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Z boson production with a b-jet at @(af)
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RG, A. Gehrmann-De Ridder, EW.N. Glover,A. Huss, |. Majer https://arxiv.org/abs/2005.03016
PRL 125 (2020) 22, 222002

Physics relevance/potential:
(i) Study of processes involving flavoured jets (test theory framework)

(i) Backgrounds for Higgs measurements, direct searches (Dark Matter)

(iii) Probing the flavour content of the proton
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Theory motivation

19.8 o' (8 TeV)

;8/_ —&— Data
D:_ MadGraph 5FS + Pythia6
o
-~ 10F MadGraph 4FS + Pythia6
2 _
© MadGraph-aMC@NLO + Pythia8
= Powheg MINLO + Pythia8
Q ) 5 5
0
, ®
1r R W
Ziy*(— 1) + at least 1 b jet —3—
anti-k; (R =0.5) jets
ot )
p; > 30 GeV, Ml < 2.4
- 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
S 1.5¢ MadGraph 5FS + Pythia6, normalized to o, , Stat. uncertainty only
R — 5 5 5 o o 3 &
e 05 3 MadGraph 4FS + Pythia6, normalized to o o, stat. uncertainty only
i L L L L | L L L L | L L f L | L L L L |
g’ 1.5F
(V) 1 o A A o o Fou Fau' A A
_C F 4 Y A4 A4 A4 A4 4 Y
= 0.5 F MadGraph-aMC@NLO + Pythia8, normalized to Iy stat. + syst. uncertainties only
A L L L L 1 L L L L 1 L L L L L L L L 1 L L L L
1 Q Py )!\ /!\ ;!\ & & A
@ O A\ =4 A4 =4 4 Y
05} Powheg MINLO + Pythia8, norme}lized tooy o stat.I +syst. uncertaintiles only
0 0.5 1 1.5 2 2.5

Hp,

Leading b jet Il

Theory / Data

10'45‘
1.5F

05F
15

05F
15

05¢f

19.8 b (8 TeV)

CMS

Zly*(— ) + atleast 1 b jet

—&— Data

&= MadGraph 5FS + Pythia6

= Powheg MINLO + Pythia8

MadGraph 4FS + Pythia6

MadGraph-aMC@NLO + Pythia8

antl k; (R =0.5) jets 5
p '>30 GeV, "'l <2.4
I 1 1 1 I 1 1 1 1 I I 1 1 1 1 I 1 1 1 1 I
E MadGraph 5FS + Pythia6, normalized to oy, o, Stat. uncertainty only
o o aoooe
MadGraph 4FS + Pythia6, normalized to o, o, stat. uncertainty only
L 1 L L L L 1 L L L L 1 L L L L 1 L L L L 1 1
0 00 00 00 0 v 5 O 0 0

MadGraph aMC@NLO + Pythia8 normalized too

NLO® stat. + syst. uncertainties onIy

5 o o
A4

A4 A4

L +++—J——J—

Powheg MINLO + Pyth|aB normallzed to ONLO stat I+syst uncertalrlmes only

50 100 1 50

Pt

200

b

300
Leadmg b jet P, (GeV)
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Overview of this talk

Anatomy of heavy-flavour processes
» General structure of computation N/
) @ (]
» The b-quark PDF VRS
@
Flavoured jets & perturbative computations

» A flavoured jet algorithm

» NNLO QCD predictions (with m,, effects)

CMS

Comparison to CMS data, and conclusions
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Anatomy of heavy-flavour processes

N/

- @ -

/ ARG
Factorisation theorem

do,, . x = Z deldxz Jitxp) fi(xp) A6y (5, .. .) TX — X)

i,j
Partonic cross-section

=d6-0  + a,d6N0 + af d6TNO +
l]_>X ]—>X+ l]—>X+ j—X T

do.

At fixed-order, define parton-level jets [corrected with (X - X )]
Rhorry Gauld, 18/05/2021 5 [from NLO+PS for example]



pp = 2Z+b—jet+...

Computed in a scheme: e.g. “4fs” aka ZM-VFNS (n"™* = 4)

g b _ b
q _
/1Z — 1l b
_) —_—
4 vlZ — Il
g _ q
b

LO computation in 4fs O(a?), d&gjfo ~ [ dey |sz—>f(|2
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pp = ZL+b—jet+...

Computed in a scheme: e.g. “4fs” aka ZM-VFNS (n"™* = 4)

g b ) b
q _
/1Z — 1l b
_) —_
! vlZ — Il
g _ q
b

LO computation in 4fs O(a?), d&gjfo ~ [ dey |sz—>f(|2

do¥s = dg"™=Y + dgnlms] + do™

Massless component % @(ng ) effects
2 M AN . .
O(agng) in Sfs @99!< exact kinematics
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pp = ZL+b—jet+...

Computed in a scheme: e.g. “4fs” aka ZM-VFNS (n"™* = 4)

g b ) b
q _
/1Z — 1l b
_) —_
! vlZ — Il
g _ q
b

LO computation in 4fs O(a?), d&iLjO ~ [ dey |sz—>f(|2

do¥s = dg"™=Y + dgnlms] + do™

[pb] 1.4 -0.45 1.9 -0.05

100% -32% 135% -3%
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The b-quark PDF

Clearly, we wish to understand the logarithmic part (it is the largest)

----------------------------------------------------------------------

----------------------------------------------------------------------

A :O
domlm] ~ Jo(xp, /41%*) & f Igl)(XZ’ //t%) ® dGZZyeZb
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The b-quark PDF

Clearly, we wish to understand the logarithmic part (it is the largest)

Actually, we know it well (use the renormalisation group, “PDF evolution™)

IIIII | | IIIIIII | | IIIIIII | | IIIIIII
PDF Set = NNPDF3.1 NLO Q=100 GeV

[E—
(\9]

Reference = N°LL

f,(x,Q) / £ (x,Q)

| am showing fixed-order pdf versus a resummed one (PDF evolution)

a,’ ln”[//t]%/mlf], m>n Note! a, ln[mglmbz] ~ 0.7

Rhorry Gauld, 18/05/2021 10



“Choice” of jet algorithm

What happens if we apply anti-kt alg. as in an experimental set-up

_ b
q _
Collinear safety b )
viZ — [l
q
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“Choice” of jet algorithm

What happens if we apply anti-kt alg. as in an experimental set-up

_ b
q _
Collinear safety b )
viZ — [l
q

8 > q
Soft safety WWU{M
q > vIZ — 1l
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“Choice” of jet algorithm

What happens if we apply anti-kt alg. as in an experimental set-up

_ b
q _
Collinear safety b )
viZ — [l
q

8 > q
Soft safety WWU{M
q > vIZ — 1l

Massless(5fs): infinite
C x a, ln[Qz/m,f]

Massive(4fs): finite, but contains large corrections like
S « af In*[Q*/m]]

Rhorry Gauld, 18/05/2021 13



The flavour-kr algorithm

We want to use resummed b-pdf, and avoid large “C, S” corrections

Theoretical Physics | Published: 19 May 2006

Infrared-safe definition of jet flavour

A. Banfi &, G.P. Salam & G. Zanderighi

The European Physical Journal C - Particles and Fields 47, 113-124(2006) | Cite this article

109 Accesses | 71 Citations | Metrics

(1) Quantum flavour assignment:
b=+1,b=-1

(2) Flavour specific clustering

y Ayfj - Agb?j {max(kti, ki;)* min(ke;, ke )?~*  softer of i, j is flavoured,
ij =
R2

min (kyi, ki) softer of %, j is unflavoured

Note! anti-kT clustering not well suited (preference of soft-hard clustering)
Rhorry Gauld, 18/05/2021 14



The massless calculation

ALO ANLO ANNLO
do;_ 3 =do ]_>A+ad ok +a’dé iy T
pu
D
Z/v e
q
g
p =
( b-jet
R b —
At LO: 4 distinct channels, dé LO dﬁbx‘ ]—>X| '
o g N

N\~

At NNLO: 1000 distinct channels (amplitudes also become complicated)

Use a “flavoured dressed” version of the computation of Z + 1 @ NNLO

Gehrmann-De Ridder et al., https://arxiv.org/abs/1507.02850

PRL 1'17,022001 (2016)
Rhorry Gauld, 18/05/2021 15



The massless calculation

ALO 5NLO ANNLO
do;_ 3 =do ]_>A+ad ok +a’dé iy T

( SNV T S NS \

/ / A B A A A Y A
[N _/_11_/ /\ /N /[ 1/

Theory collaboration between CERN, Durham, Lisbon, Nikhef, Zurich

A (parton level) Monte Carlo generator, antenna subtraction formalism
(Gehrmann et al. 2005-201 3)

My collaborators for this work, i.e. pp — Z + b — jet, PRL 125 (2020) 22, 222002

Rhorry Gauld, 18/05/2021 16



Including mass corrections

Construct a massive variable flavour number scheme (M-VFNS)

doM-VFNS _ 4 55 4 ( Ao — 4o )

mb—>()
NNLOJET pp — Z+b-jet+X Vs =8 TeV
= 44T T T T I I T T T T
% — NLO 5fs flavour-k,R=05,a=2 -
§ 472 [ Fiducial region : —
s %4 B FONLL o2 , _
o N . : m)”" =4.92 GeV _
—  ——— NNLO 5fs .
4 L —
~  —— FONLL & .
380 —
34
3.2L
0.5
dfs __ n,=0 m
do¥® = do™ o) ~—-3%

aMC@NLO  dedicated computation

Rhorry Gauld, 18/05/2021 17 *M-VFNS = FONLL



Comparison to CMS data

L,]

Theory: parton-level flavour-kr jets

8 B This includes:
Unfold data with RooUnfold .
9 y T(X - X)

/

Data: hadron-level anti-kr jets
Model: NLO+PS, aMC@NLO+Pythia8
Main effect: to remove ‘double-tagged’ jets. i.e. a pseudo-collinear g — bb

Rhorry Gauld, 18/05/2021 18



Comparison to CMS data

A=)
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2)
(Gtheory - Gdata)

2
56data

NNLOJET pp— Z+b-jet (s =8 TeV
; _l 1 1 1 1 1 I 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 I 1 il
S 107! e flavour-k, R = 0.5, o0 = 2 ~3— Unfolded CMS data —=
Ha) — == 3
= = == —— FONLL o =
= = 7]
2107 - R —— FONLL o =
> — == =
o - Sa=SN -
-3 | —— ]
10 g e s =
— R -
1074 - R I AR
:l 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 1 I 1 1 1 1 | 1 1 Il 1 I 1 9
S — | 1 1 1 1 1 I 1 1 1 1 1 1 1 I 1 1 1 | L) 1 | L) 1 yl I
= — i
S 15— JEVIVIVIVIVIVES % 265606 2 2oVt to - mm
Q — 0000000 —
o _—] -
P T TR E
[a' 1_ 11772 I I |
IR R BN BN i B B B B B PR T I T ) T T I Tt R | i B T
ﬁ El l_l hlINl]_ld 51I:S ' lllllllll I lllllllll I E
o 1.1~ NLO 5fs _—
— — —
Z. — - — -
e I —
e B =
S 09— .+ Lo ovovo0o0 0 0 [ ey e

= 100 200 300
Pr, [GeV]

m O(a?)
b S
7~ A 7~ A 8
2
1N, 1.9 .7 .5
&
NILO (5fs)
Rhorry Gauld, 18/05/2021 19 Note:

used smaller uncertainty in y?



Comparison to CMS data

NNLOJET pp— Z+b-jet (s =8 TeV
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Q-‘ = —
= ,<F flavour-ky,R = 0.5, ot =2 —4— Unfolded CMS data 3
= 25 —
5 — . ) -
E , = FONLL o2 3
E Tﬂw—w —— FONLL o? E
15 :_ I T $/\N _:
1 :_ a!s!eqs!ﬁs _:
— e=f=r]
05— —
o Liviiiiig Liiiiiiiag Liiiiiiiag v iy =

<
g 12 = ! FT 11 1T 1T1n1rrni I rrrrrrriri I rrrrrrriri I rTrTrrriri l_=
o LIE- =
g 09E- ! =
08 L1 111111 I | I T I | I L1111 11111 I L1111 11111 I L1 1111 l_
b = NNLO'Sfs ! ! ! =
o LIE=  NLOS5fs —
E — e ——
e IE=— ———— —
. — ]
E 09 llllllll l lllllllll l lllllllll l lllllllll | llllll l_
0 0.5 1 1.5 2

M, }/]b

. (0, — O, )?
)(2/Ndat 2.0 | 6 | 0 ){2 _ Z theory — Odata

005,14
NLO (5fs) =

Rhorry Gauld, 18/05/2021 20 Note: used smaller uncertainty in y?

bins




Conclusions

Calculational setup:
» Resummation of dominant ISR logarithmic corrections

v

Removal of troublesome FSR logarithmic corrections (jet algorithm)

v

Inclusion of the finite b-quark mass corrections

v

Percent level uncertainties (2-3)% + accurate!!!

Rhorry Gauld, 18/05/2021 21



Conclusions

Calculational setup:
» Resummation of dominant ISR logarithmic corrections
» Removal of troublesome FSR logarithmic corrections (jet algorithm)
» Inclusion of the finite b-quark mass corrections
» Percent level uncertainties (2-3)% + accurate!!!

The jet algorithm:
» Tackle inconsistency between data and theory with unfolding
» Motivates further study into this issue (exp. and th. side)
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Conclusions

Calculational setup:
» Resummation of dominant ISR logarithmic corrections
» Removal of troublesome FSR logarithmic corrections (jet algorithm)
» Inclusion of the finite b-quark mass corrections
» Percent level uncertainties (2-3)% + accurate!!!

The jet algorithm:
» Tackle inconsistency between data and theory with unfolding
» Motivates further study into this issue (exp. and th. side)

Future applications:
» Precise signal <> control region corrections (searches, etc.)

v

Scaling of MC (reduce theory uncertainty of backgrounds)

v

|deally, direct comparison to data (PDF analyses etc.)

v

Interface to Parton Shower

Rhorry Gauld, 18/05/2021 23



4.4
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NNLOJET pp — Z+b-jet+X Vs =8 TeV
1T T T 1] T T T T T 1

NLO 5fs

£ FONLL &2

flavour-k;,R=05,a =2
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do/din,| [pb]
\S)
W

Ratio to data

Ratio to NLO 5fs
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Much obliged! Questions?
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Whiteboard
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Whiteboard
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Size of unfolding correction

How to account for theory-experiment mismatch?

Use an NLO + Parton Shower prediction (which can evaluate both)
|) Prediction at parton-level, flavour-kt algorithm (Theory)
2) Prediction at hadron-level, anti-kT algorithm (Experiment)

Calculate an “Unfolding” correction from 2) Experiment — 1) Theory

Data pp—> Z+b-jet Vs =8 TeV Data pp—> Z+b-jet Vs =8 TeV

— 5 1 5 [T T T T T T T T T[T T T T TTTTT [Trrrrrro1 [TrrrrrrrT [Trrrrr1 n o 1.5 T T T T 11 [T rrrrr 111 [ rrrr 11111 [

k=) N . . ] = u . . ]
y= — — anti-k, (original) = o, = — — anti-k, (original)

| 35 —I— flavour-k, (hadron) ] : 35 —I— flavour-k, (hadron) 3

g * flavour-k, (parton) g § * flavour-k, (parton) 4

1.2 - 1.2 —

1L1E S 11 N

=== I PASPECS afer o SELLSLSTLR0 S

0.9 e < L 0.9 gl e

08: 08: ,,,,,,, _:

OTE E 07 e £

0.6 S 0.6 % Toeoiees

0.5Eiiy L i Lo iy ] 05111 Loy | SRPbR IR b

=0 0.5 1 1.5 2 : 100 200 300

| p. . [GeV]

We use RooUnfold (following the procedure used in the exp. analyses)
Rhorry Gauld, 18/05/2021 27



NNLO flavoured jet cross-sections
d6; NLO = / 1 67t Lo — 467 nro] + / 65 nLo — 467 nL0] (2.1)

Generic structure of higher-order terms —see Gauld et al. arXiv: 1907.05836

A 1
de},NLo — Nﬁo d®, 41 ({P3;- -+, Prt3);P1,P2) St
(MO (Ipnssh s Unssd) S {puia}, {fasn})] (2.2)
flavour
Jet function acts on flavour of reduced MEs. In general (i,j,k) => (I|,K)
momentum
A 1
dojinio = Nxto D d®ni ({ps,-- pata}iprpe) < "
L n

< X8k ) My ({Bnvad {fasa}) I (B} AFY)] . (23)
The ~ functions denoted mapped (in soft/collinear limits) momenta/flavour sets

Rhorry Gauld, 18/05/2021 28



NNLO corrections, Z+(b)-jet

b Single unresolved

ONNLO — / dUNNLQ R
Pn 42 =

Double unresolved

| d o o I Single unresolved
NNLO 1
¢n—|—]_ TS © €

». o ». o .

ol
—

1/e,1/e%, 1/€3, 1 /€

Non-trivial cancellation of IR divergences
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NNLO corrections, Z+(b)-jet

ONNLO — donn NNLO
D42

T dony NNLO
¢n—|—1

T doy NNLO
an—l—O

36000000600000600

». o ». o .

00000000000080000

(Hagiwara, Zeppenfeld a
Berends, Giele, Kuijf "89
Falck, Graudenz, Kramer '89

Glover, Miller 97

Bern, et al. 97

Campbell, Glover, Miller 97
Ben, Dixon, Kosower 98

Moch, Uwer, Weinzierl 02

Garland et al. 02
k Gehrmann, Tancredi D

Non-trivial cancellation of IR divergences
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NNLO corrections, Z+(b)-jet

ﬁntenna subtraction \
Gehrmann(-De Ridder), Glover 05

ONNLO — d'O-NNLO ColLorFul subtraction
qbn_|_2 Del Duca, Somogyi, Trocsanyi 05

gT subtraction
Catani, Grazzini 05

—|— dO' NNILO Sector-Improved residue subtraction

Czakon 10
qb’n—|— 1 Boughezal, Melnikov, Petriello "I |

N-jettiness subtraction

_|_ d O Gaunt, Stahlhofen, Tackmann, Walish 15
NNLO Boughezal, Melnikov, Petriello "I5

¢n+0 Projection-to-Born

k Cacciari et al. y
E — Finite

Organisation of calculation to allow numerical integration

31



NNLO corrections, Z+(b)-jet

— Finite — ()

Each line individually finite, can be integrated in 4-d

32



Framework - antenna subtraction

o Exploits factorisation properties in IR limits
 Formalism operates on colour-ordered amplitudes

‘ o ] unresolved

M) (i gk, ) > X32(i,7, k) |IMD (1L K, .)|?

Partial amplitude Antenna Reduced amplitude
function {pi,pj oy = {pr.pxc}

The antenna function captures multiple IR limits, e.g.

limit X3(i,7, k) mapping
pj — 0 SZS;; Pi =PI Pk — PK
Pj | pr %ij(Z) pi — D1, (Dk +pj) — PK
pj |l pi =Py (2) (pi +pj) =PI, Pk — PK

33



Framework - antenna subtraction

o Exploits factorisation properties in IR limits
 Formalism operates on colour-ordered amplitudes

/)/7“ Vi . e 12 N19 iunreSOIVGd ~xz() . e 3N 1 4 40 7 r T &2\

Example: tree-level quark, anti-quark antenna

* Lq 2
O/ - : %jg * Iq 2
X3 (igs Jgs kg) ~ ko \L\<
Kg
1
pj || ps —Pij(2) (pi +pj) = pI, Pk — DK

34



Framework - antenna subtraction

Real subtraction then numerically integrated

1

dOS — g o d¢m+1(--'7piapjapka ) ngyk(/&m% k) ’ng,(a [7 K7 ")|2J7Szm)(“7pfapK7 )
m+1 parton Anter!na Redu;ed Jet function
phase-space function amplitude

Note that (phase-space factorisation):
ADrmt1 (- Piy Pjs Phis o) = AP (oo, PI, DK ---) - dOx,0 (Pi5 Pj s PR PT + PEC)

can be used to re-write subtraction term according to:

a )
d¢m(7p17pK7) |M9n(717K7)’2‘]7§zm)(7p17pK7) /d¢kangk(Z,],k‘)

analytically integrated
Qn d-dimensions p

which allows to construct integrated subtraction term do! .
35



Flavour-kr Jet algorithm
Original work: Banfi, Salam, Zanderighi et al. hep-ph/0601139

These details from — Gauld et al. arXiv: 1907.05836

)
Ayz'2j + Aqﬁ?j ) max (ky, k;)® min(ke;, ke )*~*  softer of i, j is flavoured, (2.4)
R? \min(kti, ki) softer of 7, j is unflavoured,
and
)
; < max(ki, k, 5(y:))" min(ky, ktg(yi))Q_o‘ softer of ¢, j is flavoured, (2.5)
P \min(ky, k, 5(yi))* softer of 7, 7 is unflavoured.
Introduction of a beam momentum, controls clusterings
keg(y) =Y ki (O(yi —y) + Oy — ui) e¥7Y) (2.6)
()

kp(y) =) ki (O(y — i) + Oy — y) /%), (2.7)

Rhorry Gauld, 18/05/2021 36



The mass of the b-quark

me ~ 5 GeV

The NNLO QCD computation assumes m1, = 0, what does this mean

The b-quark is active in the running of a, and PDF. Meaning!?

da, a’ o (o)
= — ==+ O(@)) a(Hp) = ———5——
dlnp on L+ 5oy (uo)In[u? /3]
11 2 X 5 5 A
O:<?ca——trnf> [+ Bx (1—BX+B )+@(X)

-----------------------------------------

Use of ‘RG’ improved perturbation theory to (re)sum In[y./m,] terms

Rhorry Gauld, 18/05/2021 37



The zero mass limit

e e i e i e B B e i Y

-----------------------------------------------------------

de™" is built from:
|) convolutions of a massless partonic cross section and OME
2) explicit virtual corrections, implicit via c,’

Example: gg-channel at O(a?).

do,,; = del dx, g(xy, p7) [Agﬁb(z, uplm) ® g(x,/z. ﬂ%)] R CATANTINTIR)

9 1 N ) A as(ﬂlz«“)
oo up) = | 8x/z, up)A,, + O0(ay), Ay = .

X
Rhorry Gauld, 18/05/2021 38
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