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Higgs Physics at the LHC

Searching for the 2" Higgs Doublet
SM Channels: H->yy,ZZ
Hh -> WW Reconstruct Masses
New Channels: H -> hh
A ->Zh

SM Higgs (Precision) Measurements
0.Br(h -> yy , ZZ*,Zy) The New Precision EW Physics
h->ZZ* -> 11|11 Time Reversal Violation + ...

Using Higgs to Search for New Physics

Searching for Higgsino
H ->Z, h + Neutralino, Goldstino






Higgs Boson Rate Measurements

Signals of New Physics in
SM nggs Rate Measurements s=7TeV,L<5.1 1" (s=8TeV,L=122 1"

CMS Preliminary m, =125.8 GeV
H —> bb (VH tag) -I—-—
H— bb (ttH tag) =
H — v (0 jet) #
H — 7t (VBF tag)
Deviations in SM Higgs Couplings H - ¢ (VH tag)
H— yy (untagged) ——
- Specific Underlying H - yy (VBF tag) —_—
Theoretical Framework H— WW (01 jet) o«
H— WW (VBF tag) —.—
- Effective Operator Analysis H— WW (VH tag) =
H—2Z L -q— L
-2 0 2 4
Best fit o/ag,,

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



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

Four types of Couplings -
Twe Parameters, o, f
Correlations

(see paper)

(Craig, ST)
2HDM I | 2HDM II | 2HDM III | 2HDM IV
u q)z @2 q)z @2
d D, o, o, o,
€ q)z @1 ‘I’l @2
2HDM I 2HDM II 2HDM III 2HDM IV
hVV | sin(f—«a) | sin(8—a) sin(8 — a) sin(f8 — )
hQu | cosa/sinf8 | cosa/sinf | cosa/sinfB | cosa/sinf
hQd | cosa/sinf8 | —sina/cosf | cosa/sinf | —sina/cosf
hLe | cosa/sinf8 | —sina/cosf | —sina/cosfB | cosa/sinf
HVV | cos(B—ca) | cos(B—a) cos(fB — @) cos(B — a)
HQu | sina/sinB | sina/sinf sin a/sin 8 sin a/sin 8
HQd | sina/sinf | cosa/cosp sin a/sin 8 cosa/cos
HLe | sina/sinf8 | cosa/cosf | cosa/cosf | sina/sinf
AVV 0 0 0 0
AQu cot 8 cot 8 cot 8 cot 8
AQd —cot 8 tan 3 —cot 3 tan 3
ALe —cot 8 tan g3 tan 3 —cot 8




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

Two Higgs Doublets h, A, H, H*

h-H mix Using CMS 5+12fb! 7+8TeV

Large modifications of 20
h couplings Possible

T B S . ——T— T =
3 4

Four Discrete Two Doublet
Models that Satisfy
Glashow-Weinberg Condition

15t

xQ, -

Four types of Couplings - § 101
Twe Parameters, o, f

Correlations [

(see paper) 5t

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




Searching for 2" Higgs Doublet (Craig, ST)
Extra Higgs Bosons in SM Channels

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

Four types of Couplings -
Twe Parameters, o, f
Correlations

h,H ->VV
hHA->yy




Searching for 2" Higgs Doublet (Craig, ST)
Extra Higgs Bosons in SM Channels

Two Higgs Doublets h, A, H, H*

h-H mix

Large modifications of
h couplings Possible

T I L I L l L I T I UL l L l_

| — observed CMS preliminary |
. 3 - median expected H— WW — 2I2v (shape-based) |
FOUf‘ DISCI"CT@ TWO DOUble"' expected = 1o L=12.1fb" (8 TeV)

Models that Satisfy
Glashow-Weinberg Condition

expected = 20

Four types of Couplings -
Twe Parameters, o, f
Correlations

o X BR(H = WW — 2I2v) (pb)
N
[
|

h,H ->VV i :
- 1l | I IIIII!I]IIJ | I — | I —

hHA -y 12|o 1c|10 160 180 2(|)0 2§0 2z|10

Higgs mass [GeV]




Searching for 2" Higgs Doublet (Craig, ST)
Extra Higgs Bosons in SM Channels

Two Higgs Doublets h, A, H, H*

H->VV

20F
S - T I T T T I T T T l T T T I T T T I T T T l T T T I_
L [ — observed CMS preliminary |
3‘ 3 median expected H—> WW — 2I2v (shape-based) |
15k Al expected = 10 L=12.11b" (8 TeV)
3 A expected = 20 )
|
SO < 2 - |
g 19 % _
T i
- 1k —
I T B
St 0
[ x
D _I 1 I 1 1 1 | 1 L 1 l 1 1 1 ] 1 1 1 | 1 1 1 | 1 1 L |
120 140 160 180 200 220 240

Higgs mass [GeV]




Searching for 2" Higgs Doublet (Craig, ST)
Extra Higgs Bosons in SM Channels

Two Higgs Doublets h, A, H, H*

H->VV
UsingCMS 5+12fb! 7+8TeV
Type 2 Incluswe o-Br(H->VV)/o-Br(hsy-VV) l'(h-)VV WT (hgpy=VV™) = 51n2(ﬁ-a)
20_ ............. 20_2 ——————7 71—
[ m, = 160 GeV | '
Preliminary
15+ - 15+
«Q xQ
§ 10. - g 10
10
5| ] 5
-10 —65 - ‘0:0‘ - AOtSA - ‘ltO -10 -05 0.
sin sin @

h ->VV Deviations more Sensitive than
H->VV Search (for now) ...
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Searching for 2" Higgs Doublet (Craig, ST)
Extra Higgs Bosons in SM Channels

Two Higgs Doublets h, A, H, H*

H->VV

Type 1 Inclusive o-Br(H->VV)/oBr(hsy—>VV)

ol6
15

T

m, = 160 GeV
Preliminary

0

2'

A e A A A

sin o

05

tan S8

20 o —————7 ——T ]

UsingCMS 5+12fb! 7+8TeV

15

T

10}

-10

h ->VV Deviations more Sensitive than
H->VV Search (for now) ...
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Searching for 2" Higgs Doublet (Craig, ST)
Extra Higgs Bosons in SM Channels

Two Higgs Doublets h, A, H, H*

h, A, H->vy

Type 1 Inclusive o-Br(A-yy) (fb)

2.0-1 ......................................
1.8}
1.6F_ 10
141
Q. [
§ 12}
1.0f
0.8l
L 45
06} [
“150 200 250 300 350 400 450 500
my (GeV)
o.Br(h->yy)=45fb 12

form, =125 GeV



Searching for 2" Higgs Doublet (Craig, ST)
Extra Higgs Bosons in SM Channels

Two Higgs Doublets h, A, H, H*

h, A, H->yy

%2000 - CMS Preliminary
(51800F Vs=7TeV,L=5.1fb"
N - Vs=8TeV,L=5.31b"
©1600

~

)

*qE) 1200

u>J1OOO

Weighted

—e— S/B Weighted Data
S+B Fit
------ Bkg Fit Component

[ J=to
B =20

Events/20 GeV
)

102

IlllllllllllIlllllllllllllllllllllll
cMS ¢ Observed
22fb'at7Tey L] Diphoton

- y+jet
Bound—Jlll Dijet
1 ____| Systematic Uncertainty

---- K=0.05,M,=1.75 TeV
....... Ngp=6,M =3 TeV

:::E‘-n-rnm}-w-n-uuﬂ TERTITT I RTTTT IR RTTTT I

200 400 600 800 1000 1200 1400 1600 1800 2000

M,, [GeV]
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Multi-Lepton Searches

Extremely Sensitive Probes
for New Physics

Exclusive Channels Based on

All Flavor + Charge Combinations
Two or More Leptons (and taus)

HT, MET, ST, ...

b-tags, ..., jets

Kinematics Discriminants + ...

Events -> Channels Lowest to
Highest Background Exclusively

Maximizes Sensitivity
(Given Signal may Overlap with
Low Background Channels)

Exclusive Combination of All
(100's) of Channels

10

(CMS)

CMS Preliminary Vs=7 TeV, L,=47 b 3 leptons: 3(e/u) channels

|
i

W OOOOOOOOO
- tHtW / t1Z / WWW 0000000000
[ Data-driven
W Bkg Un es R S

ooooooooooooooooooo

Hi$h Mid Low High Mid Low
DYO DYO DYO DY1 DY1 DY1
OFFZ OFFZ OFFZ



Multi-Lepton Signals of Higgs (Contreras-Compana, Craig,

Gray, Kilic, Park, Somalwar, ST)

Higgs Final States Will Eventually Contaminate
Multi-lepton Search ...

Turn Around - Multi-Leptons as Search for Higgs

h: (120-150) GeV
(11 Signal Topologies)

N tth -t — (31, 4l)*
) tth — WW - (31, 4l)*
B (VBF,gg)h— (41.) .
B (VBF,gg)h— (31,41 )
[ Zh - Tt - (31, 41)"

Production | Decay :_9 1 () Zh— WW — (31, 41)'
gg— h h — 4¢ — 10 B Wh -t @I)
VBF = h | h— 4t c . Wh - WW - (3)
4G —Wh | Wh— WWW,Wrr,WZZ @ 140 GeV Higgs
4G — Zh | Zh— ZWW, Zrr, 222 @ .
tth tth — UWW, tirr,t1ZZ = 10

0

Multi-Lepton Non-Resonant
Channels Exceed Resonant
4 Lepton Channel

—
<
w

0 100 200 300 400 500 600
H, (GeV)

Signal Spread Qut over Many Channels

Minimal Significance in Any Given Channel .



MUH’i-Lep?On Signals of Higgs (Contreras-Compana, Craig,

Gray, Kilic, Park, Somalwar, ST)

Higgs Final States Will Eventually Contaminate
Multi-lepton Search ...

Turn Around - Multi-Leptons as Search for Higgs
No Kinematic Optimization

Estimated o/ O, Limit5 fb!

h: (120-150) GeV

(11 S|gna| Topologies) 120 GeV 130 GeV 140 GeV 150 GeV
. All Contributions
Production | Decay Standard Model Higgs 4.3 2.7 2.0 1.8
gg — h h — 44 Fermi-phobic Higgs 2.2 2.3 2.9 3.0
VBF = h h — 4¢ b-phobic Higgs 1.6 1.4 1.4 1.5
qf — Wh Wh—-WWW,Wrr,WZZ N o .
_ on-resonant Contributions
gghﬁ Zh tZt"i}: :: tza‘gg’ g.TT’ g.g g Standard Model Higgs 5.8 3.8 3.0 2.6
2 VAT, Fermi-phobic Higgs 2.2 2.4 3.1 3.2
b-phobic Higgs 2.0 2.0 2.1 2.2

Multi-Lepton Non-Resonant

Channels Exceed Resonant Calculated A(m,) for All Topologies
4 Lepton Channel . Exclusive Combination - (extrapolation)

(c.f. CDF Simplified Model Topology Study)

Signal Spread Qut over Many Channels Illustrates Power of Multi-Channel
Minimal Significance in Any Given Channel Multi-Lepton Search .



Multi-Lepton Signals of 2" Higgs Doublet (2% "o G Ferk

Higgs Final States Will Eventually Contaminate

Multi-lepton Search ...
P o-Br-A(pp — f) =Y _o(pp = t)A(pp > t — f) [ [ Bra(t = £)

t

Production | Decay

gg— h h — 4¢

VBF -h |h—>4

g9 — H H — 44

H — hh — AW, WWrT, 47, ZZbb, ZZWW,AZ, ZZTT

H — AA = 47
H = AA = 77Zh = 77 ZWW,rrZ717, 77Zbb, 7722 Z
h/A/H*/H : H — AA — ZhZh — ZZWWWW, ZZWWrr, ZZWWbb, ZZ77bb, Z Zrr7T
125/230/230/500 GeV H — AA — ZhZh — ZZbbbb, ZZZZbb, ZZZZ17,ZZZZWW,ZZZZZZ
. . H— H'H = WhWh = WWWWWW,WWWWrr, WWWWbb, WWrrrr
(105 Signal Topologies) H— HtH™ — WhWh — WWrrbb, WW ZZbb, WWWW ZZ, WW 2222, WW Z ZrT

H—s H'H  — 7wWh = rvWWW,rvWrr,m7vWZZ
H— H"H — tbWh — ttWWW, tbWrr, tbWZZ
H—ZA— Z7r
H—ZA— ZZh— ZZt7,ZZWW,ZZbb,ZZZZ
VBF - H | H— 4¢
H — hh — AW, WWrT, 471, ZZbb, ZZWW,4Z, ZZTT
H— AA— 4r
H = AA— 77Zh = 17 ZWW,r7Z77,772Zbb, 77222
H — AA— ZhZh — ZZWWWW, ZZWWrr, ZZWWbb, ZZ77bb, ZZTTTT
H — AA — ZhZh — ZZbbbb, ZZZZbb, ZZZZ17,ZZZZWW,ZZZ2ZZ
H— HtH - WhWh - WWWWWW,WWWWrr, WWWWbb, WWrrrr
H— HYH — WhWh — WWrrbb, WW ZZbb, WWWW 22, WW ZZ22,WW Z Z+7
ey H— H"H — 7wWh = rvWWW,rvWrr,m7vWZZ
Sensitivity Beyond H— HYH- — toWh — bWWW, tbWrr, bW ZZ
H—ZA— ZrT
S.randar‘d SearChes H— ZA— ZZh— ZZm7,ZZWW,ZZbb,ZZZZ
gg— A A—Zh— ZWW,Z71,Z2Z
gg—>Wh |Wh—- WWW Wrr,WZZ
qq — Zh Zh — ZWW, Zr71,222
tth tth — ttWW, ttrr, it 22
ttA ttA — ttrr
ttA = ttZh — tLZWW, tiZr7,ttZbb,ttZ2 2 Z 18




Multi-Lepton Signals of 2" Higgs Doublet (2% "o G Ferk

Higgs Final States Will Eventually Contaminate

Multi-lepton Search ...
P o-Br-A(pp — f) =Y _o(pp = t)A(pp > t — f) [ [ Bra(t = £)

t

Production | Decay
gg— h h — 4¢
VBF -h |h—>4
g9 — H H — 4f
> hh — AW, WWrr,4r, 228, ZZWW, 42, 227>
H — AA=7r

H = AA = 77Zh = 77 ZWW,rrZ717, 77Zbb, 7722 Z

h/A/H*/H : H — AA — ZhZh — ZZWWWW, ZZWWrr, ZZWWbb, ZZ77bb, Z Zrr7T
125/230/230/500 GeV H — AA — ZhZh — ZZbbbb, ZZZZbb, ZZZZ17,ZZZZWW,ZZZZZZ
. . H— H'H = WhWh = WWWWWW,WWWWrr, WWWWbb, WWrrrr
(105 Signal Topologies) H— HtH™ — WhWh — WWrrbb, WW ZZbb, WWWW ZZ, WW 2222, WW Z ZrT

H—s H'H  — 7wWh = rvWWW,rvWrr,m7vWZZ

H— H"H — tbWh — ttWWW, tbWrr, tbWZZ

H—ZA— Z7r

H—ZA—2Zh— 2277, ZZWW,Z22bb, 2222

VBF - H | H— 4¢

H — hh — AW, WWrT, 471, ZZbb, ZZWW,4Z, ZZTT

H — AA— 47

H = AA— 77Zh = 17 ZWW,r7Z77,772Zbb, 77222

H — AA— ZhZh — ZZWWWW, ZZWWrr, ZZWWbb, ZZ77bb, ZZTTTT
H — AA — ZhZh — ZZbbbb, ZZZZbb, ZZZ Z77,ZZZZWW, 222222
H—H'H - WhWh—> WWWWWW,WWWWrr, WWWWbb, WWrrrT
H— H*H - WhWh - WW7rbb, WW ZZbb,WWWWZZ,WWZZZZ, WWZZ1T
H— H"H — 7wWh = rvWWW,rvWrr,m7vWZZ

Sensitivity Beyond H — HYH~ — toWh — toWWW, toWrr, toW 22
H—ZA— Z77
Standard Searches PR Re S
gg—+A L

q7 — Wh Wh—-WWW Wrr,WZZ

q@g— Zh | Zh— ZWW, 277,222

tth tth — ttWW, ttrr, it 22

ttA ttA = tirr

ttA = ttZh — tLZWW, tiZr7,ttZbb,ttZ2 2 Z 19




MUH'i-Lep'l'on Signals of 2nd Higgs DOUbIC"’ (Craig, Evans, Gray, Park,

Kilic, Somalar, ST)

Higgs Final States Will Eventually Contaminate
Multi-lepton Search ...

h/A/H*/H :
125/230/230/500 GeV Type lll (lepton specific) -h—»(4l):
(105 Signal Topologies) sina=-0.9 tanp=1.0 EE:((TI))*
" — (31)
= DA — (31
<
@
§ 10"
T
Sensitivity Beyond 0 100 200 300 400 500 600

Standard Searches H. (GeV)

20



(Craig, Evans, Gray, Park,
Kilic, Somalar, ST)

Multi-Lepton Signals of 2" Higgs Doublet

Higgs Final States Will Eventually Contaminate

Multi-lepton Search ...
Using CMS 5 fb?! 7 TeV
: a R
!
, 4

10F7 =]
' Type Il (lepton specific) {."
r J

!" ;’ | 1

h/A/H+/H :
125/230/230/500 GeV

(105 Signal Topologies)

Sensitivity Beyond '
Standard Searches —1 0 -08 -06 0 4 0 2 0 O
sin @

Blue Multi-Lepton Excluded
Gray H->VV Excluded 21



Multi-Lepton Signals of 2" Higgs Doublet (2% "o G Ferk

Higgs Final States Will Eventually Contaminate
Multi-lepton Search ...

Using CMS 5 fb?! 7 TeV

30

H - > hh -> Multi-Leptons

o-Br(H-hh) (pb)
N
o

15
400 600 800 1000
my (GeV)

10!

First Bounds on di-Higgs Production
from Existing Data

22
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Using Higgs to Discover New Physics (Gershtein, Chou,

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 + ...

<2000 ~ CMS Preliminary —— S/B Weighted Data o 3l 8 TeV 15 fb?
81800‘— /s=7TeV,L=5.11fb" S+B Fit 2'0F
~ T s—8 TeV’ Lesafy’ Bkg Fit Component > -
©1600}} T e o |
N = ) ~ L_F On Resonance
1400 On Resonance 210° Lo
L1200 z f 4
21000° : s=hing
> - L,
L - 10 -+t ~+
g 600 Sty
o fi
g 400F e Side Band ‘
200 - |
O:| -llII|Illllllll|||I|Illlllllll[lllllllIlllI
100 200 300 400 500 600 700 800 900
S; (GeV)
Blue = Side Band Background 24

Side Bands



Using Higgs to Discover New Physics (Gershtein, Chou,

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 + ...

8 10 gTeV 15 fb?
s LT
Stop Pair Production 250 GeV S [ .
with stop -> b + Higgsino and 3 100 = On Resonance
Higgsino -> h + Goldstino § ==I /
TR e Y
|
Many other Examples ... ‘ L T
10E / o ++ +
Compare SM tth benchmark [ Side Band B *ﬁ; T
:III|lllllllll|IIIIIlllllllll[lllllllIlllI
100 200 300 400 500 600 700 800 S00

S, (GeV)
Blue = Side Band Background 25



Using Higgs to Discover New Physics (Craig, Evans, Gray,

Park, Somalwar, ST,
Walker)

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

tt Pair Production with

5 fb! Multi-Lepton 7 TeV Data:
t->ch and t -> leptonic

Br(t->ch) <2.7%

(with b-tags + kinematics
in progress)
First Use of Higgs Boson to Search for
New Physics in Existing Data

First Direct Probe of Flavor Violation in
Higgs sector (for fermion that is most
strongly coupled to Higgs Sector)

26
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Precision Probes of New Physics

Electroweak Observables
Gg, My, Mz, Tz, Agp, ...

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)

29



Precision Physics Through the Higgs

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

Best Channels:

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

(Craig, ST)

30



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)

31



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

33



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, .. 34




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, .. 35
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Precision Higgs -> ZZ*

Four Lepton Kinematics

12 Dimensional Phase Space
=1+1+10 (Mass Factorized)

Azimuth Mass Dimensionless

Multi-Variate Description
Factorizes =
Mass X Dimensionless

- I I l I (Park, ST)
Mass Variable Mgy (0,00) Relevant
Center of Mass Yoorh [0, 00) Relevant
Variables Troee [0, 00) Transverse Irrelevant
Azimuth - Irrelevant
Production | cosOp—per| [0,1] Relevant
Variables Coo—prer [0, 00) Transverse Irrelevant
Decay cosOppy-  [—1,1]  Relevant (Universal)
Variables p 0,3) Threshold Irrelevant
'3 [0,1) Threshold Irrelevant
P [0,1] Threshold Irrelevant
P [0,1] Threshold Irrelevant
Too—ppr [—1,1] Threshold Irrelevant

Absence of Transverse Recoil
2->2 Scattering D=2

Near h->ZZ* Threshold
1->4 Threshold Decay D=1

Dimensional Reduction of
Phase Space in Limits
(Near Physical Distribution)

D=10 Dimensionless Phase Space ->
8 Dimensionless Phase Space

D=
D=8 Dimensionless Phase Space ->
D=

3 Dimensionless Phase

10=3+2+5

Dimensionless Relevant Transverse Threshold
Irrelevant

Irrelevant




Precision Higgs -> ZZ*

Four Lepton Kinematics

Interesting
Information

Spin <«—

Parity + Momentum
Form Factor

Z Polarization

Z Polarization

Spin

->1111

(Park, ST)
Mass Variable Mgy (0,00) Relevant
Center of Mass Yoo [0, 00) Relevant
Variables Trgeel [0, 00) Transverse Irrelevant
Azimuth — Irrelevant
Production | cosOp—pe| [0,1] Relevant
Variables Coo—prer [0, 00) Transverse Irrelevant
Decay cosOppy-  [—1,1]  Relevant (Universal)
Variables p 0,3) Threshold Irrelevant
'3 [0,1) Threshold Irrelevant
P [0,1] Threshold Irrelevant
P [0,1] Threshold Irrelevant
Too—ppr [—1,1] Threshold Irrelevant

Leading Effects:

Irrelevant
Variables

Interference of
SM Higgs interactions with
Modified Interactions

(Non-Renormalizable Operators)




Measuring Time Reversal Violation in (Park, sT)
: *
Higgs -> ZZ
-> I ' l l Mass Variable o (0,00)  Relevant
Center of Mass Yoorh [0, 00) Relevant
Variables Troee [0, 00) Transverse Irrelevant
Azimuth - Irrelevant
Spi n P — Production | cosOp—per| [0,1] Relevant
Variables Coo—prer [0, 00) Transverse Irrelevant
Decay cosOppy-  [—1,1]  Relevant (Universal)
~ Parity + Momentum Variables p 0,3) Threshold Irrelevant
Interesting Form Factor 13 [0,1) Threshold Irrelevant
Information Z Polarization P [0,1] Threshold Irrelevant
Z Polarization P [0,1] Threshold Irrelevant
Spin + [-1,1]  Threshold Irrelevant

Time Reversal

Violation
Leading Effects: Interference of
Irrelevant SM Higgs interactions with
Variables Modified Interactions
(Non-Renormalizable Operators)
_ Cuvpo Py Py-Pp.Py- Odd Under Time Reversal
Tere-0'+¢- = mA

C+e—0'+ 0 -




Measuring Time Reversal Violation in (Park, sT)
Higgs -> ZZ* -> | | | |

hZZ Coupling Through Both T-even + T-odd Couplings

Renormalizable SM +
D=6 Operators

H=z<H>+h

919255" T
WH H*WWH BH

g%fsll HTH Byyﬁpu

2M?
27 ~
S
955 b1t gy W, W
2M?2 I
"
_ €uvpo P Py-Pp PG
Tere-0+0- = 1
My p—p+¢ -

+A

|Al%=|A |2

scalar pseudo-scalar

Enhance Asymmetry with Specific
Kinematic Structure of
Interference Term

o

Tort-¢+¢- = Torg-0+0— Pere—¢+0-

2 2 2 2
~ _ Mgs ~ My~ My T MYy
Hete-g+0- = m2

g+ -

Qdd Under Time Reversal
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Measuring Time Reversal Violation in (Park, sT)

Higgs -> ZZ* -> | | | |

o
I|II|IIII|IIII|IIIIIIIII|IIII|IIII|IIII

P

PRI N S T S N T N PR W (N SR T S N A N
-0.01 -0.005 O 0.005 0.01

T

Asymmetry Vanishes for Pure Scalar
or Pure Pseudo-Scalar Coupling

~

t+e—0+0— = Torp—g'+¢— Hgrg—g+¢-

S,,= 250
10000~ (|,
8000}

I 4ty [
6000[- FSR L Rt

— L

L || |

L i .
4000 | :

B -

- |_ L
2000 |

3

[ 1

o b by by b by .

2 15 -1 -05 0 05 1 15 2

Luminesity > ab! to go beyond EDM bounds
But Interesting Complementary
Direct Probe of T-Violation in Higgs Sector
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Measuring Time Reversal Violation in (Park, sT)
Higgs -> ZZ* -> | | | |
S,,=250
0.4¢ :
0.3F 10000 s 7
|02 8000
5010 : N -
ob 6000 P 1LLL
: i o |
01 4000~ | +
-0.2;— - _|'_ LL]
03k 2000
03 - T
047001 20005 0 0005 001 2 15 -1 05 0 05 1 15 2

T

Asymmetry Vanishes for Pure Scalar
or Pure Pseudo-Scalar Coupling

~

Test-g+0- = Torg-g+0- Pgro—t+0'-

Luminesity > ab! to go beyond EDM bounds
But Interesting Complementary
Direct Probe of T-Violation in Higgs Sector
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Measuring Time Reversal Violation in (Park, sT)
I

Higgs -> ZZ* -> | | |

0.4
0.3
0.2
3 0.1

-0.1
-0.2
-0.3
-0.4

o
||II|II|IIII|I|IIII|IIII|||II|IIII|IIII

PRI R T S T N T PRI S RS SR S N T
-0.01 -0.005 O 0.005 0.01

T

Asymmetry Vanishes for Pure Scalar
or Pure Pseudo-Scalar Coupling

~

Test-g+0- = Torg-g+0- Pgro—t+0'-

~

S,,= 250
10000 1 sgnu)
B T
8000 - ...usgn(x) ‘ .
.
6000} T MY
N l—r Ll
a000 gilg¥
e
L N
20001 f iy
iJ....I....I....I..|.I ........ I||..I.|.|'

|
2 -15 -1 -05 0 05 1 15 2

Luminesity > ab! to go beyond EDM bounds
But Interesting Complementary
Direct Probe of T-Violation in Higgs Sector

Next Step: Testing The Higgs Mechanism
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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) 49



Reconstructing the 2" 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

Search for H -> WW

25
- 125 GeV Higgs
20l WWwW
o AIC Wy* -> Ivi(])
< 15
@
2 10¢ Preliminary
o I
> r
L 5_
00 50 100 150 200 250 300
me_e (GeV)
251 :
- 125 GeV Higgs
_ 20:_ wWWwW
o AIC Wy* -> Ivi(])
< 15
o r
£ 10
C
o [
o <
St Preliminary
of

| e
0 50 100 150 200 250 300

mE=E (Gev)

(Park, ST)
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Higgsino Signatures Multi-Leptons (CMs)

Sensitive to Extremely Rare Processes

Higgsino -> Z , h + Goldstino

CMS Preliminary

(s=8TeV,L=9.2fb"

SUSY, 2 Higgs Doublet ->

WZ,ZZ Wh, Zh, hh, ...

CMS Preliminary Vs=8TeV, L_
T T T I T T T T I T T T T I T T T T

=921’

T T T T ] T 1 T T l T 1 LI I T T 1 T ] LI T 1 [ T L T ] —] — T T f |
S140— ° Hupp ] Ko} L 4
o140 - o 95% C.L. CLs Limits ]
8 = B ;

e F A copp ] b = observed 2/2j + 41 + 3l |
120 — v ceep 7 c | N\ expected median = 1o
B + ceee . o --- observed 2/2j
100 = - = 1 === observed 4/ + 3] E
- ’ £ . MOx 10 ]
80 - u - i

N ] o i i

N 4 Q.

“F E S 7 . ]

Lo PPN TR N 1 R aem N

40— - O 107 o E
fermm e S e, - O\O C GMSB ZZ+E;"ESS R T
20 E e R T NG

- : - M =M,=1TeV

1 Il 1 1 1 Il | 1 1 1 1 |
%0 1 10 120 L I 11 1 | I 0 I | 11 1 | I N I 1 1 | I
M, (GoV) 150 200 250 300 350 400

u [GeV]

Kinematic Discriminants
(25 fb! sensitivity)
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Multi-Lepton Signals of 2" Higgs Doublet (ems)

Tri-Leptons OSSF + Third Lepton

WZ -> 3 Leptons - Dominant Background

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

— 250 T 1T L L T1rt|] 1l 1] 1 1] 1Trryrrrrroro o171
%) B | | | | A | | | . eiefe
S, R L. = e’
= 2008 S Y s ptu’e
N v ‘ v uiuzu
; e, .
100 . Y 7
B A
| ™ A
50} i 7
i .

. Lo lie A A T T T
00 20 40 60 80 100 120 140 160 180 200
M. [GeV]

A -> Zh -> (I1)(Ivjj)

Lands Right on Top of WZ
Background in m; - m,,

2 Extra Jets

Can Completely
Reconstruct Kinematics
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Experimental Investigation of the
Higgs Sector has Begun !

Search for Extended Higgs Sectors in
Standard Channels vy, ZZ, WW (mass Reconstruction) , .

Use the Higgs to Search for New Physics
Multi-Leptons
vy Resonance + X

Probe Symmetries in the Higgs Sector
Flavor Violation
Time Reversal Violation

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

Higgs -> ZZ* -> ||l
Test Higgs Mechanism

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

Much Much More to Come .. Stay Tuned !
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Extra Slides

CMS Preliminary ls=8TeV, L, =9.2fb"
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Extra Slides
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Search for New Physics at the
Electroweak Scale Continues ...

Lots of Signature Space
Remains to be Investigated ..

Experimental Investigation of the
Higgs Sector has Begun ...

Focused on EW Physics at EW Scale
O(100-200) GeV

Stay Tuned !!l
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