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CMS event in real World

La g ran g ia N B Data recorded: 2018-Jul-14 22:42:55.530432 GMT

Run/ Event/LS: 319639 / 961085861 / 624
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Event Generator
(e.g. Herwig7)

- dictating experiments



Herwig7/

« most kinds of collider experients
* pp, ep, ee*, heavy ion collisions ...

simulation
« How to control ?
 For processes involving separate scales Q>Qq, higher-order corrections are enhanced by large logarithms

ag In™Q/Q

— Hadron physics needs

« Angular-order shower programs
« handle color coherence
« QCD shower (1988) — QED (2006) — EW (2022) — “BSM" extensions in the parton shower regime

[Lee, Masouminia, Seymour, Yanqg, JHEP 08 (2024) 064]



https://www.sciencedirect.com/science/article/pii/0550321388900892
https://iopscience.iop.org/article/10.1088/1126-6708/2006/07/010
https://link.springer.com/article/10.1007/JHEP04(2022)112
https://link.springer.com/article/10.1007/JHEP08(2024)064

events/0.1 GeV

Why BSM Parton Shower?

* In high energy colliders,
« The bunch of particles inside a jet can act as a source
« Why not BSM particles? They can be even lighter?

[Masouminia, Richardson, JHEP04(2022)112]

« Low-scale BSM searches in the LHC are trending in recent years!
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1. necessitates signal samples in enormous
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BSM phase spaces
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2. due to the high trigger threshold, these samples need interplays with balancing jets

3. hard to consider all higher-order corrections for new light particles
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The additional time taken by adding BSM radiation grows
slowly depending on the number of emitted particles &=




Showers in Herwig?7

» Goal: Implement BSM showers as general as possible in Herwig7

Currently we only have restricted availability (such as some hidden valley scenarios
or specific SUSY scenarios)

\

“ Factorization Theorem ”

" total cross section I simple multiplication !

~2 ~2
Qint(G°) dq
doitj 1n27(r ) = dz X dazfj

“splitting function”

- Thank you Sokratis for the nice introduction! &
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BSM showers in Herwig7

» Goal: Implement BSM showers as general as possible in Herwig7

 Step by step guidelines

« master formula by Altarelli and Parisi
1

model independent

N 2
Po—12(2,9) = 2(q2 — m2) Z [Misg,s1,521"  INPB 126, 2 (1977) 298-318] No needs to calculate splitting
0 07 s0,51,82 functions for each BSM model/particle
individually

* Only depends on spins, masses, and ordering
variables of participating particles in the splitting

2) Herwig7 reads BSM model information and calculate all necessary ingredients automatically
from UFO model files

 Splitting scenarios — all combinations with spin-0, 1/2, 1

1. Splitting out of scalar bosons: ¢ — ¢'¢", f — f'é, V — V'¢
2. Splitting out of vector bosons: ¢ — ¢'V, f — f'V,V > V'V
3. All the other combinations can be calculated by symmetries
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A cheating sheet for you

« upto m2(pr?) order in quasi-collinear limit(m, pr—0)

1. Splitting out of spin-0 particles

2

1 . P¢—>¢/¢”(z’ q) = 28 (1g_ )"2
Propo(2 ) = gy > | M[? A - . .
. (90 = m5) pol 2. Splitting out of spin-1 particles
= L] (p+lr+ &2+ ol = &%) [(1 = 2) = m3,] + (o + p-) [In2(mo + mi )’

1+ 22
1—2z

+ I8 (mos — m1)?] + 2o+ — p-JREE)[(1 = 22)m3, +md ], (Lt md) - 22 2 t)
) -z ’ )

+ (lgr)*p= + lgr*p+)zmG , — 2R(g1.9%) (p+ + p—)moma z.

Py (@) =(9ml0s + |gL|2p_)(

(21 = 2) + 2(1 = 2)mf, + (1 + 2)m3, — 2m3,,)

2
~ g P+ + p—
Py_yi4(2,§) = ZB3M [ *

2 2m?2

+ % <z(1 —2)+2(1— z)mg,t —(1- z)m%,t - zmg,tﬂ ‘
“mo (1—2(1 — 2))?
PV—)V’V”(za (j) = 292 [ Z(l — z) (P+ + P—) + 2p0(1 - z)2mg,t
N (1-2(1—2))*(m3,) — (1 —22(1 — 2))mi, — (1 — 2(1 — 2)*)m}, (s + )
Py_44(2,4) = g° | (p+ + p-) (z(l —2)(1+ mcz),t) -(1- z)m%,t - zm%,t, 2(1-2)
=22 ]
0 0t |- N 2z 2 1
2 Pyyv(2,4) = g° [m(l + mg,t) — mmit + §m% ¢
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(spin) 1/2 — 1/2 0 splitting

« Matrix element of f—=f'@

i(q) CP-odd coupling — as general as possible

1M uw(qr)| — 19(k I‘@, u(p)
[ u(p) . ] 1 [
» Spin-dependent matrix elements

in terms of kinematic variables

!/
Ve bt
Vo, A Ar =1 !
A T t(zmo+my)—ik(zmg—imy) (k+ik)pr exp i¢
0 vz vz
»L (k—ik)pr exp —ig t(zmo+my )+ir(zme—my)

« Spin-dependent splitting function '

2

. ' . . .
Propa(z = [ (pslstinl2 + pln—iwl?) - [(1— 2) = m3 ] + (ps + po) 16 (o, +mae)?

IR (moe — ma)?] + 2(ps — p=)S(6R) [(1 — 22)mg , 4 nﬁd],
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(spin) 1/2 — 1/2 0 splitting

« Matrix element of g—qo

u(q) / general coupling
'iM[ ] w(q)| 'i.q u(p)

u(p) ‘ « Spin-dependent matrix elements
\ V/\fn?{Id) AL =1 4
)\(} T t(zmo+m, )\—/;F;(z'm.o—m.l ) (k+ik )\1}1; exp i
l (k—ik)pT exp —ig tk(zmo+my )+ik(zmg—my)
 Spin-dependent splitting function ' " TR T .
P P PIEING generalized” splitting function

2

&

~ g ‘ .
Propo(z, @) = [ (ol + i+ p_|s— &%) - [(1 = 2) —m3,] + (s + po) [Is2(mo + ma,)

F &% (mo,e 7711,1,)2] b 2(p+ P—)(\\‘:(’f""_"’)[(l 2z)mi, -mf,,]],

2

< SM setup
« SM g—qH splitting function recovered g = gwmo/2mw, gw = ¢/sinfw
P (2,4) Jiv ( my )2 (1—2)4 Amg — m3 mo = my, & = 1, & =0, and po + p1 = 1,
[—=r\% 4 8 \mwy ; 2(1-2)¢ ]
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Performance test

Resummed shower (RS) Fixed-order (FO)
— additional leg from Herwig7 parton shower — additional leg from MadGraph5

BSM particle BSM particle

+ ~

N ~

Hard process Single emission by PS Fixed order

(MadGraphb) (Herwig?/) (MadGraphb)

Single emission resummed
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(spin) 1/2 — 1/2 0 splitting

g spectrum in b — bH splittings at /5, = 1 TeV

z spectrum in b — bH splittings at \/5,+,- = 1 TeV
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(Spln) 1/2 — 1/2 O Spllttlng § spectrum in b — sH splittings at /5,+,- = 1 TeV z spectrum in b — sH splittings at \/5,+,- = 1 TeV
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Phenominology of Showered Dark Photons

« BSM parton shower can change event shapes

vp radiation in Hidden Abelian Higgs Model (HAHM_variableMW_UFO)
[Curtin, Essig, Gori, Shelton, JHEP 02 (2015) 157]

AR(Z',j) spectrum in at ,/5,, = 13.6 TeV

E 103 J T 1 ‘ 1T T 1 ‘ 1T T 1 ‘ 1T T 1 ‘ 1T T 1 ‘ 1T T 1 ‘ L
\:/ i - R \4
2 02l — \
< 10 = B
b [ ]
= N -
) i —— RS i
100 £ —— FO (1+2)) E
- — FO (1j) a
B FO (2j) : 5
- [Work in progress] -

1 I I | ‘ I I | ‘ ‘ L1 1 [ I | ‘ I I | ‘ |

0 0.5 1 1.5 2 2.5 3

AR(Z',})

[Event selection]

Z' — pr > 20 GeV (trigger), In| < 2.4

jet — pr > 30 GeV, |n| < 24

RS: pp — jj (MG5) with full shower (3 Z' radiation)

tpp —~ 2 j&pp = Z'jj (MG5)
with QCD+QED+EW shower

Z' shower shows more events @ AR = 0, 1t

- A jet after Z' shower lost its energy so that
rejected by the event selection: AR =0 = 1t
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https://link.springer.com/article/10.1007/JHEP02(2015)157

cost?

 parton shower (+ rivet analysis) time for 100K events

with Intel(R) Core(TM) 17-4790 CPU @ 3.60GHz

hard process pp — jj (4-flavor scheme)
(MG5)

parton shower QCD only QCD+QED QCD+QED+EW QCD+QED+EW
(HW?7) +BSM
shower time [s] 547 610 /609 612

No ewk radiation due to small coupling & large mass
(i.e. identical with QCD+QED shower)

available (x100 larger coupling)

* note — 82 Z' bosons are generated from this run
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Take home messages

« Anyone can easily utilize

-- main feature of Herwig7.4
The only thing you need to prepare is the UFO model file and do

— Translate a UF0 into a Herwig model file:

ufo2herwig <UFO_directory> --enable-bsm-shower --allow-fcnc

— Model properties written into “FRModel.model” file: _
read FRModel.model — These are the only things you need to do!

in soft & collinear regime
 will make your valuable time more valuable

« now we can control all types of showers!

« The paper is still warm! (published on last Thursday)
[Lee, Masouminia, Seymour, Yang, JHEP 08 (2024) 064]
Do not miss the golden hour for k-chickens and BSM PS
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https://link.springer.com/article/10.1007/JHEP08(2024)064
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1—10 spltting function

« We can restore an interesting feature of the goldstone mode in V=V splitting

9Bsum [p+ +p-

5 572 (z(l —2)+2(1— z)mg,t + (14 z)m%,t — zmg,t)
1

Py_vie(2,q) =

Po
+ sz% (z(l —2z)+2(1— z)mg’t —(1- z)m%t — zmg,t)] ‘

* massless case
No longitudinal polarization & mass

2
(2,4) = 5—25M T | Poower(2,0) =
22(1 — 2)q

/
Vinassless _)Vm

a.ssless¢

[0—00 splitting function]

g2

252(1 — 2)§?

1?7 The goldstone mode in the vector bosons pop up ?!
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(spin) 1/2 — 1/2 0 splitting

« b — bH splitting in general 2HDM

e ete™

m(H) = 10 GeV
— bb as a baseline @ 1 TeV

« RS: ete” = bb (MG5) + b— bH (HW7)
« FO: ete” = bbH (MG5)

(All irrelevant diagrams are removed)

* Shapes are identical

notable decrease @ m ~ 500 GeV
due to centre-of-mass energy limit

q spectrum in b — bH splittings at /s,+,- = 1 TeV
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(spin) 1/2 — 1/2 0 splitting

« b — bH splitting in general 2HDM
 m(H) = 10 GeV

« ete” - bb as a baseline @ 1 TeV
« RS: ete” - bb (MG5) + b—-> bH (HW7)

« FO: ete” = bbH (MG5)
(All irrelevant diagrams are removed)

e Qverestimation of RS?

Herwig7 allows dynamial scale choices
w.r.t the running b mass @ low scale
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Current status of hidden valley simulations

 Limited availability
» Mostly recycling of SM QCD splitting functions (not generalized)

« All in the massless limit (massive particles decay imediately after production from the hard process)
« f—=f'¢ splittings recycle f—=f'V splitting functions

« BSM PS

« correct descriptions of all kinds of BSM splittings
 can control massive particles
« more flexible couplings

« BSM PS + Hidden Valley
« handling of dark colors and dark hadronizations

« [Kulkarni, Papaefstathioi, Platzer, Siodmok, Stafford, AM, Work in Progress]



