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This Study

— Enhancing Herwig’s Hadronisation Model: Aiming to simulate the formation
and decay of hadrons more accurately, particularly by transmitting polarization
information of heavy quarks to the hadronization handler.

— Applying Heavy Quark Effective Theory: Utilizing HQET to systematically
describe heavy quark behavior within hadrons, considering heavy quark spin-flavour
symmetry for model-independent predictions of heavy hadron properties.

— Modeling Excited Heavy Hadron Decays: Refining strong isospin-conserving
and isospin-violating as well as electromagnetic decay modes of excited heavy mesons,
crucial due to limited experimental data.

— Kinematics of Cluster splitting: Introduction of a “dynamic thereshold scheme”
for cluster hadronization.

— General Tuning of Hadronization and Shower Parameters: For both
hadronization and parton shower parameters.
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Heavy Quark Effective Theory in Cluster Hadronisation

— Passing through the polarization of heavy hadrons at the end of parton shower.

e For mg > Aqcp, the light degrees of freedom become insensitive to mq. For the
iso-spin heavy hadron multiplet (H, H*) we can have:

T(H — X)> Am > ~(H — H*X)

YH* = HX) o Dt ace X IMH* — HX)* ~ O(m;*™), n>1
e Heavy quarks act as non-recoiling sources of color at the end of PS.
e A spin-flavor symmetry appears for heavy quarks.

e A net polarization of the initial heavy quark may be detected, either in a polarization of
the final ground state or in the decay products of the excited heavy mesons and
heavy baryons.

e Falk-Peskin "no-win" theorem: [Falk, Peskin, Phys.Rev.D 49 (1994) 3320-3332]
No polarization information would be found in non-excited mesons. This could be
realized for other possible cases, i.e.

Am>T >y or Am>~v>T
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Polarization of Excited Heavy Mesons

Considering charm mesons with a left handed ¢ quark, jo = —1/2.

— Colour magnetic interaction becomes decoupled leaving the spin-orientation of the
light degrees independent of the charm quark and distributed uniformly:

[ % T2 ap 1/2 3/2 |

%w% %(17w%) %(1700%) jw

wIe

‘ Probability

~ wj is the likelihood of fragmentation leading to a state with maximum value | j(gg) |

— Coherent linear superposition of the charmed state helicity probablities Py« (jq + jo):

F@ -2 —1 0 +1 +2
D - - L - -
C I : 0 -
Dy — %(1—&;;) %(]—w%) %(lfw:,zs) —
Ds || jws 3(1-wsy) F(1-wsg) §wy 0

Hadronisation & Decay of Heavy Hadrons in Herwig 7 MPIQLHC, 20-24 November 2023



Polarization of Excited Heavy Mesons

— To evaluate the parameter w;:

dI'(H* Hm
T “/daﬁE;PH*(j)hz‘(e,mf

1dr(D5—>D7T)_1 2 2
fw_i 1+3COS 676&)% COS efg
— Comparing to the avaiable experimental data, ws < 0.24 with in 90% CL.

— Default value in Herwig is set ws = 0.20.

— Generalise for the possible spin polarisations of excited charmed mesons:
p 0.0 pL1 p2.2 P33 Paa
D 1 - - _ _
b 3(1=pq) 3 3(1+ Q) - -
Di | 151 = po +wi(3 = 5pq)] 1(1—ws) 161 = po +wa (3 +5pq)] - -
D3 1wz (1 - p) 15(1=pe) = gwz (1 = pg) 1(1-wg) 151+ pe) = gwa(l+pe)  Fws(l+pe)
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Polarization of Heavy Baryons

— For ground state heavy baryons, j, = 0 so the initial polarization will be preservated

without dilution.

S . j& | —3/2 -1/2 1/2 3/2
— Considering charm baryons with a left / / / +/ +3/
handed ¢ quark, jo = —1/2. A, _ - 0 _
w1 = 2/3 ) (1—w1)wa W1Wa
. . . . ¢ 3(1+wa) 3(14wa) -
— W, 18 the rate of spin-0 to spin-1 diquark o
producion, which we take to be w, = 1. ¢ || wited  Hwa” 4w 0
Generalise for the possible spin polarisations of charmed baryons:
‘ p ‘ £0,0 P1,1 P22 P3,3
Ae 3(1=pq) 31+ pq) -

Se | 5(1-pq) +wipg 3(1+pqQ) —wipg

z S (1= pg)

1(1 - pg) — kw1 (3 - 5pq)

3(1=pg) — w13+ 5pq)

S (1+pq)
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HQET and the Decay Modes of the Excite Heavy Mesons

— Improving the strong isospin-conserving decay modes

e J”=07,1" doublet; D and D*

o JP =17 2% doublet; D; and D}

o JP =0%,1% doublet; D§ and D
— The electromagnetic and strong isospin-violating decay modes

o Particular importance where the strong isospin conserving decays are either not

allowed or kinematically suppressed.

o D* and B* mesons, where the strong decays are kinematically suppressed and radiative
modes are important.
D:t, DX and DY, (2460) mesons, where both radiative and isospin-violating decay
modes are important as the strong isospin conserving DK modes are kinematically
forbidden.
the BX° where only the radiative mode is kinematically allowed.
The D, system is the most complicated as there are many excited mesons below the
strong decay threshold.

o

O

[e]

— Has been used for heavy baryon decays since Herwig++.
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Decay Modes

For 2-body decay modes in HQET:

M(D* — Dr) =

M(D5 — D) =
M(D5 — D*rr) =

M(Dl — D*ﬂ')

M(Dg — D) =

M(D; — D*7)

Jr

|Falk, M. E. Luke, 1992; Falk, Mehen, 1996]
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Decay Modes

Decay Widths: [Richardson, AM, 2023]
* 92 mp 3
I'(D* — D7) = 6 2 mp. e
h2 mpx*
I'(D; — D*nr) = mm *Pim
h2 mp
D(D2 = Dm) = 1572 s —Plm
I(Dy — D) = h? [—2mBi (mbe —5m2) + (m2 — mp)? +25mp ] o
' 1447 272 mpemd, P
2
f? (mpy —mp) [ 2 2}2
D§ — D N _ o
'(Dg ) = 3221 mDm%a (’ITLD0 + mD) my| P
2
f/12 (mDi — Mp* 2 5 2
F(D1 — D*m) = 32/27 mD*m%, l:(mD[/J + mD*) — m,\.] Pem
1
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Decay Data

[ Multiplet [ State | Meson Mass [GeV] Width | Am
(0-,17) 0~ D+ 1.8697 £ 0.0001 N/A 4.82 £0.07
D° 1.8648 £ 0.0001 N/A 0.00 £ 0.00
Df 1.9683 £ 0.0001 N/A 103.51 £ 0.09
1~ D*F2.0103 £0.0001 (0.0834 £ 0.0018) x 10~3 3.41 £0.07
D*0 2.0069 £ 0.0001 < 0.0021 0.00 +0.00
Dt 2.1122 4+ 0.0004 < 0.0019 105.35 £ 0.40
at,2h) [ 1t Dy 2.4232 £ 0.0024 0.0250 = 0.0060 2.40 = 2.45
DY 2.4208 £ 0.0005 0.0317 4+ 0.0025 0.00 £ 0.00
D:’l 2.5351 4 0.0001 0.0009 £ 0.0001 114.31 £ 0.50
2+ DT 2.4654 £+ 0.0013 0.0467 4 0.0012 4.70 +1.36
D30 2.4607 £ 0.0004 0.0475 £ 0.0011 0.00 £ 0.00
DI 2.5691 & 0.0008 0.0169 £ 0.0007 108.40 £ 0.89
(0*,1%) ot D& 2.3490 & 0.0070 0.2210 4+ 0.0180 49.00 £ 20.25
D) 2.3000 £+ 0.0190 0.2740 4 0.0400 0.00 +0.00
DY, 2.3178 + 0.0005 < 0.0038 17.80 £19.01
17 DF Not observed
DY 2.4270 + 0.0400 0.38101% 0.00 4 0.00
D 2.4595 % 0.0006 < 0.0035 32.50 4= 40.00

Observed masses and widths of the charm mesons, from BaBar and LHCb.
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Fitting HQET Parameters

) Helicity angle for Ds;(2536)-D"* K°
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\ 9 \

| Fitted Value || —0.465 +£0.017 | 0.130 & 0.001 GeV | 0.824 £ 0.007 | 1.000 + 0.000 GeV | 0.565 + 0.006 | 0.000 £ 0.100 | —0.047 4 0.002 |
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HQET in Herwig 7
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Efficiency-corrected decay rates of DY, meson.
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HQET in Herwig 7

Ay baryon polarization at v/s = 91.2 GeV Ay, baryon polarization at /s = 91.2 GeV/
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Average polarization of A, baryons in hadronic Z° decays at LEP by ALEPH and OPAL.
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General Tune for Herwig-7.3.0

— First general tune of Herwig 7.3.0 since the 7.2.0 release.

Fitting to e~e™ mesurments from LEP, PETRA, SLAC, SLC and TRISTAN, for over
9,200 data bins.

Tune weighted around both light and heavy hadron production rates and
multiplicities, prioritising more dominant processes.

— Initial attempts to use Professor Il yielded inconsistencies.
— We resorted to a multi-layered, brute-force approach to minimizing the y? parameter.

— 5 consecutive runs, making the parameter range smaller, focusing on the best tune in
the previous run. Each run for 5000 samples.

— 2 parton shower parameters and 10 hadronization parameters, including 3 new ones
related to the kinematic handling of cluster splittings.
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Kinematic Optimization in Cluster Hadronisation

Static vs Dynamic kinematic thersholds in cluster splitting:

Static: M>M1+M2, M, >m + m, My > m + ma
Dynamic : M? > M+ M3, ME>m?+m?+060, M;>m?+ms+ o

Dynamic Probability Distribution in Cluster Splitting

[ == Step Function
Bell Distribution

°

Probability of cluster splittings for heavy — zeof
clusters: i
g D.67
1 a [
s f
Pcluster = 7 > Rand(oa 1) g"-“,
1+ | %= z
th Vo,
0. 0.25 0.! 0‘ : 5 1.00 2.00
Scale
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General Tune

for Herwig-7.3.0

— The values of tuned parameters in Herwig-7.3.0 compared to Herwig-7.2.0.

‘ Tuned Parameter H Herwig-7.3.0 Herwig-7.2.0 ‘

ClMaxLight [GeV] 3.529 3.649

ClPowLight 1.849 2.780

PSplitLight 0.914 0.899

PwtSquark 0.374 0.292

PwtDIquark 0.331 0.298

SngWt 0.891 0.740

DecWt 0.416 0.620
ProbabilityPowerFactor 6.486 -
ProbabilityShift -0.879 -
KineticThresholdShift [GeV] 0.088 -

Alphaln 0.102 0.126

pTmin [GeV] 0.655 0.958

— x? improved by 12.76% (compared to Herwig 7.2.0 tune).

— x2 improved by 50.75% (compared to the untuned Herwig-7.3.0).
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Comparison of heavy meson production rates at LEP, from various experimental data sets.
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Summary

— Integration of HQET and spin-flavour symmetry in Herwig 7’s cluster hadronization,
via SpinHadronizer.

Introduction of HQETStrongDecayer and HQETRadiativeDecayer for improved heavy
meson and baryon decay handling.

New kinematic regime for cluster splitting, enhancing model accuracy.
— Dynamic probability function for smoother cluster splitting distributions.
— Brute-force, multilayered approach to minimize 2.
— Tuning of 12 parameters, including parton shower-related ones.

Substantial improvement in predictive capabilities for heavy hadron production.

Conclusion: "The integration of HQET and spin-flavour symmetry into Herwig 7 marks a
major step forward in predictive modelling of heavy hadron production. The forthcoming
Herwig-7.3.0 will offer a powerful tool for precise investigations in this field."
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