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Higgs Characterisation

in the effective field theory approach
via the FeynRules and MadGraph5_aMC@NLO frameworks

Kentarou Mawatari

(Vrije Universities Brussel and International Solvay Institutes)

pSec.l | in YR3 of the LHC Higgs Cross Section Working Group [arXiv:1307.1347]

» Artoisenet, de Aquino, Demartin, Frederix, Frixione, Maltoni, Mandal, Mathews, KM,

Ravindran, Seth, Torrielli, Zaro
“A framework for Higgs characterisation” JHEP11(2013)043 [arXiv:1306.6464]

» Maltoni, KM, Zaro
“Higgs characterisation via VBF/VH" EP]JC74(2014)2710 [arXiv:1311.1829]

» Alloul, Fuks, Sanz
“Phenomenology of the Higgs Effective Lagrangian via FR” |HEP04(2014)110 [arXiv:1310.5150]
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"for the theoretical discovery of a mechanism that
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through the discovery of the predicted fundamental

particle, by the ATLAS and CMS experiments at CERN's
Large Hadron Collider" [http://www.nobelprize.org]
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® |[ntroduction

- H>ZZ*>4| vs.VBF

- Effective field theory approach

® Higgs characterisation framework
- Effective Lagrangians -- X(J=0,1,2)
= NLO QCD effects

® Summary
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[Dell’Aquilla, Nelson, PRD(1986)]
[Choi, Miller, Miihlleitner, Zerwas, PLB(2003)]
[Gao et al, PRD(2010)] ...

-
\.

Spin/parity determination
X—=VVE—4|

[Bolognesi et al, PRD(2012)]

X — /7% — 40
0.6 | | | I | | | | | |
— .
. TdAd ]
04— _

>

do/dA¢ ~ const. for O'—sﬁ\f{v do/dA¢ ~ 1+ Acos2A¢ for Oi5.
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| Spin/parity determination LY
X—=VV*—4| vs. VBF
[Choi, Miller, Miihlleitner, Zerwas, PLB(2003)] [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)
06 —T—TTT T T T T T 06 ——T—T—T T T
ldr 1 do + l
r‘@ cdAj, r\Ops

T T T T T [ T T 1
[ W L LALN N T TR T N N N

do/dA¢ ~ const. for 0dy,, do/dA¢p ~ 1+ Acos2A¢ for 0%5.

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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The SM cannot be the ultimate theory !

® How can we find the BSM physics?
\/Find new particles/phenomena.
=) Top-down approach: SUSY, ED, 2HDM, ...
\/Find small deviations from the SM expectation.

=) Bottom-up approach: Effective field theory

Kentarou Mawatari (Vrije U. Brussel) 6 June 5,2014 VBF@WVarwick
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Is this the Standard Model scalar boson?

B Higgs boson precision measurement
B determination of the Higss boson Lagrangian

- the structure of the operators, linked to the spin/
parity of a Higgs boson

p distributions
- the coupling strength

p rate

B How do we approach to get them!?

Kentarou Mawatari (Vrije U. Brussel) 7 June 5,2014 VBF@WVarwick
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Tools tor Higgs Physics

Cross Section

ggF
HIGLU (NNLO QCD+NLO EW)
iHixs (NNLO QCD+NLO EW)
FeHiPro (NNLO QCD+NLO EW)

HNNLO, HRes (NNLO+NNLL QCD)
SusHi (NNLO QCD)

RGHiggs (NNLO+NNNLL QCD)
gagHiggs (approx. NNNLO QCD)

VBF

VV2H (NLO QCD)
YBENLO (NLO QCD)
HAWK (NLO QCD+EW)

VBE@NNLO (NNLO QCD)

WH/ZH
V2HV  (NLO QCD)
HAWK (NLO QCD+EW)

VH@NNLO (NNLO)

ttH

| &

gluon
&

HQQ (LO QCD)

bbH

HH _
HPAIR (NLO QCD) PDF: MSTW, CTEQ NNPDF, e—tC.

+ private codes.

—

>

®
N ®
Jet-veto

gluon JetVHeto (NNLO+NNLL)”

top/bottom

Higgs

Higgs pr
HgT/HRes (NLO+NNLL)
ResBos  (NLO+NNLL)

)

3 3
IADPDNE LHAAPE
) !

T

o |

* NLO+NNLL in differential
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NLO MC

POWHEG MINLO
MadGrapn5 aMC@NLO

SHERPA MEPS@NLO

LOMC
aq2vVv

NLO ME
MCEM, MG5_aMC@NLO

W/Z

Higgs Decay
HDECAY (NLO++)
Prophecy4f (NLO)

e -
—

~~ Higgs Properties

T in this talk
FeynHiggs, CPSuperH
SusHi+2HDMC

HIGLU+HDECAY

Compiled by R. Tanaka, Jan. 2014

June 5,2014 VBF@WVarwick



Effective field theory approach

® Given the fact that only a 125 GeV SM-like boson and nothing else so far,
the effective field theory approach is one of the best way to explore BSM
effects.

p All new particles and phenomena are assumed to appear at some scale A.
Not predictive at scales larger than A — loss of unitarity

p Below A, all new physics effects are parametrized by higher dimensional
gauge invariant operators made of SM fields. & many parameters

» No assumption on the form of new physics = model independent

» Renormalisable order by order in the scale A = systematically improvable

1 Buchmuller&Wyler 1986 ...

£ — [:SM I A2 £6 _|_ .« . LG — Z C@Qz Grzadkowski et al. 2010

Kentarou Mawatari (Vrije U. Brussel) 9 June 5,2014 VBF@WVarwick




Higgs effective Lagrangian
before vs. after EWW symmetry breaking

® D6 (the gauge basis): HEL [Alloul, Fuks, Sanz, arXiv:1310.5150]
p  Only using Standard Model gauge-eigenstates

p Several operators may be associated with a single coupling (in the mass
basis)

p  One operator associated with several couplings (in the mass basis)

p  https://feynrules.irmp.ucl.ac.be/wiki/HEL
® D5 (the mass basis): HC [Artoisenet et al., arXiv:|1306.6464]

p Couplings of the physical Higgs boson to the Standard Model (physical)
states

p One operator associated with a single coupling (and Lorentz structure)
P  No assumption on the Higgs boson spin

p  https://feynrules.irmp.ucl.ac.be/wiki/HiggsCharacterisation

Kentarou Mawatari (Vrije U. Brussel) 10 June 5,2014 VBF@WVarwick
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D6 Higgs Effective Lagrangian
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4 The model file is publicly available. (https:/feynrules.irmp.ucl.ac.be/wiki/HEL)
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Mapping between the D6 and D5 operators

HC [arXiv: 1306.6464] HEL [arXiv: 1310.5150]
f - .
Lo =- , Vr(CakinssGuss +isakiarr9ars1s)¥sXo g o0 TR [46] | Section 2.1
=t,0,T
. 4é992v
1 Ohgg Caligeliigy | 9 — —1!‘_
C(‘), = {Cansm [Eguzz ZpZ“ + Guww W;W—"] ) 4z z:,n"
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Higgs Characterisation model

® VWe implemented an effective Lagrangian featuring
bosons
X(f=0%07,1%17,2%)
in FeynRules.

® any-process, any-decay, any-observable

® Equally useful for theorists (it can be systematically
improved, changed - easily) and experimentalists (MC’s
event generation directly in analyses).

® Adaptable to the present/future analyses and accuracy
targets.

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

Kentarou Mawatari (Vrije U. Brussel) 13 June 5,2014 VBF@WVarwick
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Effective Lagrangian -- spinO

‘C({ - Z L—'f (COH'”fngff + 1SaKassGays ","5)1;'?on ' Zoo
f=t.b,T #HH INFORMATI(N FOR FRBLOCK
y ) ) I 81 ,.......... B b0 404040 40 40
Ly = 4 Caksm [_gu 2z ZpZ" + Guww W " W ] OCK FTO
2 1 1.000000e+03 #
1. , ~ 2 1.000000e+00 #
— 7 [Cainry Gy Ay AYY + 80K ayyGayy App AF ] 3 1.000000e+00 #
' 4 1.000000e+00 #
1- ~ 5 1.000000e+00 #
— § Caluyz~9uz~ Z,ulu HY SalRaz~yGaz~ Z/,u/A#V] 6 1.000000e+00 #
1. 7 1.000000e+00 #
/ /
— 7 [CarnogGnss G, GY"Y + 50K 4999444 CZ,,C“ ] g 1.000000e+00 #
' 1.000000e+00 #
11- ~ 10 1.000000e+00 #
_ ZZ _COH‘HZZ Z;_tl/Zul/ + SaRazz Z[.I.UZ#V] 11 1.W P
11. 12 1.000000e+00 #
- §Z _Caff)'{“'ly IIva;/I‘ ,ll/ + ‘90 f\fl‘x“'\" “ lj;/II —ul/] 13 10m+% #
14 1.000000e+00 #
1 15 1.000000e+00 #
— Calkney ZvOu A" + Koz Zy0uZH 16 0.000000e+00 #

17 0.000000e+00 #

+ (Kow W, 0,W " + h.c.)] }XO 18 0.000000e+00 #
| 19 0.000000e+00 #

20 0.000000e+00 # kHda

parameter description 21 0.000000e+00 # kHdz
A [GeV] cutoff scale 22 0.000000e+00 # kHdwR
Co (= cosa) mixing between 07 and 0~ 23 0.000000e+00 # kHdwI
Ki dimensionless coupling parameter
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Effective Lagrangian -- spinQ
Lh=— " s(cakinff@ust)+ isakafassvs) Vs Xo
oV ::[sz Z“Z G W W] Dimensionful couplings g are set

- as internal parameters so as to

Caku i Au APV + sak ani@asy A APY] reproduce a SM Higgs for K=1.

I v ALV
CaRuzy9nzy ZuuA“ + SaKazyGAazy Z;wAu ]

I a a,uv a a,puv
|CaRnggYnag Gqu g +30'{A999Agg Gqu H ]

e ==

gXyy! X v ff ZZ]WW Y 2y 99
H my Qmé/w 4Tapm/18m  C(94cos” Ow —13)/97  —as/3w
A my 0 dapm /3T 2C (8 cos® Ow — 5) /3w as /2w
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$XeXé. HiggsCharacterisation - FeynRules
< » & & | + @ np:/ifeynrules.irmp.ucl.ac.be/wiki/HiggsCharacterisation ¢  (Q- Google )

&3 [I] ##f gmail KEKXKmail VUBintra VUBmail raptools mawatari IIHE CP3 cluster translate inspire Wolfram workshopv alc macv installv Apple Wik

| WggsCharacterisation - FeynRules |

The Higgs Characterisation model r
Authors
"
e LO

o Priscila de Aquino & Kentarou Mawatari (Vrije Universiteit Brussel)
« Emails: kentarou.mawatari @ vub.ac.be
« NLO
o Federico Demartin (Universite Cathelique de Louvain) & Marco Zaro (LPTHE, Paris)
» Emails: federico.demartin @ uclouvain.be

Description of the model

This is @ model file for the characterisation of the boson recently discovered at the LHC. Our effective lagrangian consists of the SM (except for the Higgs
itself), expressed through the physical degrees of freedom present below the EWSB scale, plus a new bosonic state X(37) with spin/parity assignments Jf =
0%, 07, 1%, 17, or 2%. The new state can couple to SM particles via interactions of the lowest possible dimensions. In addition, the state 07 is allowed to mix
with the 0° one, and can interact with SM particles with higher-dimensional operators beyond those of the SM. See more details in

e 1306 6464 : P. Artocisenet, P. de Aquino, F. Demartin, R. Frederix, S. Frixione, F. Maltoni, M. K. Mandal, P. Mathews, K. Mawatari, V. Ravindran, S. -
Seth, P. Torrielli, M. Zaro, "A framework for Higgs characterisation” (JHEP11(2013)043).

e »1307.5607 : P. de Aguino, K. Mawatari, "Characterising a Higgs-like resonance at the LHC" (Proceedings for HPNP2013).

e =»1311.1829 : F. Maltoni, K. Mawatari, M. Zaro, "Higgs characterisation via vector-boson fusion and associated production: NLO and parton-shower
effects” (EPIC74(2014)2710).

Model files for LO

HC fr : the main model file.

SM_HC.fr : This model requires the modified Standard Model Implementation of FeynRules.

Massless.rst, Cabibbo.rst : SM restriction files.

HC.nb : this is an example Mathematica notebook that loads the model, calculates the Feynman rules and extract the model files within the UFO format.
HC_UFO.zip : The model files in UFO format (for MadGraphS5).

L I I

Model files for NLO (only for the J=0 case)
A few remarks before use; see the README file in the model.

e HC NLO X0 UFO.zip : The model files in UFO format (for MadGraph5).

a <«
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Mass and angular distributions -- spin0

2777
pp — X(0%) — 41 at the LHC8

|
A
A

0 :KI'IE:]'

o

+
3 Eﬁ
7 N

I
lllllllllllllllllll

T T I T T T T I T T T T I T L} T

pp — X(0%) — 41 at the LHCS

lllllll
lllllll

S -
e e r -

{./bin/mg5 aMC :
{>import model HC —

lllllllllll

{>generate p p > x0, m
! >launch 3
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cose*

pp — X(0%) = 41 at the LHCS

I T L} T l
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Effective Lagrangian -- spinl|

® The most general interactions at the lowest canonical
dimension:

L =" bpulsgar — mpbpys)s XY
f=q,t

W - - . ,—
‘Cl =1 H“'.l Jwwz (Ll’rlj; " W #_ W pv W TH )X ij -+ 'Z~H\,1.'Q Jqww Z""/ : W U X i“/

— Kw, W j W (" X7 + 9" XY)
+ ik W, W :— %) /V— X {u/ — R o0 [H/ﬁ—# ( PW — 1/) . ( 9PWHH )I,V - 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

} for X| +  Kjpp =Ky, =Ky, =Ky, =0
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Effective Lagrangian -- spin2

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

starting from DJ5:
1

f_ 0 X5"
EQ o —X T#VX
f=qt
7 1
V i V
Ly = A Z -yt T#"Xu
V=Z,Wy.g

p The E-M tensor for QED:

I y f 1 T . /
Ty == G [“"f (17" Dy —my)dy — §ap('1#’f'l’7"p'¢’f)]

1. , | 1
+ [§u',rfz“,ﬁD,,wf - —(9 (Vi dr) + (1 & 1/) :

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

pv

— APA,,+8,0°PA,A, +8,0° APAM
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L — Kngsu=1

0_2-_ —— Kxgexzz=1.€,=1
— Kxggm=l,ca=0

[ ====== Kxggm:].,ca=1/6

J

FR/MG5 HC model

1 l 1 1 1 L l 1 1

Q-

1 1

1 1 l L L 1
-05 0 05

8

w

o
A

0.4

0.2

0

0-8 L 1 1 1

L
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-
0.6~
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L

| I T |

»
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.
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.
.
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.
1
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[ A |

-1

0.5 0 0.5 1
cos

—h

04

0.3

02

0.4

b l

0.8

0.4
- FR/MG5 HC model

[ — Xg,z=1
0.2

0-8 L L L 1

'o L L

||llll 0.8lll'|llll|llll|ll||

e

| FR/MGS HC model
. K, =1x=0
K, 7=1x=1
K, z=1x=10
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0.8 L L L L I 1 L L L I L 1 1 1 I L L L L

0.6 =

s,/biﬁ/mgS;QMCm'wnww"W'W”ww
{ >1mport model HC

¥ >generate p p > x1, x1 > mu- mut e- e+

0.31%
0.2l&

0

;>launch

A

f-/bin/mgS_aMC | - o ,
f>import model HC

¥ >generate p p > X2, x2 > mu- mut e-

¢ >]aunch
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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+Pythia/Herwig]

pp~ X(I¥) in aMCONLO do/dp,/o,, at the LHCB [ pp~ X(I%) in aMCONLO do/dp,/0, at the LHCB

0+ 0.020 [— 0+

loo E T T T T [ T T T T I 1 T T ] I 1 L\ ] ' 0026'-[ ] 1 1] I T T T L] l L] L T T I 1 Ll L] 1 I 1 T 1 T I L
= 0-

0.016
0.010 |

0.005

107246 [———+—+———+———| 2.0 S

Ratio ME+PS/aMC@®NLO 1.6

Dﬁaﬁ— 1 10
A s £ I
l 100 — I
pr (GeV)
Good agreement between the ME+PS and
aMC@NLO predictions for most observables.
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Syntax Cross section (pb) Process Syntax Craoss section (pb)
LO 13 TeV NLO 13 TeV Four vector bosons LO 13 ToV NLO 13 ToV }
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X Brussel . /bln/mgS_aMC

§>import model HC NLO

§>generate p p > x0 j j QCD=0[QCD]

Mijj distributions { 75005 |

Scenario HC parameter choice - pp—Xij (VBF) at the LHC8, NLO+PS o* (&M :
-1 o . il
0t (SM) Ky =1 (Cqg =1) 10 - +0 (HD) — 3
0* (HDder) —— 1
0% (HD) Kuzz.uww = 1 (Ca = 1) i 0" (SM+HD) :
0+(HDdel’) KHZ!Z.HQW - l (C(l == l) 10'2 = 0. (HD) -
. : 0* (HD) ]
07 (SM+HD) Ksu.uzz.uww = 1 (Ca =1, A=)
07 (HD) Kazz.aww = 1 (Cq = 0)
-3
0*(HD) Kuzzazz.awwaww = 1 (ca = 1/4/2) 10 3
Scenario oLo (fb) ONLO (tb) K 10‘4 alMIC?NL(I)‘HI-IEIRIWKI-;sI TR SR SN SR NN TR TR TR TR M SR SN | I T S B
— — {2 ENLO+PS/NLO i
0% (SM) 1509(1) "3 1633(2) ' o 1.08 R =ar. L )
0% (HD) 69.66(6) *7 % 67.08(13)*22% 096 087 -
o e 06 o . . | ! | ! =
0+ (HDder) 721.9(6) Fo 5 " 684.9(1.5) 33 % 095 1o [ :
0T(SM+HD)  3065(2) F3¢ % 3144(5) T % 1.03 = == E
1 e 08 [ ]
0~ (HD) 57.104) ¥17 % 55.24(11) 121 % 0.97 Y T T e = e [P o
0% (HD) 63.46(5) 5% 610713)*23% 096 0 500 1000 1500 2000 2500 3000

m(j1.Jo) (GeV)
® The mijj distributions are all very similar (except the scenario
with the derivative operator.

® The QCD corrections tend to make the tagging jets softer.
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pT distributions

:pp—>Xoij (VBF) at the LHC8, NLO+PS 0* (sM) — 1
N 4= S
10" 0° (HDder) ——
1072 |
107 |
- aMC@NLO+HERWIGE 3 F laMC @ NLO+HERWIGS 1
SN S S . - 10-4|lll.Ll NP PR
5 [NLO+PS/NLO 12 PS/NLO Ll 51_4:H:H:

0.6 ._I PO NN U NN TN TN TN TN N Y SN NN SN NN SN TN SN SN N SN U UM 1 lll" |I r. | T I 1 11 0.6 .._‘ Ly L s s s N e Tﬂ% . m:mi—g_‘: _‘:ﬂ - i
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800

P (GeV) p (GeV)

® The unitarity violating behavior of the HD
interactions, especially HDder, clearly manifests itself.
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Mmjj cuts
acceptance cuts only ET| ], e ‘

0.04

lAnGy, i)l )
. NLO+PS 0.1 ‘

m >500G V [ I-IGR OV A e EEER PRSP vy — | pp+Xgi (VBF) at the LHC8, NLO+PS
ll e [ ™01 &>500 Gev "o — 0.08 |-m{; 500 GaV ]

o

T pOa
T A
v po)
*po)

3
i
N
)

0.02 _
—L“—q

-ue‘ﬁowemoe
0 aal | L Lo s a a L
) 12 .(«o.ps/uo J
: : ‘ '%&W
0.8 08 fF ‘f n.n- i 08 F B
06 06 B ridaisaad s d s dasaad s - 06 bunandnnaduaaadaaaad s dassa b x
12 1.2 FaegpkiLo - 1.2 [FNLOWPS/LO -
1 i ]

! .——DG%J:Q— B '
0sf —=  o0s ww
06 w% . . “ e

08 =
0.6 1 08
0 1 2 3 4 5 6 7 8
lanGy, i) M1- i)l
° The mijj cut effectively suppresses the central jet activity, especially for SM.
° The difference among the scenarios becomes more pronounced.
° NLO corrections cannot be described by an overall K factor, and also depends on the applied cuts.
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.
(weak) VBF vs. GF (plus 2jets)
10' I GFvs VBF —— 0" (GF, SM) -
[ pp—X,ij atthe LHC13, NLO+PS — 0.(GF ‘
[ acceptance cuts only . g: (GBL-' SM;
e &BF, HD
oasatio oLo (pb) onLo (pb) o0 m— ST 0
0 | 1.351(1) *555 Fa3%  L702(6) Tof 1T
LHC8 TeV 0~ | 2.951(3) *572 +44%  3660(15) *191 +17% &
0% | 2.142(2) T50g Tiin  2.68710) TRE IR = )
0% | 4.265(4) 515 F33%  5.002(23) FIEATIAE E |
LHC 13 TeV 0~ | 9.304(9) M5, T390 11.20(4) Fi59 #1232
0% | 6.775(6) T3is Tyaw  8055(35) Tisn Tine 42 e _
U
K~1.2 n

0 400 800 1200 1600 2000 2400
M(j1.j2) [GeV]
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(weak) VBF vs. GF (plus 2jets)

Maltoni, KM, Zaro [arXiv:1311.1829]

./bin/mg5 aMC
> 1mport model HC NLO

> generate p p > x0 7 7 QCD=0[QCD]

> launch

Demartin, Maltoni, KM, Page, Pittau, Zaro [in progress]

./bin/mg5 aMC

> 1mport model HC NLO-heft

> generate p p > x0 jJ 3 / t

[QCD]

> launch
scenario oLo (pb) onLo (pb)
0% | 1.351(1) T5¢s Fise  1.702(6) To08 T 7%
LHC 8 TeV 0~ | 2.951(3) *57-2 T4 3.660(15) T0p 1 7%
0% | 2.142(2) T305 Tii%  2:687(10) To0% Ti %
0F | 4.265(4) T35 133%  5.092(23) £150 1195
B 61.6 +3.4% 16.0 +1.2%
LHC 13 TeV 0~ | 9.304(9) F81.6 +34%  17.99(4) 1160 +1.2%
0% | 6.775(6) T5;5 Taa  8.055(35) Fi33 *i:i‘?‘;
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Maltoni, KM, Zaro [arXiv:1311.1829]

./bin/mg5 aMC

> 1mport model HC NLO

> generate p p > x0 e+ e-

> launch

[QCD]

[ pp—XoZ (Z—ee) at the LHC8, NLO+PS

0" (SMm)

0" (HD)

0" (HDdex)
0% (SM+HD) -
0" (HD) ]

i 1 _
1 = —_]—\—_-:—
[ T TN N T NN TN TN TN W N T TN N —1 4 1 | ‘—I I | I_T— L1
14 L NLO+PSILO — _!_L ‘ [ _
12 ST T
1 e o e e e e e e e
[ 1 Ll l 1 Ll 1 l Ll Ll l 1 Ll L l L.l L.l I L.l l Ll 1 I Ll 1
0 100 200 300 400 500 600 700 800

pr- (GeV)
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VH

e

scenario oLo (fb) onvLo (fb) K
0T (SM) 39.58(3) To e 51.22(5) TTar  1.29
0% (HD) 13.51(1) T100 17.51(1) T19%  1.30
0" (HDder) 324.2(2) tii% 416.1(4) 1297 1.28
0t(SM+HD) 118.8(1) *30% 154.2(1) 185 1.30
0~ (HD) 8.386(7) T20 10.89(1) t13%  1.30
0+ (HD) 10.96(1) *3 7% 14.22(1) T8¢ 1.30
jpp—;XoW+ w* —>e"v9) at the LHCS8, NLO+PS o:(su) _
| o ey —
107 F A 0% (SMeHD) :
; 0 (HD) —— 3
0*(HD) ——
=1
102 3 N
o [Woanomerwes |+
1? 4 [NLO+PS/NLO h
4 b _
1.2
jaowsio e [ [
12 F S—— == ==
T S S S S ——

50 100 150 200 250
pr® (GeV)

300 350 400

June 5,2014 VBF@WVarwick



Summary

® 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 a
‘Higgs’ boson.

- the coupling strength.

® MC tools to study the property of the SM-like boson are
publicly available, e.g. HC, HEL (based on the EFT).

® Event generation at NLO is possible for (several) spin 0,1,2
hypothesis and can be used to validate merged samples.
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Mass and angular distributions -- spinl|
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Mass and angular distributions -- spin2

02— 7 7 71 T T 1 T L AL AL BN LR L L ™

" pp > X(2Y) - 41 at the LHCS - pp— X(2Y) = 41 at the LHCS 1
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aMC@NLO vs. ME+PS

Vrije
Universiteit
Brussel
l-m L} L} L) L) I Ll v v L ‘I R v v Ll l L) L) L) L} I L} Ll Ll
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Good agreement between
the ME+PS and aMC@NLO
predictions for most
observables.

For spin0, the production and
decay factorize, for spin | and
2 this does not happen and
the full 2->4,5 matrix
elements need to be used.
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Higher order effects in QCD ()

inclusive production in pp = X(J%)

100 I 1 1 1 | I 1 1 1 | I 1 1 1 I I 1 1 1 i 0-025 | 1 1 1 1 I I 1 1 1 I 1 1 I 1 | 1 1 1 1 | 1 1 1 1 | 1 1 I 1
" pp~ X(¥) in aMC@®NLO do/dp,/0,, at the LHCB

0.020

0.016f

0.010f

=l
0.005 |

0 50 100 150 200
pl-x (GeV)

The matched sample is harder than .
aMC@NLO at large pT due to the The different shapes are due

extra 2 ME patrons in the matched to the different initial state.

sample. excellent agreement between
ME+PS and aMC@NLO

Kentarou Mawatari (Vrije U. Brussel) 35 June 5,2014 VBF@WVarwick



__’J I I ‘w e [\4 - ?”\qé
Higher order effects in QCD (ll)

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

1 1
L = ——<kgTe, X" — hgl3, X"

pv

pv

o s/A* for k, = K,

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

M
M

N A 1 .
(M|? = AZaiu i {31{37714 2m* — 2m?(t + u) + £ + u®]| [m* — m®(t + u) + 4tu]
+ (kg — Kq) 6 kgm™s [m® + m?s(s + 2u) — 2su(s + u)]

+ (kg — H,g)zs[Gmm 6m>(t + u) + 3m°(t? + u?) — 12m*tu(t + u)
+ 2m2tu(t® + 12tu + u?) — 2tu(t® + t2u + tu’ + u )]} , (4.2)
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Higher order effects in QCD (ll)
unitarity-violating behavior of models with a spin-2 state
1 1 10° -
" " ; —X(2*) at the LHC8 (pb/bi sl —
L= -X"’ngqu - X""'ngu-Xg :EEJ:‘%;:ZP (27) at the (pb/bin) j:jf;g] —
n i xq=0.1:x9=1 _—
H™ . g £4=0.01, xg=1
i I_LI -EE £g=1,%5=06 ———-
10% f~, 4, S0 oo
I I L = %g=1,%5=01 ———-
i_‘_ 1_]—1 "1_11 - - Kq¢ Kg xq=1,xg=0 01
"1‘-}—'-'—— _‘I _i [
10" |
aMC@NLO + HERWIG6
100 PRI S SR NN S SR S (N SN S SRS S S T S RS SR PR | N
0 50 100 150 200 250 300

P (GeV)
A model with non-universal couplings
dramatically changes the pT(X) spectrum.
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Higher order effects in QCD (lll)

on spin observables for a spin-2 state

| I I I | | | | | | | | I | I | I
pp — X(2") — yy at the LHC8 '
—|_| . I I_.l— _—
- aMC@NLO . =
N ME+PS e _
- -] — —T F== i -
1O =/~ (KgaKq) — (1, 1)E_, > O-gg/ 0-:01'
- (k) =(10) 11 F ~96%
| B (Kg,qu) =(0.,1) .
-0.5 0 0.5 1 scattering angle

do(gg) ) COSO™ in pp—X—yy
2 %y (2 2 pey2 _ L 2 4
Toos 0 & 1d5o(07)|7 + |d5_o(07)|” = 8(1—|—6cos 0" + cos” 07),

dO’(qq) 2 %\ 12 9 o2 1 e
dCOSO* X |d12(9 )l + |d1_2(9 )l = 5(1 — COS 9 )
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How can we get the spin/parity information!?

|. XYY

2. X2 VV*—o4]
3. ppjiX

4. pp— VX

5. X—TT
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Spin/parity determination

|. XYY
1_ T T T T | T T T T | T T T T | T T T T 1
i pp — X(2") — yy at the LHCS .
0.8 ' = —— 3 - e |
06 —1 | i~ e |
0.2 - LO "1 (k,kg) = (1,1 —
[ ---- (KgKg) =(1.0) + ~
o | L. L (Kgaqu) — (O,l) -
2] -0.5 0 0.5 1
CcosO”
do(99) 12 (V2 4 12 (09 — L(1 4 6cos? " i g
d cos 0* X 22( ) + 2_2( ) = g( + b cos -+ COS ),
do(qq . 1 .
dcf,‘j‘gl o |dfa(6%) % + |di_o(6%)|° = 5(1—cos™0").
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¥ Spin/parity determination

2. X VV* 4|
[Dell’Aquilla, Nelson, PRD(1986)]

[Choi, Miller, Miihlleitner, Zerwas, PLB(2003)]
[Gao et al, PRD(2010)] ...

[Bolognesi et al, PRD(2012)]

X — /7% — 40
0.6 | | | I | | | | | |
— .
. TdAd ]
04— _

>

do/dA¢ ~ const. for O'—sﬁ\f{v do/dA¢ ~ 1+ Acos2A¢ for Oi5.
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Spin/parity determination
3.pp2jiX

di-jet correlations Englert, Goncalves-Netto, KM, Plehn (201 3)
spin-0 spin-| spin-2
o'ﬁ b N L | SN AN 06 L | I JL N A | 0.6 L L A L I
| 1do — 05y —L — Zew
eae, ooy ] | O o B
0. ': ". ..... ) - A= T IZ - 4
L R ) .- :

\/5214 TeV 0. Frmrmrmrprr 03—

[ 1
DT > 20 GeV oz_ a%gq; - ool ;
AR;; > 0.6 1
;] <5 T i
mj; > 600 GeV -;) 5 o 5 70 %% 5 0 5 10
An., ATE

An as well as A® are the powerful observables.
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Spin/parity determination
4.pp—~LX
Englert, Goncalves-Netto, KM, Plehn (201 3)
L LA L L L L B B L L L BRI LR R BLELEL R L L BRI BN R LR LUK e S Y B A A A

] [ 1do

0. %do%g()’ ] [ TdA¢
0. -;..;';;:; - I — ]
0.1 -
0. - . -
T R % 2 : G
cose* Ao

L T T T 03 1 T T
o h

T — ] 02 ]
> -”M{:‘::_':N‘-\h:
> ot ]
oz- — 0. . . -
T S - 1 T I % 2 : 5
cos8, cose" Ao
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i Spin/parity determination
5. X2TT

[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]

+

pp—= X - 17717 =t n v,

Longitudinal spin (helicity) effect | Transverse spin effect

T 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! '



