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Higgs PO recap

» Construction of Higgs Pseudo-Observables (PO) in
Higgs decays and EW production
. Summarised in the Yellow Report 4,
Chapter [ll.1

1. h(125) is a spin O & zero width approximation
—— Factorisation of new physics effects in production
and decay

2. “On-shell” Higgs processes
PO are defined as pole residues in scattering amplitudes

- Well-defined from the point of view of QFT
- Improvable with (NP-free) soft QCD and QED radiation




Higgs PO recap

Decomposition of the (helicity-conserving) amplitude:

Example: h—2e2u
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Momentum expansion of the form factors around the physical poles:
- Smooth kinematical distortions from the SM (heavy NP)
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Higgs PO recap

Example: h—2e2u
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PO in EW Higgs production

* Production amplitudes related to decay amplitudes by
crossing symmetry:
- Flavour universal PO exactly the same
- Different fermion currents - Quark contact terms

crossing symmetry

VBF ?
e Different kinematical regions



Dedicated MC tool: HiggsPO

e Wish list for the Monte Carlo event generator:

>

Simulate single Higgs production and decays

Input parameters Higgs PO as defined in Yellow Report 4

Allow for inclusion of (NP-free) radiative corrections

O O W

Simple to use. Rely on the well-known MC frameworks (and formats)




Dedicated MC tool: HiggsPO

e Wish list for the Monte Carlo event generator:

>

O O W

Simulate single Higgs production and decays

Input parameters Higgs PO as defined in Yellow Report 4
Allow for inclusion of (NP-free) radiative corrections

Simple to use. Rely on the well-known MC frameworks (and formats)

* HiggsPO model (Implementation)

1.

FeynRules

Define a set of effective interactions that at tree level generate exactly the scattering amplitude of
interest (not to be used as a Lagrangian for arbitrary process and beyond tree level in HPO couplings)

Export model in the Universal FeynRules Output (UFO)
To benefit from MG5_aMC@NLO or Sherpa frameworks

Partonic level events (e.qg. MadGraph5 aMC@NLQO )

To be used for a set of well-defined processes. Input lines documented in the HiggsPO Manual for each
process separately.

Partonic events passed to a general purpose event generator
(e.g. Pythia )

Automatic inclusion of (NP-free) radiative corrections. Final output in the well-known format e.g.
“ ___.hep” (the STDHEP format).
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HiggsPO at NLO in QCD

Implementation details

 QCD Lagrangian (including ghost terms) taken from the SM.fr
 SM fields defined in the mass (unitary) basis
* Effective Lagrangian of the EW sector — "HPO couplings”

(at tree level reproduce the correct amplitudes)

« NLOCT package to calculate UV and R2 QCD counterterms

 No UV renormalisation of HPO couplings
e R2 terms for flavour dependent contact-terms (hZqq) put by
hand in the UFO model

_ l 2
plifiZh _ Es £,
2 3m2y 4"
)
i;dWTh l .
Note: Flavour dependent Rzl / - g; g . e [PWu
contact-terms terms are 3wy Wupdp

missing in similar UFO models
(e.g. Higgs characterisation
[1311.1829]) 10



Homepage: HiggsPO

HiggsPO can be downloaded from: http.//www.physik.uzh.ch/data/HiggsPO/

%é@ Universitat
gy Zurich™

I Higgs PO
oo

Higgs pseudo-observables

from the Standard Model in single Higgs production and decays. They are based on a
general characterizalion of cn-shall amplitudes, via 8 momentum expansion around the
physical poles, corresponding to the intermediale propagation of the Stancard Model

|
|
|
|
|
: Higgs pseudo-observables (PO) is a ceneral framework to parameirize smocth deviations
|
|
|
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http://www.physik.uzh.ch/data/HiggsPO/

Homepage: HiggsPO

HiggsPO can be downloaded from: http.//www.physik.uzh.ch/data/HiggsPO/

l------------------.-,...,, . TR
F7HE) Universitat
=) Zurich™

DOWNLOAD

Download the model

Version 1.0

This model is suitable to simulate Higgs decay processes, as well as Higgs production in
gluon-fusion.

FeynRules model: HPO.fr

UFO modeal: HiggsPO_UFO (zip)
Manual: HiggsPO.pdf

Slides (with examples of usage): link

Version 1.1

Extended to include electroweak Higgs production, see [1512.061 for details.

L Xtendedo ndude slectioweak Miags procuction. see (151208130 fordetalls,_ oo o -


http://www.physik.uzh.ch/data/HiggsPO/

W and Z boson PO

V

NN

The default values taken from the experimental report:

f

gy =

(%5

2mz 1gp

ng )

HAHBERABEHRH R G R ARG HRH LG R BB EH TR A GRER
## INFORMATION FOR WZPOLE
ARG WHHAHR WG WG WA DTG HAA R

Block

wzpole

-2.696000e-01 # gZel
-2.69000Qe-01 # gZmul

—-2.693000e-01 # gZtaulL

2.315000e-01
2.320000e-01
2.327000e-01
5.000000e-01
9.940000e-01
9.910000e-01
1.025000e+00
3.467000e-01

HEXRHHHETER®

gZeR
gZmuR
gZtauR
giv
gWe
gwmu
gWtau
gZulL

-4.243000e-01 # gZdL
-1.547000e-01 # gZuR
7.735000e-02 # gZdR
1.000000e+00 # gWulL

param_card.dat
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Higgs PO —

T R T R e S R e
. ## INFORMATION FOR HPO4F

o HUHBHUHBBUGHBHEBHRBBERHBEGHBRAERRB LGRS
*Block hpodf

EW Higgs decays and
production

h—2¢vy, h—yy

. 1 1.000000e+00 # kZZ ‘

. 2 1.000000e+00 # kWw :

. 3 1.000000e+00 # kAA .

O ¢ ¢ 6 ¢ o ¢ o ¢ o o o o o © o o o °o ©°© °o ©°© °o ©°o o °o o o ) 41.0900@ae+06#k2A PY
| HRBARHARH AR R R AR R AR R AR AR R EHRIEH RN : : 5 0.000000e+00 # e77 .
, ## INFORMATION FOR HPOQUARK . . 6 0.000000e+00 # eWw :
o FEHHHHHHR NG HHRDIT YRR TR HYHH . . 7 0.000000e+00 # 1AACP .
* Block hpoquark : ‘ 8 0.000000e+0@ # 1ZACP .
. 51 0.000000c+00 # elul . : 9 D.000000e+00 # eZZCP .
. 52 0.000000e+00 # eZuR . . 10 D.00D0AVe+0@ # eWWCP .
o 53 0.000000e+00 # eZdL . . 11 0.000000e+08 # eZel .
° 54 0.000000e+0@ # eldR : 12 0.000000e+0@ # eZmul ‘
. 23 0.000000e+bd # eWuL . . 13 0.000000e+00@ # eZtaul :
. 56 0.000000e+0@ # phiWulL . . 14 9.000000e+00 # eZeR .
° param_card.dat° ° 15 9.000000e+0@0 # eZmuR o
.ooooooooooooooooooooooooooo. : 169-@@00@@8+@@#e2taUR ¢
. 17 9.000000e+00 # elv :

o 18 9.000000e+00 # eWe .

° 19 9.000000e+00 # eWmu o

oS X 20 0.000000e+0@ # eWtau °
Production: VBF, VH 21 0.000000e+0@ # phiWe :
Decays: h— 4¢ h— 2q 2/¢ h— 2v2/( o 22 0.000000e+0@ # phiwWmu .
: 23 9.000000e+0@ # phiWtau o

param_card.dat.



Examples and

validation
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Example: h = 2e2u
MadGraphb5 aMC@NLO

> import model HiggsPO_UFO
> generate h > e+ e- mu+ mu- YUK=0
> output heemumu

diagram 1 HPO=1, QCD=0, QED=1, YUK=0

Analytic calculation

dr
= H4lfdQ AA*,
dgidg; Z

2

2
2
ZAA* = ( mZ) Ztr(l”ﬂ’upfpzym)

v
VAT
X tl‘(%)/upf Pavv)
X Tﬁf‘f (q1, Q2)Tf/jclfvl*(m, q2),

2

diagram 2 HPO=1, QCD=0, QED=2, YUK=0

e

Example diagrams



Example: h = 2e2u

MadGraph5 aMC@NLO Analytic calculation

dI’
= H4lfdQZAA*’

dqldq2

ZAA* ( )Ztr(l”ﬂ’up P2Vui)
VA

X tr(]z)3vaf Pavvr)

X Tflj}/ (ql, qZ)Tf/ijll * (Ql, 92),

> import model HiggsPO_UFO
> generate h > e+ e- mut+ mu- YUK=0
> output heemumu

* Opposite sign same flavour lepton pair invariant mass cut: myg > 5 GeV

e Benchmark (a): kzz = 1 and all other Higgs PO zero. The decay width in Mad-
Graph: 2.3241(7) x 1077 GeV and analytic:_2,3232 x 10_" GeV. See Fig 1 (a).

e Benchmark (b): €z., = 1 and all other Higgs PO zero. The decay width in Mad-
Graph: 14919(5) X 10°° GeV and analytic: L4917 3 1070 GeV. See Fig | (b)

o

e Benchmark (¢): kzz =1, €., = 0.4 and all other Higgs PO zero. The decay width
in MadGraph: 7.449(2) x 10_7 GeV and analytic; 7,447 x 10_7 GeV. See Fig 1 (c).

e Benchmark (d): €zz = 1 and all other Higgs PO zero. The decay width in Mad-
Graph: 2,1368(7) x 10°° GeV and analytic: 2.1368 x 10_° GeV. See Fig 1 (d).

e Benchmark (e): kzz = 0.3, ezz = 1 and all other Higgs PO zero. The decay width
in MadGraph: 7.768(2) x 10~* GeV and analytic: 7,767 x 107 GeV. See Fig 1 (e).

e Benchmark (f): A 5 = 1 and all other Higgs PO zero. The decay width in Mad-
Graph: 8,880(3) x 10_ 1" GeV and analytic: 8.874 x 10_1° GeV. See Fig 1 (f).
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Example: h = 2e2u

A NSGeV /Ntot
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Example: h = V qq
1) MadGraph5 aMC@NLO

2) Analytic calculation

h—W du+W dc+W su+Wsc

kWW eWuL phiWuL LO (an.) LO NLO Kr
1 0 0 259.0 259.4(2) 269.1(3) 1.037(1)
0 1 0 883.1 883.0(7) 916.8(8) 1.038(1)
1 0.54 0 2.678 2.676(2) 2.782(3) 1.040(1)
1 054 =m/2 500.8 501.1(4) 520.1(6) 1.038(1)
1 —054 xn/2 532.3 531.8(4) 552.3(6) 1.039(1)
1 —-054 O 1030 1030(1) 106.7(1) 1.036(1)

real diagram 6

HFO=1, QCD=1, QED=0

Example diagram
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h— Ziuu—+ Zcc

Total inclusive decay rates are: in KeV

kZZ eZuL eZuR LO (an.) LO NLO Kr

1 0 0 19.83 19.84(2) 20.58(2) 1.037(1)

0 1 0 2197 219.3(2) 228.2(2) 1.040(1)

0 0 1 2197 219.6(2) 228.0(2) 1.039(1)

1 03 0 3.480 3.481(3) 3.606(5) 1.036(1)

1 —03 0 7572 75.75(6) 78.64(7) 1.038(1)

1 0 0.3 5572 55.70(5) 57.97(5) 1.038(1)

1 0 —03 2348 23.51(2) 24.37(3) 1.037(1)

h — Zdd + Zss

Total inclusive decay rates are:

kZZ eZdL eZdR LO(an.) LO NLO Kr

1 0 0 2559 25.60(2) 26.56(2) 1.037(1)
0 1 0 2197 219.3(2) 228.2(3) 1.040(1)
0 0 1 2197 219.6(2) 227.7(2) 1.037(1)
1 034 0 10L.1 101.1(1) 104.7(1) 1.036(1)
1 —034 0 0.8869 0.8872(7) 0.9211(8) 1.038(1)
1 0 034 41.85 41.84(3) 43.55(4) 1.040(1)
1 0 —034 60.12 60.18(5) 62.38(6) 1.037(1)



pp—ZhatNLO + PS

MADGRAPHS _AMC@NLO

import model HPO_ewk_prod_NLO
generate p p > h z HP0O=1 QED=1 QCD=0 [QCD]

output ppHZnlo

Benchmarks
BP kKZ7Z eZul eZuR eZdL eZdR
I 1 0 0 0 0
I 1 0.0195 O 0 0
111 1 0 0.0195 O 0
IV 1 0 0 0.0244 O
\Y% 1 0 0 0 0.0244

diagram 1 HPO=1, QCD=2, QED=0 ,
Example diagram .



pp—ZhatNLO + PS

MADGRAPH5 _AMC@NLO
import model HPO_ewk_prod_NLO

generate p p > h z HP0O=1 QED=1 QCD=0 [QCD]

output ppHZnlo

Benchmarks
BP kKZ7Z eZul eZuR eZdL eZdR
I 1 0 0 0 0
I 1 0.0195 O 0 0
111 1 0 0.0195 O 0
IV 1 0 0 0.0244 O
\Y% 1 0 0 0 0.0244

*Confirmed with
SHERPA+OPENLOOPS

0.010}

do/dm z [pb/GeV]
=

U
-
n

NLO /LO
OO OO = = =
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pp - Zh @ 13 TeV

0.001}

Benchmarks: I, II, I, IV,
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pp— What NLO + PS

MADGRAPHS _AMC@NLO
import model HPO_ewk_prod_NLO

generate p p > h w+ HPO=1 QED=1 QCD=0@ [QCD]

add process p p > h w- HPO=1 QED=1 QCD=0 [QCD]

output ppHWnlo
>
Q
Benchmarks £
eWulL.  phiWulL §
=
VI 0018 O S
VIl 0018 %
*Confirmed with
SHERPA+OPENLOOPS
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Final remarks

HiggsPO: Event generator for Higgs Pseudo-
Observables (PO) framework

Publicly available at:
http://www.physik.uzh.ch/data/HiggsPO/
with the instructions note.

Higgs decays fully implemented in Version 1.0
Higgs EW production available in Version 1.1

Upgrade to NLO in QCD available in Version 1.2

New
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http://www.physik.uzh.ch/data/HiggsPO/

