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Introduction

Motivations

fs=7TeV,L<511fb" {s=8TeV,L<196fb"

CQTT?’&%:DN CMS Preliminary m, = 125.7 GeV
H— bb (VHtag) | p,, =094 -m—
. H- bb (ttH tag) |~ —————a—]
July 2012: new resonance discovered by H> 1y (untagged) -+
. H VBF -1
CMS and ATLAS collaborations A "
arXivi1207.7214; arXiv:1207.7235 H— WW (0/1 jet) -
X i i H— WW (VBF tag) —
Couplings and signal strength compatible H> WW (VH tag) —a
. o H— 1t (0/1 jet) -
with the SM Higgs Boson H > ¢ (VEF tag) -
(v =1.33+0.20/p = 0.80 £ 0.14 measured H > (VH tag) —
a H— ZZ (01 jet) -
by ATLAS / CMS) in all channels ) Hos 22 2o -

4 0 2 4
Best fit o/c,,

What are the new particle's quantum numbers J7¢? SM predicts JF¢ = 0F
@ Observation in diphoton implies C=1 and disfavours J=1 due to
Landau-Yang theorem
o ZZ, WW channels can test spin-1 hypothesis for independent
confirmation and mixtures
@ Observation in WW favours J=0 (biased selection)
@ Observation in ZZ, WW disfavour P=-1

DIPINET  Next step is to test the 0" hypothesis against alternative models
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Introduction

Testing spin-parity

. . § ZOOTH{W ! . ! 7J"=o'(sl‘m pdf ‘7,1’;2' llo(;%gn) p‘dl |
@ For each channel, find variables that g plemmeen esevemn e forooeon
TRl 5 b ackpoung sysomatc iy ]
are able to discriminate between the G T ]
SM and the alternative hypotheses 100 E
o We test spin-parity — angles are what soE E
we are looking for - \ATLAS Preliminary .
of - + 1
o Different channels — different | aaz0z [Lar- 07 ' ~aTev e

. . . 0‘.1 012 0‘.3 0.‘4 0‘.5 0.‘6 017 0.8 0.9 71
kinematic properties |
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Introduction

Testing spin-parity: likelihood

@ Looking at a single variable is usually not enough to obtain good
discrimination

e From simulations (and control regions), obtain the distributions for
background, signal and alternative hypotheses events in the space of
the discriminating variables — likelihood distributions for
signals/models

@ Pseudo-experiments to generate the distribution of the test statistics
qg= —2log iST“Ff' under the SM/alternative hypothesis.

@ Compare with results observed in the data gops, CLs = %

CMS prefiminary 5=7TeV, L=5.1 5" {§=8TeV, L= 106 16" CMS preliminary (5= 7TeV,L=5.1 15" VG =8TeV, L= 19,6 16"

OMS preliminary N =7TeV, L= 5.1 b'VE=8TeV, L=19.6 '

%) LA AR A A M AR A 3 2 016 T T T T 3|

S 10 o am 3 0:‘ 0.9) é 014k L0 E

S F —omemen £° 2509 E

L - =2}, (gg), m =126 GeV' — 1

8 s W B g 0.12 CMS data E

[ Elzx § 01 E

r @ ]

6l ] 3 ]

[ o 008 B

af g 0.06 1

r 0.04 B

r 1 0.0 b
Lot L o ST

o 06610203 040506070809 1 56208 o 2o 2y

‘ 21 (99) Do 200 O
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Introduction
Models tested

CMS
J7 | prod channel
0™ | any 77, WW pseudoscalar
0 | any 7 scalar high dim op ATLAS
1= | qg 77 JP ] prod channel
1= | any 77 0~ | any 7
17 | qg 7z 1= | any 77 \WW
1t | any 77 1t | any 77, WW
2t | gg | ZZWW,yy grav, min. coupl. 2t | gg | ZZWW,yy
2t | qq | ZZWW,yy | grav, min. coupl. 2t | qq | ZZWW,yy
2t | any | ZZWW,yy | grav, min. coupl. 21 | any | ZZWW,yy
2%, | &g 77 RS grav, SM in bulk
2% | &g 7 tensor high dim op
2, | &g /7 pseudo-tensor
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H — ZZ — 4l

5 angles and 2 masses fully describe
the H—>ZZ— 4/ decay

Sensitive to spin AND parity.

Main channel to probe the 0~
Hypothesis

: g . o Events selected in
The Nobel Prize in Physics 2013

the peak
S [115 — 130]GeV
S vt —— ATLAS,

[106 — 141]GeV

CMS

@ Nobelprize.org
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H— ZZ — 4l

5 angles and 2 masses fully describe
the H—>ZZ— 4/ decay

Sensitive to spin AND parity.

Main channel to probe the 0~
Hypothesis

@ Events selected in
the peak
[115 — 130]GeV
ATLAS,

R N 2 W g o
t>hn%§w vy _ 4 s [106 = 141]GeV
gt z ::‘ q \4 A 4 ;r CMS

e Different qg/gg
production fractions
can be tested for
spin-2.

s
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H — ZZ — 4l

H — ZZ — 4l analysis in CMS

@ Matrix Element Likelihood approach axivi20s4015, use the discriminant

variables: L L
) - y _
D 1+ Pb;!,‘(ml,mg,ﬂ\m,u) D 1+ PbLng(ml7m2vﬂ‘m4l)xpﬁagss(m4l)
P = —_— = =
J P (my 2,2 may) bhe PR (1,2, 2] may) X PR (may)

CcMS Vs=7TeV,L=511";Vs=8TeV,L=19.7fb "

B LS e
o £ « Data 1
S 8F o Dyg>0.5 |
D JP= ]
L 7t zzz E
T o Dz E
> L 3
w E ]
5 :

4 E

3 :

2 :

L3 E
Bt [ S B B

OO

010203040506070809 1
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H — ZZ — 4l

H — ZZ — 4l analysis in CMS

@ Matrix Element Likelihood approach axiv120s 4013, use the discriminant
variables:

DJP: 1+

. -1
Pl (my my Q2 myy) X PRESE (my))

P& (my,ma, Q| may) X PR35 (my))

PHID (my,mp Q| myy)

1
s Dokg = |1+

P& (my ,mg Q] myy)

@ Build 2D (Dr, Dykg) templates and Likelihoods for 0" and J”

CuS prefiminary 5= 7TeV, L=5.110" {5 =8 TeV, L= 196 f5" Cuis preliminary {527 7oV, L=5.116" (58 TeV, L= 195 10" M preliminary 5= 7TeV, L= 5.1 10" VG =8 TeV, L= 196 15"
preliminary preiminary

00 0102 03 04 0506 070809 1
Diyg Diig Dhg
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H — ZZ — 4l

H — ZZ — 4l analysis in CMS

@ Matrix Element Likelihood approach axivi20s4015, use the discriminant

variables: L L
) - y _
Der=|1 + Pb;!,‘(ml,mg,ﬂ\m,u) D -1 + wag(ml7m2vﬂ‘m4l)xpﬁagss(m4l)
J PN (my,my 2| may) r ke P (myma, Q2 mar) X P2 (map)

Build 2D (D, Dykg) templates and Likelihoods for 0" and J”
@ Tested and excluded 9 models + 3 prod independent models (17, 17, 21)

CMS Vs=7TeV,L=51fb"{s=8TeV,L=19.7 fi'

-@- CMS data - - - Median expected
60 WNO*:1o Nt
0"+ 20 W20
40k 0"+ 30 =30

d

21In(C,, /)

20

=)

o o T T T ot 2 2 2 2 2 2
any any qg—X any qg—X any gg—X qg—X any gg—X gg—X gg—X




CMS ZZ spin-parity summary

JP model | JP production | expect (u=1) | obs. 0T [ obs. JF | CL,
0~ any 2.60 (2.70) -0.90 +3.80 | 0.04%
0, any 1.80 (1.90) | +030 | +1.60 | 10.0%
1 43— X | 290 (310) | -150 | >5.00 | <0.1%
1~ any 2.70 (3.00) -1.80 >50 | <0.1%
1+ qg — X 240 (2.60) -l.40 +4.50 | 0.004%
1t any 2.30 (2.40) 210 >b50 | <0.1%
ot gg — X 180 (1.90) | -0.70 | +2.70 | 1.5%
2t qq — X 1.80 (1.90) -1.60 +3.80 | 0.16%
oF any 150 (160) | -150 | +330 | 0.8%
2% gg — X 1.80 (1.90) -1.1e | 4320 | 0.5%
2% gg — X 390 (4.10) | +2.00 | +1.90 | 3.0%
27, gg — X 440 (4.80) | +1.10 | +3.30 | 0.05%
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H — ZZ — 4l

fi3 parameter

Most general spin-0 boson decay amplitude:
A(H — ZZ) = v leles (31g;4um% + a2quqy + asewa@qf‘qf) = A+ 4+
0" dominated by A, by

CcMS (s=7TeV,L=511b";Is=8TeV,L=19.7 1"
L 2 o e e e
% - - Expected .
101 .
o fo3= |A3|2/(|Al|2 + |A3|2) o [ — Observed ]
if 0 < f,3 <1 — CP violation e 1
@ Interference is negligible A g
@ The shape of Dy discriminant 6 7
depends on the value of f.3. [ ]
We can use it to measure f;3 4; B
@ We can set a limit on CP ol ]
violating contributions to HZZ - i
: e e R B RN
dopellivg ) % 02 04 06 08 1
faS

DRy f3 = 0.00%5:37, f,3 < 0.51 at 95% CL
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H — ZZ — 4l

H — ZZ — 4l analysis in ATLAS

e BDT approach using the 5+2 kinematic variables.
@ Split in 4 final states (4e,4u,2e2/,2p2¢€) to increase sensitivity

e 2 different mass regions: high S/B (121-127) and low S/B (115-121
and 127-130)

o b different gg fractions tested for spin-2

N L 4
Sosl * Data ATLAS B
g I [l Background 2z* Hoszza tested J* for tested 0 for
£ _ [ [lBackground Z+ets, t ] an assumed 0" an assumed J” | CLg
w 20; —F= o_* Vs=7TeV [Ldt=4.61" expected | observed observed*
=0 fasTev Jdto207"] 0~ [ po| 00037 | 0015 031 0.022
15~ b 1* | po 0.0016 0.001 0.55 0.002
[ ] 17 | po 0.0038 0.051 0.15 0.060
10F . — :
5 ] o | S | SIS e s 0 [t <20 [ v <
L 4 100% 0.102 0.082 0.962 0.001 0.026
57 - 75% 0.117 0.099 0.923 0.003 0.039
L ] 50% 0.129 0.113 0.943 0.002 0.035
= - 25% 0.125 0.107 0.944 0.002 0.036
O’ 7 0% 0.099 0.092 0.532 0.079 0.169
-1 -0.5 0 0.5 1
{‘3{ ) BDT output
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H — WW — 2/2v

H— WW — 212p

@ Low mass resolution due to neutrinos in the final states
@ Sensitive to spin-0 vs spin-2 discrimination
o Discriminant variables: A®y, my, p't,

mr = \/2p45$i55(1 — Cos AD_ i)

@ Most of the sensitivity from H — WW — evepr,

S Q.35F T T T T
'§ F ATLAS Preliminary [ aiboson [ zsiets ]
= 0.3 H - ww® . evpv+pvev + 0 jet Wiets i ]
£ F e ]
£ F I 22s) ]
2 0'25: 1
2 E 1
s 0.2 —
=B ]
< 0.15 =
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H — WW — 2/2v

H — WW — 2[2v at ATLAS

@ low signals and high backgrounds, event selection is challenging, for spin
analysis softer selection with respect to nominal:
e MET > 20GeV, 0 jets, p’% > 20GeV,m; < 80GeV,Ad, < 2.8.
@ The four discriminating variables are used for the BDT in a MVA

S 0.4 T T T T T T T ™3 s FT T T T T T T T 3
5035k ATLAS Preliminary  — bacigrous 2 045 ATLAS Preliminary — secigoues
% ) WO . evpvrvey +0jet MO —HZuzl g %0.35}H<ww""evw‘uvewola —Hou —H2uzs 3
£ £ E
I § 03
20.250 20250
g 0.2f g 02
0.151 0.15
0.1 0.1§
0.05F 0.05¢ E
G: I L L L L L k| G: e
"1 08-06-04-02 0 02040608 1 1

T .
-0.8-06-04-0.2 0 0.2 0.4 06 08 1
BDT,

0

T Anaa
So.18F ATLAS —r0 7
206 BT fLa-mrw’ —r-1

Hos W s+ Ojets

2D fit of the spin-0 and spin-2 BDT discriminants
Same approach can be used for spin-1 —
17 excluded at 92% CL, 1~ excluded at 98.3% CL

Measurement of spi
14, Aspen (USA)



H — WW — 2/2v

H — WW — 212v at ATLAS: Spin-2 results

Different gg fractions tested for spin-2.
Highest rejection for the 100% qg case

= 7 T T T T T T o T T -
o016 ALas ATLAS e 100% 25 ATLAS Data  Spin
20.14F E-8Tev J’Ldl:zﬂﬂb‘ — 0.250 E-sTev Im:gom' —y.e d H—s WW* = evav/uvey  Signal hypothesis [l
39 Hos WS evpav/vey + 0 jets —f=2 Hos WW* evav/pvey + 0 jets —F=2 20F-15=8TeV [Lot=207 10" ep_g [

—Data eF

Normalised to unity

100
%]

ESYN) SRR TN PN R S N S P
15}

Good agreement between spin-0 and data, 100% qqg rejected at > 99%

CL
F if}’]"”pzo Sf;“:"‘(‘;f) ci‘;"p{; (T;'l:m;f) obs. po(JF = 07) | abs. po(JF = 27) || CLy(JF = 27)

100% 0.015 0.005 0.552 0.004 0.009

75% 0.035 0.007 0.594 0.005 0.012

50% 0.042 0.013 0.609 0.007 0.017

gy 5% 0.050 0.020 0614 0.010 0.027
7o S 25 14 53
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H — WW — 2/2v

H— WW — 2[2v at CMS

@ Used to test 0" against 0~ or minimal coupling 27 (graviton-like)
@ Events are divided in 0 or 1 jet categories.

@ Similar to ZZ analysis, 2-dimensional templates based on my and
m distributions

e Different gg fractions tested

+ . . CMS 49107 (7 Tev) + 19.4 b (8 Tev)
27,0 JetS?C(zlaztsigvc))ry 0%, 0 jets category o e
€' .21 o
CMS prefiminary L = 19.5 b (8Tev) M, = 125 Gev o18E 2l 100%)

CMS preliminary L = 19.5 fb* (8TeV)

100 016F @ <o

0.14]
0.12

0.1
0.08
0.06
0.04]
0.02

Probability density

10 20

N 30
2.0 :m%)/ o)
5

0
2xIn(L
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H — WW — 2/2v

: CMS results

cMs 4.9 b (7 TeV) + 19.4 fb (8 TeV)
B A E s L L A M
_r WW - 2I2v + 0/1-jet m,, = 125.6 GeV
\‘535 S
T 30 I £ 1o expected
~ + 20 expected
£ -2

in

o 25 -+~ Observed

J7 model 7 production Expected (¢/0sp = 1) obs. 0F  obs. J7 CLg

15 2min % 1.80 (2.60) 1060 +120 16.3%
min Jfqg= % 2.30 (3.20) +0.20 +2.10 3.3%

10 in faq=100% 2.90 (3.90) 020 4310 02%
any 0.80 (1.10) 050 4120 347%

5
of 8
L —
5t 3
q0bee b b b b b Lo g
0 10 20 30 40 50 60 70 80 90 100
foa (%)

Good agreement between 0 and data, 100% gg rejected at > 99% CL

M ACHS
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Events / 2 GeV

Events - Fitted bkg

@ Decay of spin-1 particles to v forbidden by Landau-Yang. Observation
excludes pure spin-1 states. Test spin-0 vs spin-2 models.

@ Main discriminant variables for 0 vs 2 is the polar angle 6%,
cos 0 — __snh(Any) 2p?iP?2
VIR Jmyy)2 My

@ cos 6™ uniform in spin-0, depends on the gg fraction for spin-2

@ Discrimination power between spin-0 and spin-2 degrades increasing the
qq fraction. Most sensitive to pure gg production mechanism

10000 T T T T T

ATLAS CMS Preliminary Vs=8TeV,L=196fb"

. Data 2011+2012
SM Higgs boson m =126.8 GeV (fit)

-+ Bkg (4th order polynomial)

Simulation Data
oo O (SM)M =125 —4-m,,=120£2.5
2,(99) m 7125 - m,,=125+2.5
2, (a0 m=125 —-m,,=130+2.5

Hoyy

Vs=7Tev ILd| =48’
Vs=8TeV ILdl =2071"

T

200~




H — vy in CMS

\5=8TeV, L=19.5/fb —— R,

2094, Il <15

CMS preliminary:
T

Probability density

@ Only 8 TeV samples finalized at the 5 20
1
moment 2, ]
.. . . g1 E
o Dataset divided in 5 bins of cos8* and E 3
. . x 1 E
@ 4 categories of purity (R9min and |1]max) go $f
. o p=t:
o Total of 20 fits of m,, o o
0. =
o Comparison of 0" vs gg — 2 and R R TR T TR TR
— + Icos 61
qg9 — 2, |
CMS preliminary F=8TeV,L=196 1"
T [T M Preliminary E=8Tev,L =196 1"
03F Hzio% 0 S p—
T o e
025 o I o Results are

v X172, (s0%gg 50%qa)
4 Observed

—

Lol
06 07 08 09 1
lcos(6")]

not conclusive
yet, updates
will arrive
soon
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H — vy in ATLAS

o Good rejection power between 07 and o, _ -
2% when 100% gg § e E
= E ---e-- Expected, J” = 2* E
@ Less powerful in the qg case g Zf o+ roenved E
@ background strongly peaked in the i 2o E
. . 2 .
forward direction, small S/B oF s E
o Cuts optimized to minimize the Z*ATLASPrehmmary E
correlation between m,y,y and cos 0* '222012 E
PE [Ldt=207 o, ¥§ =8 Tev E|
o -I- >0.35; 2L > 0.25 45 20 40 60 80 100
m~ T (%)
° Alternatlve. 5|mu|taneous fits of m., in 0% a@ Soin-2 excluded at 99.3% CL
bins of cos 8* gives compatible results 0 qq Spin-2 excluded at 99.5%
v

Jaz ;illnpi(‘;b;imgf) i];llnp(;(jb;u:m;l) obs. po(J¥ = 0") | obs. po(J¥ =2%) || CL(J¥ =27)
100% 0.148 0.135 0.798 0.025 0.124
5% 0.319 0.305 0.902 0.033 0.337
50% 0.198 0.187 0.708 0.076 0.260
25% 0.052 0.039 0.609 0.021 0.054
mg% 0.012 0.005 0.588 0.003 0.007
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Results, combination and conclusions

Combination: ATLAS

ATLAS ATLAS
Ho oy ® Data Hoyy e Data
V5=8TeV [Ldt=207 10" Vs=8TeV [Ldt=207 10"
v CL, expected v CL, expected
HoZZ =4l assuming J* = 0* HoZZ' >4 assuming J” = 0"
=7TeV fLat- 46> Biio VE-7TeV [Lat- 451 Beto
f5=8TeV jLot=207 1" - VS=8TeV [Lot=207 10" -
H - WW* - evuv/uvev H - WW* - evuv/pvev
Vs=8TeV [Ldt=20.71b" Vs=8TeV [Ldt=20710"

g (%)
0~ hypothesis is excluded at 97.8% CL in the ZZ channel
1" hypothesis excluded at 99.97% CL by the combined ZZ+WW analysis
17 hypothesis excluded at 99.7% CL by the combined ZZ-+WW analysis
Tested 2 excluded at 99.9% CL by the combined ZZ+WW++~ analysi

Measurement of spin and parity of Higgs boson
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Results, combination and conclusions

Results: CMS

CMS preliminary Vs=7TeV,L=5.11" \s=8TeV,L=19.6 1t

> AR A A S A
. 2 017 52;(99) ]
@ Parity 0~ excluded at 99.96% '§ I —ovscaa
CL in ZZ channel £ oo8f er" -0 ]
5 I ]
@ Spin-1 excluded at > 99.9% in 8 i ]
the ZZ channel & 008 ]
@ 2/ model excluded at 99.4% by 0.04/- .
the combined WW+Z7 analysis i . 1
@ Other spin-2 (2;, 2;, 2,) 0'02; "‘-A._\ ]
models excluded at > 97% CL ;s ]
in ZZ % 20 - 10 20 30
) 2xinlL /L)

2n(99

Mixture studies are the next big goal!
@ CMS already set a limit on CP-odd contribution f;3 < 0.51 at 95%
CL
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Results, combination and conclusions
Conclusions

@ The two experiments show good agreement and consistent and
complemetary results

@ Best knowledge from both experiments allows to exclude all tested
hypotheses of 0~, spin-1 and spin-2 states with CL > 99.9%

@ Still some way to go before being able to exclude mixed state

o But a limit on the fraction of CP-odd contributions to the
cross-section f3 < 0.51 has already been set by CMS

@ In the future, extend the analyses to VBF, VH, ttH, H— 77, ...

Supported by Universita Degli Studi di Torino/Compagnia di San Paolo,
‘ grant ORTO11TPXK
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Results, combination and conclusions
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Results, combination and conclusions

Combination: ATLAS

0~ hypothesis is excluded at 97.8% CL in the ZZ channel

0~ assumed 0 assumed Pt P e - P e
Channel Exp. pol/” = 07) | Exp. pas” = 07) Obs. po(J* =07) | Obs. po(S" =07) || CL(J" =07)
H—>ZZ 1.5-10°% 3.7-107 0.31 0.015 0.022

1" hypothesis excluded at 99.97% CL by the combined ZZ+WW analysis

) 1* assumed 0* assumed P _ ey P_ 1+ P _ g+
Channel Exp. po(” = 07) | Exp. po(J” = 17) Obs. po(J* = 07) | Obs. pa(J* =17) || CLs(J* = 17)
H—-7Zz* 4.6-107 L6107 0.55 1.0-10°% 20-107°

H— Ww* 0.11 0.08 0.70 0.02 0.08
Combination 2.7-107 4.7-10 0.62 12107 3.0-10*

17 hypothesis excluded at 99.7% CL by the

combined ZZ4+WW analysis

i 17 assumed 0" assumed P _ o b _ - P _ -
Channel Exp. poti* = 0 | Exp. polJF = 1) Obs. po(J = 0%) | Obs. pe(J¥ =17) || CLy(JF = 17)
H—Z7Z" 0.9-1073 38107 0.15 0.051 0.060

H— Ww" 0.06 0.02 0.66 0.006 0.017
Combination 14-107 3.6-10™ 0.33 18-107* 27-107
27" excluded at 99.9% CL by the combined ZZ+WW-+~~ analysis
2* assumed 0" assumed
- Obs. P =0%) | Obs. P =2% || CLyJF =2+
Jaa Exp. po(J” = 0%) | Exp. po(J” = 2*) s. po(J ) s. po(J ) s(J )
100% 3.0-107° 8.8-107 0.81 1.6-107° 0.8-107
75% 9.5-107 88-107* 0.81 32-107° 1.7-107*
50% 2.7-1073 0.84 8.6-107° 53-107

0.80
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H—Z77— 4] Kinematics

AAAIAGAANARAL REAL A

CMS Simulation, ys = 8 TeV/
T

|
|
.\

H5ZZ554)

41 generated within geom. accepiane

o
w
ST

|
200 300 400 500 600

@ Two pairs of OS/SF leptons. Z; closest m, [GeV/c!]
to the Z mass, Z> the remaining with  CMS Simulaton, (5= 8 Te

H H— ZZ* - 2e2 é
hlghESt Pt M= 126 G:v)J 3
° 40 < le < 1 2 0 G eV " f efors analysis selection

After analysis selection

12 < mz, < 120GeV

@ One lepton with p; > 20 GeV/c, another
with p > 10 GeV/c.

my; > 100 GeV, any mp ;- > 4 GeV

Aspen (USA)



Results, combination and conclusions
~7 residual correlation
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094 E Statistical uncertainty (Nominal analysis) _:

r —r ]
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G. Ortona INFN & University of Torino Measurement of spin and parity of Higgs boson
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