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Motivation

* Top quark mass Is a crucial parameter in the
Standard Modéel

* Limiting factor in global electroweak fit

 Quantum corrections to Higgs potential and stability

e Measurement at the LHC limited in
precision (Am, ~ 200 MeV)

¢ i.e. FCC-ee could have threshold scan | g
and high energy run at \/E = 365 GeV HEANED” e 1 TR
§ 0.99| QQbar_Threshold N3LO+ISR - mj*
. . : R arXiv:1707.08124
e Am, < 50 MeV as required by EW fit osaf 4 e | |
* Need high precision tools, even to ool | i rmsis | [Defranchis et. Al ’25]

V's [GeV] 2

understand mild fiducial cuts


https://arxiv.org/pdf/1707.08124
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. Study e*e™ — 1T > W-W*bbaty/s = 365 GeV ;
_ g
* relatively close to threshold, but outside Coulomb regime ; W
W

* [wo challenges from narrow, coloured resonance appearing:

- Width |, introduces additional perturbative scale

* Not visible in event-by-event kinematics, not affecting radiation in
standard parton shower

* Kinematic mapping changes virtuality of internal top quarks

* Solved by introducing resonance aware subtraction schemes



Framework

 Work with the Sherpa 3 Monte Carlo Generator [arXiv:2410.22148]

e General purpose event generator

* Matrix element generator Amegic and Comix with S H E RPA
automated Catani-Seymour subtraction  [Catani, Seymour "97]

3-to-2 jet ratio for p§™ > 50 GeV (R = 0.5)

» New parton shower Alaric [Hoche, Herren, Krauss,
Schonherr, DR ’21]

0.6

* Recoil safe global kinematics

CMS Data
arXiv:1106.0647
Alaric

e as required for NLL event shapes
[Dasgupta, Dreyer, Hamilton,Monni, Salam, Soyez '20] :

 Multiplicative treatment of soft eikonal
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IO e e e




Outline

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

1. A Width-aware Parton Shower /
2. Resonance-aware NLO matching

3. Results



Outline

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

1. A Width-aware Parton Shower
2. Resonance-aware NLO matching

3. Results



The (classical) Physics Picture | o
[Dokshitzer, Khoze, Orr, Stirling ’92]
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B
[Jackson, Ch. 15.7] s f
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The (classical) Physics Picture | o
[Dokshitzer, Khoze, Orr, Stirling ’92]

 Heavy charged particle (“top quark”) produced with small velocity
» At random time t; = (O(1/1",), decay to light charge (“b quark”) and neutral (“W”)

2
— generates bremsstrahlung (“kicked charge”) dl(w) N, [ > Jiw(1=,cos6)(11) 1
[Jackson, Ch. 15.7] s ;
 With 2 tops decaying at random times: total radiation is superposition of individual
contributions, including interference dlipp(@) Ny - Ny o
dQ (1 = p;cos 6))(1 — p;cos 6))
* Particle decays happen at random time with decay -
_ _ _ _ _ _ 2 . . i(ti—t-)t —Fti =87 —
distribution ~ dtT" e, averaging yields L Jdtldtf c e e T I
+ Full Result: di@) | _psin’o  _Fsind,
dQ (1 — fcos 0,)? T — fcos )
| 2r2 , I — p,p;cos 6, B sin’ 6, p;sin’ 0, e _ﬁ)‘
w? + 12 (1= picos@)(1 —p;cosd;) (1—picosh)* (1 —pcosb)> | 11




The (classical) Physics Picture — Interpretation

diw) | pPsin?6, B2 sin? 6, -

dQ (1—pcost)> (1 —pcosB)> w?+17

F2
I > 0

6), >>_ 212 |

dI(a)) \ '31.2 Sin2 ‘91‘ . 'sz Sinzgj
9 dQ  |(1-pcosf)  (1-pcosd)?
B b
- 2
o} I
| E~4GeV, ——~ol
; Q) +F
o2
O
(-
LL]

> 1
w <], i

dl(w) 5 1 - ﬁiﬁj COS Hz’j

7(9) (1 = picos6)(1 — p;cos b))

2(1 — picos0)(1 — picosB) (1 —pcost)> (11— picosh)?

................................................................................

1 — ;B cos 0, p, sin” 6, p;sin” 0, )

High frequency modes can resolve different
decay times |#; — t;| = O(1/T'),
incoherent radiation from particles 1 and j

Both terms become important, transition
region starts

IR limit, decays occur effectively at the same
time relative to frequency of radiation,

limit relevant for divergencies of virtual/real
corrections. 12



Soft 1limit of resonant QCD amplitudes

 Should as well come out of QCD amplitudes, include top propagator with
width/complex mass in current

b b [Jikia ’91]

v Ay ) [Khoze, Stirling, Orr '92

% W [Dokshitzer, Knoze, Orr, Stirling ’92.
" W [Khoze, Sjostrand '94

b i [Orr, Stirling 95

i P4 I
| pi-k qi-k ) (gF—(M—il'\/2)2) ((g;+k)? — (M — il",/2)?)

- 2 ) 242 (( . 2442
B} = pid: T 2ReBiBy] = _thf:_((pqu#g(qu() +2Tt#t2)#2
(pip;)(pjai)  (Pj@i)? (B a)? + mE#)((py a)? + ME#?)

" G Ok | Pi Gk N Pi Pk | Pk G

L _ Gp)Pxk)  @EPE)MPET%K)  EP)MPEP) (kP )P G)
+ emissions from ¢t

— suppressed close to threshold i



Soft L1mit of resonant QCD amplitudes cont.d

 Again, interference between tb and th dipoles changes radiation pattern
dependent on width

2m#E (0 G )(Pj Ok) + ME#Y)
(g a)? + me#)((py a)? + mE#)

G Ok , Pi Gk N Pi Pk , Pk G
@GR a)  EP)MPETK)  (PiE)(PcR)  (PxP (P G)

2ReBiB,] =

#

* Analyse close to threshold

2442 2442 2
. " . me#T (0 G )P Gk) + MEH]) " i T
PG B ek M (P G)2+ mE#E)((py )2 + mEHE)  EZf+ #¢ (2)

 Full emission kernel should be (only coll. to 1 parts):

a 2(pa) . 2(pipx)
(Pip)+(ap)  (Pip)+(Pcp)

2(pi px)

(Pip;) + (Pxpy) - @)

v/ (S:W)

Viie " (Pis By, Pk, G) = 8#P% $5 Ci

14



Width-aware parton shower radiation

* |Implement width-aware soft kernel in g P T \ | \ I
5|2 0175~ ALARIC (single emission) . Fd W —

Alaric [Hoche, DR "26] 0150 res-swidth T e s ev =

| o s e . -

« Stop shower after a single emission oa00- . Demissions £ =N -
(theory exercise to understand effectson | __ E
gluon emission pattern) o2 W,
o.ooofﬂ’ﬁ#*f"‘f'f — I 1 % — Hﬂ*f

» Single out emissions from b quark (not b): ¢ - :
» Strong suppression in anti-collinear  ° e { 5
hemisphere oo -~ s

P 5% o0f "ﬁf}

» Technically, further approximation related ~ ¢ ;3o === | |

to frame where energy is evaluated
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Including NLO contributions

 Parton showers approximate soft/collinear emissions

 Genuine QFT corrections in hard region need to be incorporated order-by-
order through matching

« Anatomy of NLO calculation: Virtual (V) and real (R) correction to Born (B) ME

separately divergent, regulate in d dimensions, introduce IR subtraction (S) and

their integral (/)

o= Jdcp,@ (B,+V,) + Jd(b(d) R = JdCID,(,f” (B,+V,+1,) + [dd)fj?l (R, S

n+l ntl

» Defining S, in n + 1 parton phase space requires arbitrary (!) kinematics map

17



Kinematics and Resonance Awareness

« Assume we have identified subset of momenta (py, p;) to
come from resonance:

 Dominant diagrams will contain propagator

L \2
[((Pw+l9b> _mtz) +mt2Ft2]

» Let b emita gluon py, P, = Pw»Pps Py :
can change propagator significantly,

b
unless py + pp = Pw + Dp + Dy E ;
(not satisfied in standard, local dipole schemes!) W

. . . +
* Well recognised problem, with several solutions / v
Jezo, Nason '15] [Jezo, Lindert, Nason, Oleari, Pozzorini '16]
Ferrario Ravasio, Jezo, Nason, Oleari, 18] [Jezo, Lindert, Pozzorini 23] .

Denner, Lombardi, Pellen, Pelliccioli '26]
Hoche, Liebschner, Siegert ’19]

18



. L . . Hoche, Herren, Krauss,
Alaric radiation kinematics oohe, Heen, Kase

» Before splitting:

colour spectator

................................................................................................................................................................

..............................................................................

K+p;=
k' — Nk
: 3 $ H ¢ s ~
[Catani, Seymour "97] A’MV _ g//;/ B w n 2K Ky - A”UI?” — KH

K- -K+ K2 K2 19



Alaric kinematics and Resonance awareness

* Similar kinematics previously explored in context of resonance aware showers

| [Hoche, Liebschner, Siegert ’19]
 Key observation: [Hoéche, DR '26]

. Kis arbitrary, momentum conservation implemented by ensuring b
K‘I‘ﬁl:K‘l‘pl‘Fp] t ’
-
. Identify K + p; as resonance, i.e. K = pwforp. = p, W+

 Preserving mass of resonance “for free”
(some care needed in partial fractioning of eikonal)

« For now assume resonance identification trivial (i.e. by charges in W W‘bl_9)

20



Subtraction based on Alaric kinematics

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

e Dedicated subtraction scheme based R —

on Alaric kinematics and splitting _ - . 8 *
[Héche, Herren, Krauss, Schénherr, DR ’22’ '

functions [Hoéche, Assi '23 C W ' n ‘ ]
[HOche, Krauss, Meinzinger, DR '26 % o h * 117 h | ‘
* Enables full MC@NLO matching in o '. '. L * S

Sherpa (so far for color singlet beams) T '. h g

e'd " hadrons @ s= 91.2 GeV T T -
— T 1T T 1 1T 1T 1 T 1T 1 T T 1 T T 1 -
3 100 — !
10 -1 -
= !
o 10° = = | | | | | | | |
e -+  Alaric S-MC@NLO ] 8 ! ° > 4 3 2 1
B HUR/2...2UR N log (!
107 = -+ Alaric PS —
- HR/2...2UR - e"e | njets @ 91.2 GeV | [pb] I 1 [pb] RS[pb] | ! RS[pb] | IRS[pb] | ! IRS [pb] | ! IRS/NLO
L | MR = §, Ynnt! 1> (10 GeV)Z/S
101 CS 5118.85 0.37 -1034.4 1.4 |  4084.45 1.4 0.1!
R R R R R RN I R R n=3 | ALARIC 5174.47 033| -1087.6 18| 4086.84 18| o
LA . CS-ALARIC -2.39+ 2.32
1.2 — CS 938.97 0.12 -94.45 0.73 844.52 0.74 0.5!
2 ok _ _.—_m:uh@ n=4 ALARIC 922.36 0.12 -79.75 0.70 842.61 0.71 0.5!
N CS-ALARIC 1.91+ 1.03
- - CS 46.1544 0.015 -2.341 0.058 43.813 0.060 1!
O ol b b b by [ n=5 ALARIC 44.6125 0.014 -0.857 0.067 43.756 0.068 1!
I 3.5 1'3.0 125 1 2.0 ! 1.5I 1.0 CS-ALARIC 0057+ 0.091
0910(Y34)




Width-aware matching 1n Alaric Hache, DR '26]

* As seen earlier, soft radiation pattern should look like this

oL

2(pi px)

V-(S’W) + 1 (Z)

2(pig)

_ DL P, = 8# 2!$ Ci
ik (Pi Py, Pk, G) U™ s L (pipi ) + (pep;)

(Pip)+(aGp)

2(pi P«

(Pip )+ (Pxp)

* Additional contribution N o272 Y (1 2)?
1K — I " "
: 1" 2)1*2' # np 4 11 2") (1! 2)2 + $2
to integrated soft kernel o (112) " &( ) ( y )3 ;
0 0
lili+ g h|Hq“|ﬁqi! hh+k|fi lilie ko 124 i
' 11
* Approx. related to frame where vz @rz? oppe, @ +1#) o)
: B ! ! 2 + &2 O} .
gluon energy Is calculated o 1! z(A! 22+ pg z2pi G
lpj q — (1 " Z)pi K + pi pj ! (1 n Z)ﬁ K e*ge!: C!365V\25+e\\//v,!pb§’: " | [pb] I 1[pb]| RS [pb]| ! RS [pb]| IRS [pb]|! IRS [pb]|! IRS/NLO
CS 0.08453  0.00004 -0.02185 0.00037 0.06268 0.00038 0.5
E 2 (G pi )2 (1" 2)2 ALARIC default 0.07293  0.00002 -0.00997 0.00029 0.06296 0.00029 0.4
I = J | = "(2) ALARIC res. aware 0.13134 0.00003 -0.06908 0.00048 0.06226 0.00048 0.6l
Ec+17  (Gp)2+ gty (1" 2)2+ 12 ALARIC res. + width aware 0.13472 0.00005 -0.07248 0.00037] 0.06224 0.00037 0.5
CSA defaul -0.00029+ 0.00048
Y0 | CS-Atﬁi:g rees?a\t/vare 0.00042+ 0.00061
| = qi2'_t_ CS-ALARIC res. + width aware 0.00044+ 0.00053
B K

22
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Resonance- and Width aware parton shower

. Consider WYW~bb production with

. L 10' 2 — I T T I T I =
fully leptonic decays > L
Q B ALAR|C S'MC@NLO + e! " e+ | l-'l! !qlbg |
T 3 =1 - default = géz 365 éZV |
* “true” measured top mass: JE 1051 res. aware T _
° - res. + width -
_ _ _ _ - aware | -
» Including full neutrino information, b - —-- NLO B i
. . 4l e LO =k '. _
jet reconstructed with Durham i o o -
L ehy | -
algorithm I ! ]
10° | =
» Large effects on top of NLO in tails, - -
both in default and resonant aware - )
10' 6 = —
matched showers :
B [ ‘ I ‘ [ ‘ [ ‘ I ‘ [ ‘ || 'I'.T."I-
100 120 140 160 180 200 220 240

* Only width-aware matching close to
NLO distribution

My = My g jet [GEV]

[Hoche, DR '26]
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Resonance- and Width aware parton shower

. Consider WTW™bb production with fully

— 00030171 T T 7T T TT T T T T T T T T T T T T T T T T T T T T T T T T T T T T

IeptOnlC deCayS iﬁ - ALAF\"IC S-I\/‘IC@NLC‘) ‘ g ¢ ‘ ‘ G-
5|5 00025~ —— default ot OE

= gm - - - a g &) _ res. aware S 2365 Gev 5 _

* Rapidity distribution of additional gluon 00020 res. +width Y23 Qag > 1 GEV" -
- aware .

jet 0.0015— = NLO ...____...?1\'\' —

* NLO and width-aware matching show R E
suppression in central region R E

o N R N NN R N B -

. . . O|0.0000= T T T r rrr [T T T
(independent emission from separate bs) =z ,~ ' ' L ¢

2 B B _

= - -

* Other showers produce coherent oF 17 i —— -
— < r —

radlatIOn frOm bb a't a” energles, Ieadlng < 0!4||||!‘3||||!‘2||||!‘1||||c‘)||||‘1||||‘2||||:‘3||||4
to strong enhancement Yot et

[Hoche, DR '26]
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Resonance- and Width aware parton shower

. Consider WTW~bb production with

fully leptonic decays 8 il -
* Visible reconstructed top mass: mass Sf210° L ALamic SMCENLO

—  Jefault
res. aware
res. + width

of lepton from W decay and wedf

reconstructed b-jet

 Same large enhancements as before,
now concentrated in high visible
mass talil

ALARIC S MC@NLO

0 25 50 75 100 125 150 175 200

mt(VIS) = my et [GEV]

 Non-width-aware showers would
predict significant distortion of shoulder
relative to NLO expectation

[Hoche, DR '26]
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sSsummary / Conclusion

* Challenges in keeping accuracy of simulations appropriate

 Width effects of internal particles

« Resonance aware matching schemes
» Width effects on coherence are crucial for accurate NLO matched simulation
 Next developments:

 |nclusion of non-relativistic effects

« Study of QED radiation

» LHC application of resonance aware matching for

* |.e. general Alaric matching for hadron colliders

* |mprovements in resonance selection

27



Resonance- and Width aware parton shower

. Consider WYW~bb production with

fully leptonic decays T
* Angular separation between 10° - ALARIC S-MC@NLO  Tf -
_ — default
additional gluon jet and W decay g Crlas el
prOdUCt V23 Qhag > 1G6V° ——. NLO
; 10!4_I [T ‘ 1T ‘ 1T ‘ 1T ‘ 1T ‘ 1T ‘
* Flat with respect to NLO for all 8 s =
shower/matching variants, but ? i e —
<_EI 0-5__I I | [ 1 | | | [ 1 | | | [ 1 | | | [ 1 | | | [ 1 | | |_

significant differences in rate for o0 o5 10 s 20 25 30
additional jet

[Hoche, DR ’26]
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