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Most Precise Top Mass Measurements Method

LHC+Tevatron: Direct top mass measurements
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quark particle § 1'53 ..................... ‘ —— l+jets, PRD 93(2016)2004 e PreCiSion Of MC f?
Determination of g i 6 Meaning of mMC ?

the best-fit value of 0.5F

the MontE-CarIo of < A m;~ 200 MeV (projection)
toppglrJaar;eE[g?SS Run1 Run 2+3 HL-LHC

— Alternative option: use EECs as new observable that can be computed
Holguin, Moult, Pathak, Procura, Schofbeck, 2407.12900
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What is mMC ?

What does the question mean in the first place?

i - MC h
— It means that we can provide the relation ~ m; ~ = m;™*"*(u

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

) + aS(:u’) 5mscheme 4o
T

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 quark decay products
* Employed MCs (Pythia, Herwig) are based on the narrow width limit
®* MCs model QCD, hadronization and unstable particle effects & mMC¢ = mass in propagator

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

Conservative but insufficient conclusion: mMC = mP°° + O, Aqep)
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What is mMC ?

There are 3 essential ingredients to achieve a more rigorous and definite answer:

1) At least NLL precise parton shower

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

. . . . . Platzer, Samitz, AHH, 2404.09856
3) Factorization compatible hadronization model

— also relevant when estimating NP effects from MCs

The crucial MC property that fixes the meaning of mMC is the cut-off
prescription of the parton shower Platzer, Samitz, AHH, 1807.06617

— cutoff Qg is a factorization scale at the interface to non-perturbative effects

— fixes the renormalization scheme of mMC as it affects soft radiation in the
top quark rest frame (treatment of virtual versus real soft radiation)

Currently there is only 1 observable class where all these aspects are understood

soit particles

n-collinear n-collinear
Jet-mass based event-shape observables \ /
in e*e” collisions for boosted top pair ff —— s
production in the dijet region: —

hemisphere-a hemisphere-b

— 2-jettiness, thrust, fat jet mass ... (decay insensitive, global)

— Limitations of the narrow width limit do not play an important role
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Boosted Top Eventshapes

Factorized cross section (uses effective theories SCET, bHQET):
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§ : ] known at N3LL order Fleming, Mantry, Stewart, AHH (2007)
Y o s iso Bachu, Mateu, Pathak, Stewart, AHH (2022)
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Hadron level:  Shemi(¢7,£7) = /dkjL dk™ Shemi (0T — kt, 07 — kT )F(kt, k)

?
partonic soft function shape function
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— only large-angle soft radiation is sensitive to linear NP power corrections
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Monte-Carlo Top Quark Mass

Dependence of the parton-level peak position from CB on the shower cut Qg
Platzer, Samitz, AHH, 1807.06617

d’ ’ ’ ’ d; 4" ’ ’ ’

Q Q?
large-angle soft / \

should be compensated by

hadronization corrections (self-energy absorbed into
generator mass)

ultra-collinear

Comparison to factorization formula with the same cutoff implemented shows:

® Coherent branching compatible with analytic factorization with Q, cutoff

® Ultra-collinear term implies that the generator mass is
erwi ole 2
my M = miP(Qo) = mi” — 20.(Q0)Qo + O(af Qo)
Ultra-collinear linear Qo-dependence cancels in the observable.

— Next logical steps: * top decay sensitive observables +——

(Result universal?) ®* non-global observables

¢ other parton showers
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Including Semileptonic Top Quark Decay

Regner, AHH, 2507.17672
n , * Boosted top-antitop production
[ P o+ X « semileptonic top quark decay, antitop inclusive
e"et —t* « b-jet: all hadrons in top-hemisphere
« Measurement of hemisphere masses M; and M;
Double resonant kinematics i.e. Mt/g R My

do do

\

dMZdM? " AMEANMZAX @ hadron level

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

Eem = Q > my > My jey > Mg —my ~ Ty

« Endpointregion: = My jet ~ m 'y < my

Four distinct QCD radiation modes (no interference)

« ultracollinear radiation (top)
« large-angle soft radiation ~ contribute to b-jet

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

Inclusive dijet factorization (top resonance)

o Ho % Hy, x Jr ® St
dM2AM?2 @7 Hm B S Be

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 L7 x Joo Juuv x WPH ¥

WPH  ~ HQ X Hm X Hg,u X JE; @@@ Jn’
l )

» 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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Factorization Modes

Regner, AHH, 2507.17672

(q37 AlsL)

my L
g <1 <l eTe™ frame top rest frame virtuality
7
n-ultra-colllinear (top) gl T(me Q q kn ~T(1,1,1) r
L AUCH n Q' my’ UB, ~
(ho, s An™") ~T(1,1,1)
A-ultra-colli tit m?
n-ultra-co 1nei£,£anlop) k’—”NI‘(n%,%,l) k“NP(T,jz,1> pp, ~T
(h'Uﬁ7 Aﬁ )
n/-collinear (b-jet) u ( r T )’
yemy | =—, 1,4/ ~ y/m;l’
(fnl, AZ,) pn t mi mi ,LLJ t
- Kt ~ r(l mg mt)
large-ang. hemisphere soft K2~ I‘% (1,1,1) ' 020 Q g ~ %I‘

— 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}? = (myvp + kp + ks.a)?
measurement function

Mt_2 = (mtvn + kﬁ + k37b)2

d20' . Q + — Iy *
T o0 Ho(Q) Hm(mt,ﬁt)/dé A= xJ5: (st_
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 (by" Ppt)(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

Regner, AHH, 2507.17672

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 matrix element » Bt = ko
. _ ®* Dependson 7n*,n'", v* -
Can be computed perturbatively — dependence on frame-dependent b-jet emission angle
at =a.n'  (bjet direction) 5 2
| e
1 Z - A qd k(1) e
Sucs(Qv kat) = ——— é(a" — K )/d 21 A%z e 1F2 TR ¢
SWNCmt uc top propagation
X (O IV, )51 22) [, Y OV 1(0) b Kl Kool DY L (R )EO) [, V(W )] (21) 10}
top ?{ecay top prgauction
Yool vue Yool e Yool v Yool v
S I I I I shape-function
I l I l type diagrams
L L I I (but off-shell)
gauge uc-i-_l -|-_\ _l _\
cancellatigns Yoy v Y Yol Y vl Y vl I
Y RRAVZIIRVRY A 4;9@9,@@;&

[ — [ — [ — [ —
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The Ultra-Collinear-Soft-Function

Describes coherent soft radiation in boosted top‘s rest frame Regner, AHH, 2507.17672

® Sensitive to top production, propagation and decay

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

¢ Non-local +
. _ ® Dependson @* n'" v* kT =k.n
Perturbative: computed at NLO — dependence on frame-dependent b-jet emission angle
at =a.n'  (bjet direction) ) )
l it
) . ) | n-n
clio 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

.

uc,
yue!

L7\ L\

— —

non-factorizable Feynman diagrams
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Hadronization effects, renormalization, RG

W

&t

The large-angle soft momenta contribute to

hemisphere mass & b-jet momentum

This implies an entangled and angle dependent form of the convolution

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

¢ \
— 00 Ho(Q) Hy, (mt, Q) / et de- < J5; (s;;—v;ﬁ) 5 (s;f—vge—) Shemi (01, €7)

d2o
thszEQ

my \ J
2
l A//Fy2 |
+ n-n

~ HPH )+ n’ f{_ s ucs 2 *_Qe—i_ é—i_ Si_ie—i_
J /dﬁ o (H ™ (my—¢ f))s (’V’St My ” T 2 y2my )

® The hadronization corrections from the hemisphere soft function S, modify the
hemisphere mass M; and the b-jet momentum

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

® Consistency condition connects Zgcs 10 Zgnaperct@and Z,g; but in a more involved
entangled convolution.

®* RG evolution factors known at N3LL but enter in a non-standard way in cross section
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First Numerical Results

Regner, AHH, 2507.17672

® Resummation of logarithms and implementation of hadronization effects are very
involved due to 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 dMngt—Qdebg

NLO,sing NLO,sing

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

0012} ' I
0010} T Tree-level 1 — Tree-level g
— Tree+NLOsing (1 = My) T ootof — Tree*NLO:ing (b= Mw)
. — Tree+NLOgpg (1 = my) large logs E — Tree+NLOypng (1 = my)
T 0.008 i =
% Tree+NLOsing (K = 2my) 3 0008} Tree+NLOging (1 = 2m;)
% 0.006} .
S = T 0.006
=) S|s
B ©|3
= 0004 ~[2. 0004}
> mg =~
- E‘; a
2l =(32
~| g 0002t 1 =|EE 0 p02}
-
0.000 \ 000 F /
0 150 50

100 160
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 the b-jet mass.
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Summary and Outlook

®* We have extended the factorization for inclusive fat top jets adding the inclusive

semileptonic top decay which allows us to extend these studies to observables
such as decay My et jepton

® Upcoming work: »

® Future directions: »
|

>

analysis of non-factorizable QCD corrections versus the narrow
width limit

summation of large logs

analysis of shower cut dependence (off-shell vs narrow width)
tests of Herwig shower and hadronization model

towards observables suitable for LHC (narrower b-jet)
off-shell effects in top-spin observables
ultrasoft effects in semileptonic decays at the top threshold

5

7% universitat
s wien
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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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First Numerical Results

Regner, AHH, 2507.17672

® The factorization formula is applicable in the lower and upper endpoint region

® Non-singular need to be extracted from NLO off-shell calculations

— NLO non-singular corrections for the decay of an on-shell top quark

t — Tree-level
0.015- — Tree+NLOgng (4 = My)

— Tree+NLOgjng (1 = my)
Tree+NLOgjng (1 = 2my)
| — NLOnon—sing (1 =Mw)

N

= % 0.010r

% % — NLOnon-sing (K= my)

o|8 NLOnon—sing (b =2my)

~ [

» |3 & 0.005
Q= .
Y=
4.3

i —

0.000

0 I I I ' 5IO I I I I 1(I)0 I | I ' 150
Mjbg [GeV]

* Non-singular effects are expected not to be important to correctly quantify
parton shower’s cut-off effects.
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Ultra-Collinear Soft Funktiion at NLO

1 1
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