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Electroweak symmetry breaking

50 years ago, gauge theory unified.electro-weak interactions,
but could not

accommodate 1:2;‘;?:1:,?:;:.‘:“]
hang out down there.
nmoanSSzeeSrﬂor Predicted
W= & 7 a remnant
scalar
particle!
Im ¢ |
L =|D,®* — y*®* — \o*
2
- L
For 4% < 0, minimum v = —g—/\

Introduction of a doublet of complex scalar fields with peculiar
potential provided masses for W= & Z and left y massless!
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Higgs boson discovery and its mass, couplings

For a mass of my = 125.7 £ 0.4 GeV

Decay Expected Observed

77, 7.1 0 6.70

YY 3.-90 320 Kosons

WW 5.3 0 3:90

bb 2.20 210 :|— 3.4 ¢ combined!
T 2.6 0 2.8 0 “formions

bb: includes VH and VBF

WW: includes ggF, VH, VBF See talks by Petra Mulders and Stefano

Casasso for details on these measurements
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[Is it THE Standard Model Higgs

boson ?

Given H mass, the SM predicts cross section & BR precisely.

And its quantum numbers: JP = 07
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What we know from the production rate in data

Consistent with SM Higgs in all production & decay modes

Combined
uw=0.80%0.14

H— bb
u=115=+0.62

H—1t
u=1.10=+ 0.41

H—yy
w=0.77 = 0.27

H— WW
u=0.68=0.20

H—-ZZ
u=0.92+0.28

\s=7TeV,L<5.1fb" \s=8TeV,L=<19.61fb"

CMS Preliminary m, =125.7 GeV
Py, = 0-65

p-value=
0.65 w.r.t.
u=1

0

1.5 2

2 25
Best fit O/GSM

Combined
uw=0.80+0.14

Untagged
uw=0.78+0.16

VBF tagged
u=1.02=0.34

VH tagged
u=1.02=+0.49

ttH tagged
w=-0.15+2.86

\s=7TeV,L<5.1fb" ys=8TeV,L<19.6fb"

CMS Preliminary m, =125.7 GeV
Py = 0.52

p-value=
0.52 w.rt.
u=1
B
PRI S NN TR N SR ST | I S N TR TR
-4 -2 0 2 4
Best fit O’/GSM

Combined signal strength: n=0.80+0.14
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Spin-parity quantum numbers

Observation of Higgs signal in various decay oy g
modes already tells us something about its spin ! 1 o

Spin of the Allowed decay channel for a boson with given spin value
decaying
boson

photons ZZ or WW taus b quarks
Spin 0 yes yes yes yes
Spinl no* yes yes yes
Spin 2 yes yes no yes
Observed? yes yes ~yes ~yes

*Landau-Yang theorem — still worth testing with other decays as there are caveats

Kalanand Mishra, Fermilab 7 125



Spin-parity determination
Kinematics of production and decay of the new boson are sensitive
to its spin and parity — test agreement with data for SM hypothesis
and one alternative model at a time

arXiv:1208.4018 -

J* roduction description

0 99 =+ X SM Higgs boson

0~ gg — X pseudoscalar

0 gg —» X BSM scalar with higher dim operators in decay amplitude
Q‘tngg gg — X KK Graviton-like with minimal couplings

2+mqq qq — X KK Graviton-like with minimal couplings

1~ qqg — X exotic vector

1t qq = X exotic pseudovector

Couplings for alternative models not known a priori — #signal events
in each channel & for each test hypothesis are treated as independent

Kalanand Mishra, Fermilab 8 /25



Starting with the decay H—+ZZ" CMS HIG-13-002

Full final state reconstruction o (A3 preliminary
SenSitive tO ‘JP 8 30-— é Datf126G Vv \s=7TeV:L= 5.1 fb:1 i
*2 masses (Mz1, Mz2), 5 angles g - 7y, 22 s=8TeV:L=19610
I -+ Z+X .
*Form a matrix-element based % In the mass window
discriminant Z 20} 110-160 GeV, expect
21 Higgs signal
i 47 background
ol } } } Observed = 71
: L L, 1
100 200 400 800
my, [GeV]
0 P - 1
Pom ’P]p(mz], mz,, (| mye)
D]P — — 1 — —
Pom + ’P]p Poyp(mz,, mz,, Qmyy)

Psy is the probability distribution for the SM Higgs boson hypothesis
P

j» is the probability distribution for an alternative model.
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Events

10

Events

Spin-parity sensitive observables

CMS preliminary

\s=7TeV,L=51f"\Vs=8TeV,L=19.61fb"

CMS preliminary \s=7TeV,L=5.1f0"'\s=8TeV, L=19.6 ft'

I I I I

CMS HIG-13-002

CMS preliminary \s=7TeV,L=5.1f"\Vs=8TeV, L=19.6 5’

I

_

E L I L L L B B ) B B E 7 7—‘ LN DL L L L L L L L I S L L L L L L B L L L L L BB B BRI

9F e data m = - e data m . e data &

F— 0 m =126 GeV Z1 ] 6 } — 0, m, =126 GeV ZZ { 8 E— m, =126 GeV COS ]

8 .. JP=0’, m_=126 GeV E R J°=0, m, =126 GeV . y R J°=0", m =126 GeV =

70 CJzzy = 5k CJ2z/zy I - [ zzzy ]

- [ z+X ] - [ z+X ] 6 I z+X —

6 - N ] - ]

- 1 4F 1 5F =

SE E C ] - ]

- ] r ] 4+ ) -

4 E 8 C ] c .

3 4 o 4 3k . E

o ] E il PP T d s B ]

oL ] ] 210 ® o ¢ 0]

10 = 1 B 1 ; [ ° [ é

O E | E 0 J . O E | I | ] | | | I I ]

40 100 20 30 50 60 70 -1 -0.8-0.6-0.4-0.2 0 0.2 0.40.6 0.8 1

Mz, Mz, coso”

o p‘m‘ali‘m‘in‘a‘ry‘ ‘ \\E‘ = ‘Te‘V‘ : T . ‘ﬂT’“\ﬁ:‘lE‘T‘e\‘A‘L‘:‘ 1‘9\-6‘ ft‘j“ e Tr\e"min‘a\w\ \ f i ‘Te\v\ - ! = \ff‘\\ﬁ=‘8\T?Y"L\=\ 1\9"6\ ﬂ\j‘_ CMS preliminary Vs =7TeV, L =515"\s=8TeV, L =196 f5" CMS preliminary NS =7TeV,L=5.11b"\5=8TeV, L =196 fb"

; ® dat ; 12+ _ prorrrprrrr T T T T T T T T T T T T T B UL B L I R
ata e data 1 E ] - ]
| —— 0%, m =126 GeV e ] [ —— 0%, m =126 GeV e |1 8p © daa q)i g ® data q) =
Lo P=0, m, =126 GeV COS 1 100 o =0 =126 GeV COS 2; P O ma=1ae Gev 1 0, m=126Gev 17
- zzz N - Oz > My ] 7E e J'=0, m, =126 GeV fn 7E J7=0', m, =126 GeV 3
[ B zex ] : ! ] - Oz ] - Czzzy ]
i 1 g EEZX 1 e EEzex -4 e mHz 3
N 1 150 4 sf =
[ S 1 S ]
i ] i 14 ER E
i ] e < N I R T T S E
I i FT e ] of L i g g 3 2k f
e e e ] E ] a ]
E B é =

1 -0.8-0.6-0.4-0.2 0 0.2 0.4 0.6 0.8 1
cose1

1-0.8-0.6-04-02 0 02040608 1
00362

'G'wuL‘
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Events

Data very consistent with J° = 0* (i.e., SM Higgs)

CMS HIG-13-002

CMS preliminary \Ns=7TeV,L=5.1fb"\s=8TeV,L=19.6 b’
AL L i R RN R RN AR RN

- e data = . . .
2(2)_ 0", m =126 GeV 7 But even more |ntere§tlng will be to
sk [2zzzy 31 quantify agreement with data between
16 B Z+X 3 0*and the alternative JP.
14F =
12§ E
10F 7 =»Perform a 2D analysis of the (Dpkg,
8 . . . .
cE Dgyp) distributions where correlations
s } of observables are included in the
2 probability parameterizations.

OO

070203 040506070800 1
Dbkg
Then examine the log-likelihood ratio —2In(L;»/ Lsm) of the

expected distributions, where the cross section for each type of
signal is taken from a likelihood fit to data

Kalanand Mishra, Fermilab 111/25



Events

Events

C

Examples of discriminant distribution

MS preliminary

\s=7TeV,L=511f"\s=8TeV,L=19.6 1"

s

® data
— 0, m, =126 GeV

....... J°=0, m, =126 GeV
Czzzy
= z+x

Otvs 0O *

wwwww

O !

C

MS preliminary

mm——
0 010203040506070809 1

Dy

\s=7TeV,L=511f"\s=8TeV,L=19.6 1"

s

OO

;gat; =126 GeV O+ VS 1 a

....... JP=1, m, =126 GeV
Czzzy
= z+x

010203040506070809 1

D(1)

CMS preliminary \s=7TeV,L=5.1fb"\s=8TeV,L=19.6 5"

10

® data

— 0, m =126 GeV
....... JP=0;, m, =126 GeV
[ zz72y

B z+x

L

0 I

010203‘040506070809 1

o,

CMS preliminary \s=7TeV,L=5.11f"\Vs=8TeV,L=19.6ft"

[«2]
T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T I

\\\\\\\\\

® data

— 0, mH=1 26 G
-- IP=2}, (gg), m

[z
0 2:x

0% vS 2m(gg)”

00705 03040506070805

2 (99)

0" vs On*

CMS HIG-13-002

CMS preliminary \s=7TeV,L=5.1f5"\s=8TeV,L=19.6ft5"

74 S RN LA R L S
L e data + +
6 — 0°,m =126 Ge O VS 1
Fooe J=1", m =126
5; |:|ZZ/ZY _
r I Z+X ]
4 -
3k ]
2k .
s ;
00“‘610203040506070809+1
D(1")

CMSprellmlnary \s=7TeV,L=5.1f"Vs=8TeV,L=19.6fb"

1E

0

2 0% VS 2m(qq)”

------- JF=2

[z
0 2+

010203040506070809 1
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Pseudoexperiments

Test of 0* versus 0~ hypotheses CMS HIG=13:002

CMS preliminary Vs=7TeV,L=5.1f5" {s=8TeV,L=19.6fb' Data disfavor O— over O+
L L B B L BN BN
0.1 - by CLs value of 0.16%
B — CMSdata  _|
0.08] ] More J? hypotheses have
i ] been tested in a similar way
0.06 - i 5 CL=0.16%
0.04F -
i ] 7| CL
i | 0~ | 0.16% Spm 1
0oL - £ 81% .
0.02¢ ] gﬁ 15, | disfavored
_ . mgg '
oL N 2t | <01% | by alot
30 -20 10 20 30 17 1 <01% | (next three slides)
2% In(L/Ly) 1+ | <01%

Kalanand Mishra, Fermilab 13/ 25



Beyond hypothesis testing: 0* versus 0~

Measure fraction of CP-violating contribution | CMS HIG-13-002

Most general spin-0 H — VV amplitude

A = v_l [amz%e{ei +azf,;f,;1]f'<’2)'!“" +a3f’;l(';l)-f.(2),mv) —Cl 7cn‘ns F"rel‘imiTar\‘/ _ |/§¥=7‘Te‘\l,l.‘=5¥.1 fti1;|(§=8T!eV,L=19.6fl!:i1
— A1 + A2 + A3 cﬂ 10? ........................ ............................. ........................... i
B - i —CMS Data : : :

— ----Expected | oo
At LO, SM a2=a3=0 I VA
A3 : CP odd amplitude ] e 7 o ]
Fit for fa3 - |A3|2 / |A1 |2 + |A3|2 4Z’.’"..9.5.(.)./9._9!:..........._................_.o':'.':l.':'.,..........Em
- check presence of CP violation (assume A . | R
a>=0, interference term negligible) I | T 68% CL :

[ ]‘:a3 = 0.00 0% I S VRN VS R
| Fraction of CP-odd contribution
fa3 <0.58 @95%CL
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Test of 0t versus [0n*, 1*]

CMS preliminary
LI
0.16}

0.1

Pseudoexperiments

0.08

0.06

0.04

0.02

JP = 1% strongly disfavored by H—yy decay

Vs=7TeV,L=5.1f5" {s=8TeV,L=19.6 5"

0.14f

0.12f

@
o
£
g
1T 7] E<_)
- 3
— -
] &
_ o
— CMS data _
CMS HIG-13-002
. @
. o
- £
|-.-|"-o.|. [ T E
10 20 30 g
-2 x In(Lo+ /Ly) S
“ 2
o

But if there are off-shell contributions,
Landau-Yang no longer strictly holds.
Therefore this test is more confirming.

Kalanand Mishra, Fermi

CMS preliminary
1T T

Vs=7TeV,L=5.11" {s=8TeV,L=19.6 fb'

0.14F
0.12]
01"
0.08;
0.06;
0.04;

0.02F

!

— CMS data

W P T
20 30
-2 x In(L1+ / Lo+)

CMS preliminary Vs=7TeV,L=5.1f" \s=8TeV,L=19.6 5"
T T T T ‘ T T T T

0.1F
0.08-
0.06]
0.04f

0.02

Frrrrprr

.....

— CMS data

2xIn(L_/Ly)



Pseudoexperiments

Test of 0 versus 2+ CMS HIG-13-002

2% — graviton inspired models with minimal couplings

Dominant production mechanism is gluon fusion, but 4% contribution
from qq at LO. Higher-order corrections can change this ratio. Therefore,
consider models with different production modes admixture (fqq € [0,1]).

CMS preliminary Vs=7TeV,L=5.1f5" ys=8TeV, L=19.6 f5" CMS preliminary Vs=7TeV,L=5.1f" \s=8TeV,L=19.6 fb'
0_16 _—\ T T T ‘ T T T T ‘ T T T T ‘ T \---\-.‘ T T T T ‘ T T T —I -si‘) T T T ‘ T T T T ‘ T T T T ‘ T T \---\-.‘ T T T T ‘ T T T T +
B ol 4 c C ‘0" ]
0 14_— s 0+ - GE) 0.16 n Fr O+ — E
s = 12,(99) - £ - L 2n(0g) .
0.12F — CMS data . 3 0'14:_ — CMS data _
; . S 0.12F -
0.1 . 5 - i
- . s 01 =
0.08 - - o ¥ L .
C ] 0.08 -
0-06F E 0.06 1 ]
004:_ _: 004:_ : .-:E. _:
0.02 . 0.02F = 1 3
0: T o: : Sy | "."--.--.u N
-30 30 -30 -20 -10 0 10 20 30
/L. -2 x In(L /L.
2n(gg) O ) ( 2n@@ O )
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Spin analysis using the decay H—=WW*

events / 10 GeV/c?

data/ MC

CMS HIG-13-003

Can’t reconstruct full event information because of two v’s.

250

200

150

100

50

— my=125 GeV
0 W+jets

Top

WWwW

CMS Preliminary -

Vs=8TeV,L=19.5"_]
Vs=7TeV,L=49f" ]

1-jeten —

~70 signal
events, all
channels

5 100 150

: ] 140 _\ 1 1 1 ‘ 1 1 1
| -e- data — my=125 GeV CMS Preliminary | - - data
— Il H125 [ WH+jets {s=8TeV,L=19.5f"] 120 |- I H125
Y Top - - " - Il vV
C m e (s=7TeV,L=4.91b . -
[\ stat@syst. O-jeten _| 100 |- X\ stat.@syst.
B Q . -
i 180 signal | 4
[ - i
h events, all -
§ channels !
- i 1 4o
L + B o0l
i 4 = ]
ﬁ s - .

"."“.‘.& = = O
9 ‘ ‘ ‘ w 25
\ \\\gﬁ wectat K \\%\ i

' SN O S RO AN

?\ + FINY 0.5
0 0 00

2
mFr [GeVi/c?]

0 0 50

No additional jet
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M, (GeV)

H—WW" spin analysis observables CMS HIG-13-003

Left with essentially 2 useful variables =» use 2-dimensional
mu . mT distribution as the observable

Use events in the signal region to test 0" vs 2 hypothesis

2" (125 GeV) 2" (125 GeV)

CMS preliminary L =19.5 fo' (8TeV) CMS preliminary L = 19.5 fo! (8TeV)

S
M, (GeV)

L1 T IR I |
70 80 90 100

1 L1 1 1 PR RTINSO I B
110 120 6 70 80 20 100 110 120
M, (GeV) M, (GeV)

No additional jet 1 additional jet
Kalanand Mishra, Fermilab 18/ 25
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Test of 0T vs 27 CMS HIG-13-003

Combining results from WW

CMS Preliminary ys=7TeV,L=4.9fb"; (s=8TeV,L=19.51b" and ZZ channels:
_2400:—
S ool 0 ! - Expected results with u=1
g M= k 7 WW Comb
£000~ — CMS data % 6.8% 1.4% 0.2%
°f « Observed results at measured u
2000 _ 77 WW Comb
o LA r— 40 0 60
600: | Cls = 14% 1.4% 14% 0.6%
400 - ]
200" i LELL Very compatible with the SM
T e e Higgs expectations of 0*. Data
% 20 0 o0 10 A 13 disfavor the 2*m(gg) hypothesis

with a CLs value of 0.6%:

Kalanand Mishra, Fermilab 19/ 25



Spin analysis using the decay H—vyy

=>5000F
)

15G
N
(@)
(@]
(@]

hted Events /

S/(S+B) Weig

3000
2000f

1000}

o
T

T | T T T T I T
MS Preliminary

| {s=7TeV,L=511b"(MVA)
- Ys=8TeV,L=1961b" (MVA)

T T T | T T T T I
—— Data

S+B Fit

...... Bkg Fit Component |
[ _I+1o
=20

L | L 1
110

120 130 140
mY

sinh(ny, —my,) 207 Py

1 L I L I_
150

, (GeV)

V2

1+ (p?y/mw)2

2

Ntyy
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CMS HIG-13-016

100’s of Higgs signal events, but
on top of a large background

Decay angle cos(08*) of the photons
in Collins-Soper frame sensitive to J

CMS Preliminary
0.05

=5 - [ ] B .
3 = + ]
® oask : : : +0"(SM) -
0.045 1 1 1 + ]
e, : : 2, (99)

3 |k + 3
! S Lt T 2m (A9 S
- + +-¢-+H1 Ak I *}:‘ - -
0.035 * TR L R -
- ' +h £1*¢+ : ' =
0.03— 1 - -A—g 1 —_

— =% f-t H- -
0.025— . RS - -
e S T 1 . 3
0.02 - l{* - 1 1 A N -+ -
— 1 1 1 -A- 1 —

e e -

= ' -

I -A- —
0.015F I ' ' e .
0.01F- | o =
TE rA- 3

= 1 e -
0.005— T S-S5 i~
0 :I 11 | I 1 1 1 i 11 1 1 I 11 | :l I 11 1 1 I 11 X 1Ll I 1 1Ll I 11 : 1l [AliiAiiA"lAlA!—“‘ ;

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Icos(Bg)l
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Probability density

Test of 0+ vs 2%

CMS preliminary Vs=8TeV,L=19.61b"

\ T T ‘ T 11T ‘ T 11 ‘ T 17T ‘ T 17T ‘ T 11T ‘ T 11T ‘ T 11T ‘ T 11 ‘ T T \7
- 0 10" ]
0.3 1 OO A) gg _12,(0% qa) .
r — CMS data N
C (CL® =60.1%) ]
0.25 .
0.2[ =
0.15[ =
0.1 =
0.05F =
% 8 6 -4 2 0 2 4 6 8 10
-2 x In(L .
( 2n(0%qq) O )
CMS Preliminary Vs=8TeV,L=19.6 fb’
g 3 F 5@3&% X—yy 0"
t\g E e X—yy 2(100%gg)

5
3
—— X—yy 2;(100%qq)
2.5—+— X1y 2,(50%gg,50%qq)
2
5
1

¢ Observed

T
=

01702 03 04 05 06 07 08 09 1
Icos(6%)I

Vs=8TeV,L=19.6 5"

CMS preliminary

0.6F .
- 90%9g  Bgee
0.5} 500/0 qq (CL®* =79.4%) {
0.4; é
0'3; ? {s=8TeV,L=19.61fb"
¥ B [ L O N B
0.2 ]
B ] _]2(100% qq)
B ] — CMS data
0.1 :* *: (CL2™ = 17.4%)
0: ................ :
4 -3 -2 -1 O 1 2 3 4
-2 x In(L /L) 1 OOOA)

L qq

0.1

%~ 2 o0 2 4 6
2xin(L, /L)
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2m

-2xIn (L /L)

As a function of the fraction of qq vs gg production

CMS Preliminary Vs=8TeV,L=19.6 fb" _

—— X—>yy ot
[ + 10 expected
+ 20 expected

—— X—yy 2;

6
5
4 NI F
—e— Observed Compatibility

3 Source Y’ p-value
5 Data vs. 0% 0.68

Data vs. 2 (100% gg) 0.91
1 Data vs. 2 (100% ¢q) 0.51
0 Data vs. 2,5 (50% gg, 50% qq) 0.81

-2
_3 | I T | | | I T | | | I T | | | I T | | | I T | | | I T | | | I T | | 11 1 | 11 1 | 11 1

0 10 20 30 40 50 60 70 80 90 100
foq (%)

The present yy data do not have the power for a significant
hypothesis test
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[Putting all channels together

0- 0.16% - - -
On* 8.1% - - -
T < 0.1% - - N/A
2m*(g9) | 1.5% 14% 0.6% 60.9%
2m*(qq) | <0.1% - - 16.9%

Evidence for scalar nature 0* but CP admixture not
completely excluded

Kalanand Mishra, Fermilab
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2 x A(NLL)

[Projection for Vs = 14 TeV using H—ZZ"

CMS Submission to Snowmass

CMS Projection

E e e e e CMS-NOTE-2013-002

°F 3000 fort E

F | [alsystematic | ]

e uncertainties left |

6l L] unchanged IS

ot /. 95%CL: -
° A 68% (95%) CL limit on
Pl SOt STt S S St = CP-odd contribution can be
- sooft 4 S oo

2 z v ] achieved at the level of 0.07
1 ' 68%_CL§§ (0.13) with 300 fb~' and
05,;.4..;-yfl)i.l TR T 0.02 (0.04) with 3000 fb~".

0 002 004 006 008 0.1 0.12 0.14 0.16 0.18 02 0.22

Fraction of CP-odd contribution
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http://arxiv.org/abs/arXiv:1307.7135
http://arxiv.org/abs/arXiv:1307.7135

Summary

It has been just a year since a new boson was discovered.
Thanks to the outstanding performance of the LHC, we now
know a great deal more about the nature of this Higgs boson.

M Higgs quantum numbers for spin-parity tested in bosonic modes
e Data strongly favor Standard Model 0* hypothesis
e But CP admixture is not completely excluded
e Many alternative models tested =» Most excluded at 95% CL

42015 LHC run with higher energy/luminosity will improve the
precision of these measurements

e CP violation measurement down to 1-10% accessible

Thank you for your attention.

Kalanand Mishra, Fermilab 25/ 25
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H—vyy : Acceptance x efficiency ratio 2*mq) vs 0F

Acc. x Eff ratio to SM

CMS preliminary: \s=8TeV, L=19.5/fo —— R9,,;,=0.94, Il <1.5
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