary \'s = 7TeV, L, =4 7 fb1
T T I T T T T I T T T T

’|t

T
- l ( ) — lh(
50: vy :
- i B
40 r [ [(Zy*)+det

150 200 250
M(u*un) [GeV/c?

| | | 1 Il I 11
50 100

(CMS)

Asymmetric Internal Conversion
v ->e(e) , u(n)

Compare External Conversion
in Material y->e(e)

Standard MC's Don't Capture IR Singular
Region of Phase Space

dP(v* > 0) 20 (1 4mg)1/2 (1 N 2m§)

77
dmgg 3 ™

Developed Special Purpose AIC MG MC

First Observed in Multi-Dimensional
Dalitz Distribution O(few) Events

First Observation of Z -> llI(])




Electroweak Signatures Multi-Leptons

Sensitive to Extremely Rare Processes

Un-Anticipated Process -

Largest Source: Z ->||y*->111(l)
(Others)

CMS Preliminary Vs=8TeV L _=9.2b"

~ 240F T T T T T
& 220F o DATA =
3 =
* E Ewz E
@ 160 I non-prompt
*E‘ 140F [Jrare =
@ 120f 3

100f E

80F E

60F =

0 20 40 60 80 100 120 140 160 180 200
M(I'Tw) [GeV]

Asymmetric Internal Conversion
v ->e(e) , u(n)

Compare External Conversion
in Material vy ->e(e)

Standard MC's Don't Capture IR Singular
Region of Phase Space

dP(v* — £0) 2 4m2\ /? om2
mee7D(7—_))=_g 1 My 1+ My
dmgg 3

Developed Special Purpose AIC MG MC

First Observed in Multi-Dimensional
Dalitz Distribution O(few) Events

First Observation of Z -> llI(])




Electroweak Signatures Multi-Leptons

Sensitive to Extremely Rare Processes

N Events/2 GeV

Un-Anticipated Process -

Largest Source: Z ->||y*->111(l)

(Others)
CMS Preliminary fs=7TeV,L=47fb"
1 2'_ [Nzzy— a4
i B z+x
10— ® Data
m, >4 GeV

60 80 100 120 140 160

M, (GeV)

Asymmetric Internal Conversion
v ->e(e) , u(n)

Compare External Conversion
in Material vy ->e(e)

Standard MC's Don't Capture IR Singular
Region of Phase Space

dP(v* — £0) 2 4m2\ /? om2
mawz_ﬁ 1 My 1+ My
dmgg 3

Developed Special Purpose AIC MG MC

First Observed in Multi-Dimensional
Dalitz Distribution O(few) Events

First Observation of Z -> llI() , Il




Electroweak Signatures Multi-Leptons

Sensitive to Extremely Rare Processes

Un-Anticipated Process -

Largest Source: Z ->||y*->111(l)
(Others)

CMS Preliminary Vs=7TeV,L=5.05f";Vs=8TeV,L=5.26 b
T | T T T I T T T ] T T T I T T T | T T T I

%J i e Data i

¢ 12r 7

© .2+?(

% 10:— E [Hzv'zz _

0 ol | [ |m=126 GeV -
6 -

140 160 180
m,, [GeV]

Asymmetric Internal Conversion
v ->e(e) , u(n)

Compare External Conversion
in Material vy ->e(e)

Standard MC's Don't Capture IR Singular
Region of Phase Space

dP(v* — £0) 2 4m2\ /? om2
mee7D(7—_))=_g 1 My 1+ My
dmgg 3

Developed Special Purpose AIC MG MC

First Observed in Multi-Dimensional
Dalitz Distribution O(few) Events

First Observation of Z -> llI() , Il
Used in Higgs -> Illl as “calibration”




Electroweak Signatures Multi-Leptons

Sensitive to Extremely Rare Processes

Un-Anticipated Process -

Largest Source: Z ->||y*->111(l)
(Others)

CMS preliminary Ns=7TeV,L=5.1fb"\s=8TeV,L=12.2fb"

25 —T | T T T | T T T | T T T I T T T I T T T —r
% - e Data .
O]
™ i Blzex
~

20— —
(/)] | r *
2 ; I |:|zy .22
g [ |m=126 Gev
w 15 L a

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

Asymmetric Internal Conversion
v ->e(e) , u(n)

Compare External Conversion
in Material vy ->e(e)

Standard MC's Don't Capture IR Singular
Region of Phase Space

dP(v* — £0) 2 4m2\ /? om2
mee7D(7—_))=_g 1 My 1+ My
dmgg 3

Developed Special Purpose AIC MG MC

First Observed in Multi-Dimensional
Dalitz Distribution O(few) Events

First Observation of Z -> llI() , Il
Used in Higgs -> llll as calibration




Electroweak Signatures Multi-Leptons

Sensitive to Extremely Rare Processes

Events / 3 GeV

Un-Anticipated Process -

Largest Source: Z ->||y*->111(l)
(Others)

Preliminary Vs=7TeV,L=5.1fb";{s=8TeV,L=19.6 o
T T T T T T T T

CMS
35 L T I | I T T T | T T T I T
- e Data .
301 B z+x -
- zyzz ]
25 Oz -
- | |m,=126 GeV]
201 -

120 140 160 180
m,, [GeV]

(CMS)

Asymmetric Internal Conversion
v ->e(e) , u(n)

Compare External Conversion
in Material vy ->e(e)

Standard MC's Don't Capture IR Singular
Region of Phase Space

dP(v* — £0) 2 4m2\ /? om2
mee7D(7—_))=_g 1 My 1+ My
dmgg 3

Developed Special Purpose AIC MG MC

First Observed in Multi-Dimensional
Dalitz Distribution O(few) Events

First Observation of Z -> llI() , Il
Used in Higgs -> llll as calibration
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Higgs -> WW: Asymmetric Internal Conversion

H->WW -> lv|v (Gray, Kilic, Park,

Somalwar, ST)
Un-Anticipated Process - "Fake" Lepton Background

Wy*>1lvIi(l) +..
(Comparable to Higgs Signal)

405— WW
351 Higgs 125 GeV
- 5 AIC
o 30f
E 25;— ,,,,, WW Cuts
@20
o -
'qc'; 15
o 10
M
5
0_.! e I T P T
0 20 40 60 80 100120140160180200

M, (GeV)
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Higgs -> WW: Asymmetric Internal Conversion

(Gray, Kilic, Park,
H->WW-=>1vlv

Somalwar, ST)
Un-Anticipated Process - "Fake" Lepton Background

Wy*>1lvIi(l) +..
(Comparable to Higgs Signal)

a0f

- WW
35F Higgs 125 GeV

_ 3 AlIC

2 0

= 25F Higgs Cuts

@ 20F

2 15F

Q -

w 10p
OZI-_I_I_J_J_LE e e - 1 1

0 20 40 60 80 100120140160180200
M, (GeV)
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Higgs -> WW: Asymmetric Internal Conversion

(Gray, Kilic, Park,
H->WW-=>1vlv

Somalwar, ST)
Un-Anticipated Process - "Fake" Lepton Background

Wy*>1lvIi(l) +..
(Comparable to Higgs Signal)

35F Higgs 125 GeV o
— anE AIC
o 0 s
< 25 ww cuts i |
@ 20F
%) -
‘q&)‘ 151 4
@ 10f r[J L|
5[ J“_lg“‘g L
0:..|...LJ_J|..|...|.H1_H_.J_“_L14_LLL
0O 20 40 60 80 100120140 160 180200
mTIIE (GeV)
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Experimental Investigation of ElectroWeak Physics

at the ElectroWeak Scale has (Finally) Begun !

Search for New Physics in Higgs Rate Measurements
Relatively Large Deviations Possible (Expected)

Higgs -> vy , ZZ* , Zy
The New Precision Physics (Will Complement + Surpass QOld PEW)

Search for Extended Higgs Sectors in
Standard Channels H.,A -> vy, ZZ, WW, ...

Search for Extended Higgs Sector in
New Channels H->hh , A->Zh, ...

Search for New Higgs Production Processes
Multiple Channels, Kinematics, Higgs Tagging, ...
Higgs -> yy Resonance + X

Search for New States Related to Higgs (SUSY)
Multiple Channels, Kinematics, Higgs Tagging, ...
Higgs -> yy Resonance + X

Discovered Un-Anticipated high p; Electroweak Physics Process
Asymmetric Internal Conversion
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Experimental Investigation of ElectroWeak Physics
at the ElectroWeak Scale has (Finally) Begun !

7+8 TeV Sufficient to Begin the Exploration of
25 fb! Electroweak Physics at the Electroweak Scale

13-14 TeV ~ Should be Sufficient to Thoroughly Explore
100's fb! Electroweak Physics at the Electroweak Scale

Stay Tuned !
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Direct Searches for 2" Higgs Doublet (cms)

Two Higgs Doublets h, A, H,@
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Direct Searches for 2" Higgs Doublet (cms)

Two Higgs Doublets h, A, H,@
t+ -> H*"b H-->tv

{s=7TeV L=23fb"' CMS
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Higgsino Signatures Multi-Leptons (CMs)

Sensitive to Extremely Rare Processes
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Direct Searches for 2" Higgs Doublet
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Probing New Physics Through Displaced Higgs  vtchey

Sarid, ST)

Higgsino -> h / Z + Goldstino

O(100) TeV SUSY Breaking Scale
Long Lived - Displaced Higgs / Z

Large Negative Impact Parameter (LNIP) b-jets

ATLAS Displaced Vertex Search
35 pb! - Single muon trigger

Run 165821
Event 1605517

Pixel modules
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