MAX-PLANCK-INSTITUT %
FUR PHYSIK Zap0:54£

Alessandro Ratti

NNLO predictions for bottom quark
pair production in MiNNLOps

Workshop on Tools for High Precision LHC Simulations
Schloss Ringberg, November 1st 2022



Outlook

o Event generation with MINNLOps

O Motivations and status

* Gluon PDFs constraints through the analysis ratio of rapidity distributions
*» Some experimental results

* NNLO fixed order computations

o Bottom pair production in MINNLOps (in progress)
* Validation against fixed order NNLO results

* Preliminary results for B meson distributions
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Events at LHC: theoretical perspective

b ‘ ' Decays . - Hard scattering

Described through the factorization formula
for hadron collisions
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Differential cross section for the
elementary parton process (evaluated in
perturbation theory)

The final state multiplicity for the hard scattering is then increased
iteratively trough a Parton shower algorithm (down to a certain scale )

t 1
St = A p)(1 ] +J dt[ dz A1, 1) F(t,2) Sz°n) S((1 = 2)°1)
tn J0

Probability to generate
some final state
configuration from PS

S5(t) - ')




The POWHEG method

Matching leading order calculations to ... But when it comes to matching NLO
Parton showers is quite straightforward... calculations, things become a bit more Nason P. (2005)
cumbersome
Frixione S., Nason P., Oleari C. (2007)
Amplitudes for a 2 -> n inclusive process Born matrix element Virtual correction
A (0) (1) 0 _ ©0) |2 _ (0) _ 4 (1)*\ Note: real and virtual corrections
A, =47 + 84,7 + 0@ * B = |A2_>n| = aS2R6<A2—>n A2—>n> display IRC singularities: a
] subtraction scheme is required
Real correction when numerically computing phase
_ 0) 2 _ 0 2 space integrations (e.g. FKS, CS)
A = AT + 0(g) -} R = a|AY |

do = dD, B(D,) [A(t,, o) + de, F(z, DAty 1) + ]
The POWHEG

approach: generating +
the hardest radiation

first and with NLO
accuracy, then
attaching a pt-ordered
Parton shower

5 A(NLO) ( / t) POWHEG
rad B I’ master formula

do = dD, B(®,) [A(NLO)(t,, ) + ddb

B =B+ Y fin) i [d¢de(sub) ANLO _ e—quﬁde/B



The MINNLOps method

Let us consider the POWHEG In this case, the POWHEG B function will be computed at NLO fixed order as:
event generator for the process

pp = F+J

* E((DFJ) = B(®p)) + a; {V((DFJ) T J'dq/’de(q)FJJ)} T 0(0[5‘2 )

(Color singlet production with one jet)
But the matrix elements used in this formula show large logarithmic enhancements

INn the phase space regions where the jet is collinear to its emitter...

We loose predictivity in the low jet transverse momentum region!

How can we recover NLO
accuracy for exclusive
distributions in F+J?

Implementing Pt-resummation in
the definition of the B function

>



The MINNLOps method

Sudakov form factor

suppresses b at low py Couplings evaluated at the

pr scale

MINLO’

Hamilton K., Nason P., Oleari
C., Zanderighi G. (2012)

MINNLOps
For FJ

Monni P., Nason P., Re E., Wiesemann M.,
Zanderighi G. (2019)

B(‘DFL Draq) = exp[—g(@F,pT)] [B((I’FJ) (1 " %2(71?) [g(‘pF,PT)](l)) + V(®y;)

+R(Ppy, Praq) H D(EB)((I)FapT)FCOH((DFJ)] ;

] Nep «cpy
MiNNLOps Bog(®es, Braa) Z{ Z clil . (®p) exp[—SYl . (B, pr)]

For QQJ cF3

X | Bepy (®Pry) (1 -+

os(Pr) gy <<I>F,pT>1<1>) F Vi, (Be3)

Mazzitelli J., Monni P., Nason P., Re E., 21

Wiesemann M., Zanderighi G. (2020)

}

([ Ncp<—crjj

55 Z < Z CCF<—CFJJ

CFJJ

eXp[ Sg'g‘(]—CFJJ (@Fy pT)] }RCFJJ (q)F.h (I)rad)

[Javier Mazzitelli’s talk]

nCF

Y Y,

cry \ cr i=1

) exp[—SL (®p, pr)] DL (>3)(<I>F,pT)}F§§§”(<I>FJ)
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Accuracy for the F and F+J inclusive observables

MiNLO’ MiNNLOps
F NLO NNLO
F+J NLO NLO

\

Additional terms necessary to
reach NNLO accuracy for
iInclusive distributions in F



Bottom pair production

Motivations and status



Bottom pair production

Why is this process interesting?

4+ Very large cross section —> relevant background to various processes (both SM and BSM)
4+ Heavy quark pair production at LHC can be exploited to find constraints on the gluon PDF

4+ Event generators for processes like pp — bb and pp — cc can be exploited when studying the
prompt atmospheric neutrino flux for backgrounds in neutrino telescopes (e.g., lceCube)

BUT
Avalilable theoretical results for this process still affected
by large uncertainties...

v

We need to improve the accuracy of our predictions!



Bottom pair production

Constraining gluon PDF from rapidity ratio distributions at different c.o.m. energies

Possible sources of theoretical uncertainties:

* Uncertainties over PDFs
* Uncertainties over pole mass value
* (Uncertainties over coupling constant values)

» 7-point scale variation for renormalization and factorization scale



Bottom pair production

Constraining gluon PDF from rapidity ratio distributions at different c.o.m. energies

8X107 B T T : T 7X107 T T B T
107 full uncegt:;r;ys/ vl . - full unce;tca;?etg VAW ]
e — o mass From fixed order results at NLO, it has been
g 5x107 1 807 shown that:
2 4x107 - 2
E 3X107 — — \\\\| N g 3X107 _____________
2x107 | PP = bottom quark + X 2x107  Uncertainties over PDFs
1x407 |- LHC 13 TeV, NNPDF_nlo_as_0118~ 1x107 S
ol pT>°l1 . | J pT>211GeV ... |+ Uncertainties over pole mass value
7 d 7 d * (Uncertainties over coupling constant values)
4X107 " full unbertainty g 1.2x10 " full unéertainty 'y . . . . .
35410 scales 7 1x107 scales - e 7-point scale variation for renormalization and
3x10 PDFs 1 65105 PDFs
— —_ X - -
g 250’ g factorization scale
Z  2x107 Z 6x106
3 1.5x107 3 4106
1x107
% 1 2 3 4 5 % 1 2 3 4
g d Dominant source of uncertainty!

Cacciari M., Mangano M., Nason P. (2015)
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Bottom pair production

Constraining gluon PDF from rapidity ratio distributions at different c.o.m. energies

How can we deal with huge scale uncertainties? We can 2 , , 2 .

C . S ' scales == S ' ' scales mmm
analyze observables where scale variation is suppressed c NLO PDFs C NLO PDFs
~ 18 |- Normalized to y=0 value ~ 18 I Normalized to y=0 value
J !: 1.6 - pp — bottom quark + X - % 1.6 .
0] - PRE © LHC, NNPDF30_nlo_as_0118 O
—(137eV Ratio of rapidity < ! — = ~ pr> 2 GeV
c : < 14 il = 14 L .
R __dy ( ) distributions at 3 pr>0 C
(y ) — do different beam ® 1.2} - ® 12} .
—(7T€ V) energies 2 <)
dy 5 : 5 1 :
© | ] | | © ] | | ]
. 0 1 2 3 4 5 0 1 2 3 4 5
* Beam energy and the scale choice are not correlated y y
(most scales just depend on the Parton level kinematics) 2 , . . , 2 . . . l
NLO scales mmw NLO scales m/=m
PDFs PDFs

1.8 | Normalized to y=0 value 1.8 - Normalized to y=0 value

» At different energies, the same (p, y) kinematics selects

- . 1.6 . 1.6 | 4
different values for x (since x ~ pT/\/E) o | Pr>5Gev | . 4| PT>10GeV |
* 1.2 | . 1.2 | 4

Scale dependence is more suppressed than the
one on PDFs, which become dominant! 0 1 5 3 A c 0 1 > 3 . :

* y y

Especially gluon PDF

do/dy (13 TeV) / do/dy (7 TeV)
do/dy (13 TeV) / do/dy (7 TeV)

Cacciari M., Mangano M., Nason P. (2015)
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Experimental results for B meson production

Several experimental collaborations have addressed the physics of b pair production at high energies
(through measurements for of B mesons and their decays)

1980 1990 2000 2010 2020

+—

UA1 collab. CERN DO Tevatron ATLAS (2012-2013)

(1987-1988) (1995-2000) (/s =7TeV)
(Vs = 0.63TeV) (Vs = 1.8 TeV) ALICE (2013-2014)
CDF Fermilab (s =2.26TeV, 7TeV)
(1995-2005)
(/s = 1.8 TeV) LHCb (2010-2018)

(/s =7 TeV, 13 TeV)
CMS (2011-2017)

/ (/s =7 TeV, 13TeV)

First results at 13TeV
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Experimental results for B meson production

s 0F ' L ] o 905 ' LN =  4F] | | —
Z 45 =roNLL (a)4 = sof —roNLL (b) S .|
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LHCDb collaboration, 2018

Average B meson pseudorapidity distributions do(pp — H,X)/dn, compared to FONLL predictions

Here it has been defined: 0(B°) + a(B°)| + L 0(BT) +0(B7)]

2
0(BY) + o(BY)] + 0

o(pp = HpyX) =

+

(0(A)) + o (4]

DN | = DNO|

We notice that: « Data and FONLL predictions are compatible within their respective uncertainties
» There are some shape differences between data and experimental predictions =——)
e Such shape disagreements compensate in the ratio of distributions

Does the situation
improve at NNLO?

13



do /dm,, [ub]

ratio to NNLO

90 |

40

30

20

0.0

Fixed order NNLO bottom pair production

10 |

pp — bb Q7 TeV, po =my

LO
M NLO
B NNLO |
J LHch

do /dnp,, [1b]

ratio to NNLO

S. Catani, S. Devoto, M. Grazzini, S. Kallweit, J. Mazzitelli; JHEP 03 (2021) 029

pp — bb @ 13 TeV, puy = my

80
LO
N NGO
60 B NNLO .
$ LLHCH =
40

20 ¢

Dy

pp — bb, po = my,

2.8
' LO

- NLO
| 1 NNLO

2.4

doi3tev /dorTey

ratio to NNLO

Average bottom and anti-bottom pseudorapidity distributions at 7TeV and 13TeV (LO, NLO, NNLO) with up = pp =
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Bottom pair production with MiNNLOps



Bottom pair production with MiNNLOps

Settings

e We consider 7 and 13 TeV LHC collisions

« Four-flavour scheme, with pole mass of bottom quarks set to m;, = 4.92 GeV

* PDF choice: NNPDF31 _nnlo_as 0118 nf 4

* For the two overall couplings in the MINNLOps formula, we tested different scale choices,
namely mob, Mou/2, H/2 and Hy/4

* OpenlLoops?2 for tree level and 1-loop contributions, and evaluated the genuinely 2-loops
contributions using analytical grids

16



Comparison to fixed order results

Bottom quark pseudorapidity

Inclusive observables in bb

Bottom transverse momentum

do/dn, [ub] pp—bb@LHC 13 TeV , do/dpr, 1, [ub] pp—bb@LHC 13 TeV
80 : I I 1 I 1 I 1 I 1 I I : 10 - 1 1 1 1 I I 1 1 I 1 1 1 I 1 1 1 1 =
| e --== NNLO
1 e e MINLO
TO1 e BESSRL =
] : — MINNLO E
T S _
L NS WA EI  D—
E 10'2 - L | | L | |
dO'/dO'NNLO
I I I I I 1_6 1 1 1 I I 1 1 1 I I
14 e - I | | |
' tar e T ]
1.2} - T
1
0.8
] S S B — R— -
0-4 I I 1 I 1 1 1 I I 1
0 10 20 30 40 50
Nb PT, b [GeV]
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Total cross section

27%
NLO 348.5(3)75, ub

: ’ 22%
MINLO"  399.7(5)*2% ub

16%
NNLO  435(2)*1%% pb

MiNNLOps|  428.7(5)%12% ub

Comparison with fixed order
NNLO predictions from MATRIX.
/-point scale variation has been
performed choosing the central
scale:

Hr = Hp = Ny




Comparison to experimental data

We show some preliminary results for the comparison of predicted B meson distributions with experimental data.
Events have been generated interfacing POWHEG to PYTHIAS8 (both for PS and hadronization)

, do/dpr g+ [ub] pp—bb@LHC 13 TeV . do/dpr,, [1b]
10 I I L L I L L I L L I L L I L L I L L I L L I L L ] 10 - I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I
. | | | ~ — MINNLO : | | | | — MINNLO

NOTE: o L Lse | | | e MINLO : e MIiNLO

pp—bb@LHC 13 TeV

T
uncertainties here = - - Feddata _ Lo —e data
are only estimated [ s | | | | | : ; | | |
with 7-point scale 102 b | ... T T L T 100 e e T T R —
variation around E T E """"""""" _L """"""""" """"""""" 'E

Ur = pp = Hpl2 103 i [ g I
Where = ows.zo7 | T L cus, 2017

_ 2, 2 S
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S S ., - ype] < 145
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do/dopiNNLO do/domiNNLO
3 E I LI L I LI L I LI L I LI L I LI L I LI L I L = | I L - 2.5 - || || || || I || l__l || I || || || || I || || || || I || || || || I || || || || I || || || ||

1 .5 E_.‘I QQQQ ;’U""’ JJJ l;I'r """" T """" E """" T """" r """"""""" """"" - """" """"""" _E 1 .5 :_ ............. ‘ ........ __ ‘‘‘‘‘‘‘‘‘ ..................... ‘ ................ ................... T ................... ............. —:

05 o o e e e e e 05F | e e

OF PRELIMINARY 3 = PRELIMINARY

05E S e e S E

_1:Illlllllllllllllllllllllllllllllllllllll _().5lllllllllllllllllllillllillllillll-I
20 30 40 50 60 70 80 90 100 10 11 12 13 14 15 16 17

PT, B* P1g. [GeV]

18



s A L L
sfE S S T — MINNLO 2
L S T A N
b | | pridaa
5 __. p— 1- """""" -|- """ """ . """"""""""""""""" I
4 B e l ''''''' .—
s L e E——

Comparison to experimental data

We show some preliminary results for the comparison of predicted B meson distributions with experimental data.
Events have been generated interfacing POWHEG to PYTHIAS8 (both for PS and hadronization)

do/dyg+ [ub] pp—bb@LHC 13 TeV

3 CMS 2017

L 10GeV <py,. <100GeV - s - S =
- I 1 I 1 I 1 I 1 I 1 I 1 I :

dU/dOMiNNLo

b P,RELIMINARY \\\\\\\\\\\\\\\\\\ o S o :
0 S N S SN S S &
0 0.2 0.4 0.6 0.8 1 1.2 1.4

yB*

8 do/dyg- [ub]

pp—bb@LHC 13 TeV

I I I I I I I I I I I I I I I I I
1B —— MINNLO ... —
14 b MINLO _
T Y O R S I—-—I_data .......... 7

1 b L —
o8 kL T
0.6 R

Al
0 i CMS 2017 ;

0.2 - 17 GeV < pT <100 Ge‘V """""""" SR S S —

O I [ [ [ [ I [ [ [ [ I [ [ [ [ I [ [ [ [ I [ [ I

dU/dGMiNNLo
25 : 1 I I T T T I I I T T I

N s S S s
1 5 :_J_. 77777
0.5 — ------- S S S R —

b P .RELIM,I.NA.RY ............... N N N E
_0.5 E [ I [ [ [ [ I [ [ [ [ I [ [ [ [ I [ [ [ [ I [ [ [ [ I [ [ [ [ :

1.5 1.6 1.7 1.8 1.9 2 2.1
yB+
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Comparison to experimental data

We show some preliminary results for the comparison of predicted B meson distributions with experimental data.
Events have been generated interfacing POWHEG to PYTHIAS8 (both for PS and hadronization)

20 do/dng,_, [Mb] pp—bb@LHC 13 TeV
1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 | I

. — MINNLO -

T MINLO """""""" —g

e+ data = ‘

~~~~~~~~~~~~~~~~~~~~~~~ T
- e J_ ............................... _
I S N

o5 _ """"""""""""""" """""""""""""""""" ____________________ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, I

20 E_ """ LHCb, 2018 """"""" """""""""""" o """""""""""" _;a

15 - L 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 g
do/dopminNLO

I S U S .
S - T T
S S S S S — . -
PpEpm—le——

05C  PRELIMINARY B o

O : 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 :
2 2.5 3 3.5 4 4.5 S

NB,,
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Summary

o Status of bottom pair production in MiINNLOps

* The code has been validated against NNLO fixed order predictions

* Preliminary comparisons to experimental B meson distributions at 13 TeV

© Further developments

 Comparison to 7 TeV data
* Ratio analysis for rapidity distributions at 7 and 13 TeV
* Analysis for b-jets and comparison to experimental results

* NNLO fixed order computations
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Thank you!






