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Introduction

July 2012: is the 125 GeV scalar particle the SM
Higgs boson ?

Any hints of new physics ?
@ Measure its properties: mass, width,
couplings, spin, CP properties.
@ Look for additional BSM Higgs: different
mass, different spin, etc...

Spin of initial particle = affects kinematics of
decay products.

Study anomalous HVV couplings with ZZ, Z~, ~~
and WW using leptonic decay modes, and also
with VH and VBF production modes with other
decays (77, bb...).

Model-independent approach using an Effective
Field Theory (EFT).

General strategy: compare data shapes with
different theory predictions and extract likelihood
ratios with respect to SM hypothesis.

Overall yields also provide additional information
and constraints.
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The Effective Lagrangian approach

@ Model-independent way of characterising the Higgs boson’s interactions beyond
SM terms.

1 ¢t Wilson coefficient
Legr = L, ——CiO; 1 i
off = Fsm o+ Z,: Ndi—4 M A: new physics scale

d;: dimension of operator O;

@ Normally sensitive to only lowest order.

@ Operators O; can modify both inclusive rates and differential distributions.
@ Constraints from existing measurements.

@ Generically test for anomalous HVV couplings using event kinematics.

@ Event yields can bring additional information.

A.-M. Magnan
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Phenomenology of a spin 0 particle

Amplitude up to g® terms

SM BSM scalar pseudoscalar

— e
W 2 W 2
Ky Qyr + K Ay

w
AHWV) ~ | &YV + 2
()

My el 57/2+agvf:1(/1)f*(2)’w + a:\s/Vf:g)?*(Z),w

27, WW 2y
i > i
K1ZZ’ ww = ngz’ ww = —e¢A1 0 n?’;‘gg = 07 5127 = 07 557 = —e A 9

(1),‘\/1‘/ # 0,7 = complex terms.

@ SM: only ay is tree-level, others loop-induced.
@ assumes small BSM couplings, possibly complex.

SMvalues | a /N2 ap as

HZZWWW) | 2 | 103102 | 10 3-10°2 | <10- 10
HZy 703102 | ~00035 | <101
Fyy - - ~ 0004 | <101

v
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Phenomenology of a spin 1 particle

Amplitude up to g° terms

pseudo-vector

AXy=t W) ~ bYY [(€719) (2ex) + (€729) (ev16x)] + b8 apnperer evsd®

vector
@ Consider arbitrary mixture of vector and pseudo-vector.
Vv |2
wWo_ |3V]" ove
b2 =

YV [ o1 + [6YV|? oe

@ Pure spin 1 already excluded
@ Test for nearly degenerate but non-interfering states.
@ Consider qq production, and production-independent.
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Phenomenology of a spin 2 particle

— >k *, q q * *
A(XJ:2 VV) ~ AT |:201VVtuuf Tpaf 2,2 +2CZVV&W7\72ﬁf Tpopx2,v8
A8 /o vy
+03Wtﬁu q/\g (f*1,uyf:;i + f*Z,HVf;L) + CXVtHy q/\g f*1’a6f;%
G L
iy (208 ey + 20 T2 (@i - i) + of o LT cinei)

grgv .
+C§/Vt,w%f*1 ,aﬂf;%

~ wU _*P o ~ Yoy e E32 * *U *
o [ Wipa Qa€urpo€yi€ynd W na Qa€urpsq°q (ev1(qeva) + €v(aet)
+my (Cg t —/\2 + Cqg t A

@ ~v and gg allowed for ¢; 2 3 4,8 Only.

@ Consider 10 scenarios with pure (non-overlapping) couplings.

@ Test for nearly degenerate but non-interfering states.

@ Consider qq, gg productions separately, and independent production.
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What we know already...

ATLAS PLB 726 (2013) 120, CMS PRD 89 092007 (2014) Spin JP = 0F
@ ~~ decay observed = spin 1 forbidden by Landau-Yang theorem.
@ Pure spin 1 decaying to WW/ZZ excluded at > 99% CL.

@ Data favours scalar over pseudoscalar: pure pseudoscalar excluded at > 99%
CL.

@ Pure spin 2 excluded at > 95% CL.

v

Further studies presented here...

@ Always assuming the 125 GeV mass.

@ Check for degenerate additional bosons or mixed parity states: put constraints
on fractions allowed

@ degenerate additional bosons with spin 1 or 2, with AM < 1 GeV (detector
resolution),
@ mixing with BSM spin 0 states (scalar or pseudoscalar) = anomalous
HVV couplings.
@ Combine all decay modes to gain in sensitivity.

@ Further sensitivity on spin 0 CP-violating couplings by tagging VH and VBF
productions.
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Pros and Cons of the different decay channels

- high background, H—ZZ—4l

- limited angular information in ggH - low statistics
production: cos6*, + full reconstruction from decay
products

+ good statistics.

lepton plane

- Neutrinos in final state = limited
resolution.

+ Large signal yield, angular
information from leptons and MET.
-_—
A.-M. Magnan Pittsburgh, 04/05/2016  8/31
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Monte Carlo Simulation

@ gg—H spin 0: POWHEG (NLO) + JHUGen (decay) + Pythia (PS)

@ gg—H spin 1,2, VBF, VH: JHUGen (LO+decay) + Pythia (PS)

@ ATLAS: gg—H spin 0,1,2 with MAGDRAPH_aMC@NLO + Pythia

@ gg—WW,ZZ: GG2WW, GG2ZZ + Pythia (CMS) / HERWIG (ATLAS)

@ Reweight p*T’ distribution to match NNLO (QCD) / NLO (EWK) accuracy.

arXiv:1309.4819
L

T T T T

Hil — ggH |
04 — VH |
JHUGen Simulation al — VBF ]

H+2j
— JHUGen + PYTHIA (SM) 1
- - POWHEG + PYTHIA (SM)-

@ http://www.pha.jhu.edu/spin/

@ complete chain: ab—X—Z(y*)Z(~*),
WW —(f1 1, )(f2f}), ab—X—bb, 77,7y

@ Production modes ggH, VBF, VH, 0.05[;
spin 0, 1 and 2.

@ |Interference of couplings in a model
independent approach.

el e P
%50 100 150 200 250

P, [GeV]
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Observables for H— Z2Z — 4/

@ 8 degrees of freedom: 3 masses, 5 angles
@ Combine them in optimal discriminants: BDT (ATLAS

Eur. Phys. J. C75 (2015) 476), ME-based (CMS Phys.
Rev. D 92 (2015) 012004).

cms 107 T + 51110 cms 107" T + 510 cms Lo7t e <5101 cms Lo70% e 53T
> T T T T > T T T > T T T T S T T T
] ] 3 100 ]
& [ 1 ovsenes 8 [ oo semcmscay 8 [ o rsem crmscer SO I semcmscay
0 B su ] 2 0 % .
o < o 2
S oz A Bl < g
2 ] 2 z
£ . £ £ i
§ o Mz ] ] 5
g g g
I a I
o 4
E
) L i
110 120 130 1at % £ £ 00 120 0 40 50 e 05 o 05
m,, (GeV) m, (GeV) m, (GeV) cos 6%
cus 1970170 + 51010 T cms 1970t T + 5101 cms Lo7mi T 51017 cms 1071 @ T 51000
S T T T g T T T (':; T T ;; T T T
10 serve ’ : serv 2 server 2 10 serve 1
o 4 Observed 1215 <m, < 1305 GeV. o ¢ Observed 1215 <m, < 1305 GeV o t Obsenved ;) ¢ cm, <1305 Gev o t Obsenved ) g cm, <1305 Gev
S | —sm S L —sm S f—sm S =
P = P o1 2 fumt 2
2 a P 4 2 1of 1 2
H 105 g 05 i H
z Dzzzy & Czzzy b a
Bl zx Bl zx Bz
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The matrix element method

Use ratio of LO |[ME|? to build kinematic discriminants.
JHUGen for signal, MCFM for backgrounds, using MELA package.
Separate signal from background:

IMEx(xx — H — 41)|2 .pdf(ma|my)

D(H; ZZ) = il )
IMEzz(qq — 41)|* .pdf(ma|ZZ)

Separate alternative J* hypothesis:

ME CP _y 41)|% .pof
D(JP; 2Z) = [ME e Gox = I = 2)| PAN(mailmce) _, b yop, py —
IMEzz(qq — 41)|° .pdf(ma|ZZ)

D(JCP; 2Z)
D(H: ZZ)

Final discriminants obtained by compressing between 0 and 1:
- —1 ) —1
ME (57 |* MEzz(57)|? .pdf(my|ZZ
Dp=|1+ const_|‘jp(lj/)|2:| ,Dgkg = |1+ const. ‘ ZZ(p_i)‘g pdf(my|ZZ)
|MEL ()] |MEW(p7)|” - pdf(ma|H)

Common subset of MEs validated with MEKD (FeynRules+MadGraph) arxiv
1210.0896, 1001.3396, 1108.2274, 1208.4018, 1211.1952
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Observables for H— WW — 2/2v

Phys. Rev. D 92 (2 20

H 3 2200f ,
025 i Dovcron — 70 S2UETS FASARPARA S
2 N s xzeods x=-073] 22000E<aTev203m W70 Eww cus A cms 194mi 0T 49T
2 FR=atev.z0sm £ 500 0. - : : : :
Foa T Tilie L ITIE) PR B O 3 2 o
H ' K=e147 1008 " Boverw o + obsened | 3 + Observed
oasf- S el —s @ —s
1200} > M ]
1000f @ I N
1 2 =w P
600} € o 2
4 400 2 400 [ wiz+iets [ [ wiztiets
200 o & 400
0 05 1 15 2 -04 02 0 o0z 04 06 08

25 3
a9, lrad) e0T,,

@ 2 BDT classifiers: SM 0+ vs bkg, J? )
vs bkg. e e

m, (GeV) me (Z(SSDeV)
@ Input variables: mr, my, Ady, PT.i- @ (m7,my) 2D templates for fitting
@ 2D likelihood fit. ”
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Observables for H— v~

Eur. Phys. J. C75 (2015) 476

@ ATLAS (Eur. Phys. J. C75 (2015)
476): simultaneous fit in
SR+sidebands.

@ CMS (Eur. Phys. J. C74 (2014)
3076): fit m~~ in [cosf*| bins in
different categories.

oM T T
‘g [ ATLAS Simulation
@ High background from non-resonant = 012; (5=8Tev — =" sm
diphoton production. 2 o4 We125 GV e
@ Kinematic cuts reduce sensitivity. z T Pr ¢ I
< C

L 1 L 1 L 1 L 1 h
% 02 04 06 08 1
|cos(8)|
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Example of extractions of the results

Profile likelihood —2A In £

Test statistic g = —2In(L p /L s
q (£yp/Lo+) @ Asymptotic limit: 68%

@ Used to separate spin hypotheses = —2AIn £ = 1 and 95%

@ Assess consistency of alternative i 7_2A In E = e
hypothesis with data using CLs (*) Conﬂ(_ience intervals on anomalous
criterion. couplings and on fractions of

" CMS 19.7 b (8 TeV) + 5.1 b (7 TeV) dlfferent Spln hypotheses.
[ R LN LN L RS AR
g 012? qq - X(1) -~ 2z ] 18 CMS S ‘1?,7‘117"(3‘79\‘/)Ts‘u?‘(‘vr‘e\/)
g :({bsewed ] i 16:7 @ X - 22 B
§ DOQ o E — Observed
8 ! { 14? ————— Expected ¥
-g 12— |
& ] 100 3
o £
1 8-
6F
A;QS%CL B
Z;EE%Q E
_ZXIH(LJP/LO') C(; oLé q‘f(‘)? ‘ ‘0‘6‘ ‘ ‘0‘8‘ - 71
' ()
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Phys. Rev. D 92 (2015) 012004

vector content, excluded at > 99.97%
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Results for spin 2 Phys. Rev. D 92 (2015) 012004

ZZ channel

J¥ Model g — X Couplings q7 —» X Couplings X —
2% EL0 p1#0 v

2 t%“ #0 n#O
2)y &0 o #0
2 ﬁ #0 ;#0
2 R0 Ry of
2 0 pA0
27 gA0 A0
2, ‘§ #0 0m#E0
210 g #0 p#0
210 &t 70 P70

@ m=minimal coupling
@ h=dimension-5 operator
@ b=bulk

gg producton :  production
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Combined results for alternative spin hypotheses
Phys. Rev. D 92 (2015) 012004

CMS X - ZZ + WW 19.7 fb™ (8 TeV) + 5.1 fb™ (7 TeV)

© -o-Observed ---Expected : : : : : : : : : :
- 100F mmo +10 Wmr o : : : : : : : : : : : : : ]

Thogof MO mF: L LD
=) 0" £30 F 30 R
£ 60F : oo C
X

o

qg gg production qg production

@ Unconstrained WW/ZZ ratio: no combination of f(JP).
@ Spin 2 with gravity-like minimal couplings excluded at 99.87% CL.
@ All other models excluded at > 99% CL.
4/05/2016 17/ 31
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Combined results from ATLAS Eur. Phys. J. C75 (2015) 476

ATLAS H - zz* - 4
—e— Observed (s=7TeV, 451"
=-=:=-= Expected Vs=8TeV,20.31b"
I 0'SM =10

oM+ H - WW* -, evuv . . . .
[ 0'sM 20 @ Using Higgs characterisation

[_]0'SM+30 Vs=8TeV,20.31b"
- 10 H-wy framework from arXiv:1306.6464.
Ejpfgz s=7Tev, 451 )
1 4ok ) =8 Tev,20315" | @ Same conclusion: all models
30b ] consistent with SM spin 0+

20F I I E hypothesis

1grl E* B 8 @ = motivation to study in more details
0b n l . I . I - anomalous couplings of a spin 0

o0F E particle.

-30F E
P=0p IP=00 JP=2 JP=20 P=2 JP=2r JP=2

o > g KK,
PI0CEV  p<I25GeV p <0GV p <125 Cey.
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Measurements of HVV anomalous couplings

Interaction Anomalous Coupling Effective Translation
Coupling Phase Fraction Constant
A Pa1 fat 01/0pa1 = 1.45 x 103 Tev 4
HzZ a ba2 fa2 01/0y =2.68
az Pa3 fa3 01/03 = 6.36
AV‘I;VWW %WIVWV f’\k}w agww/awwx =187 x 10* Tev—*
HWW a‘zNw [2)43 fo UW/UW =125
a3 Pa3 fa3 o /og =3.01
AET 1 Zy o} /051 =576 x 10> Tev
HZy a? e f? 0} /0FT =224 x 1073
ag” o ey 0j/0y" =272 %1073
Y Y Y 1 1oTY — -3
Hyy O A Vi Sy Ao
a3 " fas oy/0)’ =288 x10

What we measure

Different scenarios

@ coupling ratio %’ = effective fractional cross section:

fa

|az|® o2

@ 1 or 2 non-0 anomalous
couplings a; (&) with
real: ¢ = 0 or m, or
complex phases

" a1Por + |@P oo + |asP o + Ga1/ (M) + .. (unconstrained).
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Individual fractions Phys. Rev. D 92 (2015) 012004

3 | S s
i T A '
7 e @ Profile likelihoods for A, ax and as.
£ : @ Real couplings: cos¢ allows signed
o quantity.
Tr108(%p)
o é @ Sensitivity driven mainly by ZZ
S P / e ] S channel.
. + 5 @ WW+ZZ combination: ratio of
] i3 “ anomalous couplings set to 0.5,
: i P custodial symmetry.
S @ strong destructive interference at
2z C0S(0,) 7 fo fa, €OSpp, ~ +0.5 and
2 AT 2 P fa, COS$a, ~ —0.5 = high CL
3 —H-wR08 g 1.+ ®,, unconstrained .
o e S /] exclusions.
y = / @ Other structures: interference
B, A between leptons in 4e/4. vs 262
oF —
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With 2 couplings at a time Phys. Rev. D 92 (2015) 012004

Real phase

10715 Tov) 511 (o) cus 1971 @ TV + 5107 Te) ) 1977 @TeV) 51157 Tew)
=z , - B M o =) o
g [eeToon = & G =001 16 £ g £
7 [ 7 7 [
2 ] g o Bestit < g T o Bestt <
S oo o S v s 14 o > sl sm \
2 05 = 0o
S 12 [
[ 4 10 L
F 8
r 6
osf- 4 0|
[ 2
05 -1 -05 05 1 0 h 05
faz 0S(9,,) fa COS(@s) Tag COS(95)
1070 @ TV 51157 Tew) 1970 @ TeY + 5107 Te) cMs 1970 @ T0V) +5 157 Tew)
2 o o K o
= = =
o gest it < o Best < o gest it R
+sM o +SM o +sM b

04 06 08 1

faa

Phase unconstrained




Combination of ZZ and WW data

cMs 1071 B Tov) + 5115 (7 To)

-2AInL

08-06-04-02 0 02 0.4 06 08

Ras
cMs 10715 (8 TeV) + 51157 Tev)
—— 95% CL, -28inL=384y,..
= 68%CL, -2AInL=1
L = Bestfit

-2AInL

0806 -04-02 0 02 0.4 06 08
R

Magn

0O00e0000000

Custodial symmetry gl = afWW

cMS 10715 (8 ToV) + 5115 (7 Tov)

-2AInL

08060402 0 02 04 06 08
a2
107" (8 ToV) + 5110 (7 Tev)

0.8 -06-04-02 0 02 04 06 08
R

a2

cMs 197 158 TeV) + 5.1 5% 7 Tev)

fa

05

08060402 0 02 04 06 08
a3
197 1" (8Te) + 51 10° (7 Tov)

05

08 -06-04-02 0 0.2 04 06 08
R

No relations assumed
@ Custodial symmetry: stronger constraints due to correlations.

a3

Phys. Rev. D 92 (2015) 012004

2AInL
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Overview of CMS results Phys. Rev. D 92 (2015) 012004

@ Assuming custodial symmetry (a?? = a'W)
@ Pure 0} excluded at 99.93% C.L.
@ Pure 0~ excluded at 99.99% C.L.

@ Consistent with Standard Model!

A.-M. Magnan Pittsburgh, 04/05/2016 23 /31
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LAS results Eur. Phys. J. C75 (2015) 476

5 9 amas

i 6 8
R/ K (Rp/¥s) tana

ATLAS
Parameter Observed Expected Observed Expected
122 cos(¢25 ) [—0.66, —0.57] [—0.18,1.00] [—0.16,0.68] [—0.16,0.94]
U[—0.15, 1.00]
22 cos(¢Z2) [—0.40, 0.43] [—0.70,0.70] [—0.54,0.11] [—0.56, 0.56]
W cos(p 9" ) [—1.00, —0.54] [—1.00, —0.58] [—0.63, —0.26] [—1.,—0.33]
U[—0.29, 1.00] U[—0.22, 1.00] U[—0.20, 0.053] U[—0.15,1.]
AW cos(o M) [—1.00, 1.00] [—1.00, 1.00] [—0.84,0.78] [-1.,1]
T22 COS(Pap) [=0.11,0.17] [=0.07,0.51] [=0.16,0.12] [=0.096, 0.89]
fa5 COS(Ga3) [—0.27,0.28] [—0.53,0.53] [—0.41,0.090] [—0.44,0.43]

@ Similar to better exclusions on 0; and 0~ states.
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A different approach using differential cross sections

PLB 753 (2016) 69

s L e e LA s s s S
@ 3 Impact on gluon fusion H - yy, s=8Tev
.g “ %, =0.0001 - C, =0.0002 ATLAS Simulation

E 2.5 Impacton VBF+VH_ - E

--Tpy =005 -, =01
@ Use H— ~~ differential XS measurements.
@ Parametrisation of the effective Lagrangian
predictions: interpolation between points.
@ ggH, VBF and VH productions considered,
sensitive to ¢4, Cg, cyw and cyp Wilson

coefficients.
@ Additional CP-even and CP-odd interactions . : : : : :
affect both shapes and normalisations. ' oaf Pt rr ReoTe man! ATLAS
@ 2 minimisation = 68 and 95% CL limits o2f 3

around the minima.

@ Translation into Higgs characterisation
framework: 7 times better sensitivity than 02
HVV analysis.

* Standard Model
01 esxcL
0.4 moesncL

S
o
S
ol
ol
o
[Ny
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Further constraints on CP-violating couplings from VBF production

arXiv:1602.04516
NEW!!

CP violating effects described by single parameter d.

~ ~ 1 ~ ~, ~
Hyy = GHzZ = 59HWW = ﬁd, OHz = 0.

307

Relation to HVV analysis: d = —&y /kgutanc. 25;;%:2%1“;%:7
Using CP-odd "Optimal Observable" (= matrix element 20% +
method) to be sensitive to CP violation terms,
independently of decay mode:

e 660

Events / bin

. 2RI(MEGMcp—odd)

-10 0 10

‘M SM ‘ 2 Optimal Observable

F %15 Signal Rogion
" is-8Tev, 203"

Events / bin

@ matrix elements from HAWK, summing over parton

flavours using CT10 PDFs. 5
@ Analysis: H— 77 in TiepTiep @nd TiepThaa channels. H—WW f‘;
also treated as signal. o

Optimal Observable

A.-M. Magnan i 05/2016 26/ 31
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Further constraints on CP-violating couplings from VBF production

arXiv:1602.04516

- [ I T T [ L
E‘ 2.2 ATLAS —e— Combined (Obs.) 4
< of s-8Tev, 203" o ‘I-»‘na«(‘g‘:s‘)’ E
@ Custodial symmetry assumed: 1.8 Ul opmAIOsenatle o eted (0, yets5) |
a“ =a™. 1.6F
@ Observed exclusion at 68% CL, not :‘Z‘j o
sensitive to 95% with available stat. b
@ Still factor 20 better than HVV 0.8-
analysis. 0.6f-
. 0.4F E
@ Higher stat, other decay channels ppd . E
would improve sensitivity. P SISV () L]
04 02 0 02 04
d
CL intervals Observed expected, o from data
VBF d 68% [-0.11,0.05] [-0.08,0.08]
HW —F vy /kgutana 95% | [-2.18,0.83] [-2.33,2.30]

A.-M. Magnan
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er constraints on f,, from VH production

arXiv:1602.04305

b

g ,U,,<
m b

g 7

@ 2D template method using BDT vs m(VH), profile likelihood scans of the data.
@ Larger m(VH) for pseudoscalar hypothesis.

18.9 fb™ (8 TeV) i i i i 18.9 ‘m" (8 TeV)
T T T T T E 9
2l i [ Single top [l Z+bb E
10°= CMS [ W+bb [ w+b E| m Z+b B Z+udscg
> E B W+udscg Z+Jets 3 > vz
v = vz w 4 ) — ZH (0*) X100
O 10 — WH (0%) x20 o WH (07) x20 __| 0]
— E —— Data 3 —
~ E = 3 ~
5 L W(uv)H(bB) 7 »
2 # 2
c 1= i T = c
N ' 2
i1} C w
10"
> , , , , ,
2 14 X 7 g MC uncert. (stat.)
o 12 o 121
3 1k 3 bmpopals 1
= - = + T
© 08 ©
0O 06 [a}

1
0 200 400 600 800 1000 1200 200 400 600 800 1000 1200

m(VH) [GeV] m(VH) [GeV]
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Further constraints on f,, from VH production

arXiv:1602.04305
@ VH alone not sensitive enough.
@ Show separate WH+WW and ZH+ZZ.
@ Apply custodial symmetry to combine W and Z channels: aiWW = atZZ.

@ Additional constraint on Hob/Hit fixed to SM value = 2" /%2 and pWH /,WW
related to fa, but strongly constrained by existing measurements.

18.9 b (8 TeV) 18.9 fb (8 TeV) 18.9 fb (8 TeV)
- 20 4 )
£ CMS £ CMs £ CMS
< VHHVW observed < VAW observed < correlated
R —— VHeW expected / o — VHW expected & 40F — wewonsened -
15| — wvobserved / 1.5 — wobsenved ——— -
— — Wexpected L —— weseces — zmizzobsered -
VH observed 3 VH observed ol e L
VH expeced A VH expecied [r— y
/) W epeced
/ ALesw ] /
10+ 7 qflewect — y
% -~ /
/s - 20 /
%
= z 99 CL | v
51 S 0.5H / -
) o st |/ 0/ T
s \/ / o
LT smcL - B o,
e e e e [N s mar I o = a%Cl
0 0.6 0.8 1 0 0.002 0.004 0.006 0.008 0.01 0 0.005 0.01

27 27 774
2 22 f




Conclusion

@ Comprehensive study of spin-parity properties of the 125 GeV Higgs boson by
both ATLAS and CMS.

@ Strong constraints on pure alternative hypotheses, both for spin 1 and 2 and
pure anomalous couplings.

@ Data favours a pure SM Higgs boson, but there is still room for near-degenerate
exotic mass states.

@ Started exploring also constraints from tagged production modes involving HVV
couplings: VH and VBF.

@ More detailed studies and further reach expected with 13 TeV 2016 data.

@ In particular with EFT approach: exploit further kinematic shapes and yields and
all production/decay channels = global fit approach.
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[ Je]

Event yields for ZZ, WW and ~~ channels

Channel

Channel Orjet Tt

Energy 7 TeV 8TeV 7TeV 8TeV
WW 861+12 4185+63 2499+4.0 1268+21
WZ+ZZ+Z/y 227+12 1783495 264+14 19311
tt+ tW 91+20 500 + 96 226+ 14 1443 + 46
Wiets 150 +39 620 + 160 60+ 16 283+72
WW“] 68 +£20 282+76 101+28 55+ 14
Background 1193 +£50 5760+ 210 573+£22 3242 £ 90
Signal gg — H 50 +10 227 + 46 17.1+55 88 +28
Signal VBF+VH ~ 0.4440.03 10.27£0.41 2.09+0.12 19.83+0.81
Observed 1207 5747 589 3281

Energy 8TeV. 7TeV 8TeV 7TeV " 8TeV
@~ 2Z TB0£011 7.65=049 224£028 886 L 068
g8 222 006£002 041010 007+002 050013
Z+X 0224009 1.19+048 1.06 029 429 +1.10
BRg 2052014 925069 337 £040 1365 %130
Signal 309047 1244014 595071 167026 7.68=098
Observed 1 9 3 15 6 16
Channel  (low [7], high Rs) _ (low [y, low Rs) _(nigh [y, high o) _ (high [], low Ks)
FEnergy 7TeV 8TeV 7TeV 8TeV 7TeV 8TeV 7TeV 8TeV
Range my, 244 230 334 472 458 548 5.57
Background 230.1125 87515 60414 221018 45618 168519 91116 2045011
Signal 18.6+23 74=9 235+30 103+13 93+13  38+5 12.0+1.6 5748
Observed 23 11047 67 1963 459 1638 913 1988




oe

List of observables

Measurement Observables ¥

fa1 Dpxg D1

fa2 Dixg  Dony  Dint

fas Dwkg Do-  Dcp
o mr gy
XW mr Mgy
;/:\,,/W mr My

aZzW Dbkg DaZZ’Y D%";

1!73’7 Dbkg D"ZYSY 'D%

a2 bkg a2 int

5 Dug Dj  Dip

spin-one qq — X(fpn) — ZZ Dyg D1 Diy

spin-one decay X(fi) — ZZ Dgs  Die Ditr
spin-two qg — X(J?) — ZZ Dixg D;‘,?
spin-two gg — X(J?) — ZZ Drig D%
spin-two decay X(J7) — ZZ Dy Dy
spin-one qq — X(fA%V) - WW mr g

spin-two gg or qq — X(]P) —WW  myp Myp
spin-two gg or qq — X(2,}) = vy  m,, cosf*
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Testing the spin 1 hypothesis - ZZ

Phys. Rev. D 92 (2015) 012004

CMS 19.7 6 (8 TeV) + 5.1 fi” (7 Tev) 19.7 b (8 TeV) + 5.1 b’ (7 Tev)
%) = T T T T T —~ Bm T T
e - . i<} =
% 0.12 @ - X(1) - 2z _ 60 qq - X - 2Z
r [— =~ —@- Observed
g L Observed - [ —— e
[} 7 = [ Expected at 95% CL \\\ Expected at 95% CL.
53 £ 40F I Expected at 68% CL 7/, Expected at 68% CL
() L ] X
S 0.08f- & %
2 L
& 006 4
o L
o0.04f 4
30 40

-2 % In(LJp /Ly)

CcMs 19710 @ TeV) + 5.1 1 (7 Tev)
2 18¢ T T T T =
S L @exn -z E < X2z
< £ ~ -e- Observed
N [ — Observed %, et
voap Expected b = [ Expected at 95% CL \\\S Expected at 95% CL
r xp £ [ Expected at 68% CL 7/, Expected at 68% CL
12 3 x
E (}I 3
10F 4

(3P i
A.-M. Magnan Pittsburgh, 04/05/2016



Testing the spin 1 hypothesis - WW

oe

Pseudoexperiments

2AInL

018F g . x@) - ww

— Observed

920715 10 5

194167 (8 Tev) + 4.9 b (7 Tev)
T T T T

0 5 10 15 20
2xIn(L, /L)

T
qa - X(1) - ww

10~ — Observed

- Expected

s

CcMs 10.4 107 (8 Tev) + 4.9 fb* (7 Tev)
T T T

eemcL

f(J")

0.8 1

Phys. Rev. D 92 (2015) 012004

CMS 19.4 07 (8 Te) + 4.9 b (7 Tev)

@@ - X~ WW
e~ Observed
ot

Expected at 95% CL AN\ Expected at 95% CL
[ Expected at 68% CL 7/ Expected at 68% CL-

W
S

2xIn (L /L)
N
8

WW
be
cMs 10.4 151 (@ Tev) + 49 151 (7 Tev)
50 T T
X(2") ~ Ww
w2
8- Observed
-0 &

Expected at 95% CL \\\ Expected at 95% CL
[ Expected at 68% CL 7/ Expected at 68% CL-

W
S

2xIn (L)
N
8

.20 Il Il Il Il Il Il Il Il Il
0 010203 040506070809 1
f(q9)
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Spin 2 scenarios

J¥ Model gg — X Couplings qq — X Couplings X — VV Couplings

2 é p1#0 AV =cV#0
2,5 3#0 p1#0 v #0
2 gg#o p1#0 Y #0
2 gg#o p1#0 VV#O
25 égfo p1#0 VV<<cW7éo
2 E#0 p1#0 W#O
2y cgg;zéO p1#0 c;’V £0
2 g p2 # 0 g’ #0
2 g#O p2#0 cgV #0
210 ggséO p2 #0 Yy #0
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Testing the spin 2 hypothesis - ZZ

Phys. Rev. D 92 (2015) 012004

19.7 b (8 TeV) + 5.1 fb” (7 TeV)

99— x(z“ﬂ)A 7z

— Observed

012

0.

o

o
02

0.0

Pseudoexperiments
8

0.0

3

0.0:

S

70 @ TV + 5. 17 TeV)

0.0:

S

L e
0 10 20 30
2xn(L, /L)
19.7 16" (8 TeV) + 5.1 6™ (7 TeV)
T T

Ty
s
&
38

e}
=
[z}

7 T

ﬁlitl[ 4

99~ X(2,)~ 22

-2A1InL

—— Observed
e Expected

@

99 production producion decay-only discriminants

% CL

IS

w

~

samcL

P B R
0.6 0.8

02
(3"
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Testing the spin 2 hypothesis - WW

Phys. Rev. D 92 (2015) 012004

MS 19.4 b7 (8 TeV) + 4.9 b (7 Tev)
T

§2) T VAR T T
< 99 - X(2)) - WwW El
£ — Observed 3
I
g .
X El
8
S
s
S El
2
3
g El
| CMS X . WW 194" (8 TeV) + 49 b (7 Tev)
) ~ Observed ---Expected
4 = 50} mo:s  my
5 0't2c EY:20
" Wl " N IR
220 15 -10 -5 0 5 10 15 20 £ 3
-2xIn(L, /Ly) X
10
cms 10417 @ TeV) + 49 16 (7 TeV) o 1
- T T T T 0
c - -
g 99 - X@2) - Ww -20
< 10r pserved B
o Qbserve -30 o L2 PRy 2 2 5 a2 = 2 2
! - Expected SR SRS SRS S SRS SR S S S S S
o5 producion @protucion
51 P
ssmoct
somct
ol o SR R

(3%
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Template (3D) vs multidimensional (8D)

Phys. Rev. D 92 (2015) 012004
19.7 b (8 TeV) + 5.1 b’ (7 Tev) CMS 19.7 b (8 TeV) + 5.1 b’ (7 Tev)
‘ T Gbserved, =0 or (D1 ‘ ™

T T T T T T T
— Observed, ¢_=0 or 7(3D)

241

... Expected, @,=0o0r m(3D) 4

2A1n(L)

cms 19718 Tow) + 5.1 15" (7 Tev)
~ ;
s -

14 ... Expected, ¢_=0 or (3D) g [e9,=00n
A — Observed. ¢ =0 or m(eD) —_Observed, =0 or (D) § [
[\ Expected. ¢ =0 or m(eDy ] 12 - Expected, g_=0 or 11(8D) o 051 4
il bl

| 10 r

i

\

sl

; L]
(TR O e TR
-1 -08-06-04-02 0 02 04 06 08 1

f2 COS(@,,)

A |
S
o

o!

e 1
1 -08-06-04-02 0 02 04 06 08 1

fa3 COS((,5)

o

L
05

05 1
faa COS(9,5)




Comparison CMS-A

cMS ATLAS
Parameter Observed Expected Observed Expected
12 cos(¢ZZ) [—0.66, —0.57] [—0.18,1.00] [—0.16,0.68] [—0.16,0.94]
U[—0.15, 1.00]
22 cos(¢ZZ) [—0.40, 0.43] [—0.70,0.70] [—0.54,0.11] [—0.56, 0.56]
fjfav cos(p o) [—1.00, —0.54] [—1.00, —0.58] [—0.63, —0.26] [—1.,—0.33]
U[—0.29, 1.00] U[—0.22, 1.00] U[—0.20, 0.053] U[—0.15,1.]
AW cos(p M) [—1.00, 1.00] [—1.00, 1.00] [—0.84,0.78] [-1.,11]
T2 COS(Pa2) [=0.11,0.17] [<0.07,0.51] [=0.16,0.12] [—0.096, 0.89]
fag 0S($a3) [~0.27,0.28] [—0.53,0.53] [—0.41,0.090] [—0.44,0.43]

@ Similar exclusions on 0; and 0~ states.




Z~ and v~ likelihood scans

-2AInL

-2AInL

Phys. Rev. D 92 (2015) 012004

CMS 19.7 o’ (8 TeV) + 5.1 b’ (7 Tev) CMS 19.7 b (8 TeV) + 5.1 i (7 Tev)
3rTr T T 2 Frr T T q
F — observed, gl=0orm a — Observed, ¢'=0or
251 . - (\I‘
- Bxpected, g =0orm 4 ' gf L Expected, ¢{/=0 or
2
15[
)
osf-
r Lgect
£ emct |
Il L 0 I T
-1 -0.5 0.5 1 -1 -05 o 05 1
7y Zy. zy 2y
a1 COS(@y) T3 COS(@5
cMs 107 (B TeV) + 5.1 15 (7 Tev) cMS 107 (B TeV) + 5.1 (7 TeV)
30 L man N e B Rma
E — Observed, gr=0 or 3 — Observed, ¢"=0orm ]
a0f
s o ]
rrrrr Expected, /=0 or 1t 35 - Expected, ¢/}=0 or 1

g8t cL

o cL

30

25

20

15

10

osm ey

e

0o 95 i
y y
fo2 €0s(@,5)

0.5 1
VY VY
fa2 COS(@,

-2AInL

1971 (8 TeV) + 5.1 b (7 TeV)
T T

— Observed, ¢/=0 or

,,,,, Expected, (az =0 or .

emsicL

0.5 1
Y YV
faz COS(@,3)




AS VBFH, H— 77

arXiv:1602.04516

e rep— IR ‘ Process | TepTiep | TlepThad

N Torvies Do [ B0 Py T | 0100 =
VB Wy B vy sl 03 Data 54 68
BT

_ ot _ VBF H - 77/WW 9.8+2.1 | 16.7+4.1
o o s Z—=rr 19.6£1.0 | 19.142.2
e e ) 000 L0 [5530 Fake lepton/7 2.3£0.3 | 24.1£1.5

L1

sy ool Blnsnsn tf +single-top 38410 | 4.8+0.7

Pymas

et 1] S Wio [ Others 11.5£1.7 | 5.3£1.6

i we b ggH/VH, H = 7r/WW | 16£0.2 | 2.5+0.7
o+ e i o | Sum of backgrounds 38.9+£2.3 | 55.843.3
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Event selection in VH, H—bb analysis arXiv:1602.04305

Variable W — v Z—
pr(jp) [GeV] >30 >20
p1(j,) [GeV] >30 >20

max(CSV(j,),CSV(j,)) ~0.40 >0.50 (>0.244)
min(CSV('l) CSV(j,) ~0.40 ~0.244
(H) [GeV] 100 -
m H) [GeV] <250 40 — 250 (<250)
m( ) [GeV] — 75 — 105
V) [GeV] 130 — 180 (>180) 50 — 100 (>100)
E““SS GeV] >45 —
AD(Emiss, ) <n/2 —

A.-M. Magnan
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Systematics in VH, H—bb analysis arXiv:1602.04305
Source Pre-fit uncertainty
Normalization uncertainties
Integrated luminosity 2.6%
Lepton reconstruction and trigger efficiency 3% per £
Missing transverse energy scale and resolution 3%

Signal and background cross section (scale) 4-6%
Signal and background parton distribution functions 1%

0" (07) EW/QCD signal corrections 2% /5% (10%/5%)
tt and V +jets data-driven scale factors 10%

Single top quark cross section 15%
Diboson cross section 15%

gg — ZH cross section 13
Normalization + shape uncertainties

Jet energy scale +lo

Jet energy resolution +lo

b tagging efficiency +lo

b tagging mistag rate +lo
Simulated event statistics +lo

Event simulation accuracy (V+jets and tt) Alternate event simulation
m(VH) modeling +2 x fitted slope

A.-M. Magnan
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2D profile likelihood scan arXiv:1602.04305

@ Smaller u? for increasing 2 due to increasing signal efficiency.
@ Minimum -2AlInL for 2" = 1.11 and 21 = 0.22.

18.9 fb™ (8 TeV) CMS 18.9 fb™* (8 TeV)

T -
RL =
3
N
08
06
20
0.4 .
10
02
5
% 02 040608 1 12 14 16 1.8 2 % 02 040608 1 12 14 16 1.8 2 °
2H zH
n p
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Sensitivity vs new physics scale arXiv:1602.04305

@ Add momentum-dependent form factor, relevant for higher g? accessible with VH

production:
2 2 > 2
v, v,
14-2) (1422
A2 A2
160 18.9 fb (8 Tev) 18.9 fb! (8 TeV)
E‘ I CMS VH expected VH observed
<al.4fF —A=zo e A=10 TeV —Azw e A= 10 TeV
N i N=3TeV e A=2Tev i N=3TeV e A=2TeV
1.2r cssA=15TeV == A=12TeV cesA=15TeV --A=12TeV
L A=1TeV A=1TeV 68% CL

=

0.8
0.6
0.4
0.2

Lo o b b
%02 04 06 08 1

ZH ZH
faa faz
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