Vector-like quark searches at CMS

Cristina Oropeza Barrera
on behalf of the CMS Collaboration

CM




Outline Y 02

| Theoretical motivation and phenomenology of VLQ

Il Overview of the CMS search program

Il New results

Single production:

T — tH/tZ in the all-hadronic final state (arXiv:2405.05071, submitted to PRD) 138 fb-
Combination of single T searches (arXiv:2405.17605, submitted to Phys. Repts.) < New

Pair production:

BB in the dileptonic and all-hadronic final states (arXiv:2402.13808, submitted to PRD) 138 fb"

Combination of BB searches (arXiv:2405.17605, submitted to Phys. Repts.) < New

IV Summary

Cristina Oropeza Barrera VLQ searches at CMS

LHCP2024



https://arxiv.org/abs/2405.05071
https://arxiv.org/abs/2405.17605
https://arxiv.org/abs/2402.13808
https://arxiv.org/abs/2405.17605

Theoretical motivation and phenomenology of VLQ m

arXiv:2405.17605

%

Introduced by several extensions to the SM to address the hierarchy and naturalness problems.
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¥ Left- and right-handed components transform in the same way under EW symmetry group. T
% VLQ masses do not arise from Yukawa couplings = not constrained by current measurements. E
% VLQ flavours: T (+2/3), B (-1/3), Xs/3 (+5/3) and Y43 (-4/3).

#¢ Decay into a third-generation SM quark plus either a W, Z or Higgs boson.

Cross section for VLQ pair production [pb]
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Model dependent (couplings, width).
Pair production Via EW processes or new interactions.

Dominant at low masses.
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Overview of the CMS search program

Overview of CMS B2G Results June 2024 CMS Results
CMS Preliminary 36 — 138fb~1 (13 TeV)
[> b (tH +t2) (H/Z - bb), ([/m=0.05, Singlet) M |  JHEP 01 (2020) 036 = o07-009
» b (tH +t2) (H/Z - bb), (/m=0.05, Singlet) M 2405.05071 sub. to PRD = es-1a
> b Zt(Z - w) (r/m=0.3, Singlet) Mr|  HEPOS (2022) 093 = os-1a p 138!
> b Zt(Z - w) (r/m=0.2, Singlet) Mr|  HEPOS (2022) 093 = os-12 > 36!
» b Zt(Z - w) (r/m=0.1, Singlet) Mr JHEP 05 (2022) 093 = os-10
» b Zt(Z - w) (r/m=0.05, Singlet) My |  JHEP 05 (2022) 093 = ose-10
> bzZt(Z-1) (r/m=0.05, Singlet) My PLB 781 (2018) 574 == o07-09
» b tH(H - yy) (r/m=0.05, Singlet) My |  JHEP 09 (2023) 057 = oe-10
» b tH(H - yy) (r/m=0.04, Singlet) ~ My |  HEP09(2023) 057 = os-10
» b tH(H - yy) (r/m=0.03, Singlet) My |  HEP09(2023) 057 = o06-09
» b tH(H - yy) (r/m=0.02, Singlet) ~ My |  JHEP09(2023) 057 = o6-o08
» b tH (H = yy). (r/m=0.01, Singlet) Mr JHEP 09 (2023) 057 = o06-0.7
» (gb)T Comb. (r/m=0.05, Singlet) ~ Mr | 240517605 sub. to Phys. Rep. = e o06-12
> tWt—lep. +jets  ([/m=0.1, LH) Ma| EPCT9OI9YSO = o0s-09
> b Wt lep. + jets  ([/m=0.3, LH) Mg EPIC 79 (2019) 90 = o=
> b Wt - lep. + jets  (F/m=02, LH) Mg EPIC 79 (2019) 90 = or-1s
> b Wt - lep. + jets  (F/m=0.1, LH) Mg |  EPIC79(2019)90 = o718
> b Hb (H- bb) (r/m=0.3, Doublet) ~ Mg |  JHEP 06 (2018) 031 = o1
> b Hb (H- bb) (r/m=02, Doublet) ~ Mg | JHEP 06 (2018) 031 = o07-0s8
> tWt—lep. + jets  (F/m=0.3, LH) My, | EPIC79(2019) %0 = oer-1s
. b tWEo lep +jets  (Um=02,LH) My, | epc79 019 s0 B 07-13
> tWt-lep. +jets  ([/m=0.1, LH) My, | EPICT79(2019) 50 [ 07-0.9
[>Y_43Y_g3 - bW bW - fvggqq My PLB 779 (2018) 82 = o8-13
[>BB - tZtZ - bqq bgq Mg |  PRD 100 (2019) 072001 = oe7-1a
» BB - bqq bqq (B(bZ) = 1) Mg PRD 102 (2020) 112004 = to-14
» BB - bgq bgq (B(bH) = 1) Mg |  PRD 102 (2020) 112004 =S o-1s
» BB - bqq bqq (Singlet) Mg |  PRD 102 (2020) 112004 = 10-18
» BB - lep. + jets (Doublet) Mg|  HEPO7(2023) 020 =os-1a
» BB - lep. + jets (Singlet) Mg |  HEPO7(2023) 020 =GR B
» TT - lep. + jets (Singlet and Doublet) Mr|  HEPO7(2023) 020 = o9 -s
» BB - lep. + jets (B(bH) = 1) Mg | 240213808 sub. to PRD B 10—
» BB - lep. + jets (B(bZ) = 1) Mg 2402.13808 sub. to PRD = vo-1s
» BB - lep. + jets (Doublet) Mg | 240213808 sub. to PRD = 1o-1s
» BB - lep. + j_ets (Singlet) Mg 2402.13808 sub. to PRD - 1.0-1.1 —  Simulation boundary
» BB Comb. (Singlet and Doublet) Mg | 240517605 sub. to Phys. Rep. = aa-as
. . . . . . . .
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%% With Run 2 data, CMS has carried out searches for both pair and single production (all VLQ flavors), as well as for production

through heavy resonance decays. For single production, different widths and couplings have also been explored.
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Single production of T to tH/tZ (all-hadronic) Y 05

arXiv:2405.05071

g% T singlet with narrow width (I''M < 1%) in the mass range [600,1200] GeV.

% Signal signature is a resonant peak in the reconstructed five-jet mass distribution (tnaq+bb).

J¢ Baseline event selection:

> 6 jets out of which > 3 are b-tagged jets q '

%

T quark candidates are reconstructed using a multistep x? minimization:

Wt
|dentify best H/Z candidates from b-tagged jet collection by minimizing: :
meas MC 2
' (mH/Z - P‘H/Z)
AH/z = MC b
UH/z
\ 4 : ;
|dentify best W and top candidates from the remaining jets:
2
- m‘r/nveas . y‘lyva 2 - mineas _ “Ll%\/IC
Aw =\ 7 At = oMC Additional requirements:

W Total x2 < 15

by minimizing: my > 100 GeV and m, < 100 GeV (orthogonal channels)

2 2 2 2 Mz + non-top hardest jet > 250 GeV
X" =Xu/z T Xw t Xt
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Single production of T to tH/tZ (all-hadronic) Y 06

arXiv:2405.05071

% Different selection criteria are used for low-mass (< 800 GeV) and high-mass T candidates.

High-mass selection

Takes into account the moderate Lorentz boost of the
decay products:
relative H; > 0.4 CMS 60 fb' (13 TeV)

AR(b,b) < 1.1; AR(j1w.j2w) < 1.75; AR(b,W) < 1.2 % AL I B I L B
Event categorization . _ n
et categorizatio Distorts the invariant mass distribution at low masses. (oD 5000: . 2M1L region -
% 400 O:: . + Low-mass selection _f
Low-mass selection % - +  High-mass selection -
Mass-dependent cut on each of the variables that Lﬁ 3000:— * —:
modify the shape of the invariant mass distribution. - . -
2000} ’ s
1000|- RPN =
B + ® 9 ot ‘e |
B + oo s
_4’#T*I*I+I | | | | | | | | |tltltlt**ltl_
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Single production of T to tH/tZ (all-hadronic) Y 07

P : : _ _ _ ) arXiv:2405.05071
% The background contribution is estimated directly from the data, from regions with relaxed b-tagging requirements.

# Constructed bin by bin using a simultaneous binned maximum likelihood fit.

Y : S
Asr(D) = Az7(b) + pA3r(b) 2M1L 3M 3T
__ 4B S )
__ 4B S . : et
Aomip (D) = A (D) + pAsnr (b). dominated dominated ¥I _t?;ﬁ? o
. CMS 60 fb™" (13 TeV)
transfer functions > [T oTTTor T
B B 5100~ Mu:tiieltj v?lic(I:;i:n rsgion ]
R L ata ev B
A::’»T(b) (b) A3M(b) § 807 —— Background (505.5 evt) -
B - B f2) L MT—HH,mT=900GeV ]
ABM(b) — —>3M(b)A2M1L(b) 3 60’ + (1-1evt) ]
1i} L
normalization factors sl
(selection efficiency ratio) i
20
v E + ; :
CMS 60 16" (13 TeV) 0200 600 800 1000 1200
2 ::‘ D My [GeV]
2 130 E Pyl ‘ ‘ ‘ gt
S 12 - 58 b * I
5 AR N A ]
L E 0.8% + + ! ! T E
0.9 = o6 | ‘ ‘ ‘ =
0.8 3 400 600 800 1000 1200
0.7; High-mass selection fi M, [GeV]
06 1o wronamnet b The background estimation method is validated in 45 control
0.5 = . . . .
06455505 865700 855 500 100511607200 00 regions, enriched in multijet or ttbar events.

M,, [GeV]
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Single production of T to tH/tZ (all-hadronic) Y 08

_ . o arXiv:2405.05071
% No evidence for single T production is observed.
CMS 138 fb™ (13 TeV)
. . . . g wm
An upward fluctuation observed with 2016 data at 680 GeV vanishes when all years are combined. s L4 K el
CMS 138 fb' (13 TeV) CMS 138 b (13 TeV) § 107 P
>900:““““\“‘_‘\““\““\: >120\““““\“.“\““\““7 :'.°
8 800E 3T region E 8 3T region 1 v & .a- .
o E E o 100F ¢ Data - e
N 700; N N — Bkg. only post-fit ] T ." tI-IIChza;'%el
2 600 2 8o 1R To5tH, m_=900 GeV x 10 ] A . 2017
i £ ek % ] Y - 2018
400F r ] . Comblned3
300F 40 . 1070
200F r ] ST R T SR R
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100F 5 4 CM S P M, [GeV]
300 400 500600 700 800 0800 800 1000 Ti60 Y300 1300 — 25 1381 (13 TeV)
MtH [GeV] MH [GeV] _Q . I T I T 1T ‘ T TTT ‘ T 1T ‘ T 1T ‘ T 1T ‘ T 1T I T \7
Z i pp— Tbq, I/M; = 0.01 ]
s 0 R . o - —— Singlet T model, I/M; = 0.01
% 95% CL upper limits are set on the oxBR to tH and tZ: 'ﬁ of-  Obsed 96 GL upper it
. L — — Expected 95% CL upper limit |
1260 fb to 68 fb in the mass range 600-1200 GeV T B Expected limit + 10 !
b 15 B Expected limit + 2c ]
% These limits are stronger by a factor of three than B2G-18-003. Qo i
X L |
S 4 ’
= ]
T i ]
© . \hﬁ# i
07\ | I L1 1 | ‘ | ‘ L1 1 | — " ]
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Combination of single T searches ¢#es m

arXiv:2405.17605

¥ Decay modes considered:
CMS 138 b (13 TeV)
H— vyy Z— Vv < 30 )
tH tz = F =
% Mutually exclusive final states = statistically independent observations. - o0k 0.8 bclx

7 Only NWA scenarios included in the combination.

15 Z iged 0.6
2.3*-36* 138fb 13 TeV : %
| | | ( e ) 1 O / 95% CL upper limits [ FoW¥]
" Observed
o _CMS Slnglet T— bWep, “"25/ tZ,5,) —— Observed - - - - Expected Z)Excluded 0.2
- Ty/m. =5% Ty/m., =1% /// / '
R  (byT >bW b *
PLB 772 (2017) 634 ' 4 1 6 1 8
B (ba)T —> tZ — baa,l * m; [TeV]

PLB 781 (2018) 574

(bq)T — tH +tZ — bgq,bb (mergec-iet ™
JHEP 01 (2020) 036

- Gl ] e The upper limits on the cross section as a function of
~ JHEP 09 (2023) 057 . . . . .

- (bA)T > 1Z > bagvv m+ in a singlet scenario show that the combination
i i on R 0% significantly improves the sensitivity.

(bg)T — tH + tZ — bqq,bb
ArXiv: 2405.05071 (Submitted to PRD)

(bq)T combination (138 fb™ only)
[ /m <5% This work

06 0.8 1 12 14 16 1.8

107"

95% CL upper limit on o (pp — bqg T) [pb]
I
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BB production (dileptonic & all-had) 10

arXiv:2402.13808

% Pair production search optimized for B masses greater than 1000 GeV.

% The three possible decay modes of the B are considered (bH, bZ and tW) in two categories: fully hadronic and

Jet Leptonic Fully hadronic
multiplicity category category

3 bHbZ,bZbZ —

4 bHbZ,bZbZ bHbH, bHbZ, bZbZ

5 — bHbH, bHbZ,bZbZ, bHtW, bZtW

6 — bHbH, bHbZ,bZbZ, bHtW, bZtW

Fully hadronic Event classification takes into consideration possible merging of jets due to
(representative diagrams) Lorentz boosts and ISR/FSR jets in dileptonic channel.

Offline selection

Fully hadronic

+ Between 4 and 6 ak4 jets. + Between 3 and 5 ak4 jets.

* Hy> 1350 GeV. » Pair of same-flavor opposite-
* No isolated leptons nor pairs sign leptons (e/n) with mass
of leptons satisfying dileptonic between 80 and 102 GeV.

criteria.
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BB production (dileptonic & all-had) m

arXiv:2402.13808

¥ A modified x? metric is used to associate an event to a given decay mode and assign jets to a parent particle.

All possible combinations are tested. The mode with the lowest value is selected as the reconstructed mode.

> I ‘ ‘ ‘ ‘ LR} m
& | CMS Didjet c
2 - _ F oA . =
o (Amyig —Amyig)” | (mq —Tq)* | (mp —Twp)* | Simuatn Usiet 13
Xmod = 2 + 2 02 Phadl et ] D
3 | bHbHmode S
L 2 —_—
1ol Too/M <50 13
Y ]
Fully hadronic I
: %) [T T T T T T T T T T T T T T T T T T ]
N ol P G o CMS |:|31et ]
0 500 1000 150 2000 n | Simulation ]
al -
my, o [GeV] = Pidjet ]
Cut on x?/ndof is optimized for each jet multiplicity and EO'OBT Zzsbzmg GeV ]
r mode
decay mode. Wt 2 ndf<5.0
0.06~ “mod _
0.041- h
0.02|- i
% 500" 10001500 2000
my, q [GeV]

Cristina Oropeza Barrera VLQ searches at CMS LHCP2024


https://arxiv.org/abs/2402.13808

BB production (dileptonic & all-had) m

arXiv:2402.13808
# The background estimation for both categories is based exclusively on control samples in data. onts
£ 5t bHbH | T
s 12<y2 /ndf<48
. e(myrq) BJTF dependence on m PR
Fully hadronic:  fpye(m = n(myrp)e _ . vLQ -
y bikg (MviQ) = 1(Mmyio) O( S00GeV ¢ (m) dm’)/(300GeV) | (control region with 12 < x?/ndof < 48)  poxs "
500 GeV 3
/ éo.oor i
o CMSs ‘ 18817 (13 TeV) §
8 5-jet bHbH Preselection + Data 0.00051
8 “Eeen., Fit -
N 1 Background jet-tagged fraction (BJTF) T o e” e
; E (sideband region 500 < my, o < 800)
§§o' iggtt
£Fs DERAARNE 3

900 GeV / p e
450 GeV/ nsignal(m )dm Normalization factor

nokg (Mvia) = f(mviq) “Sgoce (independent of my, o; derived in CR with 450 < my, o < 900 GeV)

!/ ) /
450 GeV Neontrol (m dm
CMS 138 b (13 TeV) / i ‘ ‘ 138 " (13Tev)
3-jet bZbZ control region s CMS 7
© +Data | L aetbzbz { Data ]

% “g 0.25

2 “Fit SO 1

> §’ 02~ —Fit b

i 015; X | l t 4 I ]
. B B ' o
1 01l B
. bty i
JF 0.05F .

g e 4 1l [ Fit Value: 0.14 + 0.005

§°,§, VISR 1 g 0: ‘ ‘ ‘ ]
b E . . . 0 10 20 30 , a0
oo me e o e Control region (CR) defined as no b-tagged jet. a1

Cristina Oropeza Barrera VLQ searches at CMS LHCP2024



https://arxiv.org/abs/2402.13808

BB production (dileptonic & all-had) <5

arXiv:2402.13808
Reconstructed my, q distributions show no statistically significant excess over the background expectations.
e ‘1‘38‘fb"(‘13‘T‘eV) e 138fb‘1(13‘T(‘eV)
§ 7,CMS —— mg = 1000 GeV Eg § ° CMS —mE 1000 GeV _é
G o 5ot bHbH channel ™= 12000V EfS 2 'E 3jetbZbZ channel — Me=1200GV 7
c — mg = 1400 GeV 3 € 6 —mE 1400 GeV —
& s [ —— m, = 1600 GeV = 9:3_ g —— my = 1600 GeV E
na Mg =1800 GeV ENeY —— mg = 1800 GeV E
E [ Background (postfit) 8 4 [ Background (postfit)
¢ Data E 5 3 ¢ Data E
g Systematic uncertainty ,E 5 "" Systematic uncertainty é
go; 1000 1200 1400 1 SOL%OO ’
my,q [GeV]
1 138 fb™ (13 TeV)
. . , 2 fems “40‘b‘s‘e‘rve‘d ““““ | £ oE CMS | ¢ E
J¢ Exclusion limits on the VLQ mass are derived as a g | a6 s1-0% —— Theory | E -
e F B(B — b2)=100% Theory Uncertainty ] 0.8 757, 95% CL observed E
: . : : © [ BB - tW)=0% --+-- Median Expected F v all channels 1.5 =
function of the branching fractions to the different — B o Expected | 07 =
, - "
95°% Expected 3 Z B(bH)+B(bZ)+B(tW) =1 | 414 3
decay modes. 0ok B VLG ;
0.5F ©
. . . . . - 1.3
% In models in which the branching fraction to bZ is 04F- E
s o
. g . . 3 1.2
larger, the increased sensitivity is more evident. i g
0.2
. . . a 11
% The limits on B are the most stringent to date. 0.1§\
1000 1100 1200 1300 1400 1500 1600 1700 1800 00:""0.1"'(').'2"'65"6!4' RN AR R
Mass [GeV] B(tW)
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Combination of BB searches & m

_ _ o arXiv:2405.17605
#¢ Mutually exclusive lepton selection criteria. Final states:
hadronic same-sign dilepton multilepton
single-lepton  opposite-sign dilepton
%% Simultaneous fit to all template distributions to determine common signal strength.
% BB production is excluded for masses below 1.49 TeV = significant increase w.r.t. any of the individual searches.
138 fb™ (13 TeV )
s xwxwxwxx(x ° )165 S 36"-138fb" (13TeV) | | | | | | | 1Sfifb‘(l13Te|V)
=09 CMS |9 S 10 = CMS B— bH1000/1 FB/mB <5% = 107"k CMS Singlet &> w,,, OH g D25 lHB/mB <5%
08 95% CL observed = & F ° 3 o - .
all channels 6 g o0 BB, B—bH - 0ljets * fia) i BB, >1ljets ]
07 = A EFI;m%o (20;)&})_)| 072(())(:1' t 4 T - JHEP 07 (2023) 020 i
= , - —> Ol,Jets (not in combination
06 B(tW)+B(bH)+B(\t/T_)Q ET 1.55 % g 1 3 " PRD 102 (2020) 112004{ ( = % - ~ — BB, 0I72l,jets 7
05 E \b/ - BB, B —bH — OI/2I,jets B’ i .. 2402.13808 sub. to PRD i
N c i 2402.13808 sub. to PRD c | T ___ BB combination
0.4 15 © S BB, B bH, combination c | Tl This work
> =107'F This work E =102k E
03 o IS - £ - ]
0.2 1.45 - s L e g i ]
. . q) LN T | a
0.1 §10—2 S o 3 g' i
— 5 i T I i i
% 01 02 03 04 05 06 07 08 o.% bH1 14 o S N o ('2 - 1
(bH) § 5 [ Observed eSSl —| l?t\': Observed
o 10 E Expected .l = @ 408k Expected .
. . . . C Th VLQ, BB, NNLO ] - Th VLQ, BB, NNLO ]
Depending on the assumed branching fraction is -,,l,,eo,ryl,,'opfl ] 4|e?ry|ppT|||||
the gain in sensitivity from the combination. 0.8 1 1.2 1.4 1.6 1.8 69 1 11 12 13 14 15 16 1.7 1.8
mg [TeV] mg [TeV]
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Summary m

% At CMS, an extensive search program for VLQs is underway.

7 Two new individual analyses presented today. Alas, no new particles but...

Sophisticated analysis techniques to deal with complex final states are pushing the limits for the production of these particles.

%% A review of Run 2 results has just been released, including the combination of various analyses increasing the sensitivity of

the searches. Only a handful of results shown today. Please go and have a look!

&

% With Run 3 data we can expect an increase in the VLQ production cross section (from the slight increase in c.o.m. energy),

improvements in object reconstruction and analysis techniques, as well as the possibility of exploring exotic decays of VLQs.
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Single production of T to tH/tZ (all-hadronic)

Low-mass selection

Mass-dependent cut on each of the variables that
modify the shape of the invariant mass distribution.

arXiv:2405.05071

/‘

Consider the distributions of the relative Hr and AR variables in bins of the five-jet
invariant mass distribution.

<

For each bin, extract the quantile value associated to the fraction of events that
are to be kept (defined so as to match the selection efficiency of the high-mass
selection).

Fit the resulting threshold values as a function of the five-jet invariant mass. These
functions represent the mass-dependent criteria for each variable.

-1
> C|V||S — — ?O‘ fp ‘(1‘3|T‘e\‘/) The cut is extracted from the fit function, based on the reconstructed tbb mass.
) L e ] K
(35000:_ . 2M1L region _

j 4000 ; + Low-mass selection ]
(%) .. ‘ ]
T - +  High-mass selection .
o) - ]
> - . ]
(11 3000~ -
2000} ’ -
1000 R 4
B + *et 4 i
L e : 3 3 i
1 \* T t + + 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 t\t \t # t\ ‘\ ]

400 600 800 1000 1200
M, [GeV]
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Single production of T to tH/tZ (all-hadronic)

2M1L 3M 3T
E* » E* Signal B
Asr(b) = ASp(b) + uA3(D) zicrﬁ?;;’t“er;d Transition dor:l?:;e . L -loose
Aam (D) = AS(b) + uASu (D) T - tight

Ao (B) = A (D) + pASpg (D).
2w ) 2w ) a ZMlL( ) To correctly model the background shape in regions with

» different b-tagging criteria, events are reweighted based
transfer functions on the ratio of jets between categories (parameterized

B o - B as functions of total momentum and n).
Asr(b) = v (D) Az (D)
B _ B
A3M(b) o —)3M(b) AZM]L(b) 115CMS ‘G‘Q‘fb"“(‘1‘3"l"‘eY) CMS ‘G‘Q‘fb““(j‘a"‘rg}{)
normalization factors g - eI |
(selection efficiency ratio) 1o
1 El . .
0ot E I . jet weights.
[ Low-mass selection H 1 0-7; Low-mass selection { {
0.9E weights 2M1L — 3M E o6f Weights 3M — 3T % E
0.85; T— tH channel é 0'557 T— tH channel }E
300400 500 600 700 800 800 10001100 12001300 05400 B0 40" 75505 $05 7500 1165 1506 1300
M,, [GeV] My, [GeV]
o 1220 e R T S S0 (13 TeY)
Nam—31 = Esel 37/ Esel 3m s 1 5 ]
; 1.1; = ; 1'25 E
_ 1.05(} E s t E
Nom1L—3m = Esel am/ Esel 2miL | ER ;
oss os E

0.9 High-mass selection High-mass selection

arXiv:2405.05071

8

e ® .
)

pMm

Ratio between categories is fitted, for each
variable. The weight for a given jet is wyewy,
and the total event weight is the product of all

Transfer functions are derived by fitting two

= 3 0.7
£ Weights 2M1L — 3M = Weights 3M — 3T H . . . . . .
e channe L e £ linear functions to the weight distributions as a
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Single production of T to tH/tZ (all-hadronic)
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BB production (dileptonic & all-had) Y 20

arXiv:2402.13808

Cut on x?/ndof is optimized for each jet multiplicity and decay mode.
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BB production (dileptonic & all-had)
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