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Most Precise Top Mass Measurements Method

LHC+Tevatron:

Kinematic Fit
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What is mMC ? (Answer 1.0)

What does the question mean in the first place?

i : MC h
— It means that we can provide the relation — m; =~ = m;"°"(p

where dmseeme can be computed in pQCD to (at least) NLO

Qg scheme
)—i—#c?mh + ...

The issue is complicated as we must understand and control the interplay of
the different components of MC event generators

® Parton shower
® Matching
® Hadronization model

Direct measurements are based on the picture of a top quark particle

¢ Direct measurements are based on reconstructed top quarks on the top quark resonance
* Employed MCs (Pythia, Herwig) are based on the narrow width limit
®* MCs model QCD, hadronization and unstable particle effects & mM¢ = mass in propagator

—> mMCis close to the top quark pole mass m°e

Conservative statement: m,ltwc = m?"le + O(Ft, AQCD)

“Within a precision of about 1 GeV we can consider the top quark as a
physical particle with a rest mass which is close to the pole mass.”
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What is mMC ? (Answer 2.0)

There are 3 essential ingredients to resolve the problem from first principles:

1) At least NLL precise parton shower
2) Factorization compatible hadronization model

3) Observable with factorization of non-perturbative and perturbative contributions
and summation of large logarithms

Currently there is only 1 observable class where all 3 ingredients are available.
soft particles

Jet-mass based event-shape observables n-collinear \ fi-collinear
in e*e” collisions for boosted top pair :
production in dijet region:

— 2-jettiness, thrust, ... (decay insensitive, global) pemisphere-a femisphere d

QT
Hadron level: %9 (r.Q.m, om) = / ar 9% (T L om, 5m) Snoa(£)
dr dr Q *
0

\ J Shape function
Y .
Parton cross section

Smod (£) = Ni tre [(O][(Yn, )™ Ya,-](0) 6(6 — 1 Py — . Py) (Y] 4 (V5,4)71(0)[0)]

Workshop on Top Mass Measurements, Valencia, November 10-12, 2025



Boosted Top Eventshapes
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Angular ordered parton shower (Herwig)

Dokshitzer, Fadin, Khoze (1982)
Bassetto, Ciafaloni, Marchesini (1983)

— Coherent Branching algorithm (default Herwig shower):

5 5 o Catani, Marchesini, Webber (1991)
. . ~ q] + (1 — Z) my Gieseke, Stephens, Webber (2003)
evolution variables: z, ¢ = 5 5
22(1—2)
\\ ) q
probabilities from splitting functions >

and Sudakov form factors

color coherence of soft gluon emissions — angular ordering: 22 qz > qz+1

— NLL precise for jet mass based global observables

— analytic jet mass distribution (inv. mass generated from CB from one boosted quark)

% &~ hemisphere mass (does not account for out of cone radiation)

J(@Q% K* —m* m?) = 6(k* —m?)
Q* gg2 [ i @r m?(1 — z)* gL > Qo
+/o 7 / dz Pag [as (2(1 = )d), 2 m]0(d* -2 555

x [ZJ(szzaZ(kz —m) =2 (1=2)7) = J(@ K - mz)]
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Shower Cut Dependence

Dependence of the parton-level peak position from CB on the shower cut Qg

docb do<P Qo Qom1 Cros(Qo)
——(1,Qum, Qo) =~ (r + 167 — 8mS | T

Q Q?
large-angle soft / \

should be compensated by

hadronization corrections (self-energy absorbed into
generator mass)

Q,m,Qo=0>

ultra-collinear

Comparison to factorization formula with the same cutoff implemented shows:

® Coherent branching compatible with analytic factorization with Qg cutoff

® Ultra-collinear term implies that the generator mass is

mE®(Qo) = mE™ ~ 2 0,(@0) o

Ultra-collinear linear Qy-dependence cancels in the observable.

— Herwig’s default cluster hadronization did not have the proper Qqy dependence.

— An improved cluster model was developed
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(D) Factorization compatible hadronization model

AHH, Jin. Platzer, Samitz 2024.09856

Modified cluster hadronization mimics aspects of parton shower dynamics:

Cluster = color connected e hard scattering
quark-antiquark pair S - e (QED) initial/final
state radiation

e partonic decays, e.g.
t — bW

e parton shower
evolution

e colour singlets
e colourless clusters

e cluster fission

Forced gluon splitting:

AN

® Dynamical gluon mass distribution from N Cluster fission:

g — qq splitting == Qgtilde

* Kinematics in analogy to parton shower ® Cluster splitting from branching g — q g and
splitting g — qq == Qqtilde

* Kinematics in analogy to the parton shower

Model parameters can consistently

adapt to changes of Q In PS See also : Gieseke etal. arXiv: 2505.14542
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Old Default Model vs. New Dynamical Model

AHH, Jin. Platzer, Samitz 2404.09856

Massless quark production:

Shower cutoff dependence of first moment Q of migration matrix from
simulations for 2-jettiness — "MC scheme for hadronization correction®
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Old Default Model vs. New Dynamical Model

AHH, Jin, Platzer, Samitz

to appear
Default model Dynamical model
default model dynamic model
173.2 173.2
] ; 914700 1 t  91+700
91+1000 §  91+1000
. I 9147001000 ] i 911700 1000 Q, dependence
173.1 4 173.1 1 ex Be(cQte;j from
] ] m
% % | {Iilil | t )
O ) 1 el
1730 1 . o 17301 } i /
= | = |
172.9- 172.9-
172.8 . T T T T T T T 172.8 |
0.8 1.0 1.2 14 1.6 1.8 2.0 0.8 1.0 1.2 14 1.6 1.8 2.0
Qo [GeV] Qo [GeV]
Agreement within 50 MeV !
CB pole 2
mg - (Qo) =my — Zas(Qo)Qo . |
3 Improved independence on the input top
d 2 data used for tuning.
CB
A m 0) = — 5% (o

Workshop on Top Mass Measurements, Valencia, November 10-12, 2025




Old Default Model vs. New Dynamical Model

AHH, Jin, Platzer, Samitz to appear

Predictions from Qg-tuned MC
simulations: 2-jettiness
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Intermediate Summary

— Requirements to elevate mM® to a scheme (potentially generator dependent)

® (at least) NLL- precise parton shower
® shower cut Qg elevated to a factorization scale (RG flow)

® hadronization model consistent with factorization

— For global inclusive top jet-mass observables (e*e’) and Herwig (coherent branching)

erwi ole 2
my 7 = mi(Qo) = mP* = S0s(Q0)Qo + -

Depends on pycut used for coherent branching !

— This result should in principle be universal for all observables because the
self-energy correction from the ultra-collinear radiation is the same for all observables.
But this should also be demonstrated explicitly.

® top decay sensitive observables «—— | Next step to be explored:

® non-global results Beyond the narrow width limit

¢ other parton showers
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Including Semileptonic Top Quark Decay

Regner, AHH, 2507.17672

> bltu, + X' » Boosted top-antitop production
e~ et sy * 7 « semileptonic top quark decay, antitop inclusive
» b-jet: all hadrons in top-hemisphere
« Measurement of hemisphere masses M; and M;
Double resonant kinematics i.e. Mt/{ My

do do

\

dMgdM? " AMZAMZAX @ hadron level

« X constructed from lepton and b-jet momenta
» Hierarchy of scales

Eem = Q > my 2> Mb—jet > Mt/f —my ~ 1y

Endpoint region:  Mp_jor ~ m'y < my

Four distinct QCD radiation modes (no interference)

7"‘L - \ « ultracollinear radiation (top)

R

i',—, (inclusive)

» large-angle soft radiation

* hard-collinear radiation (b-jet)
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Global context of the new factorization formula

Inclusive dijet factorization (top resonance)

dQO- Q — Ft >k — Ft >k — —
Tz = o0 Ha(@ o (me, %) [ artat g (sio €4) T, (55 =000 ) Shomt, )
Inclusive semileptonic B-decay (endpoint region)
- 4G R\ 2 -
dF(B — Xueﬂﬁ) — dH2 dH3(pB;p€7pVe7H) (TQF) |Vub|2 Luu(pﬁapw) W,uy(pB’ q)

WH (v, pB,q) = Hi" (¢,v,mp) / A0t T (H™ (mpd A0 T—GT—0)) Senape (07, 1)

Inclusive semileptonic B-decay (endpoint region)

d3o .
I = 0 /dH2 AT (M; = mevp + k*; pes ugs H) 8(X — X (M, pe, pyy, H))
t t
€ 4 T g Ug v
Vip|? L y o IK WPH(n,v, k,

Wo(n,v, k) = Ho(Q) Hon (me, ) HI (g = pe +pyv.m)
t

X /dfJr de—det Jgi_ (s% — Q€_> Shemi (€1, 47)

me
. A A N . B sy Q ST oA
X I (H (mtvi_q+_€+)> Sucs (U;{z_v Un 7727 ?t_ﬁf—i_’ §t7€+)
t
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Global context of the new factorization formula

Inclusive dijet factorization (top resonance)
d?o
ded]Wf2

~ Hg X Hy X J5 ® Shomi ® J5!

Inclusive semileptonic B-decay (endpoint region)
dT(B — X, lvy) = dPS x G% x L, x WH

WHY ~ Hd X Sshape X Jn’

Semileptonic decay of boosted resonant top (endpoint)

@o ~ dPS x LY x GpoJu x WK '
th2dM£2dX |q2—M€V —+— ZMWFW|2 fﬁ (inclusive)

WP ~ Hg x Hyp, x HJ" x JE;E ® Shemi @ Sues @ I

» Merges dijet and inclusive semileptonic meson decay factorization
+ “Fermi-motion” of decaying top fixed by hemisphere mass measurement

» Leading power hadronization effects & summation of large logs (Q, my, 'y)
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Global context of the new factorization formula

Inclusive dijet factorization (top resonance)

d’o Hg x Hy, x J5 ®JF
~ m - :
d?\ffd?\ff Q B; B,

Inclusive semileptonic B-decay (endpoint region)
dT(B — X, lvy) = dPS x G% x L, x WH

WH ~ Hy ><® T,

Semileptonic decay of boosted resonant top (endpoint)

@o ~ dPS x LY x GpoJu x WK '
dMEdMEQdX |q2_M‘%V —+— ZMWFW|2 fﬁ (inclusive)

WPH  ~ HQ X Hm X Hg,u X JE; ®® Sucs & Jn’

» Merges dijet and inclusive semileptonic meson decay factorization

+ “Fermi-motion” of decaying top fixed by hemisphere mass measurement

« Leading power hadronization effects & summation of large logs (Q, my, I'y)
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Bases of Factorization

Four distinct QCD radiation modes -

* ultracollinear radiation (top)

— different modes do not interfere
* large-angle soft radiation between each other

* hard-collinear radiation (b-jet) _

///

e’

v

— Separation of modes in QFT
¢ Soft-Collinear Effective Theory — SCET (hard-colinear and soft)
® Boosted Heavy Quark Effective Theory — bHQET (ultra-collinear)
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Factorization Derivation

do
— Step 1: Factorization as for AM2dM2
t Ay

res.

do = 3(2m)*6@ (g —Px) 37 Lk, (0] JE(0) |X) (X| T4, (0) |0)

X 1=v,a
QCD — SCET: ‘725%,7;(0) = Co(Q) ~7¢/:LSCET(O) ) \Z;l,LSCET(O) = [Xn SL,JF I} Sa,— xal(0)

SCET — bHQET: 7y (0) = m(mt,n%) Tonaer(©0): Tonaer(0) = [hy, Wi Y1 TEY, - Wrin, )(0)

1,

Fierz + M? = (myvy, + kp 4 ke a)?

measurement function
Mt_2 = (mtvn + kﬁ —|— k37b)2

d?o . Q + 19— Ty [ % Q + Ty [ x Q ,_ + -
thszg - UOHQ(Q) Hm(mt,ﬁt) /(M d/ X‘]Bt (Stﬂt(stwg )Shefi<g A7)
Only top ultra-collinear jet Large-angle soft radiation
function needs to be insensitive to top decay.

considered further
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Including Top Quark Decay

— Step 2: Generalization of inclusive jet function adding the top decay (top rest frame)

S 6 (g vtk Py T (O] (W51 ) (0) 1) (X (y W) (0) 1)

Tt (kT k) = ——
Bt( k) 81 N.my %

Implement top decay = [€Tve) | X5)
final states and SM
decay operator via T- T[BUW)L‘f_](O) — /d4z1 T Or(z) [BUW,}jf_](O)
product
_AGr M2, Guo _— .
Or(z) = \/5 Vib M2 —q2—iMy Ty [(bA*Prt) (e Pr )] ()
Match SM decay 3
operator on (b)HQET (b Prt)(0) =) Cj(m ) [ Yo T by (2)
7j=1
e \* Gpo G
dJLt (k1 k™) = Vip|? dH? dlI3(My; pe, pu,, H) LY y po I1Y WPk k
Bt( ) ) (\/5311;) | tbl 3( tsPesPuys ) (pévp e) |q2_M5V +Zerw|2 (TL,U, 7Q)

WPt (n,v, k,q) = H*(q,v,my) /dl%:/ Akt s(mp+ k=G —kt ) T (H7EL) Sues (V2 BT 4+E7EL)
novel factorization function
(soft radiation in top rest frame)
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The Ultra-Collinear-Soft-Function

Describes coherent soft radiation in boosted top‘s rest frame

® Sensitive to top production, propagation and decay

® Gauge invariant . : 2=
9 — contains non-factorizable contributions

® Non-local +
. _ * Dependson @*, n'" vt o=k
Can be computed perturbatively — dependence on frame-dependent b-jet emission angle
at =a.n'  (bjet direction) 5 2
l e
. 1 . . n-n
Sues(20 - k,a7) = ——— ST — K7 /d4z dtz; etF(z2=21)
CS( ) 87TNcmt % ( XuC) ! ' top propagation

(O LW (o, V5] (22 (o, V(Y )(0) [ X Xae T LY (R YO (o, )5 (W )" (1) } o)

AN 7
~~ -~

top decay top production
qui' ! uc,‘r - u _| T

Yn’7+ : YT;I,(:/ Yn',+ : Y7;1,(:_ Yn/c : YT;I,C YuC | Yuc
I I | I shape-function
E i E i type diagrams
I I | | bUt Oﬁ-She”)
| — [I—

— - — -
R > vl v vl v Vol v

S
a
i@w@/@.
s,
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The Ultra-Collinear-Soft-Function

Describes coherent soft radiation in boosted top‘s rest frame

® Sensitive to top production, propagation and decay

® Gauge invariant . : 2=
9 — contains non-factorizable contributions

* Non-local +
. _ * Dependson 7t n'", vH kT =k.n
Can be computed perturbatively — dependence on frame-dependent b-jet emission angle
at = a.n’  (bjet direction) 5 2
l 7=
5 1 N , n-n
Sucs(QU -k, d+) — &TN—CW Z(S(d"‘ _ K}Euc)/d‘lzl d421 elk.(22—z1) X |
Xuc top propagation

o O L), )51 22) [, (Y 0(0) b XM X DIV (o, JAIO) o, )5 (W2)](21) 10)

AN

top decay top production

N LA\

— —

non-factorizable Feynman diagrams
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Hadronization corrections

The large-angle soft momenta contribute to

® hemisphere mass
® b-jet

This implies an entangled and angle dependent form of the convolution

involving the large-angle soft radiation function for the top hemisphere.

d%o
thQde

— 00 Ho(Q) Hy (mt, Q) / et de-x gk (s;:u;ﬁ) 5 (stf—v;;z—) Shomi (01, €7)

my (| ]

|

~ HP" /d@*] (H (my—g+—%)) S ( 2 Qpr 50 Q. e+>
d n t ucs\ 7V 5 St my ) 9 ’Yth

® The hadronization corrections from the hemisphere soft function S, affect the
hemisphere mass and the b-jet

® We have calculated NLO corrections to the ucs function. All other FO ingredients
are known to at least 2 loops, all anomalous dimensions to 3 loops.

7 niversitat
.~ wien
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First Numerical Results

® Resummation of logarithms and implementation of hadronization effects are very
involved due to the complexity of the convolutions.

— NLO fixed-order results for the b-jet lepton invariant mass
do (me+AM;)? (me+AM)? d3o

= dM? dM?
dM;, /( t

(AM;)

my—AM,)2 (me—AM;)2 t thsztngjbg

NLO,sing NLO,sing

Q = 700 GeV, mP°® = 173 GeV, AM, = 10 GeV

0.012f ' I
0010} T Tree-level 1 — Tree-level
— Tree+NLOsing (1 = My) T ootof — Tree*NLO:ing (b= Mw)
. — Tree+NLOgjng (4 = my) Iarg Iogs E — Tree+NLOsing (1 = my)
T 0.008 . =
% Tree+NLOsing (1 = 2my) 3 0008} Tree+NLOgjng (1 = 2my)
o, T
% 0.006} .
S = T 0.006
o S|s
=i <3
= 0004 ~[2. 0004}
> m_%. =~
- E‘; a
2l =(32
~| g 0002t . =55 0002
0.000 N 000 = /
0 150 50 00

100 1
M;,e (GeV] M;ye (GeV]

 Resummation of large logarithms is essential
» NLO effects in the endpoint regions due to corrections of the hemisphere
resonance mass (M;) and the b-jet mass (Mp.er).
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Summary and Outlook

® The top mass in MC generators can be elevated to a renormalization scheme if
» parton shower is (at least) NLL precise
» shower cutoff Qg is elevated to a factorization scale
» hadronization model is compatible with this factorization
» hadron-level factorization for the observables available for scrutinize MC
® For Herwig (angular ordered PS + cluster hadronization model) this blueprint has been
worked out for fat top jet invariant mass distribution and top dijet event shapes

Herwig

i = P (Q0) = P — 20, (Q)Qo + -

* We have extended the factorization for fat top jets adding inclusive semileptonic top
decay which allows us to extend these studies to observables such as decay My et epton
® Upcoming work: » analysis of non-factorizable QCD corrections
» summation of large logs
» analysis of shower cut dependence
> tests of Herwig shower and hadronization model
> spin-observables (— principles applicable also to toponium)

® Future directions: towards observables suitable for LHC (e.g. non-global)
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Old Default Model vs. New Dynamical Model

AHH, Jin. Platzer, Samitz to appear

Cross check: apply top mass calibration to determine m“8(Q)

-2 -1 0 1 2 0.5 1.0 15 2.0 2.5
| Q0-1.00GeV | e ~0.43+0.14+0.19 (5.9¢5.6) —— 119+ 0.17 £0.05 (5.95.4)
— e -0.47£+0.19+0.14 (4.443.7) —e 1.19+0.13+0.05 (4.3:3.5)
@ 2jetti _ -0.44£0.18+0.16 (5.75.3) e 1.17 £0.19 + 0.06 (5.75.2)
o sm _ [ -049:0.11£0.16 (5.5£5.0) : @ 137+014£005 (5.65.1)
® mM PSR I NS -0.53+0.07+0.12 (3.843.7) i @ 1.38+0.16+0.03 (3.843.7)
° World -0.46 + 0.09 + 0.15 (5.2+4.8) — @ 1.37+0.14 + 0.05 (5.324.9)
I Q0=1.25GeV | —e average -0.32+0.14 £ 0.24 (10.08.5) ' % ® i 1.12+0.16 £+ 0.08 (10.0+8.3)
e error -0.37£0.19+0.20 (7.045.0) —e— 1.13+0.13+0.07 (6.9:4.8)
— e _ -0.35+0.18+0.21 (9.0+7.1) Ay e 1.1140.18 £ 0.07 (9.07.0)
— -0.37+0.13+0.23 (9.3+7.8) *41\M0/average . o 1.31+0.14 + 0.08 (9.4:7.8)
° -0.45£0.08+0.17 (6.245.1) from © e . 13410151006 (6.2¢52)
—e -0.38+0.11+0.19 (8.316.6) mlgratlop o 1.32+0.14+0.07 (8.36.6)
default I Q0=1.50GeV | e -0.36:0.16+0.30 (14.2¢11.9) matcls.—e— 112+0.17 £0.11 (14.212.1)
model —e— -0.41:0.1910.27 (9.8£6.7) —e— 1.1540.13 £ 0.09 (9.746.6)
° ~0.38+0.18+0.28 (12.9+10.1) ——e— 1.13£0.18+0.09 (12.8£9.9)
Py ' ~0.40+0.14+0.28 (13.4:10.9) | | P *— 1.32+0.14+0.12 (13.5:11.0)
e -0.49 £+ 0.10 + 0.26 (8.946.8) 1 _— 1.37+0.15+0.08 (9.0+6.9)
— -0.40 £ 0.12 £ 0.29 (12.0£9.1) | e 133+015£0.12 (12.1:9.3)
I Q0-1.75GeV | — e -0.50 £ 0.14 + 0.40 (17.5£14.0) e 1.26+0.19£0.11 (17.3:13.9)
— e— -0.52£0.20£0.35 (12.6:8.1) e 1.26£0.14£0.10 (12.5:7.9)
— o— -0.50 £ 0.18+ 0.36 (15.7¢11.5) i P 124+020+0.11 (15.6:11.3)
; PY ' -0.57£0.15+0.38 (16.3£12.0) | ! @ 145:0.16+0.10 (16.4%12.2)
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|def-(700) | P -0.53£0.12+0.36 (14.6+10.1) } @ 1.44+0.16+0.10 (14.8+10.3)
2 1 0 1 2 0.5 1.0 15 2.0 2.5
mce(Qo) - Muc [GeV] Q;,c8(Qo) [GeV]
Default: mMC incompatible with m8(Qy) Dynamical: mM° compatible with m{B(Qy)
First moment of migration matrix with |arge First moment of migration matrix with smaller
variations, Qo_evo|ut|on not visible variations, Qo-evolutlon clearly visible

Workshop on Top Mass Measurements, Valencia, November 10-12, 2025



Old Default Model vs. New Dynamical Model

AHH, Jin. Platzer, Samitz to appear
Cross check: apply top mass calibration to determine m“8(Q)
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° ~0.11:0.21+0.19 (9.6:7.2) - P 1.1140.15+0.07 (9.9:7.8)
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2 ] 0 1 2 0.5 1.0 15 2.0 25

mca(Qo) - Muc [GeV] Q,c8(Qo) [GeV]
Default: mMC incompatible with m8(Qy) Dynamical: mM© compatible with m“%(Q)
First moment of migration matrix with large First moment of migration matrix with smaller
variations, Qg-evolution not visible uncertainties, Qg-evolution clearly visible
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Old Default Model vs. New Dynamical Model

Tuned parameters for Qo-dependent tuning analyses (apart from mM°)
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Old Default Model vs. New Dynamical Model

AHH, Jin, Platzer, Samitz arXiv:2404.09856

Shower cutoff Q, minimal x?-values obtained in the tuning fits
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