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Why complete mass dependence for jets?

Aims: Full quark mass dependence of jet observables.
Theory description for all kinematic regions

( “decoupling limit” < “massless limit” )
Understanding factorization with quark masses

Account for initial state and final state jets

Possible applications:

CMS Preliminary
T I T T T T I T T T T I T T T T I T T

Quark mass effects in precision QCD analyses

€.g. « Event shapes in e*e~ (bottom effects for low Q data)
* Top quark mass measurements in reconstruction

Understanding of Monte-Carlo top mass parameter
Role of massive quark vacuum polarization effects

priipsiils e
- . P I T T HTR A S SN N S S
Intrinsic charm ? % 1m0 1B @
m, [GeV]

This talk: | will mostly talk about final state jets.

Show that SCET (+ extensions) is a good framework to address
the problem of quark masses.
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Outline

* Motivation and Aims

* Factorization for massless quarks

» Effective theories including massive quark effects
* Flavor number dependent renormalization

* Rapidity logs

* Running short-distance mass scheme

* Conclusions & Outlook

* In collaboration with: P. Pietrulewicz, V. Mateu, |. Jemos, S. Gritschacher
B. Dehnadi, M. Butenschon

arXiv:1302.4743 (PRD 88, 034021 (2013))
arXiv:1309.6251 (PRD 89, 014035 (2013))

arXiv:1405.4860 (PRD ..)
More to come ...
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Thrust

— consider: dijet in e*e-annihilation

e.g. Thrust: 1t . 5
i Q
ALEPH, DELPHI, L3, OPAL, SLD
20
%g—fc’ i peak
15 . 2]ets + soft radiation
"
10f" ¢
[ 1 § tail
5 . 2 jets, 3 jets
:’ .. S
0 | | il s 2 0 SO PSSP J
0.0 0.1 0.2 03 04
T

— Mass mode treatment of this talk applicable to any SCET-1-type observable

— We use thrust to be definite and as a first important application.
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Massless Quark Thrust in FO

1 do 2 1 —34974372-973 2374377 In(y=757)
O_tBO(Ern E T T [(F o 5)5(7-) —|_ 27‘(1—7‘) o (1—’7’) ( T )_|_:|

= | o(r) + Ceoe [ (22— 1)a(r) — 3(2)4 —2(2) 4 |+ {non-sing. terms}]

singular terms

T

Strongly dominate in kinematic
regions where jets are produced
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Singular vs. Non-singular

— H + 0-jets , p* < pgto 1 do;
pp +Ujets , pr < 1 doj ete- thrust O(a?)
:l T LI I TT 1T 1T 11T l TT T T T T17T ] TT T T T 71T I TTrrrrrrgj a dT
- gg — H (8 TeV) - . .
% - mpg—125GeV | 10 nonsingular singular
U B (R=0.4, pro=mg) N 1 tOtal
~ L _ l
& singular full NNLO
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— 10 B /Y full NNLO _: - nonsingular x=02
'_g 2 - — - singular 3 - 1
= 2 nonsingular - o DIS thrust O(Oés)
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Massless Quark SCET

Bauer, Fleming, Luke

— consider: dijet in e*e-annihilation, all quarks are light (m, <A) Bauer, Fleming, Pirjol,

Stewart
2
pS Q/\ p_ ~ Q
pL~ QA
n - > N,
nt* =(1,0,0,1) n* =(1,0,0,—1)
nt nt
o +7
p p 5 +p 5 +pL

p=pp"+p

mode Pt =(+—1)| p° fields

hard Q(1,1,1) & -
n-collinear Q(N\?,1,)) QN2 | ¢, AK
A-collinear | Q(1,)\%,)\) QN2 | &, AL

ultrasoft QN2 N2 0% | QP\* | qus, AL

. do=H - TRS

Korchemsky, Sterman
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Factorization for Massless Quarks

Schwartz

do _ = Q°ooHo(Q, 1) /dé Jo(QU, 1) So (QT — ¢, 1) | Fleming, AH, Mantry, Stewart

Bauer, Fleming, Lee, Sterman

dr
20 ¢
1ldo i
o dt 2 )
15r %%ﬂ Ho(Q.1o) v
% UHQ Uny UJﬁ /UHQ
10 i “ J‘ﬁ’(nl:l'lm) y :
{ ;'5-'
5 L .x" i US US \ UHé UJu UJﬁ
% % S(A- Ha) LA A
0 : ! R R J T \ /
00 0.1 0.2 03 04
0 A un~Q
5 blend dent — evolution with n, light quark flavors
opservaple-dependen . o
_ profile funcﬁons — consistency conditions w.r. to
: different evolution choices
VOA L . .
@Aqop : — top-down evolution considered
AQCDO.O' o1 02 o3 o4 '015T in the following

do’ Sil’lg
(5) > aoH(Q,uQ)UH(Q,uQ,us)/dfdﬁ’ Us(QT — £ — 0, ug, ps) J7(QU, 1) Sr(£ — A, )

part
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Final State Jets with a Massive Quark

Gritschacher, AH,

— consider: dijet in e*e-annihilation, n, light quarks ® one massive quark Jemos, Pietrulewicz

— obvious: (n+1)-evolution for y = m and (nj)-evolution for y <m

— obvious: different EFT scenarios w.r. to mass vs. Q —J — S scales

“profile functions”

0 pH ~ Q
L] ~ T
i~ QVL —
m \ 4
L ng
V@AqeD ¢
Ao =2 . AN
0. 0.3 0.4 0.5

— Deal with collinear and soft “mass modes”

— Additional power counting parameter Am = m/Q

mode | p* =(+, -, 1)

ncoll MM | Q(\5,1,Am)
soft MM Q(Am, Amy Am)

33

Aims:

Full mass dependence (little room for any
strong hierarchies): decoupling, massless limit

Smooth connections between different EFTs

Determination of flavor matching for current-,
jet- and soft-evolution

Reconcile problem of SCET,-type rapidity
divergences

“Variable Flavor Number Scheme” (VFNS)

'12/Q L ,’,'
.
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VFNS for Hadron Collisions

_ _ Q2 — _q2
e.g. Deep Inelastic Scattering: do(e pdgde + X) ’lil/] i o
x :
— consider all quarks as as light (m, <A) P/ i \

— quark number operators with an anomalous dimension

between proton states — DGLAP equations ,1/‘11” L
— Hadronic tensor: ol ; |
P RN
W @z) ~ > fali) © wu (Q. 2, ) —— Q

partons a

— u-dependence with DGLAP equations for (light) parton distribution functions

] gi(x, 0%\ _ ay (Q- / dg
d1n Q? (g(.\'- Q")) Z

P.'Ji‘l_.‘ (E Oy (Q— )) Pt/.;s.‘ (C s Oy (Q_l )) ((1_."(5~ Q: ))

-

Iy

X (11)

Py, (;;Q’x(Qz )) Peg (g Q’.v(Qz)) 86,2
& A
das(Q) a?(Q) 2 — m
= —fy = . — 11— Zny —F— Mgt
d1n Q2 Bo (47) + Bo = 11 5 Might
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VFNS for Hadron Collisions

do(e™p — e~ + X) .
dQ) dx ’l/[/]

— realistic case: massive quarks with Q > m > A p/
(charm, bottom [top])

e.g. Deep Inelastic Scattering:

N\F
N
— Hadronic tensor: g

",
Wi (m, Q) ~ > f D (1) @ wy (m, Q) ]

a:q7gaQ P/
ACOT scheme: A

2

/

®* DGLAP evolution for n, flavors for y < m (only light quarks)
®* DGLAP evolution for n+1 flavors for y = m (light quarks + massive quark)
® Flavor matching for a4 and the pdfs at y,, ~ m

n 1 n
fcg,gl,—lé_? Hom) Z gQIa m Mm)@)f( l)( m)

a=q,g v

— hard coefficient w,,,(m,Q,x) approaches massless w,,(Q,x) for m—0
— calculations of w,, (m,Q,x) involves subtraction of pdf IR mass singularities N

— full dependence on m/Q without any large logarithms —— Mgy
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Fully Massive Thrust

— fully massless * Full N3LL' (u.t. 4-loop cusp)+ 3-loop non-singular
* Gap scheme for soft function
Only SCET authors: Becher, Schwartz,

Fleming, AH, Mantry, Stewart
Bauer, Fleming, Lee, Sterman

AN
A\

AS S|
=

— secondary massive « Full N2LL/N3LL
— New: In detail in this talk.

L

A
A\

3

=

N
AN

— primary massive * bHQET: full N2LL/NSLL
— valid for: Am;,; <<m

S
g
I

6=10.6 GeV/

Events/4 GeY,
g
I

3
g

« NLL/NZ2LL for other cases '

g

=

hS

—s primary massive \ T Mew
secondary massive — New: complete and
systematic description

— Only briefly in this talk.

AN

AN N

=
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VFN Scheme: Secondary Massive Quarks

Simplest non-trivial case to study:

— massless primary quark dijet production in e*e-annihilation:
n, light quarks ® one massive quark arise only through secondary production

V.

p p

— does not lead to bHQET-type theory when

/o N\

m
the jet scale approaches the quark mass
\ — only SCET-type theories
Y Y
0 [ pH ~ Q
s~ QVZ
Nonvres /

. T

Aqcep

0.0 0.3 0.4 0.5
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VFN Scheme: Secondary Massive Quarks

I 11 111 IV
fm, ~ T
pH ~ Q — - — - — - e -
thard; 7| ihard; thard; thard ;
S e —— - "5
icoll. MM ; 2 ':_ :‘L
- | isoft MM | = ~
~ | —— oy E o~ o~
pg ~ QA
coll. MLL coll. ML coll. MLL 2 coll. MLL
feollM Y 3 coll.M
M T ¥ by
" isofe MM &
ST E
ns ~ QN2 LY YY
soft ML soft ML soft ML soft ML
soft M

Hm

MM = mass-mode, ML = massless, M = massive
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VFN Scheme: Secondary Massive Quarks

Simplest non-trivial case to study:

— massless primary quark dijet production in e*e-annihilation:
n, light quarks ® one massive quark arise only through secondary production

— field theory: close relation to the problem

p
/ / of massive gauge boson radiation
m — dispersion relation: massive quark results
can be obtained directly from massive gluon

\ \ calculations when quark pair treated inclusively

pl
/E p

M X

pl

=

(e.g. hard coefficient, jet function)

p
m
p/
p

3 ~ 2 0 a2 £ ~
mOm@ - L %(m)ﬂm[i@i ]
am2 M ¢ — M?
M

/q — separation of conceptual issues to be resolved
and calculations issues related to gluon spilitting.

/

p — explicit two-loop calculation needed when quarks
are treated exclusively

(e.g. soft function — hemisphere prescription)

Gritschacher, AH, Jemos, Pietrulewicz 2013
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VFN Scheme: Secondary Massive Quarks

Scenario 1: A\, >1>A>A (m>Q>J>8S)

® EFT only contains light quarks
® Massive quark only in current matching coeff.
® Decoupling for m/Q —
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VFN Scheme: Secondary Massive Quarks

integrate out mass modes at QCD level

92 ~ | ()| U (1, 15)
x [ dt [ dsdo(s) UP(QL = s, s, j1) So (Qr — £, pus)

KM

HH Fo====- L]
thard;

Mg
coll. MLL
soft ML

ML = massless

U, U): massless evolution factors

(1) = Co(pum) + SFR"

Co: massless matching coefficient

§FR“P: massive full theory contribution (OS)
— decoupling for M/Q — oo

— |IR-divergent expression for M/Q — 0

Ui(o) stands for: (a) massive gluon integrated out
(b) (n,)-evolution
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VFN Scheme: Secondary Massive Quarks

Scenario 2: 1>A,>A>AN (Q>m>J>8)

»>

QAmf ® Massive modes only virtual
¢ Jet and soft function as in massless case
AT ® Hard coefficient must have massless limit
et ®* Known Sudakov problem for massive gauge
boson
S : - » P
QX QX QAm Q Chiu, Golf, Kelley, Manohar

Chiu, Fuhrer, Hoang, Kelley

EFT ERC Workshop Mainz, November 10-13, 2014



VFN Scheme: Secondary Massive Quarks

HHg Frm==== "
= thard;
& mass modes enter SCET, but integrated out before the jet scale
MM - §
rcolLMM : = o 2, (1 0
| o andt B |8~ 1S " U Gats ) IMisGuan) P U (o, as)
3 [ ‘£ x [ de [ dsdo(s, ps) UP(QL — s, g, 1s) So (Qr — £, us)
HJ
colL ML C"uw) = C'(un) W <—— Contains all mass-singularities
MH(,LL/W) =1+ 5F,enff(,uM)
S FE"': massive SCET contribution
continuity to scenario | for puy = py :
_
AL " (ue)|* I Mu(ur)P = |C )

soft ML

Ui(o) stands for: (a) massive gluon integrated out
(b) (n,)-evolution

ML = massless

1
MM = mass mode U Z-( ) stands for: (a) massive gluon dynamical
(b) (n+1)-evolution
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VFN Scheme: Secondary Massive Quarks

Scenario 2: mass mode SCET calculation

- P //P _D
//// /// //// m Wia
é: g ® g o
S Sy 4 T T
Va

+ soft-bin subtractions
(collinear for k?=M?2)

2 2 2
SFE(Q. M, ) = 25F {m (%) [mn (‘g) _n (%) _ 3] S g}

Chiu, Golf, Kelley, Manohar (2008) \
Chiu, Kelley, (2009)

Fuhrer, Hoang, Manohar

Va

o~

rapidity logarithms

large logarithm In (f—f) cancels between ¢’ and §F:!!
H

correct massless limit for ¢ (14):

QM. ) = C(Q, M, jy) — 5F5(Q. M. 1) "28 2Co(Q, )
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VFN Scheme: Secondary Massive Quarks

Scenario 3: 1>A>A >N (Q>J>m>8S)

QAT
®  Current evolution unchanged w.r. to Scen. 2

®* Hard coefficient must have massless limit

® Jet function has massless limit

® Massive and massless collinear in same sector
®* Collinear mass modes integrated out at m

QAmf
Q>\2 L
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VFN Scheme: Secondary Massive Quarks

HH pre==== 1
:hard ;
Of mass modes enter jet sector,
~ but integrated out before the soft scale
o Il 2 (1 2 140
92~ " () |” UL (i, 1) | ME (o) P U (1w, 2s)
/ 7 (1) 7 7
x [dt[ds [ds" [ds"doim(s,ps) U’ (8" — s, g, um)
0
. x My(s" — ', ) UD(s" — QU pm, 1s) So (Qr — £, us)
coll. ML -
r(;(-)il-i\-/f".i g J . J ) Jvirt 0 M2 5 Jrezll
P A - -~ 0+m(S, ps) = Jo(S, pu) + 6Jp" (s, py) + 6(s — M=) 6" (s)
| [isoft MM &} . . . o
SN B . = oJy" virtual piece of jet function (distributive structure)
( o + Soft-bin subtraction &_@) ®m® ® - w‘__®
s « Rapidity singularities cancel J, J, 7.
<oft ML « UV dlverg?en.ces aqree with Tnassless f:ase |
sJi": real radiation piece of jet function (function)
* finite
« sum of virtual and real: rapidity logs cancel
ML = massless » sum of virtual and real: approaches massless jet
MM = mass mode .
M = massive function form — 0
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VFN Scheme: Secondary Massive Quarks

HH Fro==== 1

:hard ;
O mass modes enter jet sector,
~ but integrated out before the soft scale

2
92~ |C" (i) [” U (i, 1) | Mt (i) P U (1o, o)
x [dt [ds [ds" [ds"Jyim(s. ) U(S = s, g, pm)

1Ly X My(s" — s, um) USO)(S" — QU pm, p1s) So (Qr — £, ps)

coll. ML -

r(;(-)il-i\-/f".i g J S _ J S ) 5Jvirt S O(s M2 5Jreal S
008 o 1 ftMME 5 0+m(S, pa) = Jo(S, py) + 6Jpm" (8, pu) + 0(s — ) dJm" ()

150 ' .
ON | ’ *g oJy" virtual piece of jet function (distributive structure)
) My(8, pm) = 6(8) — 6Jn" (S, pm)

S
soft ML

continuity to scenario Il for uy = py (py < M):
Jo+m(S, pa) Mu(S, prs) = Jo(8; pa)

ML = massless
MM = mass mode
M = massive
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VFN Scheme: Secondary Massive Quarks

Scenario4: 1>A>AN>A (Q>J>S>m)

2k
X ®  Current evolution unchanged w.r. to Scen. 2

® Jet function and evolution as in Scen. 2

® Massive and massless coll. modes same sector
® Massive and massless soft modes same sector

® Hard coefficient, jet and soft function must have
massless limit

® All RG-evolution for (n+1) flavors

Q)\Q-

QA

EFT ERC Workshop Mainz, November 10-13, 2014



VFN Scheme: Secondary Massive Quarks

‘hard |
&
L
P ol ML
coll.M

S

soft ML
soft M

2371

ML = massless
M = massive

mass modes enter all sectors

o~ {C”(MH)|2 U (s, ps)
x [ de [ dsdorm(s, 1) USP(QU = s, 1, pis) Soam (QT — £, pis)

Soim(l, jts) = So(€, us) + S (4, us) + (£ — M) 5§ S5 (¢0)
5 Sy virtual piece of massive soft function (distributive structure)

* Rapidity singularities cancel between contributions from
both hemispheres (+,-)
« UV divergences agree with massless case

5 Si': real radiation piece of massive soft function (function)

+ finite

« sum of virtual and real: rapidity logs cancel

* sum of virtual and real: approaches massless soft
function form — 0
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Consistency Conditions: Threshold Corrections

Important role of consistency relation: soft — jet — hard for scenario lll

thard: thard
&
alternative description in bottom-up running (x ~ un):
do ., ‘C”(‘f””z [defde [ [ dsas
X U.(/ )(3 — 8" g, pn) Jo(S' 1) U(S )(f" —S/Q, um, pLH)
x Ms(l' =", ) U (€ — €, s, pum) So (Qr — £, us)
g
coll. ML coll. MLL
icolLM i colLM Ms(4, ) = 8(£) + 5S4, um)
S [ SR W
< < consistency relation:| Ms(. i) = Q | Mu(pm)|? My(QL, piy)
jis /s TR () YT (1)
L — similarly: Ug’ (¢, s, um) = QUL (um, 1ns) Uy (QY, puu, pes)
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VFN Scheme: Threshold Corrections

The calculation of the mass mode matching corrections for current, jet and soft function
can be carried out by matching the factorization theorem to a full QCD calculation.

But there is a more efficient method based on the fact that current, jet and soft functions
are gauge-invariant quantities that can be renormalized separately.

® Evolution with VFN and matching can be related to the use of different renormalization
conditions within a single effective theory.

® Use scenario 4 effective theory where the massive quark is contained in hard, collinear
and soft sectors.

Example: Jet function S = 795 o JOS = ij_s 2 JM

On-shell condition: decoupling for m—co : ( n-flavor scheme )

JOS(s,m, 1) = J"M(s, p) + 0(s — 4m?)s S (s, m) T=5 S (s, 1)

MS condition: massless limit for m—0 : ( (n+1)-flavor scheme )

S (s,m, ) = S (s, 1) + (s, m, p) + 0(s — 4mP)5d (s, m) TS St (g )

> | My(s.m,p) = S (s,m, p) @ (S(s. m, )~

®* Renormalization approach automatically implies (perturbative) continuity of the evolution through
the MM threshold — no scale hierarchies are involved/needed anywhere!
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Rapidity Logarithms

® Secondary mass effects start at O(a,?)
® Counting for rapidity logs: a, Log ~ 1

QAmf

AT

2/\2.

* AtO(as®): ¢ No resummation to all orders needed oo om o 7
* Need terms at O(a¢® Log) and O(a.* Log?) O(a.)
S
ni+1)y 2 O(a.2)
(") CpTy P2\ (4 , 40 112 s
m) =1 In(—Cm )8 -L2 + —Lp+ —
Mu(Q,m, ) - (an)? Q2 3 - 9 - o7
(ng+1)\2
(s ") CrTF (4., 38 , 242 272 52 875  5m?
L3+ =L e T )L - B+ — +
+[ (dn)?2 gimt g tm T 97 T3 g $B+ 5+
(nl+1))3c T 2 3
(Qs FLF Ko (3) n
In (__) {./\/l " aan}
(4m)? Q? " Z::
n 4
("2 L,/ m?\ (8., 160 , 416 , 4480 6272
)L+ — L3 4+ L% 4+ —— L+ ——
P amr gt T ar e e g bt g
2
Ly = In ()
Him
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VFN Scheme for Final State Jets

Consistency check: continuous transition and correct limiting behaviour

Thrust distribution: Q = 500 GeV, 7 = 0.15 fixed, vary mass
massless limit (6 flavors): dashed
decoupling limit (5 flavors): dotted

1 do

oo dr
1.00

0.99}
0.98]

0.97]

0 100 200 300 400 5

—— ' m
600 700

I-'I--I--I--I--I-Illllllllllll EEEEEN

-
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L'
-1
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|
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1
1
1
1
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|
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VFN Scheme: Primary Massive Quarks

— bHQET-type theory when
) ) the jet scale approaches the quark mass

section scen. 3

/ / Fleming, AH, Mantry, Stewart
— two SCET-type theories
m \m NO Cross

/

p

X p
P p

% l bHQET l scen. 4
\\m \$ 0k pH ~ Q

\/QAQOD;

ANoop E=——
e 0.0
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VFN Scheme: Primary Massive Quarks

Fleming, AH, Mantry, Stewart (2007)
SCET/bHQET: Q>>J~m> Am > m/Q Am

Hq(Q.Ho)
¢ Small components of massive quark
Ung SCET (n+1) integrated out at p,,~m
H (m, ) Y ®* bHQET current evolution for g <m
" ® SCET current evolution for y>m
Unn|  bHQET (n) *  Soft function identical to primary massless
B,_r(l“, Ur) y case (boosted massive quarks)
UsT SCET/bHQET (n)
S(A, Ha)

All two-loop FO input now known!
N2LL'/NSLL

1 dé(r) )bHQET

_ A ®) (ns) (n5) (—(ny) (m) [ _Q
o0 dr Q HQ (Qa /J'Q) UHQ (Qv /J'Qv /J'm) Hm (m ’ ,U,m) UHm (m(nl) s Hms LB

S n n n S
/ds/dkB("')( o) ,#B,m(J ’)> Ué ’)(k, 1B, 1s) Sé)a;% (QT — QTMIN — 0 k,#s)
m;
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VFN Scheme: Primary Massive Quarks

SCETscen.3:Q>J>m>S

U ® Same as scenario 3 for primary massless,
Hq but with massive jet function
J(ﬁ)(ma IJJ L) X
Ms(M,,,m) . N2LL’./N3LL up to two-loop massive SCET jet
S function.
S(A, Un)
Ha

1 dé(7) |SCET-III " - i i .
= ( )’ = QHy(Q.uq) Uy (Q,NQ,,MJ)/ds/dkdk'dk” T (s, 1y, 1D (7)) US (K, 17, )

M (K = 7000 (i) s 1) UG (K = K, s 1) St (@7 = Qimin = 5 = K" )

oo dr

nf:ng—l—l
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VFN Scheme: Primary Massive Quarks

SCETscen.4:Q>>J >S>m : .
® Same as scenario 4 for primary massless,
but with massive jet function
N2LL'/N3LL up to two-loop massive SCET jet
Un,q function.
J‘ﬁ’(mJ—’m) X
Us v Consistency relations: Evolution factors
S(A, Up) and mass mode threshold corrections

V" Perturbative continuity

m
Ha

1 dé(r) )SCET—IV

s — QU Qo) Uf) (Qung. ) [ds [k (s, s, 7 ()

U(nf) (k’/'l'.fa /-IJS) SI()ai-ft) (QT _ QTmin - % - k,[.LS)

nf:ng+1
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Short-Distance Masses

® Mass dependence in all FO components of all factorization theorems

Most relevant quark mass dependence contains in the jet functions (SCET & bHQET)
Mass definition must be close with the scale of the respective functions (—profile functions)

> m: + _ )N Iz
M = m: MSbar mass (n+1) M) = Mpore — Z Z - ( 4; )) 1nk%
n=1 k=0
— usual MSbar RG-evolution
U < m: R-scale short-distance mass (n,)
+ Jet mass: from bHQET jet function Jain, Scimemi, Stewart 08

* MSR mass: derived from MSbar mass coefficients

. Jain, Scimemi, Stewart, AH 08
* Many others possible

m(R) = mpoie —m(R)  om(R) = R Y2, (%) o

n=1 - —_

E m(m)
d > ao(R) n+1 :
— — i} = E ~ It : 170 ¢
nrfﬁ””m “dmr ") & = [ T ] :
R F
YdR 160 |
m(R1) —m(Ro) :/ = Ry"[as(R)] ;
Ro C

150 E——
- 0 : 3
Mo~ M. matching: — pert. renormalons-free relation through pole mass R

EFT ERC Workshop Mainz, November 10-13, 2014



MC vs. SCET: Primary Bottom Production

Pre|iminaw n Denahdi, AHH, Mateu

Compare MC with SCET (pQCD, summation, hadronization effects) @ NNLL for Thrust

® Take central values for o, and Q, from our earlier NNLL thrust analysis for data on
all-flavor production (=massless quarks) as(Mz) = 0.1192 + 0.006

Q; =0.276 £ 0.155

®* Compare with Pythia (m, Ptia=4 .8 GeV) for consistency and mass sensitivity

®  Which mass does m,"ia=4.8 GeV correspond to for a field theoretic bottom mass?

Abbate,Fickinger, AHH, Mateu, Stewart 2010

order Q1 (MS) Q1 (R-gap) order as(mz) (with Q) a.(mz) (with Q&™)

NLL' 0.264 + 0.213 0.293 + 0.203 NLL' 0.1203 £ 0.0079 0.1191 =+ 0.0089

NNLL 0.256 + 0.197 [ 0.276+0.155 | NNLL 0.1222 £0.0097 | 0.1192  0.0060 |
NNLL/ 0.283 + 0.097 0.316 + 0.072 NNLL' 0.1161 + 0.0038 0.1143 + 0.0022
N®LL 0.274 + 0.098 0.313 £+ 0.071 N*LL 0.1165 + 0.0046 0.1143 + 0.0022

N3LL’ (full) 0.252 + 0.069 0.323 + 0.045 NPLL’ (full)  0.1146 + 0.0021 0.1135 + 0.0009
N®LL(@cp4m,)  0.238 +0.070 0.310 + 0.049 NLL'@cp+m,)  0.1153 +0.0022 0.1141 £ 0.0009
N3LL (pure @epy  0.254 % 0.070 0.332 £ 0.045 N?LL/ (pure @epy - 0.1152 £ 0.0021 0.1140 % 0.0008
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MC vs. SCET: Primary Bottom Production

Preliminary I (no fit yet) all NNLL+NLO

Pythia: — pfvthia — 4 8 Gev
QCD calc.:  m(mp) =4.2 GeV as(Mz) =0.1192 Q) = 0.276 GeV

Q=16 GeV " Q=24 GeV
| ‘\'\;\\\fs \ i
Ll
\,‘ \“y\}ﬁl' & \\;J;/',
3 Q=48 GeV Q=91.187 GeV
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MC vs. SCET: Primary Bottom Production

Preliminary I (No fit yet)

mb(mb) =3.7,4.2,4.7 GeV

Q=16

Q=16 GeV

Q=48 GeV

OAS(Mz) = 0.1192 Ql = 0.276 GeV

Q=24 GeV

Q=91.187 GeV
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Outlook & Conclusion

— VFN Scheme for final state jets with massive quarks

G A A A

m m

NS N\ e \m, \“: \m/

P P Y p p P
— Sums all large logarithms including those involving m Q>J>S
— Accounts for full mass dependence —«— m - —

— Fully consistent with VFNS scheme for PDFs, beam fcts, ...

— Allows simplified VFNS implementation in special cases.

— Needs non-trivial mass-dependent ME calculations if mass is of order of another scale

— Interesting applications are coming up.
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Consistency with VFNS in DIS (x—1)

@ x — 1: experimentally barely accessible (small pdfs!)

but: nontrivial factorization setup — interesting as a showcase for concepts
@ quite a lot of SCET literature

Manohar (2003), Becher, Neubert, Pecjak (2006),

Chay, Kim (2006, 2010, 2013), Fleming, Zhang (2013),
@ here: 1 — x ~ Agep/Q, conveniently: Breit frame

A
p
Factorization theorem: Qr
Fi ~ Z Hois (e )Jbis (1t0) ® Spis(pe) ® fi/P(Md)) QvT=af
e :¢i/Z(N¢) Aaco | 7
’ AQ(IUD Q\/Im Q p+>
Ingredients:

@ at yuy ~ Q: hard function Hpis(i4) = |C(um)|?
@ at uy ~ Qv1 — x: final state jet function Jpis(11s)

@ at He ~ /\QCD: pdf (bq/p(/,tcb)
< in SCET II: collinear initial state function f,;,p(1e) ® soft function Spis(1ts)
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Consistency with VFNS in DIS (x—1)

pi~ Q= = @)= === == === B GE) NI
1y
g~ QUT =T - - —.

f ~ M = = @E_ _

Hfinal

nj

po ~ Q1 —x)
~ Aqcp

physical cross section independent of usna — (@) and (b) equivalent
— relation between evolution factors

—1
U x U = (Ué,"’)) for ng = ny, Ny + 1
— relation between matching conditions

MHXMJ=M¢
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Gap Parameter

®* Remove O(A) renormalon in partonic soft function Pz .
®  Gap matching in R-evolution at mass scale NS h <

®  Subtraction for finite mass not strictly needed, but included to have smooth behavior
for massless limit

® R-evolution mass dependent at O(a,?) contains renormalon

S(ﬁ, ,u) — /dﬁ/ Spart (e - Ela /~L) Smodel(e - A(

A — A(R, M) i 5(R, Qs, M) renormalon-free

/

S(f, ,u) — /dﬁ/ Spart (E — ‘6/ -+ 57 :u) Srnodel (6 — A)

Re'®  d
2 dln(iz)

Kluth, AH 10

5(R, ) = 105, e (2, )]

z=(iRe"E)—1

U~ m: matching: Gritschacher, AH, Jemos, Pietrulewicz 2013

2

_ _ s 2 4
A(m)(R7 1) — A(ne—f—l)(R’m, 1) =e®R [ (044(:)) (02,m (R, m, ) + §TF 01 ln%)
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