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Higgs Characterization with FeynRules

Artoisenet, de Aquino, Frederix, Maltoni, Mandal, Mathews, KM, Ravindran, Seth, Torrielli, Zaro (in progress)

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

® The new states can couple to SM particles via interactions of
the minimal (and next-to-minimal) dimensions, e.g. for X-Z-Z:

i 1~k V 1~k V ~
. v : v
i 4 N 4 A
_ : a2 . v(Aap 70 L
£1 — — R V3(0 ZAL)ZI/ — R VSGALI/,DUZ (()pZ )} X].
L: o /{V TZ /{Vl 0 0 1Z Zpa /{\/2 0 (‘~) 1Z Zpo. XM'V
2 — | — A BV _F( 1/( ALZ pPo ))_ A3 ( l/( #Z pPo )) 2
- Ki:dimensionless coupling parameters
- : mixing between 0" and 0~ parameters
- /A :theory cutoff scale The parametrization is based on the recent work

[Englert, Goncalves-Netto, KM, Plehn (2013)].
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Higgs Characterization model

® There are several advantages in having a first principle
implementation in terms of an effective Lagrangian which can be
automatically interfaced to a matrix element generator.
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Higgs Characterization model

® There are several advantages in having a first principle
implementation in terms of an effective Lagrangian which can be
automatically interfaced to a matrix element generator.

|.  Flexibility: it is straightforward to modify the model to extend it
further in case of need, by adding further interactions, for example of

higher-dimensions.

2. Modularity/Automation: all relevant production and decay modes can
be studied within the same model, from gluon-gluon fusion to VBF as
well asVH and ttH can be considered.

3. Accuracy: higher-order effects can be easily accounted for, by
generating multi-jet merged samples or computing NLO corrections
with automatic framework.
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|. Flexibility

* |tis straightforward to modify the model to
extend it further in case of need, by adding further
interactions, for example of higher-dimensions.

i 1~k 1~k ~
£0 — -COS @ (HSI\'IgHZZZ,u.Z'u — Z/TVZ/’“/Z“U) — sIn (lZ/TVZ,u.I/Z'L“/]XO
Ly = | — v (8V2,)Z, - /{Vse#,/pan(apza)} X!

[ R\ Rvy . - 1 o RV, ;. - 1 S o0 .
L2 = [~ S TE — 000 Z0027)) = 2 OOy 2 27D Xe
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|. Flexibility

* |tis straightforward to modify the model to
extend it further in case of need, by adding further
interactions, for example of higher-dimensions.
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2. Modularity/Automation

* All relevant production and decay modes can be
studied within the same model:

a. X—2VV—4]
b. XYYy

jiX (VBF)

. VX/ttX

0

o

e. X—2TT
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a. X2VV—4|

® Higgs Characterization with MadGraphS

;. /bln/mgS

! >import model XCharac

f>generate p p > x0, xO > mu- mut+ e- e+

{ >output h
{>launch :

2
g
e
g
f

diagram 1

FE S L

diagram 1 QCD=0, QED=2, ONP=2

diagram 2 QCD=0, QED=2, ONP=2 diagram 1 QCD=0, QED=2, ONP=2

Kentarou Mawatari (Vrije U. Brussel) 7 120 Apr. 20,2013 MC4BSM@DESY
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JHU comparison: X— ZZ—4l

angular distributions
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JHU comparison: X— ZZ—4l
FR/MG5 HC model
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The matrix element method builds upon the information that can be gathered
from the amplitude squared to define a likelihood.

| |
P(mi’a> o gobs N Z /d¢y

jet perm.

M|?(y)W (x;,y)Acc(x)

0.3

MadWeight (sim) CSCalan——
0.25 |z zinto 4 leptons SRR

02 |
015 | - —‘
g —‘

normalized fraction of events

0.05 st e
E =
0 e —
0 0.2 04 0.6 0.8 1
d=P(xIscalar)/(P(xIscalar)+P(xIspin 2))
MadGraph 5 framework - DESY/MC4BSM 35 P de Aquino 18/04/2013
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Spin-parity: results

o[s g 2.8 2.6 3.3 -0.5 0.16
1.8 1.7 1.7 +0.0 8.1

q¢ 2.6 2.3 > 4.0 -1.7 <0.1
q0 3.1 2.8 > 4.0 -1.4 <0.1
[o 1.9 1.8 2.7 -0.8 1.5

¢ 1. 1. .0 -1.8 <0.1

Assuming spin-o, fitting for CP-odd contribution gives
f _=o0.00%923 (more in backup)

a3 - 0.00

The studied pseudo-scalar, spin-1 and spin-2

models are excluded at 95% CL or higher

3/6/13 Mingshui Chen (UF) 16
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do/d(P1 v4 (GeV)) (1/ o 1o1) (Pb/bin)

do/d(ny4) (1/ 6 1o7) (Pb/bIN)

01 |
0.01
0.001

0.0001 |

1e-05
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0.1 ¢

0.01 E

0.001
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b. XYY

KT-MLM: pp>X>7yy (+0, 1, 2 jets)

T T T T T T T
0+
0-
2+

Pt vy (GeV)

KT-MLM:pp>X>vyy (+0, 1, 2 jets)
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do/d(P1 v, (GeV)) (1/ & 1o7) (Pb/bin)

do/d(d(y4,7,) ) (1/ 6 1o7) (Pb/bin)

KT-MLM: pp>X>7yy (+0, 1, 2 jets)
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Spin studies with H->yy

[analysis using 13 fb' of 8 TeV datal ATLAS-CONF-2012-168

< From distribution of polar angle 8™ of the photons in the resonance rest frame
= Compare dN/dIcosB*| for:

- spin-0*  hypothesis: flat before cuts

- spin-2* hypothesis: ~ 1+6c0s20* +cos*6* for G-like gg production [minimal coupling model]
= Signal region: events within £1.50 around the peak (my=126.5 GeV)
= Normalisation and distribution of dN/dlcos8*| for background from data (side-bands)

m —v ™7 ' ™rrT ' ™7 T I rrrrJrrrrr l ™ T I rrrrJrrrrr | B B 2 | I | S l_< .S 3000':7 ™ [ L T LA aa I ™r—T T L s T T ] LI r L A § I T T L § 'j
g 80——J =0"(sm) e Background-subtracted data | f - J°=0" (SM) hypothesis ATLAS Preliminary |
~ [ —gg, J" = 2, pdt Background uncertainty ] o - —— J”=2* hvpothesi a
2 - i = 2500 ypo esl I Ldt=13fb"
o 60 — ] £ -~ — observed i
o f 4 . § 2000 vo=8loV -
40} = 3 - .
iBke o = ] g 1 C ]
] 4 500 —
2014 ! i | - 3 - :
L @
. S -

0 % 1000 —
20 E 500f- -
ATLAS Preliminary J-L dt=13f", Vs =8TeV - C ]
AR EEEEE EN NN F NN NN (I | sl e s e gy p o eal e - | . M, 1

0 01 02 03 04 05 06 07 08 09 1 91 0 -8 6 -4 -2 0 > 4 6 8 10
|cost’| -In(L(0)/L(2))

» Spin-2* hypothesis expected exclusion CL, at 93% [for 100% gg spin-2 production]
» Observation compatible with spin-0*, slightly favored over spin-2* hypothesis

F. Hubaut (CPPM) Latest ATLAS studies on Higgs to diboson states 11
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Englert, Goncalves-Netto, KM, Plehn (201 3)

di-jet correlations
spin-|
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Englert, Goncalves-Netto, KM, Plehn (2013)

o-& Ll L l 1 L) L) Ll ||

}_1 — %] ‘}_1_do ] il_dﬁ ] [ 180
og- O - _ o Odcosh, - 0.8 O dcosé” . | ©dAd

02~

= El




Vrije

Universiteit , S

Brussel 4 )|
e. X—2TT

[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

— — — 10 e
TR XN 210 Ve 27 IVERL =5 q L d [
ST T AL R T B A R [ ]  [dl/dooed

TR | Higgs rest frame

10 ¢

1 lllllllllllllllllllllllllllli
094 095 096 097 098 099 1

d2l'/dzld22 ~ 1F z12, for spin-0/1, dI'/dA¢p ~1F AcosA¢ for 0*F

7 could be a spin/parity analyzer! '




Vrije
Universiteit

prussel TauDecay

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

“«'f‘fﬁ")"’ ol "{l‘

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.
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3.Accu racy with ME-PS merging

® Higher-order effects can be easily accounted for, by
generating multi-jet merged samples with automatic

framework.

KT-MIM:pp>X>vy (+0, 1, 2 jets)

01
0.01 |-

0.001 p

dafd(P 1y (GeV)) (1/ 6 1o7) (PH/bIn)

0.0001

1e-05 - 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400

PT '{‘ (GOV]
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e (GeV) (1/ & yoy) (pbibin)

daid(Py

18/20

01 |
0.01 —
0.001 —

0.0001 —

(N P I -

MGS5 (KT-MIM):pp>X>Z Z+0, 1, 2 partons

n o
PP |
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3.Accuracy with aMC@NLO

® Higher-order effects can be easily accounted for, by
computing NLO corrections with automatic

100 v T " . v T T Y r ' T Y Y ' Y Y 0.05 [T 1 I T T 1 I T T 1 I LI B | I LIS B B I |
I I I .

E pp~ X(I*) in aMCOGNLO do/dpy/0¢e at the LHCB - pp~ X(") in aMCONLO do/dpy/0y at the LHCB 3
0.04 — O+ —
C 0— ]
C 1= 3
0.03 :— 21 —:
0.02— T =T e T =
0.01 id ! —

02)0:'1 4 ILI- 4 ! S B e l ! I e —1‘4 r—t
H- 1.0 I J-Iﬂ %W—:l%rﬂ D.:D'Hu |

5 8] r,-lJ = . HU I g B - U LI-IJL”
ILL-L_L‘\W ' —m;.‘ J ’ 1 - I-k‘ 0.7 Lﬂ“‘_ﬂ __-—
. 1 - T IJ_,_ .“r'

1 1 1 1 L(LI—\L! 1 L!_L" JLWI‘P | |1 l[‘l 1 X l_ 05 T S T T I I | T T T 1 I T I T R T I L1

0 100 200 300 400 -6 -4 -2 0 2 4 6
pe(X) (GeV) ¥(X)
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Outlook

® After the discovery of a BEH-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 determination.
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Choi, Miller, Muhlleitner, Zerwas (2003)
30 B L L 022 | | ' ' ' | oo T
- H-Z'Z— (E)EL) - H—ZZ > ()5 ]
: M, =150 GeV _ M,, = 280 GeV |
25 H - 02} 4
. 0.18 | ,. | | : m
3 '-" “. "' “|‘ 7
s 'g. : ': “~ ': .'. /“;
- - 5016 X 4
Z I ' V]
L £o+ =9 o+ V 4s X 0" ‘_
. \ ) l‘ 7
- \ -/ nv 7]
————— Spin 1 VT SM -
[ Spin b - --- pseudoscalar .
0 | I | PR R | 11 | Tueen 0-1 1 1 | 1 1 1 | 1 |
30 35 40 45 50 55 0 /2 n 3n/2 2n
M, (GeV) ?

The off-shell Z mass and the azimuthal correlations between
the Z decay planes reflect the XVV tensor structures.

Apr. 20,2013 MC4BSM@DESY
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Xjj production -- vector boson fusion

Plehn, Rainwater, Zeppenfeld (2002)

1 * L - do/dA®D, (H->T7) [fb]
v 0.006 = ~120 Gev
________ 5'e M B P
o - L/ CPodd™
q q - y .
0.004 — W .«
| X / ' /;'\
Lo+ =g+ V,VFX - A, SM
Osm gOSM H 0 i N y
0.002 — \ /
Lot =gor ViV Xo " 7 N cbem’
_ V1% USROS SRR 71T
£O— o gO— VI’LVV XO | | | | | | | | | I | | | | | | |
D5 D5 0
0 50 100 150
Ad)jj

The azimuthal correlations between the forward
tagging jets reflect the XVV tensor structures.
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X—VYV decay vs.VBF production
Hagiwara, Li, KM (2009)
0.6 —T—T—T —1___._:_15‘._11-.01 0.6 717 T T T k.ot — ‘. — k3,03

O | | | I | | | I | | | I O'l | | | | | | | | | | I.

0 6
do/dA¢ ~ const. for Ody,, do/dA¢ ~ 1+ Acos2A¢ for 05,

Nontrivial azimuthal correlations can be explained as
the quantum interference among different helicity
states of the intermediate vector-bosons.
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