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HEP@VUB

High Energy Physics Research Centre @ VUB

®  The 5-year pheno project was rearranged into a larger framework in January 2013
® Theory: Ben Craps,Alexander Sevrin (string/cosmology)
®  Collider physics: Jorgen D’Hondt, Freya Blekman, Steven Lowette (CMYS)
®  Astor-particle physics: Catherine De Clercq, Nick Van Eindhoven (IceCube)

® Phenomenology: Kentarou Mawatari

® Kentarou Mawatari - Project leader since 2010
® laura Lopez Honorez - PD since 2012

®  Priscila de Aquino - PD since 2012

® Bettina Oexl - PhD since 2010

® Karen De Causmaecker - PhD since 201 |

®  Pantelis Tziveloglou (from Ecole Polytechnique, CPHT) - PD since 2013
® Jonathan Lindgren (from Chalmers U. of Tech) - PhD since 2013
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After one year...
o
—  Evidence for the spin-0 nature of the Higgs boson using ATLAS
o\
. data
™ .
D The ATLAS Collaboration
O
S Abstract
c\l
L
f_j.' Studies of the spin and parity quantum numbers of the Higgs boson are presented, based on
v proton—proton collision data collected by the ATLAS experiment at the LHC. The Standard Model
Sy spin—parity J* = 0* hypothesis is compared with alternative hypotheses using the Higgs boson decays
— H—vyy, H - ZZ* — 4¢ and H— WW*— {vfyv, as well as the combination of these channels. The
— analysed dataset corresponds to an integrated luminosity of 20.7 fb~! collected at a centre—of-mass
> energy of v/s = 8 TeV. For the H — ZZ" — 4¢ decay mode the dataset corresponding to an integrated
; luminosity of 4.6 fb~! collected at /s = 7 TeV is added. The data are compatible with the Standard
:_._: Model J* = 0* quantum numbers for the Higgs boson, whereas all alternative hypotheses studied

in this letter, namely some specific J© = 0-, 1*, 1-, 2* models, are excluded at confidence levels
above 97.8%. This exclusion holds independently of the assumptions on the coupling strengths to the
Standard Model particles and in the case of the J” = 2* model, of the relative fractions of gluon—fusion
and quark—antiquark production of the spin-2 particle. The data thus provide evidence for the spin-0
nature of the Higgs boson, with positive parity being strongly preferred.
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Is this the Standard Model scalar boson?

How can we determine the spin/parity
nature at the LHC?
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Strategy of the Higgs characterization
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o R
arity? - or mixed’ —
mixed
A )
\ - We provide a complete framework, based

on an effective field theory description, that

L2 SM couplings strength?

— ‘allows to perform characterization studies
no of the newly discovered boson in all relevant|
ves channels in a consistent, systematic and |
SI‘:] ) accurate way. N
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A framework
for Higgs characterisation

[arXiv: 1306.6464]

The FeynRules and MadGraphb framework

FeynRules model MadWVeight
P. de Aquino, K. Mawatari (Vrije U. Brussel) P.Artoisenet (Nikhef)
aMC@NLO spin2 in aMC@NLO
F. Demartin, F Maltoni, M. Zaro (UC Louvain) M.K. Mandal (Harish-Chandra)
R. Frederix, S. Frixione (CERN) P. Mathews, S. Seth (Saha Inst.)
P.Torrielli (Zurich) V. Ravindran (CIT)
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Abstract

® We introduce a complete framework, based on an effective
field theory approach, that allows one to perform
characterisation studies of the boson recently discovered at
the LHC, for all the relevant channels and in a consistent,
systematic and accurate way.

® The production and decay of such a boson with various spin
and parity assignments can be simulated by means of multi-
parton, tree-level matrix elements and of NLO QCD
calculations, both matched with parton showers.

® Several sample applications are presented which show, in
particular, that beyond-leading-order effects in QCD have
non-trivial phenomenological implications.
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Higgs Characterisation model in FeynRules

® We implemented an effective Lagrangian featuring bosons
X(P=0+,0—,1+,1-,2+)
in FeynRules (http://feynrules.irmp.ucl.ac.be).

p Effective field theory approach, valid up to a cutoff
scale A\

p Only one new bosonic state X(JP) at the EWV scale
(No other state below the cutoff A)

p Any new physics is described by the lowest
dimensional operators.

The parametrization is based on the recent work
[Englert, Goncalves-Netto, KM, Plehn (201 3)].
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Effective Lagrangian -- spinQ

® allows one to recover the SM case easily.

® includes all possible interactions that are generated by gauge-
invariant D6 operators above the EWV scale

® includes 0- state couplings typical of SUSY or of generic 2HDM

® allows CP-mixing between 0+ and 0— states

parameter reference value description
A [GeV] 10° cutoff scale
co(= cosa) 1 mixing between 07 and 0~
Ki 0,1 dimensionless coupling parameter
oxw X0 II ZZJWW 7 Z7 99
H my  2m7 w 4Tapv/18m  C(94 cos? Oy — 13)/9m  —a, /37
A my 0 —dapp /3 —2C(8cos? Oy —5)/3m  —a /27
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Effective Lagrangian -- spinQ

## INFORMATION FOR FRBLOCK

f b Al S K '
Lo =— Z vf (CahmeHff t 1Sakarrgass '7"5)wa0 Block FRBlock

f=t,b, 1.000000e+03 # Lambda
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prm— ‘..' / o TIAT / ! .
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Mass and angular distributions -- spinO
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f./bin/mg5
£ >import model HiggsCharac

i >generate p p > x0, x0 > mu-
¥ >output
£ >launch
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Effective Lagrangian -- spinl

® The most general interactions at the lowest canonical
dimension:

£l =" dpwlspap — rpbpys)bp XY
f=q,t

W . - - : =
‘Cl =1 /i'-“fl Jwwz (LV' l-jl_ y LV' #_ I’Vv v I’Vv +M)X ij + 'Z'H-\v‘l*'.z dwwz ‘/‘/: I/I/fl/ X ii

— KWW, (94 XY 4 8 X V)
+ ik W, W : 7! /V— X {u/ .. [[,V +H (OPW 1/) . ( 9PWHH YW ™ 1/] X i,

L7 = —ky Zu TP XY — b, X1(0" Z,) 2y — Koz €ppo X1 2V (8P Z2°)
® Parity conservation implies that
} fOI" XI - Ky

} fOI" X| + Kf, = Kv; = Ky, = Kyy = 0
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Mass and angular distributions -- spin|
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Effective Lagrangian -- spin2

® via the energy-momentum tensor of the SM fields,

starting from DJ5:
1

f I /
Ly=—% kTS, X5
f=aq,t
1 ,
Eé — —K Z RV T/L,X“

V=ZW,y,g
p The E-M tensor for QED:
T, = = Gu | 957" D, — mp)e Lo0 (B i
pv 9uv Wf(zfy p nlf)z.‘“'f - 5 (wfz Ipz.*)f)]

1- . R PP S -
+ |:§L‘fZ’7lJ»Dl/Uf _ _a ('U"‘fzf\’fl/wf) + (1 < V) ’

TY, = — g,“,[ AP"APC, + 0P AgA, + - (dPA )2

pv

— APA,,+8,0°PA,A, +8,0° A,,A#
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Mass and angular distributions -- spin2
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Higher order effects in QCD

® The LO predictions can be systematically improved by including the
effects due to the emission of QCD partons.

p LO Matrix-Element/Parton-Shower merging [ME+PS]
p full-NLO matrix element with parton-shower [aMC@NLO]

1 1 1 I 1 1 1 I 1 1 1 1 1 1 1 1 =3 . 1 1 1 1 1 I 1 1 1 1 1 I 1 1 1 1 I I 1 1 1 1 1 I
100 I I i 5 0.025 - i i | I | ]
pp~ X(J%) in aMC@®NLO do/dp,/0o, at the LHCB . C PP~ X(J*) in aMC®NLO do/dpy/0,, at the LHCB i
| 0.020 — 0+ —
= N 0- ]
E - 1— .
0.0156 — -
0.010— TR e
[ jjILL:
:|'J h =
0.005 — = —]
N _|='. | : ]
2-0 -

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 (- 1 1 1 1
1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I LI 1 1 | LI 1 1

Ratio ME+PS/aMC@®NLO

1.5
1.0 Qe
0.5
. 1 1 1 1 1 1 1 1 1 1 1 0.0 1 1 1 1 l 1 1 1 1 | 1 1 1 1 | 1 1 1 1 l 1 1 1 1 | 1 1 1 1
0 50 100 150 200 -6 —4 -2 0 2 4 6
pr (GeV) n*
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Higher order effects in QCD
100 L I L L Se] TLELELEL B AL EU AU B B B
E pp~ X(3¥) in aMC@NLO do/dp,/0, at the LHCB ] pp~ X(¥) in aMC@®NLO do/dpy/0y, at the LHCB

0 50 100 150 200
pr. (GeV)

matched sample harder

than aMC@NLO at large pt dlfferent shapgs due
- to different initial state
(as it should)

excellent agreement between
ME+PS and aMC@NLO
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Higher order effects in QCD

unitarity-violating behavior of models with a spin-2 state

1 1
L= ——kqTg, X5 — <ryT3, X5

pv

pv

o s/A* for k, = K,

> o< 87 /m*A* for k, # K,

M
M

N A , .
IM|? = AT {31{37714 [27714 —2m2(t+u) +t* + u2] [m“1 —m?(t+u) + 4t'u.]
stum

+ (kg — Kg) 6 Kgm®s [771.6 + m?s(s + 2u) — 2su(s + u)]
+ (kg — h'g)2 [6‘77110 — 6m°(t + u) + 3m°(t? + u?) — 12m*tu(t + w)

+ 2m2tu(t® + 12tu + u?) — 2tu(t® + t2u + tu’ + u )]}, (4.2)

Kentarou Mawatari (Vrije U. Brussel) July 24,2013 IPMU seminar



Vrije
Universiteit

2

) 45
\.

¥

Brussel

Higher order effects in QCD
unitarity-violating behavior of models with a spin-2 state

3

10° ¢
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aMC@NLO + HERWIG6
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0 S50 100 150 200 250 300
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® A model with non-universal couplings dramatically

changes the pT(X) spectrum.
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Higher order effects in QCD

on spin observables for a spin-2 state

1 T T T T [ T T T T | T T T T | T T T T
- pp — X(2*) — yy at the LHCS i
0.8— -:i: ________ -
06 —1 [ i S I e
= - o - -
0.2_— \ E LO = _-- (Kg’Kq) — (1,1)5____: |
[ cem- (Kgkg) = (10) i -
ot | L. (Kgaqu) — (091) :.---
% -0.5 0 0.5 1
CcOosO™
dU(gg) d2 o* 2 dQ 9* 2 1 1 6 9 9* 1 9*
d cos O* o |d3o(07)|" + |da—o(07)|" = §( + b6 cos + cos ),
do(qq N . 1 .
dcésel oc |diy(67)* + |df_2(6%)|* = 5 (1 — cos™ 6).
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How can we get the spin/parity information!?

. XYY

2. X2 VV*—o4]
3. ppiiX

4. pp— VX

5. X—TT
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[Dell’ Aquilla, Nelson, PRD(1986)] 2- X_}W*_}4I

[Choi, Miller, Miihlleitner, Zerwas, PLB(2003)]

-
\.

[Gao et al, PRD(2010)] ... E L= gt V V,uX
7 0
[Bolognesi et al, PRD(2012)] OSM OSM
Lo+ =g+ Vi,V X
X — 2" — 4 Pps  “Ops HT
__ 757
0.6 T T T I T T T T T T £055 - 9055 V,LLI/V XO
- 14T i
- T dAd i
04— —

>

do/dA¢ ~ const. for O'—sﬁ\f{v do/dA¢ ~ 1+ Acos2A¢ for Oi5.
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[Choi, Miller, Miihlleitner, Zerwas, PLB(2003)]X — 4| VS.VBF [Plehn, Rainwater, Zeppenfeld, PRL(2002)]
[Gao et al, PRD(2010)] ... [Hagiwara, Li, KM, JHEP(2009)] ...
[Bolognesi et al, PRD(2012)] [Englert, Goncalves-Netto, KM, Plehn, JHEP(2013)]
X — 77— 4 Vector boson fusion (VBF)
0-6 I I I I I I I I I I I I 0.6 T T T I T I I ' I I I I
- 1dl’ 7 1 do -
- TdAd - (_)'my ,r\?Ds
04 —
,Z_fi'”'l : . : kv, 01 —»
- - <’
- — qi. /\1i >
i‘ q2. A?T ;
k4,0’4 —

do/dA¢ ~ const. for 0dy,,  do/dA¢p ~ 1+ Acos2A¢ for 035

Nontrivial azimuthal angle correlations of the decay planes (X — ZZ)
and the jets (VBF) can be explained as the quantum interference
among different helicity states of the intermediate vector-bosons.
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" Spin/parity determination S
3.ppjiX

di-jet correlations Englert, Goncalves-Netto, KM, Plehn (2013)
spin-0 spin-| spin-2
06— 06— 0.6—r—r—r—7— 1 L T
- 1do — 0, ' —L ' — 2w
[ OdMy, 05 T o] : {1 T
04 i (N 0.4 _:Z - 0.4 -

5

10
n

10
an,

An as well as A® are the powerful observables.
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Obs-by-obs based strategy in VBF
Englert, Goncalves-Netto, KM, Plehn (201 3)
Ay~ 0ps
f | Ops
A3 ~ /2 An;q broad
spin-0: 03y, 035, 05 - / "
41+ q— —\ Ops | . Z
spin-1: IW,Z’IW,Z o An;q narrow/dip
spin-2: QEW’QEW+Q N

-
W.Z
AR ~ 3

L~ 55 Zw
- +
- At o | O0dy
_—— Osu Anjx ~0 | 7SM
AnE= ~ 5.5

2w
+q Anix™ ~ 0 2+
EW+q
ST
W

The di-jet correlations are the most decisive, in particular
to separate the different scalar coupling structures.
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Spin/parity determination

LUNNL N D D L B B R (L BN B B L B B B B

T S —
0.8 — Lk 4
| - :
— “EWy I

\ kY

0.2}/ N
c-....l....l....l....-
-1 05 0 05 1

Kentarou Mawatari (Vrije U. Brussel)

4.pp— LX

4
LR L L

0.
0. -
0. -
o l KR |
L —— o 05 ‘
cose*
1 ! ' I .
0_ -f
i —
. ]
0. -
0 ) l l

£

-
\.

Englert, Goncalves-Netto, KM, Plehn (201 3)
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EI 5' X — TT [Bullock, Hagiwara, Martin, NPB(1993)]

[Kramer, Kiihn, Stong, Zerwas, ZPC(1994)]
[Pierzchala, Richter-Was, Was, Worek, APPB(2001,2002,...)]

[Hagiwara, Li, KM, Nakamura, 1212.6247]

-
v
-
v
-
v
“
a3 s’
¢
-
’

op—= X =71 s atru

Longitudinal spin (helicity) effect | Transverse spin effect

10 e —
[ I'dr /dcosé
| Higgs rest frame

1 lllllllllllllllllllllllllllli
094 095 096 097 098 099

dzl’/dzldzz ~ 1F z12, for spin-0/1, dI'/dA¢p ~1F AcosA¢ for 0*

7 could be a spin/parity analyzer! '
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a library to simulate polarized tau decays via FeynRules/MadGraph5

We implemented the effective Lagrangians [Hagiwara, Li, KM, Nakamura, 1212.6247]
L. =\V2Ggf, cosfc TyH Py 0,7~ + h.c.
L:p = 2GF cos OCFP(Qz) TPy, (71'0(9“71'_ — W_auﬂ'o) + h.c.

into FEYNRULES, providing the model file for MADGRAPHS.

3 3 5
. . .
- .

o AT X s
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ol DA R s

S A Tt -,é\\n- (-\;‘Q(-S‘ D £
3 it ey, R i3 .

P I A G TR e &

Full spin correlations for any kinds of new physics models can be generated
for free.




Outlook

® After the discovery of a Higgs-like resonance at the LHC,
the main focus of the analyses now is the determination of
the Higgs Lagrangian.

® This includes

- the structure of the operators, linked to the spin/parity
of the ‘Higgs’ boson.

- an independent measurement of the coupling strength.

® Our FR/MG5 Higgs Characterization model is ready for
the spin/parity study of the recently-discovered boson.
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