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What's next after the Higgs boson discovery?
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Higgs boson discovery from both ATLAS and CMS experiments
exclusion of spin 1 and 2 hypotheses with the Run 1 data

search for a discrepancy in the size and structure of the Higgs boson
couplings with respect to the SM predictions

© 00O

assuming v, the vacuum expectation value, the expected values of the Higgs
couplings with the vector bosons V and fermions f are:
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An effective field theory for the Higgs characterization

The Lagrangian of interaction of a bosonic state X(JF) with spin/parity
assignments 0", 0~ with vector bosons can be written as follows [1]:

['0 = {Caﬂ‘al‘v[[ Guzz Z I+ gnww W,,: W 'u] ' SM contribution
! e KgM =1
i1 i ~ .y =1
i — —|cak A A H sak A, AM o
4 [ @ uwwgﬂ'ﬂ Lt 1 o AFWQAFW (e ] « all other K -parameters
1 i ~ .
-3 [CQ&HZYQHZ-y Z, A“’"E—i— Sk azyJazy Z#VAMU} not in the box equal to 0.
1 ~
- :1 [ cxKJHgg qug Ga Gu,;..w + S(MKAQQ.QAQQ G::,VG“!’-W]
11 , ~
Zl K I:UoﬁH’ZZ ZﬂuZ!“ b Sakazz Z,er'uU}
11
T 94 [f'aﬂuww W,_WW W+ sakaww WWIW 'W]
1
K" ["ﬁ!d“;z OuA + Kyoz Zy 0 2" + ("fnde W™ + h. ”)]}XD

Assumption: kyzz = knww = knvv and kazz = kaww = kavv
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The Lagrangian of interaction of a bosonic state X(JF) with spin/parity
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© H — ZZ* — 4l channel
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H — ZZ* — 4] channel

BR(H — ZZ* — 4l) = 1.25 x 10~* at my; = 125 GeV
NEE .« = 0smBRLipt ~ 694 with Lj,e = 100 fb~1 at /s = 13 TeV

clean signature given by the presence of leptons (e and p) in the final state
single and dilepton trigger on e and p
Higgs boson candidate: quadruplet of two same-flavour, opposite-sign lepton pairs

leptons in the quadruplet ordered in p7: pr > 20 GeV, > 15 GeV, > 10 GeV, > 6 GeV
(p) and > 7 GeV (e)

main backgrounds: irreducible pp — ZZ* — 41, reducible Z+jets, tt
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H — ZZ* — 4l channel
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Event candidates divided into three experimental categories: Ojet, ljet, >2jets

VBF | hadronic VH | ggF
Ojet 0.11 0.032 7.7 >2jets category divided into two categories
ljet 0.59 0.19 6.5 with a cut on the reconstructed invariant mass
>2jets 2.1 0.62 4.5 of the two jets MJS?“’:

H reco .
Table: Yields of VBF, hadronic VH and ggF in o if Mji 2 120 GeV: VBF-category
each category, for L, = 14.8 fb—1 and @ if M*® <120 GeV: VH-category
v/s = 13 TeV and after the event selection.
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@ The ATLAS detector at the LHC
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The ATLAS detector at the LHC
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Day in 2016

Toroid magnets LAr electromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation fracker

Semiconductor fracker

Magnetic system: one barrel and two end-cap toroids, central solenoid (2 T)

Inner detector: silicon pixels, semiconductor tracker (SCT) and transition radiation
tracker (TRT)

Electromagnetic calorimeter: lead-liquid argon detector with accordion geometry

Hadronic calorimeter: iron as absorber and scintillating materials

000 00

Muon spectrometer: muon chambers with high resolution and standalone muons
reconstruction
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Method to discriminate possible BSM effects
Qutline

ethod to discriminate possible effects
Method to discrimi ible BSM eff
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New physics effects on the signal strength [2]
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@ VBF and VH mechanisms have a greater sensitivity to the BSM couplings
@ The ggF mechanism depends only marginally from the BSM couplings

@ The SM and BSM contributions interfere when p = % is a function of
kuvv. The interference is greater in the case of VH and has an opposite sign
compared to that of VBF

@ No interference expected when the cross section is a function of kayy
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Method to discriminate possible BSM effects

New physics effects on the shape of kinematic differential
distributions of signal and backgrounds

Events
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Method to discriminate possible BSM effects

Definition of the matrix element of a process

@ BSM coupling entering in production or decay vertex (ggF)

M(ksm, kgsm) = ksmMsm + kesmMesm (1)

‘ use of 4 leptons to build the matrix element ‘

M(ksm, ksm) = (ksm - Msm,p + kesm - Masm,p) - (ksm - Msm,d + kesm - Msm,a). (2)

‘ use of 4 leptons and 2 jets to build the matrix element ‘
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Optimal Observables (OO) for VBF and VH [3]

00,

- [Msm?

00, — Interferer;ce
[Msm|

_ [ Masml? J

| M(ksm, ksm)* = kan| Msm,pl* | Msn,a|* + ksl Masm,p|* [ Masm,al*+
+ k2 kesm DJMSMMQW\/MSMA\* [Mpsm,al)+
+ m(|/V15M,p\*\-/\/[.‘35/\//,;;I)\/\/lSI\/Ld\Z}Jr
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+ kEspksm [lMBSM,pF‘R(IMSM,dI* [Mpsm,dq])+

2)+

+ R(|Msm,p *\MBSM,pl)\MBSM,dF]

| considered as Interference all the terms that are highlighted in red:

Interference = | M (ksmr, kgsm)|? — kel Msm p| 2 Msm,al? — ksl Masm, p2 | Mepsm,al>—
— kamkasm(IMsm pl* [ Masm,al* + | Masw,pl*| Msw,al*)

Mpsy can be Mgy or Myayy — define four optimal observables: OO, 00, 004, OOﬁq.
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Method to discriminate possible BSM effects

Msm My Myavv
@ A =103 GeV; @ A=103% GeV; @ A =103 GeV;
@ ksy =1; @ ksy =0; @ ksy =0;
@ all BSM couplings @ kpyyy = 10; @ kayy = 15;
kesm = 0; @ all other BSM @ all other BSM
couplings kgsy = 0; couplings kgsy = 0;

Each matrix element should be created for both VBF and VH mechanisms.

VBF VH
MadGraph [2] NLO process MadGraph NLO process
pp — JJjx0, pp — v x0,
x0 - z z — e+ e~ mu+ mu- v —3 3
@ 6 particles in the final state: x0 = z z — e+ e- mut+ mu-
2 jets and 4 leptons @ 6 particles in the final state:
@ jetPr > 30 GeV 2 jets and 4 leptons
@ jetPt > 30 GeV
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Method to minate possible BSM effects

OOQ distributions for the VBF-category
00, 00,

[ VBF: Optimal Observable Interference
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These distributions are made using full simulation samples. !

1Backup slides for those made using MadGraph samples.
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Me

OO distributions for the VBF-category with 14.8 fb~! of
data

d to discriminate possible BSM effects
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Method to discriminate possible BSM effects

Estimation of expected OO sensistivity

@ Use the binned OO distributions

@ calculate the Poisson probability to obtain the number of events relative to a

certain BSM coupling kiest, n’-"JeCtEd(ktest), if one expects a number

i
n;expected ( kBSM )

@ kspy =1 in the fit
@ ggF and backgrounds included but considered independent from the BSM

coupling
Npin .
L ( kBSM ) _ H Poisson ( n;njected ( ktest) ’ nfxpected ( kBSM ) )
i=1
f—.’xpected

(kgsm), obtained using the morphing technique [4]

1
injected
i

@ Ny, total number of bins of the histograms.

(ktest), yield of the it bin of the injected histogram relative to kest;
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Method to discriminate possible BSM effects

Fit to kv, = 0 using OOlH (L=14.8 fb1)

— S — VBF 001: -2logL vs kHvv

—— N S — VBF OOL1: -2logL vs kHvv

o2 o
g 8o E g ol 4
" 7f —— Shape + Norm E " [ ——\shape + Norm 1
sof —— Just Norm E 008~ —— Just Norm 7
S0 E 0.06/ ]
40? —; L 4
305 3 0.04f 3
20 E [ ]
E 3 0.02— —
10 \ E [ ]
G: Il L Il L d G’ L L L Il Il ]
-10 -5 0 5 10 =4 -3 0 1 2 3 4
[ ™
o P ———r ———t —— VH O01: -2logL vs kHvv VH 001: -2logL vs kHvv
2 F T T = o [T N
] a0t h E g o1 E
CE — + Norm E R b
5 Shape +No El [ —— Shape + Norm ]
25 —— Norm = 0.08— —
E Just No 1 r —— Just Norm 1
200 E 0.06] .
15 = [ ]
E ] 0.04— —
10F B L ]
5; \ é 0.0277 b
AN R, | 1. d P I P A

0 -10 -5 0 5 10 94 -3 -2 -1 0 1 2 3

Ky Kt

Simona Gargiulo



Method to discriminate possible BSM effects

. 5 H B
Fit to ky, = 0 using OO  (L=148 1)
2 120 . ['Sum 001 -2logL vs kHwv o T . ‘IW
s ] g o =
"100- —— Shape + Norm 3 "t —5Sh ]
g —— Just Norm E 0% Just|Norm E
£ ] 0.06]- N
60 E [ ]
40F E 004 ]
zof— \ é 0.02F .
N T 0 5 I R e S M S R e
Ky K

Cross section alone
Observable
00f! (single bin)

Optimal observables
Observable
oof

krvv
[6.1, 4.7]

krwv
[5.2, 4.1]

Table: Expected 95% confidence intervals on kg for OO{“’ and for the sum
between the VBF and VH loglikelihoods.
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Method to discriminate possible BSM effects

Fit to ka,, = 0 using O0f'  (L=148 1)
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Fit to kayy = 0 using OOlA (L=14.8 b 1)

— Sum OO1: -2logL vs kAvv
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Table: Expected 95% confidence intervals on kg for OOlA and for the sum
between the VBF and VH loglikelihoods.
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Method to discriminate possible BSM effects

Fit to kyvy = —2.5 and kyyy = 5 using OOF (L=148 fb1)
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@ Conclusions and plans
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Conclusions and plans

Conclusions and plans

Conclusions:

@ The use of matrix element based observables enables to increase the
sensitivity to the BSM couplings with respect to the one obtained using the
cross section alone;

@ with higher statistics, order of 100 b1, it will be possible to further
improve the expected 95% confidence levels on the BSM couplings 2.

Plans:

@ addition of the 1jet category;

@ exploit the OO to do a fit without fixing ksps = 1 and discriminate between
kuvv and kayv;

’The performances of this analysis on a dataset of 300 fb—! can be found in the backup
slides.

Simona Gargiulo Higgs boson couplings with W 0 7/11/2016 27 / 28



Conclusions and plans
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Backup slides

Evidence for the spin-0 nature of the Higgs boson

ATLAS

H - yy ® Data
Vs=8TeV fLdt=20.7 fb*
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Backup slides

Event selection criteria

p7, ET and n cuts
Electrons: ET > 7 GeV, |n| < 2.47
Combined, standalone and segment-tagged muons: pr > 5 GeV
Calo-tagged muons: pr > 15 GeV, |n| < 0.1
Jets: pr > 30 GeV
Leptons in the quadruplets
First lepton: pr > 20 GeV
Second lepton: pr > 15 GeV
Third lepton: pr > 10 GeV
Maximum one calo-tagged or standalone muon per quadruplet
Leading dilepton mass: 50 < mjy < 106 GeV
Sub-leading dilepton mass: 12 < m3s < 115 GeV
Isolation
Electron track isolation (AR < 0.20): > Ey/E7T < 0.15
Electron calorimetric isolation (AR < 0.20): > Ev/Et < 0.20
Muon track isolation (AR < 0.30): > pr/p7 < 0.15
Muon calorimetric isolation (AR < 0.20): >~ Et/p7r < 0.30
Impact parameter significance
Electrons: |do/oq,| <5
Muons: [do/oqy| < 3
Leptons: |(z0 — zpv)sinf| < 0.5 mm
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Leptons and jets discriminating variables
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Definition of interference between SM and BSM matrix
elements

One non-SM coupling in the production or decay vertex
M(ksm, kpsm) = ksmMsm + kpsuMpsm
Squaring this expression, one obtains:
\M(ksm, kesm)|? = ki | Msml* + ksl Mesml* + 2ksmkesmR(MEyMepsm)

Therefore, the interference in the case of the ggF production mode is given by:

Interference = 2R(MgyMpsm) =

1
= —F (IM(ks;w, kesm)|* — kamlMsul* — késmlMBsmz)
ksmkesm
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Definition of interference between SM and BSM matrix
elements
One non-SM coupling in both production and decay
M(ksm, kesm) = (ksmi - Msm,p + kesm - Mgsm,p) - (ksm - Msm,d + kesv - Masm,d)-
Squaring this expression, one obtains:
| M (ksm, kesm)|* = kel Msm,pl* [ Msm,d

+ k1 kesm DMSM“DF?R(‘MSM#d‘* [Mpsm,dl)+

2+ kpspl Masm,pl* | Masum,a >+

+ R(|Msm,p *‘MBSM,pl)‘MSMﬁd‘2}+
+ Krkdsm (I Msm,pl? I Mesm,a|? + | Mesm,p|* | Msm,a )+
2R(|Msm,dl*[Masm,al)+

+ ksnrksi DMBSM,p
+ R(Msw,pl* [ Mesw o))l Masw,a

One can call Interference all the terms that are highlighted in red:

Interference = | M(ksu, kpsm)|* — ke[ Msu pl*| Msw,a|* — ksl Mesm,pl* | Mpsm,al*—
— kemkpsm(IMsm pl* [ Masm.al* + | Masw,pl*| Msw.al*)
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ME distributions on VBF MadGraph samples

[ VBF : 2iog(ME_SM)
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ME distributions using events of the VBF-category
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OQ distributions for the VH-category
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VH: Optimal Observable Interference 05 ptimal Observable 2order
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These distributions are made using full simulation samples.
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VBF OO distributions using MadGraph samples
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Implementation of the morphing technique

The morphing method can be introduce to describe the dependence of a
given observable T on an arbitrary set of non-SM Higgs boson couplings

l?target = ksm, kBsm 1, ---, kBsm,n to known particles. This dependence is
describes by a morphing function:

Tout(%target) = Z Wi(Etarget; EI) Tin(’%’)7

1

where T;, are values or differential distributions obtained from Monte
Carlo simulation of the signal for a given coupling configuration k;.

Tin are normalised to their expected cross sections such that the physical

observable T,,: includes both the correct shape and the correct cross
section prediction.
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Morphing with one non-SM coupling parameter in the
production or decay vertex

The simpler case is that of the ggF process in which the kgsp coupling with W
and Z enters only in decay.

As T(ksm, kesm) o< | M(ksm, kesm)|?, one can write the input distributions for
arbitrary input parameters k;:

Tin(ksm i, kesm,i) = kEM,,- My, + k,‘235M7,- - MZpy +2ksm ikesm,i - R(MEy Masm)
where i = 1,2, 3.

Tout(ksm, kesm) = (arnkdy + awokpsy + aisksmkesm) Tin(ksm 1, kesm1) +
=+ (ankZy + ankpsy + asksmkesm) Tin(ksm 2, kesm,2)
=+ (as1k3y + asokisy + assksmkasm) Tin(ksm 3, kesm 3)

+
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Morphing with one non-SM coupling parameter in the
production or decay vertex
To find the unknown variables a;; one can observe that if:

Etarget = Ei = 7—oul' = Ti

This suggests that a;; coefficients can be found by solving the following
condition:

2 2 2
a1 a1z a3 ks 1 ksm.2 ksm 3

2 2 2 _
dp1 a2 ax |- kBSI\/I,l kBSM,z kBSM,3 =1
a1 asx as ksm,1kBsm,1  ksm,ikesm,i  ksm,1kesm,i

This procedure should be repeated also for the VBF process for which the
number of T;, input distributions will be 5.
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Morphing validation: VBF-category
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Morphing validation: VH-category

Not base Base
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Fit to kpy, = 0 using OO (L=148mY)

| _YBF 002: -2logL vs kHvv | VBF 002: -2logL vs kHvv
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Fit to km, = 0 using OO4 (L=148 fb1)

— Sum 002: -2logL vs kHvv

2 120 32 r -
g C ] g 0.1 -
"100- —— Shape + Norm E o — ]
o — ] 008~ ____ |
80 Just Norm E F ]
£ ] 0.061 N
60~ 7 [ ]
40F E 004 ]
zof— \ é 0.02F .
N T 0 5 I I T I S S
Ky K
Optimal observables Cross section alone
Observable kuvy Observable knvy
ool [-5.2, 4.2] | OO4 (single bin) | [-6.1, 4.7]

Table: Expected 95% confidence intervals on kg for OO;’ and for the sum
between the VBF and VH loglikelihoods.
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Fit to ka,, = 0 using OOZA
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Fit to ka,, = 0 using OOZA (L=14.8 b 1)

—| Sum 002 -2logL vs kAvv { Sum 002: -2logL vs kAvv

2 m 30.27uuuuuuuuu .
§ s 3 8 018> E
—— Shape + Norm 065 Shape + Nor E
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20 B E E|
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Optimal observables Cross section alone
Observable kavy Observable kavv

003 [-5.1, 5.1] | OO (single bin) | [-5.8, 5.8]

Table: Expected 95% confidence intervals on kg, for OOQA and for the sum
between the VBF and VH loglikelihoods.
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Fit closure tests
using MadGraph samples
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Fit to kg, = 0 on a VBF sample (L=148 1)

00, 00,
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Fit to ka,, = 0 on a VBF sample (L =148 »1)
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Other fit closure tests
using full simulation samples
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Fit to ky,, = —2.5 using OO} (L=148 fb1)
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Fit to ky,, = —2.5 using OO} (L=148 fb1)
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Fit to ky,, = —2.5 using OO} (L=148 fb1)
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Fit to ky,, = —2.5 using OO} (L=148 fb1)
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Fit to ka,, = —2.5 using OO{! (L=148 fb1)
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Fit to ka,, = —2.5 using OO{! (L=148 1)
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Fit to ka,, = —2.5 using 004 (L=148 fb1)
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Fit to ka,, = —2.5 using 004 (L=148 fb1)

Sum 002: 2IugL vs kAvv
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Fit to km, = 5 using OO/ (L=148 fb1)
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Fit to km, = 5 using OO/ (L=148 fb1)
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Fit to km, = 5 using 004 (L=148 fb1)
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Fit to km, = 5 using 004 (L=148 fb1)
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Fit to ka,, = 5 using OO{ (L=148 fb1)
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Fit to ka,, = 5 using OOlA (L=14.8 b 1)
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Fit to ka,, = 5 using OOZA
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Fit to ka,, = 5 using 00} (L=148 fb1)
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OO distributions
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OO distributions for the VH-category
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Observed 95% exclusion
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Fit to kyv, = 0 using OO{“’ (L=14.8 b 1)
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Fit to kyyy = 0 using OOf  (L=148m1)

T T . : Sum 001: -2logl vs kHvv - . . . Sum 0O1: -2logL vs kHvv
2 = E| 2 F ATLAS Work in Progress B
o 70 ATLAS Workin Progress — § 7 =
E 0 El F \s=13TeV J‘Ldt:Mbe"
60F Vs=13Tev ILdt=14.be E 6F
50 E
40f E
30 —— Shape + Norm E
201 —— Just Norm E
10F- 3 E
o ’ o 70
kva kHW
Optimal observables Cross section alone
Observable kpvy Observable kpvy
oof [11, -1.3], [1.4, 6.3] | OO} (single bin) | [-12, -3.1], [2.0, 6.8]

Table: Observed 95% confidence intervals on kg for OO{" and for the sum
between the VBF and VH loglikelihoods.
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Fit to kmy,, = 0 using OOQH
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c o : H -1

Fit to kyyy = 0 using 005"  (L=148 b))
3 - Sum 002: -2logL vs kHvv ; Sum 002: -2logL vs kHvv
Ed 805 ! ' El 2 ATLAS ' Work in Progress E|
§ 70 ATLAS Work in Progress E 3 7 4 =
E E E\s=13Tev det=14.8fb E
6o Vs=13TeV ILdt:m.efb‘ 3 6F =
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30 —— Shape + Norm 3 3E =
200 — Just Norm 3 2k =
10; 3 1;— Shape + Norm E
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~10 B3 0 5 10 —10 5 0 5 10
kva kHW

Optimal observables Cross section alone
Observable kpvy Observable kpvy
ooy [-8.8, 6,1] | OO} (single bin) | [-12, -3.1], [2.0, 6.8]

Table: Observed 95% confidence intervals on kg for OO{’ and for the sum
between the VBF and VH loglikelihoods.
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Fit to ka,, = 0 using OOlA
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Fit to kayy = 0 using OOlA (L=14.8 b 1)

: Sum 001: -2logL vs kAvv Sum 001: -2logL vs kAvv
T =

El’ F T _0,1 or T T

8 30; ATLAS Work in Progress g N? 7; ATLAS Work in Progress —f
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Optimal observables Cross section alone
Observable kayv Observable kayy
004 [-8.0 ,6.6] | OOf (single bin) | [-8.6, -2.3], [2.2, 9.1]

Table: Observed 95% confidence intervals on kay for OOf‘ and for the sum
between the VBF and VH loglikelihoods.
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Fit to ka,, = 0 using OOzA
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Fit to kayy = 0 using OOQA (L=14.8 b 1)

Sum 002: -2logL vs kAvv Sum 002: -2logL vs kAvv
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Optimal observables Cross section alone
Observable kayv Observable kayv
003 [-8.1, -1.5], [1.5, 8.1] | OO% (single bin) | [-8.6, -2.3], [2.2, 9.1]

Table: Observed 95% confidence intervals on kay for OOzA and for the sum
between the VBF and VH loglikelihoods.
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Prospects with 300 fb—1
of data: a look at HL-LHC
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Fit to km, = 0 using OO/ (L =300 fb1)

VBF OOL1: -2logL vs kHvv
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Fit to km, = 0 using OO4 (L =300 fb1)

VBF 002: -2logL vs kHvv

VH 002: -2logL vs kHvv
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Fit to ka,, = 0 using OO} (L =300 fb1)
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Fit to ka,, = 0 using 00} (L =300 fb1)
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Table: Expected 95% confidence intervals on kyyy and kayy for the sum between
the VBF and VH loglikelihoods. These intervals have been obtained for
Line = 300 fb1.

Optimal observables

Observable kv kavv
oo} [-1.7, 1.7] -
004! [1.7, 1.8] -
007 - [-2.0, 2.0]
004 - [-2.0, 2.1]

Cross section alone

Observable kv kavv
OOf! (single bin) | [-2.1, 2.1] -

004! (single bin) | [-2.1, 2.1] -
007 (single bin) - [-2.5, 2.6]
003! (single bin) - [-2.5, 2.6]
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