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¥ In 2012 we discovered the Higgs boson oF E
¥ Butis itreally !"'#3$%Higgs boson? sf ) :
It is a neutral particle with a known 0%80 100 200 300 400 ﬂou 1860:

mass that decays as the SM Higgs would m, (Gev)

¥ Study fundamental properties

WO i+ . /0. 12i3. 1) (*+42i-+5(67i
289138193

¥ ATLAS and CMS have extended studies of
the spin-parity properties of the Higgs . TV 203
boson: == \’§:7TeV:4.E;fb“ .

full LHC Run-1 dataset, 7 and 8 TeV = eerted

- . Exp 10195 36)
decay channels ~. — Exp£20
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Two kind of analyses

¥ (89-*4#8>_.97-95{Test of 5*>>$9$+8IA(BI2)*+i-+5I67(#C) . 8#$2$24
— Exotic spin-1 or spin-2, BSM 0" 0%,
¥ B.9%i3. /) 0*3-885(istudy of the tensor structure of the HVV

interactions setting under spin-0
assumption

¥ ATLAS and CMS perform:

- C) . 8#32*2(8%28*+4i— Different ]°P models are compared with the SM
versus the data and ruled out individually

7-9-/ $8$9i$28*/ -8* . + —» where different parameters related to
anomalous couplings are measured

¥ Rely on simulation of the alternative hypotheses, done with:
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Kinematic variables

¥ The analysis is done via the study of the

Determined by the tensor structure of the HVV interactions

The number of kinematic variables available depends on the Higgs
decay — determines the strategy followed in each channel

Production:
44TUUT-+Cl
Decay:
;5 T3 =VT=V== QW0 b<<<< = XOXY i-+58==1l¢
|
Two production angles:
0* and @, in the X rest frame
Three decay angles:
0., 0,, and ® in the V rest frames

Rebeca Gonzalez Suarez (UNL) SM@LHC 2015
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¥ "HII3 . /) 0SB+ - 02883 -+HISHIOF3 . +289138F5l—
i— Best sensitivity

¥ 8 kinematic variables: 5 angles : 6%,0,,0,,®,®, ; 3 masses: m;,, m,,, my,
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o [ ° Data ATLAS Preliminary 1 o
< 1[Il Background 2z* . . S ¢+ Observed Dy > 0.5
& [ Il Background Z+jets, tt H—>ZZ"—4 ] ~ 8 —sm B
£14F  Signal (m =1255GeV) (5=7TeV, 456" 2 et
w__p—J=0 {5=8TeV, 203 1b" © I .
o = ,20.3 fb ] 7217
12: ..... JP=O' ] Lﬁ S_EZ xy -]
- +
4 _
-1-0.8-0.6-0.4-0.2 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
cos(6,) D,.

¥ The information is condensed in a set of discriminants based on:

—
vl
—

calculations, such as the Matrix Element Likelihood
Approach (MELA) or A]"" discriminants trained with simulation




H->WW-212v
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% ~ ATLAS — Bpckground _
Eo_zsf_&uev,zo.stb" pr::'tgfgqs o
¥ Two lepton final state (ep), two neutrinos £ =2 k=120 ]

¥ Rely on limited set kinematics
/ o/ A(CMS) - Z i ) -V 4/ L(ATLAS)
¥ The analysis is performed using
X] 8%/ )0-8%2i(legacy SM analysis) (CMS)
A7 '"itrained using input variables (different BDTs for SM signal/
background, BSM signal /background, SM signal /BSM signal) (ATLAS)

19.4 b7 (8 TeV) 19.4 o™ (8 TeV)
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H-vyy

¥ Only a single kinematic variable encodes the spin information
cosine of scattering angle in the Collins-Soper frame

¥ Both ATLAS and CMS use the same variable and follow their respective
legacy H-yy analyses

. 1 y2
| sinh(Ap??)| 2P} P}
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20.12F (s =8 TeV —— SM Higgs . £ o4l — SMHiggs (s =8 TeV,20.3 fb"
s C —— spin2 QCD K,=x, g L — $pin2 K=K,
S o1k — spin2 QCD k=0 I — spin2 k=0
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Spin studies

¥ The main sensitivity comes from - * ; ; W0 channel
H->WW and H-yy also used and combined

¥ Hypothesis testing of SM against:
All mixtures of spin-1 states
1*, 1- and mixed, qq produced
Several individual spin-2 models
Comprehensive set of benchmark states

qq, gg produced
Spin-0
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Pure pseudoscalar 0 and pure scalar with higher order
corrections 0%,

¥ Test statistic used to quantify the consistency of the two models with
data
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Pseudoexperiment

=

Spin-1

¥ J=1 not allowed for X—!! by the Landau-Yang theorem

¥ Spin-1 models tested anyway experimentally

under the hypothesis that the excess in WW and ZZ is not the same

resonance as !!

1971b (sTeV)+51m (7TeV) CMS 19.41b (8 TeV) + 4.9 b (7 TeV)
= ]

CmS @
012- @-xmn-zz] § OB d@—x1)-ww E
L — Observed E 0.16 — Observed {
0.1 g 4 g b o 1
i D & o1af - .
L 1 o
0.08- 4 B o12 ]
L (0] 1 7]
F n"_’ 0.1 - "E L
0.06— — ] ) |
i 0.08 . £ 0.1
0-04} B ] 0.06 1 3 o
I ] 0.04 A ]
0.02- 3 s . ‘ i ] 3 0.08
i i 0.02 ] 3 8
P N ] of | o 3
=0 20 100 10 20 30 40 20 15 10 -5 0 5 10 15 20 ® 0.06
-2x ln(LJP /Ly) -2xIn(L, y o
pseudovector 1* s 0.04
0.02

CMS 19.7 o™ (8 TeV) + 5.1 fo" (7 TeV)

T RN EEEE S e e aas
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Spin-2

LN
* M T ETeY) £ 51 (7 TeV) CMS 19.7 o (8 TeV) + 5.1 fb” (7 TeV) S
L I 1 —~ TTTT | TTTT TTTT TTTT LI | TTTT | LI I TTTT I TTTT | TTrTT
c - - *) — ] K- - +) s E o
OE) 0.09E ag X(2m) ZZ + WW +vyy = .y 60 X(2m) ZZ + WW +vy ]| O
X Z Z WW = 0.08 - — Observed R ° - -o- Cibserved b o
e + + (0] 08 .- - = - &0 —— J .
Yy 3 EoL0 1 £ - Expected at 95% CL A\ Expected at 95% CL | @
combination for g 007 [z, e X 40~ Expected at 68% CL {////: Expected at 68% CL ]| =
© r ] ' L N
2* _model: g 006F E i i <
M . € o005k E 20~ =)
graviton-like with 05¢ ] Z
minimal 0.04f ; B — ‘ =
1' 0.03 - R RRRR RN '2;32‘!020.“2\‘."3. !:2&!‘202\‘.:.’:2\&'.'“ NN Sj
Coup lngS - 3 ] KIS "Q.\Q&;\\:o‘\‘c; R R KRR RN \\o\ g
002 ! E 20\ \ 7z
0.01F E i ] O
0:3 20 10 0 10 20 30 4_0 /7o) I EUT FUNTY FRE P ST DUV OT P T &
) ) ) 0 010203040506 070809 1 c
-2 x In(LJP /L) Haa 8
(qq)
-5 E T | L | L | LU I TT 17T { UL | TT 1T | L I TT 17T | T E -5 104 %—l | LLLE | TT 17T | L I LB ‘ TTIT17T | TTT7T | L I TT 11T I—g 8
g 10° L ATLAS Preliminary H—> 77" — 41 E § s ATLAS Preliminary Hes 72 - a1 - 2
s E \5=7TeV, 451" E g 10E \5=7TeV, 455" E O
X_)ZZ+WW+W g 1025_ —— Data 5=8TeV, 203 16" _f g 25 —— Data (5=8TeV, 203" b a7
combination for SO S Ho WW ey 3 € 100 —o Ho WW* = evay
2 " d l f E 10 ;_ ...... 2 Vs=8TeV, 2035 _; E 10 ;_ """ 2 (Kg=2Kg, pT<1 25 GeV) Vs=8TeV, 20.3 f5" _;
model 1or 5 F H—yy 3 5 F H—yy E
; 3 1 V5=7TeV, 451" - g 1L s=7TeV, 455" ]
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10k |l § s : N
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40 30 20 10 0 10 20 30 40 40 30 20 10 0 10 20 30 40
log(L(H JL(H)) log(L(H /L(H))




Exotic Spin Results

120 X > 2Z +WW 19.7 b (8TeV)+51fb (7TeV)
B +Observed ---Expected | ' Pl :
Z 100 mmo =10 -szb b
o 3 0" + 20 mJ =20 R
280 g 'JP =30
£ 60f i i P
X P
40
? r I LI
%ir llﬁ rrrtrll
of I
-40
-60¢t — 5
- Lgaﬁﬁﬁwwaﬁﬁw&“&aﬁwﬁwwwwwww
qd E gg production . qg production
¥ J¥ Expected Expected Expected Expected
Model Prod. X—»ZZ X—->WW X— 9y (u=1) Obs. 0  Obs. JP CLg
2, 8g 190 1.80 160 3.00 3.70) —020 +33c 0.13%
2 qq 1.70 270 120 330 (440) —090 4470 0.001%
Tested Hypothesis p‘:prT =1 pff‘pTFﬁ pf % p;“lfsT Obs. CLgs (%)
0; 25-107%  47-10° 085 7.1-107 4.7-1072
0 1.8-1073 1.3-10*  0.88 <3.1-10° <26-1072
2+ 43-10%  29-10* 061 43-107° 1.1-1072
2*(kg =0; pr<300) <3.1-10° <3.1-10° 052 <3.1-10° <65-1073
2% (kg = 0; pr < 125) 3.4-.1073 39-10* 071 43-107 1.5-1072
2*(kq = 2kg; pr<300) <3.1-10° <3.1-10° 028 <3.1-10° <43.1073
2% (kg = 2kg; pr<125) 7.8-1073 1.2-103 0.80 7.3-107 3.7-1072

CMS

All spin-1 hypotheses
excluded at > 99.999%
CL, Spin-2 boson 2*_,
excluded at a 99.87% CL,
other spin-2 hypotheses
excluded at a 299% CL
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Anomalous Couplings

¥ A_SHP" IP(i-+5i6B (¢

¥ RSS2 . HiH-202) *+Hick
Pure pseudoscalar hypothesis, 0, ruled out
It appears to be compatible with the M6’dct- SM state

¥ It still could be a mixture of CP states — the couplings to gauge bosons
could have small -+./-0.12(3. /") . +$+82l

We need

¥ Hypothesis testing is not sufficient » )-9-/$839%/$-219%$/ $+8t

ATLAS and CMS follow similar routes while measuring slightly
different parameters
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Spin-0: CMS

¥ The decay amplitude for a spin-0 boson to a pair of V bosons can be
described as:

A HV V ViVs K’YIV2q\2/1 + H¥1V2q\2,2 2 % %k ViVy *(Vl) *(V2),[U/ ViVy *(Vl) ~*(V2),p,1/
( 1 2)N a + mye 6V2+CL fz/ f +a3 fpv f

2 V©-V1 2
() “

A1 term a term as term
leading momentum expansion CP even state CP odd state

¥ We choose a parameterization that relates cross sections fractions (>_,!
>_pl>g~) to ay, as, and g,

2
az|“o3 as
faz = 43| , $Pa3 = arg (E)

a1 201 + |az|20n + |a3|205 + Ta1/ (A1) + ...

¥ o;1in each case corresponds to a; = 1 and a;= 0
¥ ddih> b gh> -h B is the SM contribution — expected to dominate
¥ For a /$-219%$5(j -01$t.>> — possible to extract the ratio a,/a,

b

LN
—
=
(Q\
O
I
—
S
=
%)
—
—
Z
o)
—
N
(<5)
—
3]
=
%)
N
=
[
N
a
©)
S
)
O
<5
o)
Q
('

—
—_
w

——




-2A InL

Likelihood scans of f,

¥ for H-ZZ—41 (most
sensitive channel) in the most representative scenario,

Couplings constrained to be real, other couplings fixed to the SM

30 CMS 19.7 b (8 TeV) + 5.1 o’ (7 TeV) CMS 19.7 o' (8 TeV) + 5.1 fb' (7 TeV) CMS 19.7fb" (8 TeV) + 5.1 fb' (7 TeV)
L T U T T | U T T T ‘ T I T T \ T T T T _| .l: T T T T I T T T T I T T T T I T T T T i T T T T l T T T T I T T T T I T T T T
| __ Observed, ¢,,=0orx 1 16k — Observed, ¢ ,=0orm _ 16:_ — Observed, ¢a3=0 orm _
s g 1 14
[ --- Expected,¢, =0or= 14; ..... Expected,¢ =0orx | [\ .. Expected, ¢_=0orx /]
12 1 12

10 10

LA LI I L B
LI LI P L B L B L BB
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g NS A ' 7Y i N A S
2f 2:— :
o 1 N ol L N i
-1 0.5 0 0.5 1 -1 05 0 0.5 1
f.» COS(9,,) f .3 COS(0,5)

Full set of scans available, e.g. allowing 4(]5(,,3 =T g3 = 0’ ( 14 J

complex phases. fitting more than one

parameter at a time ... cos! term allows for a signed quantity

— all consistent with the SM cos! = -1 (m) or +1 (0)




H—77 and H>WW combination

¥ General relationship between HWW and HZZ couplings

" Ja™

Tai = r, [-o0, +0] > R, = Tai|Tail R, [-1,+1]
. a’i/al 1+ ,r.g’i

f . can then be written as a function of f WW via R

Two scenarios for combination: arbitrary relationship between a, for W
and Z or custodial symmetry

WW 4 o 7Z WW _ 4 77
a,""W#a, a;" " = ag

CMS 19.7fb" (8 TeV) + 5.1 b (7 TeV)

CMS 19.71b" (8 TeV) + 5.1 fo" (7 TeV)
i i g 177 i

fa2
fa2

2AInL

05 0.5

-0.5 k fit — = -0.5

-0.8 -06 -04 -02 0 02 04 06 08 '
Raz Raz

-0.8 -06 -04 -02 0 02 04 06 08
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H->WW and H—-ZZ combination

¥ We pick R,,=0.5 (r,,=1) for illustration purposes

CMS 19.4fb™ (8 TeV) + 4.9 fb' (7 TeV) CMS 19.7 b (8 TeV) + 5.1 fb' (7 TeV)

_I 16 T T T T l T T T T l T T T T l T T T T _I 22 T T T T [ T T T T I T T T T I T T T T
[ - B - c — —H _
—_ C — Observed | - u Hez R
< 14 4 <« 2of —H-WW,R =05 -
QY A ] o) - .
1 C Expected vo18fF — H—ZZ+WW, R =0.5 -
121~ 7] 16F- — H—ZZ+WW, R_=0.5, a"'=aZ -
10 - 14 -

i ' ' 10
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¥ Not assuming custodial symmetry the combination is close to the sum of
the two individual curves
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¥ In the custodial symmetry scenario a greater exclusion is achieved
because the yields are related
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Summary of anomalous couplings

for anomalous coupling

parameters assuming real coupling ratios (T[ or O)

Hm%u -k
o
...... == \\\RE
/ _r_ // &

A>_m@qwmow_v T mmmw

Expected

Obse
(A1+/|a1]) cos(¢pa,) [—o0, —100GeV] U [103GeV,00] [—00,43GeV] U [116 GeV, 0]

meter

[—0.45,1.67]

[—0.58,0.76]

ax/ay
as/ a1

[—2.65,2.65]

[—1.54,1.57]

¥ Assuming custodial symmetry:



Spin-0: ATLAS

¥ Equivalent approach = ()*+hcil-49-+4*-+ican be written with a
slightly different parametrization as :

vV _ 1 -
Ly = {CaKSM [ngZZZpZ” +gawwW W "]
11 5
-3 [caKHZZZpVZ#V + SaKAzzZva“V]
11 - .
—3A [CQKHWWw;;VW HY 4 SaKAWWw;vW ”V] } X()

¥ Here, the 3.1)0*+4{3_.+28-+82t" , ., ) and the /*\*+4{—+40%im!
determine the J* status of the Higgs:
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JE Model Choice of tensor couplings
KsM KHvvV Kavy @
0* Standard Model Higgs boson 1 0 0 0
0y BSM spin-0 CP-even 0 1 0 0
0~ BSM spin-0 CP-odd 0 0 1 /2

¥ The measurement is done by fitting 3. 1)0*+4{9-8*. 2ito the discriminant
observables for H - WW and H — ZZ processes and their combination,
assuming one BSM coupling at the time
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Coupling ratios
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Coupling ratio Best fit value 95% CL Exclusion Regions S

H—-> Z7Z* - 4¢ Expected Observed Expected Observed e

pe p

po —
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Coupling ratios: Combination

II]I]IIII[ITII]IIII]I
pa b b by by
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-8 6 -4 -2 0 2 4 6 8
K/ Ky

Coupling ratio Best fit value 95% CL Exclusion Regions

Combined Expected Observed Expected Observed
Ravy/Ksm 0.0 ~0.48  (—o0,—0.55] J[4.80,00) (o0, —0.73](J[0.63, o)
(Ravv/ksm) - tan @ 0.0 -0.68 (=00, -2.33] J[2.30,00) (—00,—2.18](J[0.83, c0)
‘é30_"'IIIIIIIIIII]IIIIIIIII Cp-Even ‘éSOLIIIII|l|||lllll||l|ll]l||Cp_Qdd ]
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Effective cross sections

¥ ATLAS also provides the results in terms of effective cross section
fractions in the same way as CMS, using the equivalent f,; parameters:

_ |gil*oi
lg112071 + |g2/%02 + |gal?04

¥ HBI3 1) 0*+449-8* . 20050-8%i8 - (8H#BIS>$38* J $i39 - 222$38* . +§>9-38* . +24- 24

- r2
¢; = arg &1 fe:i = i (i=24)
g1 1+r%

fgi

~ 2 . 2
»  OHVV [kBHVV s Oavv [kavy 2
ry = , and ry; = tan” «
osm \ ksm osm \ ksm

Observed 95% CL limits
H—> WW* - evuy
fg2<0.053for ¢pgp =0 and fe2 <0.20; 0.26 < fg2 < 0.63 for ¢pgr =7
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fga <0.78 for ¢pgs =0 and fea <084 for pgs =m
H— ZZ* - 4¢
fg2 <0.68 for ¢pgo =0 and fe2 <0.16for ¢pgo =
fg4 < 0.11 for ¢g4 =0 and fg4 < 0.54 for ¢g4 =T
Combination of H —» ZZ* —» 4€and H - WW* — evyuy
fe2 <0.12for ¢gp =0 and fe2 <0.16for ¢pgp = ( 21 J
fga <0.090 for ¢pg4 =0 and fea <0.4]1 for pga =

2 410> _y P4 bdll>_g,




2 =f [-0.66, -0.57] U [0.15, 1.00] [-0.16, 0.68] %
f,3 = fo4 [-0.40, 0.43] [-0.54, 0.11] §
f,q [-0.25, 0.37] =
DT <<i g
wn
f,,WW = £,,WW [-1.00, -0.54] U [-0.29, 1.00] [-0.63, -0.26] U [-0.20, 0.053] =
Z
£, VW = £, WW [-1.00, 1.00] [-0.84, 0.78] EN‘
£, VW [-1.00, 1.00] 2
D7kt T <<<iB ./ SH-8* . +0-. 3 d-,==<( c§
[«P)
2= [-0.11,0.17] [-0.16, 0.12] =
3= fy [-0.27, 0.28] [-0.41, 0.090] S
f\q [-0.42, 0.38] S
= 5=V T o S
£, = )20 [-0.49, 0.46]
f,32r=f,,2¥ [-0.40, 0.51]
% [-1.00, 1.00]
= T =V=V T WO [ J
£,27 = £, [-0.04, 0.51] 22

£, = £,,1 [-0.35,0.32]




Summary

¥ Study of the 2)*+,{)-9*8C,i-+5i-+ . /-0.12i - eel3 . 1) 0*+42f . >8#$i - *442¢
S.2.+ by ATLAS and CMS using the full I - 6in1+h " idataset

, - " <<<<,and : "{==fdecays
Based on kinematic variables

¥ Exotic scenarios with spin-1 and -2 have been ruled out at 99%CL or
higher — ""#3l - *442IS . 2 . +i#-2{2) *+iCl

¥ Pure pseudoscalar 0" and pure 0*, have also been ruled out
The Higgs still can be in a state - anomalous contributions

¥ Tensor structure of the HVV interactions studied under the spin-0
assumption

Via parameter measurement — coupling ratios and effective cross
sections

No signs of deviations from the SM with the data available
The Higgs boson is compatible with the SM hypotheses J¢F = 0+*
If it is exactly the SM Higgs, only Run-2 data will tell!
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