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Pseudo-bound “toponium” revival

CMS Collaboration, Rept.Prog.Phys. 88 (2025) 8, 087801
(2503.22382 [hep-ex])
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ATLAS-CONF-2025-008, similar approach,
UEXCESS — 90 :l: 13 pb

Torbjorn strand Top Threshold Revisited



Prehistory: the third generation

1973 CPV with 3 quark generations, M. Kobayashi and T. Maskawa
1975 7 lepton, SPEAR at SLAC, M.L. Perl et al.

1977 T, E288 at Fermilab, L. Lederman et al.

1978 T — ggg, PLUTO at DESY

1978 (ca) "most” theorists expect m; ~ 15 GeV since

m. 1.6 my, 5.0 my 15.0
— =~ — 3 —r—=3 => —x~—=3
ms 0.5 " m. 1.6 m, 5.0
with narrow tt bound state decaying to ggg (and 7*)
1979 — top exclusion gradually shifts upwards, notably PETRA at DESY
1984 UA1 at CERN finds top at m; = 40 GeV

1987 B° — B° oscillations at ARGUS at DESY implies massive top;
notably toponium (if any) mainly decaying weakly

1994 top evidence by CDF at Fermilab; 1995 discovery by CDF and DO
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Early top threshold studies — 1

I. Bigi, Y. Dokshitzer, V. Khoze, J Kiihn, and P. Zerwas,
Phys. Lett. 181B (1986) 157:
my > 125 GeV = tgecay < trevolution for tt state, and yet e.g.

72 T(0;" — gg) [Tdﬁ]
dr og

p— 0"+ X)~
o(pPp/pP = 05" + X) ~ oy e

V.S. Fadin and V.A. Khoze,
JETP Lett. 46 (1987) 417

(4 Yad. Fiz. 48 (1988) 487):
Green's function approach for
ete™ — ~v*/Z° — tt threshold.

Figure: my = 140 GeV,
dash-dotted Born, solid g = 0.150,

dashed as(Q? = my\/E2 +T?2)

Top Threshold Revisited



Early top threshold studies — 2

P. Nason, S. Dawson, R.K. Ellis,

e : -
Nucl.Phys.B 303 (1988) 607: ‘EL \ . LLTE?ZJ?
NLO calculation of . E o j
heavy flavour production; YA ]
note threshold enhancement E \ 1
(and my, = 40 GeV) : \ 1

. S—— e

First (?) detailed studies of top threshold in pp/pp,

including pseudoscalar “toponium” contribution:

V.S. Fadin, V.A. Khoze, TS,

proceedings Moriond 1989, Z. Phys. C48 (1990) 613,

(+ V.S. Fadin, V.A. Khoze, Sov.J.Nucl.Phys. 53 (1991) 692).
Unfortunately for my = 100, 140 or 200 GeV, so update needed.

Since then many other studies, quite likely more sophisticated,
see further presentations today.
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Kinematics and colour factors

m; ~ 172.5 GeV on-shell mass,
't =~ 1.34 GeV Breit-Wigner width,
m¢1 and my, Breit-Wigner-smeared t and t masses,

2 2\ 2 2 2 [ —2
m m m m m
S 3 s 3 S

which defines the “average” mass m; to preserve |p| in the tt rest frame.

Colour factors for gg — tt:

octet _ (d°/\/2)> 5

singlet — (§ab/\/3)2 2

i.e. gg — tt is 2/7 singlet and 5/7 octet, while qq — tt is all octet.
Higher-order processes like gg/qq — gtt could enhance singlet fraction,
and switch from pseudoscalar 0~ to vector 17 ~.

Top Threshold Revisited



Coulomb enhancement

QCD analogue of QED Sommerfeld, Gamow, Sakharov, ...

I )=

All-orders resummation of gluon exchange gives
__ X
1 — exp(—X(s))

4 o

T34

With X(s)
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NRQCD Green's function (Fadin & Khoze)

~ 2p p2
GOE) = 368 (0,00 = P2 4 2% arctan 2

( ) mt E+/F( ) my my P

2
2p2 1 TePon + 2 (nQ\/E2+F§+%1)
T /
t p=1 (E+mn2> +Ff

. 2pg p2
CO(E) = 2360 - (0,0) = 2 4 ZP8 qrcan £2

(E) 2 E_,_,rt( ,0) = m; + oy arctan P

t

20} mtpz
+ )
m; ,,Zl (np1 — ps)? + n?p3

2
where ps = gmtas ,
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The singlet channel G()(E)

1990: top not yet found, so results for m; = 100, 140 and 200 GeV.
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Note values at the time: [y = 2.5 GeV for m; = 200 GeV,;

5
ASQ%D =

0.2 GeV = ay(m3) = 0.134.
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The octet channel G®)(E)

1990: top not yet found, so results for my = 100, 140 and 200 GeV.

1990:

2025:

c
S
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Note values at the time: [y = 2.5 GeV for my = 200 GeV;

Aot = 0.2 GeV = ay(m3) = 0.134.
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Singlet and octet channels for current top mass

0.8
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- - ! E '
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0.14 ./' : H —-- singlet Green's function
/4/ ! /// —-- octet Green's function
Eo—— = 0.0 /=== : - , ,
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m; = 200 — 172.5 GeV Green's only reliable near E = 0:
. y
M =25 — 1.34 GeV e.g. dampen to 0 between
. . ,

as(m3) = 0.134 — 0.118 E = —10 and —20 GeV.

with 1 — 2 order running. What about large E?
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Corrected threshold

In FK Green's functions, E is With @‘(5,8)(5) N (:'(5,8)(EG(E));
nonrelativistic limit of m;32:
1.0
N m + 2mt
E = (m — 2mt) O — 0.8
m+2my _ A
A 2 2 z |
5§—4m m 5
= = t X My 1—47 EOA6< l
m+2m; $ = !
o
© 044 | 5 -
so define “Green” Eq accordingly — © | Va gt coulomd
-' /'/ —-~ singlet Green's E
“ 0.2 , / —-- octet Green's E
EG =m— M1 — M2 | -—- singlet Green's Eg
. 2 ‘//‘ { octet Green's Eg
- mt ((1 - rl - r2) - 4r1 r2) OAO—Z-O"- 0 2‘0 4‘0 6‘0 8‘0 100
E (GeV)

with rp = miy /8 and r2 = mi3 /5. \yith damping for E < —10 GeV.
Intended to work also for 3% < 0!
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What does E < 0 mean for events?

In the Green's function I is a parameter,
but t/t Breit-Wigner (BW) mass smearing is not explicit (but ...).
And the fate of a below-threshold state is not detailed.

In a complete description — like in an event generator —

the above-threshold part is straightforward: pick events according to
BW(t) x BW(t) x PDF(x;) x PDF(x2) x ME x PS x G(Eg)/B:
(PDF = parton distribution, ME = matrix element, PS = phase space).

Does not work for E < 0, where phase space is vanishing naively.

But an E < 0 pseudo-bound state decays by the weak decays of t and t.
A theorist’s detector would reconstruct m}; and mj,

where my; + mj, < my1 + my so that E' = M — mj; — mi, > 0.

= the E < 0 states are never detectable as such,

but show up as a component of the BW with lower average mass.

So ideally correctly modified BWs would solve it, but no such known (?).
How handle in practice?
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The four-mass “hybrid” solution

1. BW-pick my1, myo.
254 Born )
I 2:::2?:8 ,/,,_.4--"‘ 2. Pick m > my1 + myx — 20 GeV.
o ’ 3. If E <0 BW-pick m{; < my,
/ /
~ miy < myg2 such tha’E E" > 0.
3. 4. 1f E > 0 weigh by G(Ec)/B:,
g else by “hybrid” G(Eg)/A..
8 101 Advantages:
realistic E, i, mi;, m, and j3{
i distributions.
ool —. Disadvantages:
-10 -5 0
ad hoc m{; and mj, selection,
Full simulation pp at 13 TeV, affecting £ < 0 weighting;
300 GeV < i1 < 400 GeV. tiny mismatch at £ = 0.

gg — tt 2/7 singlet, 5/7 octet. o(E < 0) =6.76 pb.
qq — tt all octet.
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Kinematics distributions — 1

Invariant mass of t + t pair: Ditto, but all masses > 200 GeV:
—_ 's all i —— Green's all

251 __. g:::-ZZ<o 25 ——- Green'sE<0
2.0 2.0

S =

> ]

v & ]

2 15 g5

= E

5 s

5 10 3 1.0
0.5 1 051

0.0 , . , -

0055 o a00 200 400 600 800 1000 1200

m (GeV)

In full range otot = 565 pb,

Breit-Wigners smear
SO 0p<g = 6.76 pb = 1.2%.

meaning of threshold at 2m;.
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Kinematics distributions — 2

Actual masses of t and t:

102 4

—— max(mg, myg) all
=== min(mg, me) all

Average velocity S3; of the pair:

600 q

— Green's all
--- Green'sE<0
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E < 0 contribution typically
leaves heavier t/t close to peak,
while lighter is pushed off-shell.

As expected below-threshold top
quarks typically are slow-moving.
(These plots for 300 < M < 400.)
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The Breit—-Wigner threshold smearing

PyYTHIA operates in a “narrow width approximation™:
dé (8, me1, mp) = BW(myp) x BW(my2) x dé (8, m).
Straightforward when d& (3, m) is independent of I':

25 25
—-==- Born, =0 —=== Coulomb, It=0 ’-~"
—— Born, It =1.34 GeV —— Coulomb, It =1.34 GeV
-
2.0 2.0
= >
g 1.5 g 1.5
el e
] =
5 5
5 1.0 5 1.0
kel e
0.51 0.5
I
1
1
1
1
0.0 T T T T 0.0 T T T T
320 330 340 350 360 370 320 330 340 350 360 370
M (GeV) m (GeV)

But what to do when Iy dependence is less trivial?
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Width doublecounting issues

So far the “full” Green's handling has involved several scale choices:
@ Event-by-event Breit-Wigner my; and my, define E = 0 level.
@ Almost discrete E < 0 pseudo-bound state locations, given by the
QCD potential, with a negligible ~ 2 MeV QCD decay width.
© Full width of the pseudo-bound states, approximately 2[.
© Conditional Breit-Wigners m{; and m{, when E < 0.

Is there doublecounting? TN m—

—-= BW-smeared B
=== pa/m (with Eg)

0.354

Yes, unfortunately! ‘

See e.g. V.S. Fadin and V.A. Khoze,
Sov.J.Nucl.Phys. 53 (1991) 692,

where Born-level cross section factor ¢
becomes py/my by BW smearing.
(Though not perfect agreement.)

°
W
=)

rate (arbitrary units)
o
N
S

0
E (GeV)
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Width doublecounting distributions

How eliminate/reduce doublecounting between explicit BWs

and Green's-function-corrected MEs?
Setting TPW = 0 or TMF = 0 gives singularities in the PYTHIA code,

so not possible, but e.g 'y = 0.2 GeV works.

3 — Born - I —— Green full
—-=~- Coulomb P 354+ —-—- Green narrow ME
—— Green full H \ —-- Green narrow BW
2.0q --- Green narrow ME

—-- Green narrow BW

z

8 15 3
fe) 3
] @
<_§ 'g
= ©
5 1.0

©

0.51

0.0 - T T T T
320 330 340 350 360 370
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Cross sections

o (pb)
model E<0 m<345 m<380 all
Born 0.00 2.23 61.313 516.26
Coulomb 0.00 3.21 74.35 558.58
Green full 6.78 8.85 81.07 565.10
Green narrow ME 4.74 6.85 78.86 562.98
Green narrow BW 6.67 6.98 80.79 569.35
gg only 6.32 8.08 70.42 502.05
qq only 0.46 0.76 10.63 63.06
gg singlet + qq octet 17.92 20.90 140.26  744.65
gg octet 4+ qq octet 2.34 4.05 57.38 493.25
ME of! = 0.130
o =0.118 564  7.36 67.45  471.38
PDF NNPDF 2.3 LO
— PDF4LHC21 NNLO | 6.93 9.05 83.74  584.10
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An

gular distributions (1

For pseudoscalar toponium the t and t are correlated, giving ME

double wt =
*s1.

+

R

+ + + + +

+

+

q - 16%s1: q + 16%s1:

- 16*sl: 16*s1.

16*s1: + 16*s1. + 16*s1.

16*s13*pow2(s25)*s46 + +

16*s13*524%s25%526 - 16*s13*s23*s25%s46 + 16%s13*s16%s25%s45

16*s13*516%s25*s34 + 16*s13*516*s24*s25 - 16*s13*515*s25*%546

16*s13*514*525%s56 + 16*s13*514*s25%536 + 16*s13*514%525%526

16*513%514%516¥525 - 16*pon2(s13)¥s25%s46 - 16%s12*s13%525*546

eps(pl D2,p3,p4) * ( 4¥s46¥S56 + 4*sA5¥SS6 - 4¥S36¥sS6 - 4¥s35*56

- 4%*s26*s45 - 4*s26*s35 + 4*s25%s46 + 4%s25%s36 + 4*s24*s56 - 4*s23*s56

- 8¥S16¥s45 - 8*s16¥s35 - 2¥S16*s25 + 8*s15¥s46 + B¥SIS*s36 + 2*s15%s26 )

eps(pl P2,03,p5) * ( 4*s46*n2Sq - 4*s46*miSq - 4*S46+S56 - 4*pon2(s46)

- 4¥S45%546 - 4¥S36¥SAS + 4*S35*s46 + 4*SIAXSSE - 4¥S34*s36 + 4*s23*s46

- 2‘516"5A5 - 2*S15*546 + 2¥S14¥S56 - 4*s14*s46 - 4¥s13%sd6 )

eps(pl P2,03,p6) * ( - 4*s45*n2Sq + 4*sAS*MISq + 4*s45*s56 + 4*sIS*S46

+ 4%S35%545 + 4¥SIAFSIS - 4¥s24%s45 + 2¥S16¥S45 + 2*s15¥s4S + 2¥S14¥S56

+ 4%514%545 + 4¥S13*s45 )

eps(pl p2,p4,p5) * ( | 4¥*s36*n2Sq + 4*s36*mISq + 4*S36*556 + 4*s36*s46
#535%546 + 4¥s34¥s46 - 4*523*536 + 2*s16%s36 + 2*s15*36 + 4*s14¥s36

+ 2‘513‘556 + 4%513%536 )

eps(p1,p2,p4,p6) * ( - 4%s36%s45 + 4¥s35*n2Sq - 4*s35*miSq - 4*s35*s56

+ 4%535%546 - 4%535%536 - 4*pon2(535) + 4*S34*S56 - 4*s34%s45 + 4¥24%s35

- 2*s16¥s35 - 2*s15%s35 - 4*S14*s35 + 2*s13%s56 - 4*s13¥s35 )

eps(p1,p2,p5,p6) * (- B¥S34%s46 - 4¥S34*s4S + 4*s34%s36 + B*s34%s35

+ 4%S24%s34 - 4¥S23%S34 - 2%514%536 + 2*S14*S35 + 8¥s14¥s34 + 2¥S14¥s23

- 2*S13¥%s46 + 2%s13%s45 - 8¥S13*s34 - 2%s13%s24 )

eps(p1,p3,p4,p5) * ( - B¥S26*miSq - 8¥S26*556 + 2%526%s46 - 2*526%s45

+ 6%526%536 + 2526*535 - B*s26%s34 - 4*pow2(s26) + 4¥s25%S46 + 45254536

- 4¥S25%26 - 4¥S2A¥SS6 - 4¥S23*s56 + 4%523%526 + 4*s16¥N2Sq - 4*S16¥S2S

+ 4%515%526 - B¥s14*s26 - 8*s13%s26 )

eps(pl,p3,p4,p6) * ( - 4*s26*s45 - 4¥s26*s35 + 8*s25*m1Sq + 8*S25%S56

- 2%s25%s46 - 6*s25%s45 + 2%s25%s36 - 2*s25%s35 + 8%s25%s34 + 4%s25%s26

+ 4*pow2(s25) + 4*s24*s56 - 4*s24*s25 + 4*¥s23%s56 - 4*s16*s25 - 4*s15*m2Sq

+ 4*s15%s26 + 8*s14*s25 + 8*s13*s25 )

+

+

+

+

+

eps(p1,p3,p5,p6) * ( B¥SIA*M2Sq + 4*s26¥S34 - 4*s24%n2Sq - 4*s24*miSq
- 4%S24%S56 - 2%524%546 - 2¥S24*sAS - 2¥S24%s36 - 2¥S24%s35 - B¥s24¥s34

- 4%S24%S26 - 4%S24%S25 - 43PON2(s24) + A¥S23¥S34 - A¥S23¥S24 + G¥S16¥S24
+ 6*s15%s24 - 2*s14*s26 - 6*s14*s25 - 12*s14*s24 - 8*s14%s23 - 4*s13*s24
+ 8%512%s34 + 2*s512%524 )

eps(pl,p4,pS,p6) * ( - B¥S34*m2Sq - 4¥s25*s34 - A¥s2A¥S34 + 4%523M2Sq

+ 45523%MISq + 4%s23%S56 + 2¥523%546 + 2¥S23*s45 + 2%s23¥S36 + 2*s23¥s35
+ 8%s23%S34 + 4*523%526 + 4¥S23*s25 + 4¥S23*s24 + 4*pow2(s23) - 6*s16%s23
- 6%s15%523 + 4*s14%s23 + 6¥S13%s26 + 2¥S13*s25 + 8¥s13%s24 + 12¥s13%s23
- 8%s12%s34 - 2%s12%s23 )

eps(p2,p3,p4,05) * ( - 8*s56*miSq + 16¥s46*miSq + 16*s36*miSq

+ 24%s16"125q + B¥S16*MISq + B*SI6¥SS6 - 2*s16¥546 - 2*s16%s4S

- 6%516%536 - 6*s16%535 + B¥S16%s34 + 207S16%S26 + A¥S16¥S25 + 4*s16%s24
- 4%pon2(s16) + 16*515%526 - 4*s15*516 + 4*s14*546 - 4%514*s26

+ 4%513%536 - 4*513%526 + 4*S12%526 - 2*s12*s16 )

eps(p2,p3,p4,p6) * ( B¥SSE*MLSq - 16¥s4S*miSq - 16%s3S*miSq - 16%s16¥s25
- 24*s15%n2Sq - 8*s15*miSq - 8*s15%s56 + 6*s15*s46 + 6¥SIS*sdS

+ 2*s515%s36 + 2*s15%s35 - 8*s15%s34 - 4*s15%s26 - 20*s15%s25 - 4*s15%s23
+ 4%*s15%516 + 4*pow2(s15) - 4*s14%s45 + 4*s14%s25 - 4%s13*s35 + 4*s13*s25
- 4%*s12%s25 + 2*s12*s15 )

eps(p2,p3,p5,p6) * ( - 8*s46*mlSq - 8*s45*mlSq - 4*s24*mlSq + 16*s16*s24.
+ 4%515%534 + 16%s15%524 + 28*s14*m2Sq + 4*s14*miSq + 4*s14*s56

- 6%514%546 - 6*s14*545 - 2*S14*s36 - 2*S14*s35 + B¥S14¥S34 + 4*514¥S26
+ 4%S14%525 + 4*S14%524 + 4¥S14%s23 - B¥S14¥S16 - 4*S14¥SIS + 4*pon2(s14)
- 4%513%546 - 4*s13%s45 + 4¥S13*s14 - 4¥SI12*S34 + 4¥S12¥S24 )
eps(p2,p4,p5,p6) * ( B*S36*mLSq + 8*s3S*mLSq + 4¥s23*miSq - 4¥s16¥s34

- 16%s16%523 - 16¥s15%523 + 4¥s14%s36 + 4¥s14*s35 - 28*s13*m2Sq

- 4*s13*m1Sq - 4¥S13¥s56 + 2¥S13*sd6 + 2#s13%s45 + 6%513%s36 + 6*s13%s35
- B¥S13%s34 - 4¥S13¥s26 - 4%S13¥s25 - 4%s13%s24 - 4%s13%523 + 4*s13%s16
+ 8%513%515 - 4*s13%514 - 4*pon2(s13) + 4*s12*s34 - 4*s12*s23 )
eps(p3,p4,pS,p6) * ( - 16¥s26*miSq - 16¥s25*mlSq + 32*s16*n2Sq

- 4%516%524 - 4*s16%523 + 32*s15*m2Sq - 4*S1S*s24 - 4*SIS*s23 + 4¥S14*s26
+ 4¥SIA¥S25 + 4*S14¥S24 + 4*S13¥S26 + 4*S13%S25 + 4*s13%s23 + 32¥s12*n2Sq
- 4%s12%s46 - 4*s12%s45 - 4*s12%s36 - 4*s12*s35 );

(neglecting separately simulated Breit-Wigners).

Thanks to Christian Preuss

Not calculated: transition away from pure pseudoscalar behaviour.
Instead user-settable begin and end of transition region.
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Angular distributions (2)

Pseudoscalar toponium gives strong correlations between ¢ and /~:
dP/dcosbpip- = (1 + coslyip-)/2 if tt, t and t at rest.

In region with E < 10 GeV (incl. E < 0) results slightly deformed:

cos O+ - cos O,
1.0 1.0
—=- threshold region, no correlations ——- threshold region, no correlations
—— threshold region, with correlations —— threshold region, with correlations
0.81 0.8
Q |
© 0.6 ® 0.6
el - kel
L s I
= S
£ 04] :
o0 5 0.4 1
0.2 4 0.21
0.0

0.0 T T T T T T T . . . T T T T
—1.00 -0.75 -0.50 —=0.25 0.00 0.25 0.50 0.75 1.00 —1.00 —0.75 —0.50 —0.25 0.00 0.25 0.50 0.75 1.00
CoS6y+4- €os Bp5

Torbjérn S Top Threshold



Angular distributions (3)

PYTHIA by default assumes top to be unpolarized,
but in t — bW+ — bff decay chain ME o (pepy ) (Pepy)-
Preserved in 6-fermion ME:

cos Oy, (same top) cos O, (other top)
1.2 1.0
—=—~- threshold region, no correlations —=—~- threshold region, no correlations
—— threshold region, with correlations —— threshold region, with correlations

0.8 -

o
o
s

o
IS
L

normalized rate
normalized rate

0.2 A

0.0 T T T T T T T 0.0 T T T T T T T
—1.00 -0.75 -0.50 —=0.25 0.00 0.25 0.50 0.75 1.00 -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00

COS B+, COS By - €0S By -, COS Opy +
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Code status

@ PYTHIA 6 contained Coulomb as an option,
but not Green's since E < 0 event generation was not addressed.

@ First new code in August as plugin, but simplified below threshold.

@ PvyTHIA 8.316 in October has full handling of production,
but still uncorrelated decays.

@ Pseudoscalar angular correlations as user hook in November.
Now integrated into PYTHIA 8.317, released ?7 January.

@ A few new free parameters: singlet fractions in gg — tt and qq — tt,
threshold region size, oy in G(E), pseudoscalar decay angles
+ old ones: my, 'y, PDFs, «g elsewhere, ...

@ All are part of the full PYTHIA event generation chain.

@ Nontrivial transition to full (N)NLO somewhat above threshold,
including consistent top masses and angular decay correlations.

Top Threshold R ted



@ Revival of V. Fadin, V. Khoze, TS 1989/1990 study
on the top threshold region in pp,
based on NRQCD Green’s function formalism.

@ New extension to generate events in £ < 0 region,
and handle angular distribution of pseudoscalar tt state,
now part of PyTHIA 8.317.

o Confusing state of Iy handling relevant but not critical.

e Many other later calculations, different but in a similar spirit.
Could potentially use same framework for other Green's functions.

@ Advantage of close integration in a full event generation chain.

@ Thanks to Valery Khoze and Christian Preuss, and
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Backup: Examples of 1990 studies

Total cross section, m; = 100 GeV: Differential cross section
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2 ——— -1 for LHC @ 15 TeV, m; = 100 GeV:
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Backup: Green's function breakdown

Recall basic structure with three terms

%(s.8 P2, 2ps P2 | 2Pis
GEB(E) = 242 arctan =2 + 5 -+ = term 1+term 2+term 3
my Mg P1 mg ]
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Backup: the threshold region in detail

2.5
—— Born
—=-- Coulomb
—— Green full =
2.01 —-- Green narrow ME -
—-= Green narrow BW
2 1.5
(U]
3
e
5
5 1.0
el
0.5
0.0 T T T T T
330 335 340 345 350 355 360
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Backup: the UA1 top “signal”

ASSOCIATED PRODUCTION OF AN ISOLATED,
LARGE-TRANSVERSE-MOMENTUM LEPTON (ELECTRON OR MUON),
AND TWO JETS AT THE CERN pp COLLIDER

UA1 Collaboration, CERN, Geneva, Switzerland

A clear signal is observed for the production of an isolated large-transverse-momentum lepton in association with two or
three centrally produced jets. The two-jet events cluster around the W* mass, indicating a novel decay of the Intermediate
Vector Boson. The rate and features of these events are not consistent with expectations of known quark decays (charm,
bottom). They are, however, in agreement with the process W — tb followed by t — bgw, where t is the sixth quark (top) of
the weak Cabibbo current, If this is indeed so, the bounds on the mass of the top quark are 30 GeV/e? < my < 50 GeV/c2.

2 T —

L 2 L uA1 4 Fig. 10. Four-body versus three-body mass distribution for the

six W — tb candidate events. The effective mass of the lepton,
the lower-E jet, and of the transverse component of the
neutrino is plotted against the mass of the lepton, two-jet,
transverse neutrino system. The four-body mass peaks at the
W mass. The three-body mass clusters around a common value
of ~40 GeV/c?. The curves show the expected [14] distribu-
tions, taking into account the experimental resolution. Allow-
ance should be made for a systematic error arising from uncer-
tainties in the jet reconstruction (+10 GeV/c?).
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Backup: The old mirror alternative

3.5 Mirror the E < 0 contribution

[ Born cross section . .
[ Green's above threshold into the E >0 region.
[ Green's below threshold mirrored
[ Green's in total

3.01
Advantages:

robust Monte-Carlo-wise;

204 good enough if Am > O(20 GeV).

2.5

151 Disadvantages:

too low PDF weight
(notably g dropping with x);
no BW distortion.

do/dm (pb/GeV)

1.0

0.5 4

0.0 T T T T T T
-10 -5 0 5 10 15 20 25 30
E (GeV)

Full simulation pp at 13 TeV,
300 GeV < m < 400 GeV.

gg — tt 2/7 singlet, 5/7 octet.
qq — tt all octet.




Backup: The old mass shift anternative

35 As above, but change
Born cross section
g Green's abovetthreshold my = 1725 — 1687 GeV
3.01 [ Green's below threshold shifted + mirrored f .
[ Green's in total or mlrrored part'
251 so (E) = +3.82 — —3.90 GeV.
s
8 2.0 Advantages:
£1s better (), .
3 so better PDF weights;
101 good enough if Am > O(10 GeV).
031 Disadvantages:
00 requires two sub-runs;

-10 —‘5 6 é 1‘0 1‘5 2‘0 2‘5 30 .
E(GeV) BW peak in wrong place,

Full simulation pp at 13 TeV, also likely wrong f;.

300 GeV < m < 400 GeV.
gg — tt 2/7 singlet, 5/7 octet.
qq — tt all octet.
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Backup: Old cross section comparison

Consider 13 TeV pp collisions in range 300 < m < 400 GeV:

o (pb) change
initial state gg qq  sum
Born 88.5 18.7 107.2 —
Coulomb 108.1 16.9 125.0 | +16.5%

Green's, E > 0| 1083 17.1 1254 —
Alt. 1, E<O 530 040 5.70 | +22.3%
Alt. 2, E<O0 586 0.41 6.27 | +22.8%
Alt. 3, E<O 6.29 047 6.76 | +23.3%
all octet 1.93 047 240| —-6.2%
all singlet 171 44 215 | +121%

So alternative 3 maybe slightly higher o(E < 0) than warranted,
but overall looks good as most realistic modelling.

Beware significant impact of colour factors,
which could be changed by higher-order effects.
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