Combined results, part I:
mass, signal strengths,
scalar couplings
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Mass measurement

 The mass is the most directly accessible
property of the new Higgs boson:

— Very little model dependency, only from the
calibration of the signal model from simulations.

— For a narrow width, as predicted in most models,
no theoretical issues in the measurement.

* Individual ZZ, yy results presented in previous
talks, just a few words on combination here.



/Z vs yy compatibility

Larger ZZ-yy tension in ATLAS,

SO a quantitative evaluation
of the consistency between
the two results was done

e p-value of Am=0 hypothesis
depends on the assumptions
for energy scale systematics:
— 1.5% for Gaussian systematics
— 8% for flat systematics
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Signal strength compatibility tests

 Asimple and direct way to pitch the observed
data against the SM Higgs predictions is by
measuring signal strengths in different modes.

* Can be made quantitative by computing a x?-
like quantity from the likelihood ratio
between the SM fit a the fit with relaxed

constraints (e.g. with free signal yields in each
mode)



Signal strength by decay mode
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* Fair compatibility between the different channels.

* Lower p-value in ATLAS result, 8% mostly driven by
overall pvalue u=1.3 +0.2.
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Testing production and decay modes
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* Simultaneous fit for the signal strengths in
VBF+VH and ggH+ttH production modes.

* Shows complementarity of different channels.
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Testing production modes from ratios

* Inthe ratio u(VBF,VH)/u(ggH,ttH), the decay BRs drop
out, so a combination is possible.

e ATLAS: 3.10 evidence of VBF from pu(VBF)/u(ggH,ttH)
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Coupling

Performing a real measurement of the Higgs
couplings requires a theoretical framework to
compute accurate predictions beyond the SM.

In the meantime, rely on ad-hoc prescription for
parameterizing deviations from the SM from
LHC Higgs XS WG (arXiv:1209.0040)

Fundamental assumptions of the method:
— Same tensor structure as SM Higgs (J*F = 0%).
— Narrow width (to factorize production & decay)

Experimentally, assume all signal shape variations
negligible with respect to signal yield variations.



Ky, Ke benchmark model

* Simple benchmark model with 2 universal
coupling modifiers: to W/Z and to fermions.

v

SRR AR AR RARRR RARAS AR AR R
- ATLAS Preliminary =12 0D ciHo
- | CiH- M SiH- Wy
"_\s=7TeV,det=4.6-4.8fb gH_)W BElcombined
- 1s=8TeV,[Lot= 13207 1" + SM x BestFit |
2 -
1 N
0
4 7

:
5
.
:
akes
o
ud >
l'l -
.
. o —, -
: -
s ]
- = 1 -
b b 1 B
T N N N N N 1 J O I | 51!

06 07 08 09 1

ATLAS CONF 2013-014

11 12 13 14 15 16

Ky

CMS Preliminary

V\s=7TeV.L<51fb" ys=8TeV,L<19.6 b

I ¢ SMHiggs ® Fermiophobic @ Bkg. only
2

CMS -PAS HIG 13-005 KV

0 0.5 1 1.5

10



FV)

2 In AL

Ky, K¢ variation: Ap, Ky

Ky, Ks model assumes total width as in SM but for

the rescaling of the couplings with k,, k;

* This assumption can be relaxed redefining them:
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Custodial symmetry

* The ratio of couplings to W and Z bosons is
predicted to be SM-like in many scenarios.

* Probed in a fit with 3 parameters k;, k,, A,
the third belng the ratio of W/Z couplings.
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Custodial symmetry: variations

 The result from the full combination contains
information from multiple sources: BR’s of
WW, ZZ; ratio of VH-tagged modes, BR(yy), ...

* To disentangle results, alternative fits have
been performed:

— CMS: use only WW, ZZ modes with 0-1 jet
(dominated by gluon fusion production)

— ATLAS: leave yy effective coupling free in the fit,
to allow for possible BSM effects there.
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Custodial symmetry: variations

Only 0/1 jet ZZ, WW.
(k; fixed to SM value)
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Probing couplings to fermions

* Test for non-universality allowing for different
couplings between different kinds of fermions,
as expected e.g. in SUSY or 2HDM models.
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Probing for BSM physics in loops

* Loop-induced couplings are a natural place for
deviations from BSM physics to appear.

* Fit data assuming SM tree-level couplings, but
with free photon and gluon effective couplings.
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Probing for BSM also in decays

* As previous model, but introduce an extra
parameter for BSM decays, affecting I',,
Set upper limits on BRg, profiling k,
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Fit coupling deviations vs mass

Fit to all tree-level couplings vs particle mass.
vy and gg loops resolved in terms of tree-level
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Couplings, summary
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Spin and parity

Roberto Di Nardo — INFN LNF Giovanni Petrucciani - CERN

combination: ATLAS-CONF-2013-040 CMS-PAS-HIG-13-005

H—vyy: ATLAS-CONF-2013-029 .

H— WW—lviv: ATLAS-CONF-2013-031 CMS-PAS-HIG-13-003
H— ZZ— 4: ATLAS-CONF-2013-013 CMS-PAS-HIG-13-002

CMS,/
VT Workshop Italiano sulla Fisica p-p a LHC — 8-10 Maggio, Genova 20



Spin and parity of the new resonance

* A new resonance discovered by ATLAS and CMS

* Is this the Standard Model Higgs Boson?

— Measurement of its quantum numbers necessary in addition to the

couplings to fermions and gauge bosons

— The SM Higgs is a neutral scalar with J¢*=0**

* The new resonance decay in pairs of gauge bosons with total

charge 0

— Parity to be determined, integer spin

=
o
Ll
o
1
c
.©
O
O
>
| -
)
(&)
[a W
c
[
o
>
Q
)
[N
P
|
=
L
<
I
®]
©
| -
©
=
a
o]
+—
| -
()
o)
@)
o

— Observation of yy decay — Spin 1 disfavored (Landau-Yang theorem)

VI Workshap Ttaliano sulla Fisica p-p a LHC — 8-10 Maggis, Genova 21



Spin parity measurement

* Production mechanism: g
: : t q
— Spin 0: gluon gluon fusion 4 XN X
— Spin 1: qgbar production = t q

— Spin 2: both gluon gluon fusion and qqbar production

* Observables sensitive to qqbar production fraction f,, — different
polarizations along collision axis selected

* Exclusion can be studied as function of the qu

* Most general lagrangian for spin 2 contains many free parameters

— Impossible to exclude all models — Graviton inspired tensor with minimal
couplings to SM particles ( 27 ) considered

* Different spin parity hypothesis tested against SM JP=0"
— H— ZZ*—41:J°=0-,0%, , 1,1+, 2*
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Test statistic: ratio of profile likelihoods
for the two alternative hypothesis 0+ and J?_

— Signal strength and NP profiled
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Spin parity measurement in H— ZZ*—4l

e Full final state reconstruction

— Access to the spin and parity of the underlying
resonance

* Discriminating variables:

m,, m,, 5 production and decay angles.

* Multivariate discriminant to separate different
JF used (MELA, BDT)

Roberto Di Nardo — INFN LNF Giovanni Petrucciani - CERN

Psm Pyr(mi, ma,Qmas)
DJP - - = ]- —
Psm + Pyr Psm(mi1, ma, Q|mag)
J =P. : i
Dy, = P,/ (P, tPy,,) or my used against ZZ
background
%) 25 IRE ATLAS CONF 2013 013 CMS preliminary \s=7TeV,L=51fb"\s=8TeV,L=196fb" CMS preliminary \s=7TeV,L=51fb"\s=8TeV,L=196fb"
.G__) Data *(g ||||| ]ll|||ll|l|ll|l||||||1||||||||||||||||||||II: ‘(Q [T T T T[T [T T T T[T [T T[T T T ToTT
= -BackgroundZZ ATLAS Prellmlnary ] q':, . dota E qc) 10F o we i
Lu20 [ Background Z-+jets, tt H-2zZ" >4l N > C 0", m =126 GeV 94 > [ —— 0", m=126Gev
1] £ m e = 1}
Signal (m_ = 125 GeV) - ZZIZH = I ¥=2;, (gg), m =126 GeV D
—F=0 \s=7 TeV:JLdt = 4.6 fo! ] - Jzzizy - 8_— [ zzzr 2+m
15 =0 {s=8 TeV:/Ldt = 20.7 fo" ] ; B z+x Dbkg _; M Dbk >0.5
1 - 6[_.CMS -PAS HIG 13-002 g
CMS -PAS HIG 13- 002 -
E s . N
E 2r ; T B
_E - ‘ L J Wﬂ:.,," b
CMS /| olead 1= | —4 : e oLt ' s 1
-1-0.8-0.6-0.4-02 0 0.2 0.4 0.6 0.8 1 % 010203040506070809 1 07010203 04050607 08091 23

BDT Discriminant D, 2" (gg)



Spin parity measurement in H— ZZ*—4l

z * Observed exclusion for alternative hypotheses in favor of Standard Model
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Spin measurement in H— y 7y
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5 0.035]- —— J=2" (100%gg) hypothesis jL dte 207"~ m 2+ 05 0.3 '
= = b d = — E——
§ 0.03F —W\? serve Data 2012,Vs = 8 TeV 25 (2)+ gg 37?19 94.6
Té 0.025 ;_ Nominal analysis _; " 0 198 70.8 )
2 002 E 2+ 18.7 7.6
@ = E 0~ 31.9 90.2
20015 : 7 2+ 30.5 33 66
Y001 3 +
g ] 100 o s | D3 88
0.005 = : :
9% o—sData exclude J¥=2*_ in favor of J¥=0* at 99.3% CL
In(L(0)/L(2)) ATLAS CONF 2013-029
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Spin measurement in H— WW#*— 1y lv

Discriminating variables: ATLAS CONF 2013-031

ATLAS CONF 2013-031

S A¢ reliminary 7] S Preliminary
i % I n, \s = 8 TeV —Ho[129] m“ ation, \s = 8 TeV —Ho"[125]
MII’A¢ w P T, EmlssT,rel § [ Howw ')—>\ owpe +0jets T HE 129 o Ho WW(')—: ewpe+ojets  TTHZOE ]
Z 02 [
SPIN-0 < [ ]
W+ - e T T
V-A structure "V e’ e
. ‘ ‘ * : % i 2 s 0% 20 80 80
in W decay | | Aq(l) m, [GeV]
v w-
e/ final state used due to relative
M, = 125 GeV 2'. (125 GeV)

CMS preliminary L= 19.5fb " (8TeV)

low background

Analysis approaches with 2D

template fit

CMS: (my,m.;)

— ATLAS: (BDT 0*- bkg , BDT 2*-
bkg ) ’

90

80

CMS -PAS HIG 13-003

70 100 110

120

M, (GeV)

S preliminary L= 19.5fb ' (8TeV)

90

60 70 100 110

120

CMS -PAS HIG 13-003 "¢V
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Spin measurement in H— WW#*— 1y lv

z
[a'd * — — . .
o Separation between Standard Model J*=0* and J°=2" increases with qq
= fraction
.©
O
O
S CMS Preliminary y§=7TeV,L=4.91fb" ys=8TeV,L=19.5fb" ATLAS CONF 2013-031
a) * - 2'_ [ T T T | T .I 'I I T T T | T T ] T i
% §400 3 CMIS -PAS HIG 13-003 T ] ATLAs Preliminary ~ eData Spin 0: : ‘,
c = - CHosww S evuv/uvev Signal hypothesis [ 16 _| JZezs: g‘;;ﬁ;/
g o0l H o+ Il [ \s=8TeV, [Ldt=20.7 b ofi=0" [l2o] |’
© 3 r M2 : of =2 1l =
= $000 - == CMS data i i‘ - 11 . g
— 8 B : : og(L(H, VL(H,))
E - _
= 800 -
c', 600 - |
= B
© B - |
z 400 — I ;
a g L
S 200 H .
) = | I
< ST 1) ;= el 0 25 50 75 100
o -030 -20 -10 0 10 220 3?
ZXIn(L, Iy, o (%)

* Data prefers SM J'=0* in the WW channel
N o JP=2* excluded in favor of J*=0" at 94.7% CL
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Spin Measurement Combination

Z L] — L] —
x> Exclusion of J'=2" in favor of the Standard Model J¥*=0" for ATLAS and CMS
o
= ] ] CMS -PAS HIG 13-002
— T |A1|-LA|S (|:O||\IF |20|13 |04|0 I ZZ+WW+fyfy T ATL‘?S Folr\":|20|13|04;0 E CMS preliminary Ys=7TeV,L=51fb" ys=8TeV,L=196fb"
L 40‘_ATLAS Preliminary ] ‘;I‘ o ATLAS Preliminary SN 1-""'""""""j'_','""""_
= i = 4 & 0.1 e .
= [Hozoa sowa Spinof o 107 o724 - 0 - ZZ+WW 2,00 :
= : Vs=7TeV: [Ldt=4.6fo" Signal hypothesis .16 : _Im 1 02 e :z:;l:\\;{:::::oe;bfb‘ ® Data 3 g - o ::Ch:'_i(,’a:tz_s%) 1
S 30 Vs=8TeV: [Ldt=2071b" [Jes O E 3 = 0.08r- : -
9 - odf =0 . 1oL o ClL.expected | & - .
L H— vy H 4 0 E Vs=8TeV{Ldt=20.7 ft" ° . P ~nd Q9 B 7
[ Vs =8TeV: [Ldt=20.7 fb" 1 : (assuming J"= 073 ‘o - il
L T o0 =2 4 1 [ H-> WW*— evuv/pvev ] Q': 0.06— —
20—H - WW* — evuv/pvev H - E Vs=8TeV{Ldt=20.7 fb' E - .
| \s=8TeV: [Ldt=20.7 fb" ] e o] i i
I 1 107°¢ E 0.04 _
e 20_7 L i
-2 L _ L i
1 O g //»______—k\\\ g B ]
L ~e 4 — —
Y S e S 30.] 0.02
10°E T < - - :
L - - ~ L , i
— ] =g % 20 -0 0 10 20 30
- 1 5[ _ -2 x In(L /L.
-10_— ] 10 3 E ( 2u(09) O )
C_1 1 | | 1 | | | | | | | | | 17 1 0'6 i 1 1 | | 1 | 1 | | 1 | ‘ | | | ]
0 25 50 75 10( 0 25 50 75 100
O, O,
fqa [%] fqa [%]

* Combination of decay channel allow to exclude the J’=2" hypothesis
at >99.9 % CL (ATLAS:ZZ+WW+77y) and 99.4% CL (CMS:ZZ+WW)

CMS/ |
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CP violation in the Higgs sector

* In several BSM theories anomalous contribution to Higgs sector and (or)

CP violation predicted

* HZZ vertex well suited for CP violation study

— Same observables as for the spin parity measurement

* Most general vertex for spin=0 boson coupling to 2 vector bosons

AX =VV)~(aM}g,, +ay(q +q,) (g +q,), + asemﬁ%qu)e;“ ")’

CP-even

Roberto Di Nardo — INFN LNF Giovanni Petrucciani - CERN

* a,=1,2a,=0 a,=0 — Standard Model
* CP violation with a,70 with a,70 and/or a,70

.
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CP violation in HZZ vertex

* The amplitude A(X—VV) can be written in the form A(X—VV) =A,+A,+A,

* The quantity f fos = |As|?/(|A1/* + |A3]*) represents the fraction of the signal

observed with a CP-odd component

Roberto Di Nardo — INFN LNF Giovanni Petrucciani - CERN

— Model independent quantity CMS -PAS HIG 13-002

iy CP{IS Il’relliminar)I/ _ Vs= 7I TeY, L|= 5.1 fll:“; }J§=I 8 Tev,lL =I 19.|6 fb™!

— £;>0 imply CP violation in HZZ vertex £ .
10 /
CMS -PAS HIG 13-002 ﬁ i / ]
CMS Preliminary N5=7TeV,L=51 fb';Ns=8TeV,L=19.6fb" B — CMS Data |
= l B | N Expected /

Preliminary CMS B oS
limit: / PRk

0.2 0.4 0.6 0.8 1
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Conclusions and prospective

* Nature of the new particle discovered consistent with the

Standard Model Higgs boson

* Results from ATLAS and CMS shows that the dominant spin

and parity of the new resonance is 07

* Preliminary limit on the CP-violation in the Higgs sector

— Still low statistics — Only large anomalous contribution can be
excluded

Roberto Di Nardo — INFN LNF Giovanni Petrucciani - CERN

* Possible future investigation using VBF production
mechanism

%
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Backup

Roberto Di Nardo — INFN LNF Giovanni Petrucciani - CERN
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Events / 0.1

Entries (normalised to unity)

2500 e e
L e Data2012 Nominal analysis _|
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B Background 7
2000 9 e -
N —— ]
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1000~ -
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_ll|I|lllTIllYlIllllllIlIIIIlllllll]llllllllllllYl_
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0.15( .
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TR TS P S PN DU D S
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|cos6*|

14F- ATLAS Plrelilmilna}y |
1o H =y
\s =8 TeV: [Ldt = 20.7 fb”

IIIIIIIIIII

eData Spin0

Signal hypothesis 1o

5
i

.JZO=0+

P +
QJH1=2

75 100
f o [%]

ATLAS CONF 2013-029
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Testing production modes: ratios

* ATLAS: fit for u(VBF)/u(ggH+ttH) ratio while
leaving u(VH) floating.

) IIII|| IIIIIIII |IIII|IIII|IIII|IIII|I_

I
ATLAS Preliminary S
ls=7TeV: |Ldt=46-481" § E

\s=8TeV: |Ldt=13-20.7 0"

e 3.10 evidence for VBF

production. :
‘. * m=155GeV  ATLAS CONF 2013-014 -
g ¢ profiled _
L I‘ — combined
6_— \ ---- SM expected
4:_ .................................................................. _
2 )
0_'| """""""" SN _
05 0 05 1 15 2 25 3 35

/
uVBF I‘ngF+ttH
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Testing production modes: fits

 CMS: simultaneous fit with one signal strength
per production mode, assuming BR’s to be as
predicted for the SM Higgs.

CMS Preliminary {s=7TeV,L<5.1fb' \s=8TeV,L<19.6fb"
— T T {1 T T L 1T ]

I L
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05

ggH
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CMS -PAS HIG 13-005
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6 =

5| .

4.

3f- .

2f

1

N
MVH

(Still pretty far from SM sensitivity in ttH alone, so no plot for that)



Interference and disfermiophylia

* The k; <0 region has been under the spotlight,
initially favoured by Hyy excesses, now less so
(disfavoured at 2.70 by CMS, 1o by ATLAS).

* Interference being chased also in tH prod., where
effect is larger, but no experimental result yet.
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Testing decay mode: ratios

e ATLAS: fit for ratio of branching fractions for
two decay modes, relaxing assumptions on
the production (ie profiling Wyge yp/Kegh )

ATLAS CONF 2013-014

T ] l*().-‘»
PyylZZ = 1.1 _3
+0.7

pyyww = L7745
408
Q pPzziww = 1623
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Interference and disfermiophylia

* The k; <0 region has been under the spotlight,
initially favoured by Hyy excesses, now less so
(disfavoured at 2.70 by CMS, 1o by ATLAS).

* Interference being chased also in tH prod., where
effect is larger, but no experimental result yet.
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