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Gluon Splitting to bottom quarks at the LHC
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Bottom quark production at the LHC
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Figure 3.5: Leading order diagrams for heavy-quark pair production: (a) quark-antiquark
annihilation ¢g — QQ, (b)-(d) gluon-gluon fusion gg — QQ.

Figure 3.6: Next-to-leading order diagrams for heavy-quark pair production: (a),(b) flavor
excitation; (c),(d) gluon splitting.
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Bottom quark production at the LHC

LHC (14 TeV)

https://arxiv.org/abs/0704.2999
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Bottom quark production at the LHC

* General properties of the (initial state) gluon splitting:
— Low A¢
— Low An
— Mostly (but not only) similar p; between the two quarks
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Figure 3.7: Correlated variables between simulated b-quark pairs produced from proton
collisions at 10 TeV are also shown for the different mechanisms [108]: A¢ (top left), An
(top right), and the quark momentum asymmetry in the transverse plane dp, (bottom).
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Rich and diverse probe of the SM

Perturbative QCD

-essentially the only (nearly) direct
measurement of a parton splitting function

-pure source of gluon jets
(though complicated by B-hadrons)

Non-perturbative QCD

-pure source of color octets —»

Higgs Boson (self-coupling)

-important background to many
Higgs processed (VH, HH, BSM)
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What have we learnt from LHC Run 17

e So far, several 7 TeV measurements:
— bb
— Z+b(b) (gluon splitting diluted by gg-induced process)

— W+b(b) (only gluon splitting contributes)

Not FS gluon
splitting =%

< enhance
oy looking at
low DR

Why no gamma+bb”? For gluon splitting,
this is more interesting than Z+bb



CMS di-hadrons at 7 TeV
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ATLAS di-bjets at 7 TeV

Higher pr (though still relatively low) - trigger limited at low pr
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CMS Z+b(b) at 7 TeV
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ATLAS Z+b(b) at 7 TeV
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ATLAS Z+b(b) at 7 TeV
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LH15 exercise on V+bb

6 Study of associated production of vector bosons and b-jets at the LHC

6.6 Conclusions

We presented a comparison of generators predictions using 4F and 5F scheme to most recent
measurements of vector boson production in association with b-jets at the LHC. In the 4F scheme
a good agreement is found among the different generators at NLO accuracy, and among different
matrix-element to parton-shower matching algorithms. The agreement with data however is

good only when two b-jets are tagged in the final state or, when one b-jet only is required, if
a rescaling to the 5F integrated cross-section is applied. For Wbb, even taking into account

the contribution from MPI, predictions seem to significantly undershoot the data. The Zb(b)
production has been compared with predictions obtained in the 5F scheme with different setups,
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LH17 exercise on hadron correlations
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Where is this going?

* V+bb background modeling strategies for VH(bb)

CMS

« V+(light-flavor) modeling
CRs defined by inverting b-tagging
requirements (anti-2-btag)

* Data driven pre-fit systematics

+ V+(heavy-flavor) modeling
CRs defined by inverting M(jj)-window

(b-tag CMVA . shape fitted from CRs)

Process  (-lepton l1-lepton  2-lepton low-p¢(V) 2-lepton high-p(V)

W0b 1.14 4+0.07 1.14 +0.07 — —
Wib 1.6 +0.12 1l.66 =0.12 o -
W2b 1.494+012 1495012 — —

Z0b 1.03 = 0.07 — 1.01 + 0.06 1.02 +0.06
Z1b 1.28 =0.1¥ — 0.98 = 0.06 102 =011
Z2b 1.61 +0.10 — 1.09 + 0.07 1.28 4 0.09
tt 0.78 =0.05 0.91 =0.03 1.00 £ 0.03 1.04 = 0.05

ATLAS

« V+(heavy-flavor) modeling

W: dedicated CR (large m-top, low m-bb) -
yield only, no shape

Z: no dedicated CR - full m-bb spectrum
included in the SRs

Theory driven pre-fit systematics
V+hf = V+(bb, bc, bl, cc)

Process Normalisation factor

tt 0- and 1-lepton 0.90 + 0.08
tt 2-lepton 2-jet 0.97 £ 0.09
it 2-lepton 3-jet 1.04 + 0.06
W + HF 2-jet 1.22 +0.14

W + HF 3-jet 1.27 + 0.14
Z + HF 2-jet 1.30 £ 0.10
Z + HF 3-jet 1.22 £ 0.09

https://indico.cern.ch/event/665524/contributions/2903789/attachments/1623131/2583678/2018-03-26 LHCHXSWG WG1 VH exp.pdf
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Where is this going?

* More detailed example: W+b(b) background modeling for VH(bb)

CMS ATLAS

e standard 1-lepton selection +
m(bb) < 75GeV
m(top) > 225GeV

* Scale factor fitted directly in the SR
e extrapolation uncertainties from CR to SR obtained

» Define dedicated control region (CR) from theory
» Scale factors applied from CR to o  Sherpa 2.2.1 muR, muF, ckkw, gsf scale variations
Signal Regions (SR o Sherpa 2.2.1 comparison with
« Systematic uncertainties fully correlated Madgraph_aMC@NLO 2.2.2
between CR and SR
o A st * Pre-fit theory modeling uncertainties
Variable WHHE o IR R - I —————
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pr(j2) >25 . = i W + I normalisation 32% "’:fzg e = s
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What else can and should we measure?

https://arxiv.org/abs/1506.05629
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production (angles + energies)
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What have we been up to since early Run 1?

Since 7 TeV, there has been a lot of work to improve b-tagging
Inside jets and to measure the efficiency in data.
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Jets / 0.2 units

CMS g—2>bb performance

10?

13 TeV, 2016
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track above b threshold

Higgs and g->bb
are very similar!
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https://arxiv.org/abs/1712.07158
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https://cds.cern.ch/record/1581306/files/BTV-13-001-pas.pdf
https://arxiv.org/abs/1712.07158

Refining the calibration with more data

https://arxiv.org/abs/1712.07158

Jet selection has been designed to ensure jets are
signal-like
* High AK8 pr jet (pr > 250 GeV)
* double-muon tagged jets (muon pr> 7 GeV)
* mass cut (>50 GeV)
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Where is this going?
The Run 2 efforts are motivated by (boosted) Higgs tagging.

For many of these
searches, g->bb is the
main background.

Data-driven techniques
are used because the
MC is not reliable
(still needed to check
closure)
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/HighPtTrackingDP
https://arxiv.org/abs/1709.05543

HH @ HL LHC

E 6  ATLAS |I:'I'e|lﬂ:lln;'iry: ] Mutijet https://cds.cern.ch/record/2221658/
:::10 5=14Tev,L=3000 " [ it

% 10° —— SM non-resonant HH

g For example, one of the
110

most challenging and
important measurements
IS the Higgs self-coupling.

10500 400 600 800 1000 1200
m,; |[ae
s [GeV] Source Ap
The g->bb background is complicated, Luminosity  0.05
. Jet Energy  0.09
but maybe a better understanding could btagging  0.34
be a game-changer here! Theoretical  0.10
Multijet 1.85
>> CMS HH projections tt 2.83

http://cms-resuIts.web.cern..ch/cms-resuIts/public-resuIts/preIiminarv-results/FTR-15-002/
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https://cds.cern.ch/record/2221658/files/ATL-PHYS-PUB-2016-024.pdf
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-15-002/

What about ttH(bb)?

o after YR4 we decided to focus ttH/t H subgroup activities on highest priority TH
issues in EXP analyses

o in the recent months we focussed on TH uncertainties of ¢/ + b-jet background,
which dominate ttH(bb) systematics

o tt + b-jet data help, but precise “extrapolation” to signal region calls for tf + b-jet
shape uncertainties at 10% level

o pp — ttbb remains a nontrivial multi-particle multi-scale QCD process

@ better understanding of its QCD dynamics and NLOPS technicalities crucial for
assessment of TH uncertainties

https://indico.cern.ch/event/407347/contributions/975965/attachments/1211342/1766869/hxswg16.pdf
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What about ttH(bb)?

YR4 highlights: Validation of NLO+PS tools, tt + b jets

Bnclussive Bt musdtiplicity distribution vl 1 Bt (el cists)
T
o — tfbb @ 13TeV — SherpasOpenloops
— M MOEN LY
9 —— P Hal + FYH
oo MLOY

vt PP — Hibb @ 13TV —Sherpa sOpenloogs |4

oo B < switch off top decays,

coee MLLY

v lpkl

Ar fdpy [pb/GaV]

T HLs B WG min

hadronization, UE

Loy

— To better compare
the effect of

o e Cpan
4 sorpa + Upenoops

- different matchings

T AR L
AR L

- different parton showers

- different flavor scheme

Discrepancies emerge that will have to be understood if we want to resolve
the very large systematic uncertainties that affects experimental analyses

< This is becoming a limiting factor.

https://indico.cern.ch/event/555360/contributions/2274684/attachments/1353121/2044020/tth theory october 16.pdf
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ttbb 5F at NLO

ttbb described through tfj tree MEs plus ¢ — bb shower splittings

b b
:ﬁ :j:g
t
- i
i

gg — ttg + FS splittings bg — tth + IS splittings

Pl

=~

Precision vs accuracy

NLOPS ttbb 5F
(e.g. POWHEG hvq)

o precision lower than LO (parton shower allows for accurate tuning to data)

Calls for improved description based on tfbb MEs

o crucial for more realistic TH uncertainties

ttbb described through tf + 0, 1,2 jet MEs and g — bb shower splittings

softer b-quarks ,  harder b-quarks

b b
| ﬁ |
t t
t t

tt+ s ttg + 1’5 tthb

-~

]

Precision and CPU cost strongly depend on choice of merging cut ).

o separates ME regions (k7 > Qcut) from shower regions (k1 < Qcut)

(N)LO ttbar from merging
tt+0,1,2j 5F

Does this describe ti+b-jet production mostly through ttbb MEs?
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ttbb 4F at NLO

o
|:|-|.|

4F ttbb MEs with m; > 0 cover full b-quark phase space
@ NLO precision for tt + 2 b-jet and 1 b-jet! [Cascioli et al '13]

@ 80% LO uncertainty reduced to 20-30% at NLO

o collinear g — bb splittings and m,, effects very important

what about drawbacks of 4F scheme (e.g. no b-quark PDF)?
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NLOPS ttbb 4F SHERPA+OPENLOOPS

Convergence of 4F scheme but unexpected MC@NLO enhancement

tth ttbb ttbb (mpp > 100)

+71% +14% +66%% +15% +63% +17T%
orolfb] 26447 350, 170, 463.30360, D100, 123475507 50

+34% +5.6% +29% +5.4% +26% +6.5%
onLo|[fb] 3296 550 Ty 00 9007540 Ty sy 141.87 5,0, " 4 6%
ONLO/OLO 1.25 1.21 1.15

32% +3.9% F24% 12.0% F20% +8.1%
G’MC@NLD[fb] 3313-25%-2.9% 600—22%—2.1‘72 181-209%-6.0%
G'MC@NL{;)/U'NI,O 1.01 1.07 1.28

Large enhancement (~30%) in Higgs region from double g — bb splittings

b-jet

b-jet

t

One g — bb splitting from PS

= TH uncertainties related to matching,
shower and 4F /5F schemes crucial!

-
Q

de /dim [b/GeV]

Mass of first two b-jets (tthbh cuts)
"|I'||IIII|IITI[I|I'||'|IIIIIIIII'|I'|'|III

- == NLO
e NMOC@MNLO
— MCOC@mNLO,

Ll

[y

o
|

| T 11 II'IT

T

SHERPA+OPENLOOPS .
R R RN R RN RN ER R

I LLLRRAL

'r[r||||||11

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

50 100 150 200 250 300 350 400
e [GeV)
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Conclusions

* Usually, from the experimental perspective, gluon splitting is
something you want to get rid of

— VH(bb)
— gg—~2>H(bb)
— H(bb)H(bb)
— ttH(bb)

* But you must know very well
— Very abundantly produced at LHC
— Enters in most of the analyses with final state b quarks

* Very difficult to model theoretically
— Large uncertainties

e Useful to calibrate b-tagging

 We should probably perform more SM measurements in different
phase spaces, multi-differential etc

28






Partial list of references

* B. Nachman - Gluon splitting to bottom quarks at the LHC
— Parton Radiation and Fragmentation from LHC to FCC-ee
https://indico.cern.ch/event/557400/timetable/

* J. A. McFayden, D. Napoletano, E. Re - |Is there room for
improvement in the description of the gluon splitting to heavy
quarks?

— Les Houches 2017: Physics at TeV Colliders Standard Model Working
Group Report https://arxiv.org/abs/1803.07977

 R. M. Ralich - Study of b Quark Pair Production Mechanisms in

pp Collisions with the CMS Experiment at LHC
— PhD thesis https://cdsweb.cern.ch/record/1311216

30


https://indico.cern.ch/event/557400/timetable/
https://arxiv.org/abs/1803.07977
https://cdsweb.cern.ch/record/1311216

What does it look like with more data, higher pr,
and state-of-the-art simulation?

" ATLAS Data 2011 CMS /s =7 TeV, Simulation

3
Q
e " _ >
=3 Vs=7 TeV, 421 1 Stat. + Syst. II>
| 4554 POWHEG+PYTHIA 6 - 4
s E , =
X - 2 Z 3
=] » . ¥ -
0 | [ ] [ 1
T [ ] ¢ * o 0 o | /’/ 7] 102
g - i I
S it >
: L 1 | [ | L 1 :
2E- v POWHEG+PYTHIA 6
15 A MC@NLO+HERWIG 6
= 10

................................ .’ /g’

LO/Data MNLOY Data
[a=]
n

2E "4 PYTHIA 6 = 0.61
1.5; ;— . 4—:*;‘_ . W SHERPA 143
:_,_'!_::",.'_‘."‘.“'_._‘"““"' "._‘F" """"
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Improvements to Tracking

ATL-PHYS-PUB-2015-006

17

Note: in order to maintain b-tagging performance, it is critical
to have dedicate methods for tracking inside jets

—4
I

T T T T T T T T

1-I—l||[

- T - T T T T T T
S 3 o - S q: .
= U.QE_ & —— " — = 0.9 i_ -
c - c N ]
S - - S N — T ]
= 0.9 - j:_+_ £ 0.8 — — ]
= - ATLAS Preliminary = -
@ 0.85F Simulation, {5=13 TeV, Z(3TeV) @ C ]
3 :4%_+_ 450::]: '<750 GeV, p ">2 GeV g 0.7  ATLAS Preliminary — ~
& 08F RPn<100 mm, F'| Pe0omm e [ Simulation, fs=13 Te‘u’ Z'(3 TeV) ]
ﬁ - O nght-Jets ] -E‘,) 0.6 - 450=-‘.'|J =:75C| GeV, |:l >2 GeV 7
g o075f *_ TIOE L Beets = & - AR(et, part}<0.2, Rl." >600 mm .
- Baseline ~* Light-Jets . 0 5:_ . TIDE. ——
0.7F s B-Jels - ~F  + Baseline +_:
n | L L L ) | L ] S| ) ) AT | ) LT
102 107! 1 10 10°
A Rijet,trk) Truth Particle Production Radius [mm]

Algorithmic improvements are (much) cheaper than
hardware ones - it Is important to optimize
performance when designing a new detector!

>> Similar studies in CMS
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FCC-ee 200

At a lepton collider, we would have an experimentally and
theoretically clean environment for studying g->bb

>> no pileup, UE, MPI, etc. <<

> 3 LEP measurements limited to
iInclusive rates of g->bb

can probe pQCD to high
precision by measuring
properties of the splitting

However, one of the most exciting prospects of
FCC-ee is to perform a series of comparative
measurements of g->bb, Z->bb, and H->bb

also, critical input for the Higgs at FCC-hh!



What else can and should we measure?

Pythia 8, gg—ga. A=0.2 ami-kr. ghost-matched b-tagged Pythia® gg—gq, R=02 antl-k_r, ghost-matched b-tagged

Q%T-tmoo-— 400 GeV < p” < 600 GeV :% i 400 GeV < p] <600 GeV
g - ; i — Mominal
2 i an g U | ar £ 15000~ — f5r:G2QQ:MURIac=0.5
§ : ;_=", i - ferG2O0:muRfac=2.0
- . B —fenG200:cNS=-2.0
soonop distance “iecraamerso
i — Mominal i
i —fs?:r(;géﬂfmuﬁfac:ﬂfp 1eooor
20000 - - Asr:G2OQ:muRfac=2.0 i
I —fenG200:cNS=-2.0
i - 1srG2AQ:eNS=2.0 i
B s000]- energy
10000 L
; : sharing
Uo 1 1 OD L L 'l I0|I1I 1 1 1 I '] 1 1 '] I 1 1 ] IDI|4I 1 1 I(]IE
AR( Pythia 8, g g — g g, R = 0.2 anti-k_, ghost-matched b-tagged 7= pr[bE] ! {p_r[m] + pT[hg]‘J
g - 400 GeV = p"T < BD0 GeV
= |
B 30000~ Mmass
E [ — Nominal
= —ferG200:muRtac=0.5 ""_‘"
_____ fer:G200:muRfac=2.0 . . ]
- —sr G200 cNS=-2.0 .
o000 ey all the lines: tuning
I nobs in Pythia to see
| L the sensitivity to the
10000 - .
| B modeling of g->bb
qd I 'l -I3 L 'l 'l i -2 i i i -I1 i i i i é Il I I 1

log(p) = log(m(bb)ip?)
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Caution: do we measure partons, hadrons, or (track) jets?

Pythia8, gg—-gg R=02 anli-k_r, ghost-matched b-tagged
1

PythiaB. gg —~gg A=02 anﬁ-k_r, ghost-maichad b-lagged

E Gev < p’ Gev 1 % 5 c}
L 400 GeV < p_ < 500 = L i
| L T os angular & | g
s | g, 5 | g
i 0.8 = E=1
e 5 e = distance £ oo £
O - 0.7 -
L 0.6 .
| % 0.6 05 ) osf
L : C _
cU I 0.4 o 3
+= ' =
0.3
. © :
full-jet & s full-jet
NP B B o1 M I B
0.6 0.8 1 0.6 0.8 1
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S — ——- ———
PythiaB,gg—-gg R=02 anti-k_, ghosl-m.alchmd b-lagged PythiaB,gg ~gg. A=02 ani-k_, gni-::t-maich-ed b-lagged
x 057 400 GeV < p” < 600 GeV 5 % 12 16 19 =) E 05 g
B ot fenergy ||
L i I 2
- 04 £ h " 0.4 3
O i =Sharing : 5
o —
l - B & & 11 18
| X 03 03[ il
O = 12 1% 12 1 w - 16 18
CU C 41210 B C i
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ATLAS g—>bb performance

2 2000 T T T
. i 2
(g 1800 ATLAS Preliminary - o] ATLAS Preliminary
=r _ — -1 — o
I :s-:m (=13 Tev de[_S.E o = % s=13 TeV dei=3.2fb"
© 400 ¢ Data 3 E + Dsta
o 1200 Wcs 94 =
3 L [k
1000 -BL = -BL
800 lcc = B cc
600 Cew = Do
400 (I 3 O
200 ~
0
2 5 e T T T
% 2 .. Flt—l—B-taggJ.Hg. @-{Iatal e b T ey S 22 N 1 MM Y B~ S
% 1_!._.?; 455 4 4SS e S 4 s s s s rr % 1.5 Foe :
D O'g e T T e e T T S 0.5 PRS- TSNS . —
300 400 500 600 700 800 900 1000 oBb 1y
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Large-R Jet p [GeV] Large-R Jet m [GeV]

With the full Run 1 and Run 2 datasets, there are plenty of
gluon jets for studying the modeling of double b-tagging

(in this case, use muons to increase purity)

7 TeV double b-tagger 8 TeV analysis

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-039/ 36
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Further Powheg+Pythia8 results

mypp, With ttbb cuts pr.i; With ttbb cuts
Mass of 1% and 2" b-jets system (ttbb cuts) pr of 1% light-jet (ttbb cuts)
':'_T — -
o s SHERPA 3 [ s SHERPA
}g ----- NLO & 5% ----- NLO
- . — = = Powhel 5F RO = - — - Powhel sF
3 —— MGs = a — MGs
i) 2 . :
% —— Powheg 4F E - Powheg 4F
1073 3
1073 -
C _,,E
PowHEG /SHERPA+OPENLOOPS
2 ln_i;lllllllllII|IIIIIIIIIIIII|IIII|IIII
1.8 1.8
1.6 1.6
1.4 Eng — 1.4 =
1.2 - S — = i 1.2 E—
= ' E
::.RE I T S ] 08 .
":'6 Ll 1 1 | L1l I | - | L1 1 1 | L1l I Ll | Ll 1 1 | III-II;.III ﬂﬁ E_I I I | | I I 1 | 1 '
o 50 100 150 200 250 3oo 350 4oo 0 50 100 150 200 250 300 350 400
i [GeV) pr [GeV]
@ “double g — bb splittings” confirmed © Powheg+PY8 features enhancement in
also by Powheg+PY8 same direction as MG5+PY8

@ but no strong distortion of spectrum
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V+jets background modeling

ATLAS PUB note on V+jets modeling and MC simulation
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2017-006/
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Z+heavy flavors (0-/2-lepton channel)

CMS ATLAS

- ToecR | « no dedicated control region for Z+hf
| - no m(bb) window selection applied in the
| — nominal analysis selection
| L | - m(bb) and pTV shape systematic derived from
[ = ]

data/MC in Z+hf enriched-region
(2-lepton) x (1-btag)

» Define dedicated control region (CR)
(2-lepton) x (2-btag) x (remove events with m(jj) around

» Scale factors applied from CR to
Signal Regions (SR)
« Systematic uncertainties fully correlated

between CR and SR
3 j T T T T T T o Data T T q
* Pre-fit theory modeling uncertainties © 600 o arev a0t n = Yoo
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i 2 e T &
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M(££) [85,97] FR 2 i v i
M(jj) ¢ [90,150] gosp Mbb, Py S E
I - e 805 50 00 180 200 250 300 350 400 450 500

My, [GeV]

40



Table 8: The total numbers of events in each channel, for the rightmost 20% region of the event
BDT output distribution, are shown for all background processes, for the SM Higgs boson VH
signal, and for data. The yields from simulated samples are computed with adjustments to
the shapes and normalizations of the BDT distributions given by the signal extraction fit. The
signal-to-background ratio (S/B) is also shown.

Process O-lepton 1-lepton 2-lepton low-pr(V) 2-lepton high-pr(V)
Vbb 216.8 102.5 617.5 1139
Vb 31.8 20.0 141.1 17.2
V+udscg 10.2 9.8 58.4 4.1
tt 34.7 98.0 157.7 3.2
Single top quark 11.8 44.6 23 0.0
VV(udscg) 0.5 1.5 6.6 0.5
VZ(bb) 9.9 6.9 229 3.8
Total background  315.7 283.3 1006.5 142.7
VH 38.3 33.5 357 22.1
Data 334 320 1030 179

S/B 0.12 0.12 0.033 0.15
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Dominant topologies in 4F ttbb (FS vs IS)

ttbb topologies with FS ¢ — bb splittings

@ dominant in full ttbb and ttb phase space

ol

@ notion of g — bb splittings and IS/FS separation seems ill defined

at large ARy, mup, pr,p due to sizable interferences

ttbb topologies with IS ¢ — bb splittings

b=l |

. . t
@ mostly clearly subdominant (no need for 5F scheme resummation)

ARy, with ttbb cut

der/dAR [pl]

dr fdg

mpp With ttb cuts

— tibb
I5 bl
. — F5tthb
-~ —— INT tbb
==~ Gan
by -

der fdpy [pb/GeV]

pr.p, with ttb cuts

— ttbh
— [Stibb
— F5 tibb
— [MT tthh
-—— 5at
=== PSzun

supports choice of 4F scheme with m; > 0 and no b-quark PDF
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