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N ———
Drell-Yan at small ¢p

@ my-effects frequently relevant for precision predictions at the LHC
@ systematic treatment for many inclusive processes (4 vs. 5 flavor, VFNS)
@ aim: systematic approach for exclusive processes (with an effective jet veto)

@ here: focus on gr-distribution for Drell-Yan (pp — Z/~* — £¢)
effective veto on additional jets: ¢% = (P + pr)? < Q% = (pe + pp)?

e+

Jet a

—
taken from: [Stewart, Tackmann, Waalewijn (2010)]
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N ———
Drell-Yan at small ¢p

ATLAS (558 TeV, 20.3 o
66 GeV <1 ms 116 GeV, |y | < 2.4
@ spectrum measured
with high precision up to low ¢r ee-channel
—¥— pp-channel
@ analytic high precision calculations, —4— Combined

Statistical uncertainty
I Total uncertainty

up to NNLL'+NNLO (soon NLL)

@ no systematic description o3 101;—~L 2l HI 2
clS !"" T |+ 3
of b-mass effects at low gr i !H{EAW, 7
; 080-99* *INDF=43/43 ﬁ#‘ ]
— e.g. important for my measurement _ X 1
o 2r
@ in MC’s: initial state splitting into : o 1
. . 2
massive quark pair not well understood 10 ey

[ATLAS Collaboration (2015)]

= Goal: Factorization framework for massive quark effects (using EFTs),
explicit results at NNLL’ for Z/+* (NNLL resummation with FO ingredients at O(a2))
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N ———
Drell-Yan at small ¢p

PP — Z+ X Q8TeV

+ ATLAS (arXiv:1512.02192)

@ spectrum measured 2 CuTe 20 (& 1 N°LL + N2LO)

with high precision up to low gz w00 HERALS Avp — 02 Gov

@ analytic high precision calculations,
up to NNLL'+NNLO (soon NLL)

@ no systematic description
of b-mass effects at low ¢r
— e.g. important for my measurement

@ in MC'’s: initial state splitting into

massive quark pair not well understood 0 020 'g?c v 0 50 60
qrlGe

deviation[ %]

[Becher, Liubbert, Neubert, Wilhelm (2016)]

= Goal: Factorization framework for massive quark effects (using EFTs),
explicit results at NNLL' for Z/~v* (NNLL resummation with FO ingredients at O(a?))
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N ———
Drell-Yan at small ¢p

Data (stat uncert) B Data (total uncert V58 TeV, 20.3 fb™

® specirum measured *.f;z'::w.m@ =i RTAs
with high precision up to low gr N 1 12

"
Y

E

il

=
@ analytic high precision calculations, g O \L\L}Hf 122
Up tO NNLL,+NNLO (SOOn NSLL) g?;:eaeewm‘qiﬁsev 005y | =+ 66 GeV < m, <116 GeV, 0.4 <[y [<0.8 :%

S 144'% Jﬂ:‘ﬂ—nﬁ —

@ no systematic description gl T e
g = 0.9

of b-mass effects at low gr o o6 ov << 116 Gov. 08 < STT ] 66Gev < my< 115 Gov, L2 TS o
— e.g. important for my measurement £ 3 il i

S 3 T

1 10 10 10 107

@ in MC’s: initial state splitting into o £
maSSlVe uark a|r not We” understood 071 66.GeV sm, <116 GeV, 1.6y [<2.0 66 GeVsm <116GeV,20<ly|<24 ],
q P [ cevi’* Py [GeV]

[ATLAS Collaboration (2015)]

= Goal: Factorization framework for massive quark effects (using EFTs),
explicit results at NNLL’ for Z/+* (NNLL resummation with FO ingredients at O(a?2))
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R
Outline

0 Massive quarks in inclusive DIS

e Factorization with massless quarks for exclusive Drell-Yan
e Factorization with massive quarks for exclusive Drell-Yan
0 Factorization with massive quarks for exclusive gluon fusion
e Resummation with massive quarks

e Conclusions & Outlook
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Outline

0 Massive quarks in inclusive DIS
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Inclusive DIS

@ consider (P — ¢{X (X inclusive)
@ two relevant scales: ¢> = —Q?, A% cp

@ aim: factorization = separation of quantum fluctuations at different energy scales
— conveniently achieved with EFTs (here: SCET)

e d.o.f. in the Breit frame (qo = 0): initial state n-collinear modes with p* ~ A3 cp

p# ~ (n'p7ﬁ"papi) ( P 7pl) (AéCD/Q7Q7AQCD)
with n* = (1,7), a* =(1,-7)

P . QnH/2
P*~Agep P~ @

pt~

Aden/Q Q
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Factorization for massless quarks in inclusive DIS

Factorization (g = pur = pur):  [Collins, Soper, Sterman (1988); Bauer et al. (2002)]

A2
F12N Z Z %) (2 /1H ®U ('UH"uf)®fk/P(,Uf)+O( g(;D)

1=q,q j=4,4,9

@ hard function H,; (s ~ Q): matching between full QCD and EFT, e.g.

' ™
1
= g

& ! e, P N

@ parton distribution function (PDF) £,/ 5 (1y ~ Aqcp) L
= coll. matrix element ®
r A
fisp (@ 1) = (P|Ow(z, ps)|P) = =

® resum logs In(%4%) ~ In(5 %) via RG factor U, (e, j0¢) (implicit in the following)

@ next: ny light flavors + 1 heavy quark (m > Aqcp)
possible hierarchies: (i) m ~ Q, (i) m < Q@ — 2 EFTs (extreme hierarchies)
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EFT description for m ~ Q (“n;-flavor scheme”)

Factorization for m ~ Q:
Fia~ Y 3 HG(Qomoum) ® fi7H (ny)

1=q,Q j=q,9

Aden/Q m~Q

@ ‘“integrate out" hard and massive quark fluctuations simultaneously at jiz ~ @

— no massive quark contributions in EFT
— automatic decoupling for m > Q: Hf]”’) —0

— for m < Q: H " (Q,m, jur) # Hij(Q, jurr) ™

@ PDF evolution always with n; flavors
Aqecpo — f
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EFT description for m < @ (“n; + 1-flavor scheme”)

Factorization for m < Q:

Fia~ > ST ST HT () @ Mik(um) © £ ()

i=¢,Q j=4¢,Q,9 k=q,9

o(m*/Q%

A?JCDI/Q mQ Q
@ “integrate out" hard modes at ;i ~ Q
— H;; with n; + 1 (massless) flavors (IR mass dependence cancels in matching)

1
1
m<Q 2’3 ’ @i = Hy,' 2 + Hypy e 77;63::

«® Rz, P N
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Massive quarks in inclusive DIS

EFT description for m < @ (“n; + 1-flavor scheme”)

Factorization for m <« Q:

FanY Y S HE () © Mol ® 10

i=q,Q j=q¢,Q,9 k=q,9

+0(m*/Q%)

(1r)

@ ‘“integrate out" hard modes at i1y ~ @
— H,;; with n; + 1 (massless) flavors

@ between 17 and p.,,: evolution with n; + 1 flavors

@ at ., ~ m: “integrate out" mass modes
— matching between PDFs (= “massive OME’s”)

®
WP AN

& T ey,

l A0
MGhm) @ y

@ below y.,,,: PDF evolution with n; flavors

Piotr Pietrulewicz (DESY)

Massive quark effects in exclusive DY

Theory Seminar, 20.04.2017

8/29



Merging the two regimes

Comparison between regimes:

‘ m~ Q m < Q
FO content full m/Q dependence | expansion in m?/Q?
resummation of In(m?/Q?) - v
scale variations JLE e & tm
m~Q m<Q

2
hard+m hard,n;+1

H(Q,m, ) Z H(”’M) (Q, 1) @ Mg (m, u)—l—O(QQ)
3=4,Q.9 coll. MM

= combine both regimes to obtain full fixed-order content and resummation for m < @

@ “Variable-flavor number schemes” (e.g. ACOT [Aivazis, Collins, Olness, Tung (1994)])
@ in SCET: merging of resummed predictions with fixed-order results is common

do = dom«<o + (dom~g — dom<q)
~—— Hm=KkH
resummed, “singular” O(m?2/Q2),“nonsingular”

= form <« Q: do = dom«q
=form~Q:do - dom~qg  — profiling of p,m(m, Q)
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Example: inclusive bbH-production

Inclusive bbH-production at the LHC
@ singular vs. nonsingular contributions as function of my,
@ profile scale u., as function of m,

O R L B e I N T ——— ]
—  full NLO (4F) F .
— 60— =my/2 -
par = my /4 --- singular r p u/ |
1072 MSTWO08 PDFs ) E L ]
& E \ nonsingular 3 L ]
> [ N LHC 8 TeV ] 50~ 3
3 r R mp =125 GeV_ [ 1
< r ! [ ]
2 L ] 2 a0 3
=) S r il
T 03 | -~ pa =mpg/4 A
‘E E 3 g3 T T LTS |
= f ] T f 1
=z [ ] =0k 1
\':/ L | r nr = mg/8 4
1074 E 10 3
Lol b i b L a1 = .1
0 10 20 3 40 50 60 0 0 10 20 30 40

my [GeV] my [GeV]

[Bonvini, Papanastasiou, Tackmann (2015)]
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Outline

e Factorization with massless quarks for exclusive Drell-Yan
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EFT modes for small ¢gp

¢

coll. ISR

qr

2
Q -
|pr] ~ ar o/

Achn/Q A

T T T
Agen/Qar/Q 4T Q

DY with gr < Q = \/]g is a multiscale process:
@ hard process: q7 — Z/v* — £ at scale p ~ Q
@ n,-/ny-collinear ISR at scale p ~ qr
@ wide-angle soft ISR at scale u ~ gr
@ nonperturbative collinear proton at scale y ~ Aqcp

large scale hierarchies = large Sudakov logs a; In?(gr/Q) in perturbation theory
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Factorization for small g1

[Collins, Soper, Sterman (1985); Catani, de Florian, Grazzini (2001), Becher, Neubert (2011);

Echevarria, Idilbi, Scimemi (2011); Chiu, Jain, Neill, Rothstein (2012); ...]

Factorization theorem for ny massless quarks: (¢, j,k € {q,q, g})

do (nys) (nyg) (nyg) 2 v(n¢) qr A(QQCD
LS H [§ 7 g 4 f} ®5") 4+ o
dq% — i j ik k 2

k

6, qT

@ hard function H,;(Q): process dependence
@ beam function B; = 3", Zirx Q< fx

— collinear ISR matching Z;x(¢r, z)

— nonperturbative PDF f;(Aqcp, x)
@ soft function S(gr): wide-angle soft radiation
@ resummation via evolution factors (implicit)
@ rapidity divergences in S and B;

— associated rapidity logarithms Aqcp

— resummed via rapidity RGE
[Chiu, Jain, Neill, Rothstein (2012)]
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Factorization with massless quarks for exclusive Drell-Yan

Rapidity divergences and logarithms

@ unregulated divergences in soft and coll. matrix elements in DimReg

in soft function :/Do dk” , in beam function : ' dk”
o kT o k-
@ rapidity regularization, here: symmetric Wilson line regulator
— additional factor at one loop:  [Chiu, Jain, Neill, Rothstein (2012)]
. . v n . . v \"
in soft function : (m) , in beam function : (k—_)

@ soft and collinear contribution yield together rapidity log In(gr/Q)

@ for resummation: absorb 1/n-divergences into counterterms
— use rapidity RG evolution in v

d . . R . -
VES(QT,#, v) = /dZPT Y qr — pr, w) S(Pr, p, v)

d . 1 ~ ~ o
V@‘B(Qaquu‘? V) = _5 /dsz’yV(qT _pTa/‘l’) B(Q7pT7,u‘7 V)
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Outline

e Factorization with massive quarks for exclusive Drell-Yan
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Massive quark effects

@ additional scale m: different hierarchies possible @
@ required: systematic multi-scale factorization setup m
for et e~ event shapes, DIS at threshold:
[Gritschacher, Hoang, Jemos, Mateu, P.P. (2014); Hoang, P.P., Samitz (2015)] qr
@ for Z/y*: O(a?) corrections
— relevant at NNLL’ (evolution affected already at LL)
Agep

primary massive quark corrections:  secondary massive quark corrections:

\ \ m
m
e e
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AQCD<<qT<<m~Q

q%I/Q ar m~Q
Factorization theorem: (i, 5,k € {q,q, 9})

S~ 3" Hij(m) x [ZI}Q” ®f,§"’)] ®5" +0 (—Tz)
%)

k

@ virtual massive quark corrections to hard function
— decouple for m > @ (for conserved vector current)

@ beam and soft function with n; massless flavors
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Aqep € gr <m <K Q

qé/lQ qITmL/Q;n Q
Factorization theorem: (i, 7,k € {q,q,9})

ZH(III+1) (m)|2><H (m) x [ZI("I)(@JA"I)]Q@ st Lo <m72 ﬁ)
c s ik k - QQ ’ m2

qu i,J k

@ two step matching: (1) QCD — SCET(™*Y (2) SCET(™*Y — SCET(™)
@ hard function with n; + 1 massless quarks

@ beam and soft function with n; massless quarks
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Aqep € qr <K m < Q

Factorization theorem: (i, j,k € {q,q,9})

n n n 2 ~(ng) m2 l]2
Z[]( 1+ o (m)|2><Hs(m)><[ZI;kl)®f}i z):| ® S +O<@’m7712
i,j

qu :

@ collinear & soft mass mode matching factors H, = |C.|?, Hs = |Cs|* (@t pm ~ m)

m
N ~ o - S - S -
. ~
— C¢(m) x "® m ® — Cs(m) x _®
- -7 e v

- -

— only secondary virtual corrections at O(a?2)

— independent of hard process (for 0 jets) and measurement
see also [Hoang, P.P., Samitz (2015); Hoang, Pathak, P.P, Stewart (2015)]

— yield together rapidity logarithm In(Q/m)

remark: same coefficient as for [i]Jr-term in PDF matching [Hoang, P.P., Samitz (2015)]

Piotr Pietrulewicz (DESY) Massive quark effects in exclusive DY Theory Seminar, 20.04.2017 17/29



Aqecp <K m~ qr € Q

O 2

qr~m
m
2
ar/Q

b v .

T T
43/Q qr~m Q

Factorization theorem: (1,5 € {¢,7,Q, Q, g}, k € {q,q,9})

, A
a2 [ijzik(m)®f;§,””]2®3( )+0<g §§D>

@ primary and secondary massive quark corrections to beam functions/TMDs:
n — n A2 C A2 C
B Gram) = 3T T mm) @ [ (@) + OS2, =)
ke{q,q,9} T

@ secondary massive quark corrections to soft function: S (gr, m)
@ mass dependent rapidity divergences (and logs)
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Massive quark corrections to beam and soft functions

primary and secondary massive quark corrections to beam functions/TMDs:
— O(as) primary massive: I( )(qT,a: m) v' [ massive quark TMD]

secondary massive quark corrections to soft function at O(a2): S® (gr,m) v

— S@(m)

'
Piotr Pietrulewicz (DESY) Massive quark effects in exclusive DY Theory Seminar, 20.04.2017

19/29



Aqep €K m <L qr € Q

m ar

a7/Q E
m¥Q4

T T
m%Qar/Q 4r Q

Factorization theorem: (i, 5,m € {q,3,Q, Q, g}, k € {¢,q, 9})

do (n;+1) (n;+1) (ny) 2 v(n;+1) ’I’I’L2 A(QQCD
@NZHM x [ DT @ Mun(m) @ f] @ 57 4 0 e

2% m,k

@ hard fct, coll. ISR matching and soft fct with n; + 1 massless flavors
@ primary and secondary massive quark corrections in PDF matching

A2
1 my = 3 Mu(em) e 1) +0(S15)

ke{q,q,9}
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PDF matching for massive quarks (revisited)

primary and secondary massive quark corrections in PDF matching:

— O(as) primary massive: MS;(QJ, m)  [— massive quark PDF]

SPAN - MYm)
T

— O(a?) secondary massive e.g. ME,%,) (z,m)

[Buza, Matiounine, Smith, van Neerven (1998); Bierenbaum, Blimlein, Klein (2009)]

W ® ®

m 2

// AN // AN = /\/l((](1>(rrz,) ® /' \\
N /twOmss\ 4 N

— corrections even known at O(a?)  (avlinger, Blimlein, ...
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Relations between hierarchies

qarK<m~Q E ar<m<Q

hard+m

ar~m<KQ

hard, n;+1

mLgr KL Q
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A

3

— IL ~ (2

= u~dqr

— n~Aqcp
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Relations between hierarchies («— inclusive cross section)

Factorization theorem for m ~ qr:

@ - ZH(an) [ZLk(m) ® f]inl)]Q ® S(m)
%] k

Factorization theorem for m < qr:

2 2
ZH('”“) x [ DT @ Mui(m) @ £] @ 50 “+O(m—>

2
m,k qr

= Relations between ingredients:

)]

@ checked explicitly at O(a?) using known massless results for If;”f) and 5" v
[Gehrmann, Luebbert, Yang (2012); Luebbert, Oredsson, Stahlhofen (2016)]
@ resummation of In(m?/¢%) can be combined with power corrections of O(m?/¢%)
@ similar relations between other hierarchies
=- continuous description over complete spectrum possible

Tu(m) = 3T © Myx(m) [1 +0( q;)] . S(m)= 5" [1 +0(
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“Nonsingular” bottom mass corrections

@ most relevant hierarchies for m,, effects: my < qr, ms ~ qr
@ here: full m;-dependent TMD beam functions vs. “mass-singular” limit at FO

. 2
@ note: secondary corrections are rather (’)((2’;7;))
T

spectrum (u = my):

250 T T T 300~ Ty
E \\ m = 4.8 GeV ] /é\ 200 £ —— Full mass dependence i
= \ - E
g 200: \ —— Full mass dependence g E ——-m—=0 3
o F \ ] & 100 .
RN \m—em 0 S E B
= 150 . . == 3 oo
Zo E N sl 0F -
) r AN ":’Q"‘ = .7 1
x 100F S 3 « 100F ,/ E
S F =~ -200F ! =
§ sof B 3 5 E / E
a E ] & —300F ; m =4.8GeV
A S S B RS R DY) 0 S S R R
0 5 10 15 20 0 5 10 15 20
pr/GeV pr/GeV
: 2
O(asTr) primary O(a:CrTF) secondary

[B =B x V5]
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el M e e Bielvm |
“Nonsingular” bottom mass corrections

@ most relevant hierarchies for m;, effects: my < qr, my ~ qr
@ here: full m;-dependent TMD beam functions vs. “mass-singular” limit at FO

. 2
@ note: secondary corrections are rather O((zfl”iz”))
T

cumulants (p = my):

1500 T T s000E T T T
[ — Full mass dependence ] § \ —Fulllnassdependenceé
1000f —=-m — 0 == 3 ~ 1500F VL m-em =0 E
g : = ] £ 1000- \m 00 3
5 r Tz 1 E : N E
< 500 7 E < s00f . E
~ L // ] == E E|
fa¥ed r B ol
S 1 =
Fo/ m = 4.8GeV
_500"/”\HH\HH\HH’
0 5 10 15 20
Pt /GeV Pt/ GeV
; 2
O(asTr) primary O(a:CrTr) secondary

[B =B x V5]
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Factorization with massive quarks for exclusive gluon fusion
Outline

0 Factorization with massive quarks for exclusive gluon fusion
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Factorization for gluon fusion

[Collins, Soper, Sterman (1985); Catani, de Florian, Grazzini (2001), Becher, Neubert (2011);
Echevarria, Idilbi, Scimemi (2011); Chiu, Jain, Neill, Rothstein (2012); ...]

Factorization theorem for ny massless quarks: (i, j, k € {q,q, g})

do (n ) pv(ng) (ns)]2 (n qr A(2QCD
~ H |: A f ®fﬂ .f] ®S[~’H+O =
(1q7‘ 99 :%;: gk k (2 q%

@ factorization with massive quarks — in analogy to DY
@ ingredients for m > gr and m < ¢r already known at O(a?)

@ consider m ~ qr:
— soft function S satisfies Casimir scaling v/
— remaining ingredient for NNLL': beam function matching 7}’ (m) at 0(a?)

®
7\
— ng (m) ® /’ \\
..... 7’ \

’ \
’ \

52 (Gr,m) v

R
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Factorization for gluon fusion

[Collins, Soper, Sterman (1985); Catani, de Florian, Grazzini (2001), Becher, Neubert (2011);
Echevarria, Idilbi, Scimemi (2011); Chiu, Jain, Neill, Rothstein (2012); ...]

Factorization theorem for ny massless quarks: (i, j, k € {q,q, g})

do n¢ v (n ¢ ne)2 “(n A2
e~ Hy ) [T e ] e s f’+(9(q—T, QQCD)
dgt & Q ar

@ factorization with massive quarks — in analogy to DY
@ ingredients for m > gr and m < ¢r already known at O(a?)

@ consider m ~ qr:
— soft function S satisfies Casimir scaling v/
— remaining ingredient for NNLL': beam function matching 7}’ (m) at 0(a?)

[
7
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Massive quark corrections to gluon beam function

results for mass dependent beam function at O(a?Tr): B = B x /S

_ Lo T T T ] B o B ey
% r m = 4.8GeV ] r ‘\ —— Full mass dcpondcncc’ _-4
E osf 3 3 gp N TTmo =
) F e TEEEE=— ] g [ Nmoee 2
S 0.0f T e of =
& / ] g ]
>1: —o0.5F / —— Full mass dependence ] %m 5 m =4.8GeV 4
£ : / ——em 0 : E ........................................................
o _1.00 L N R R _10C L. L - .
0 10 20 30 40 0 10 20 30 40
pr/GeV Pt /GeV
spectrum cumulant

nonsingular corrections sizable even for gr > 2m;
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Outline

e Resummation with massive quarks
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Resummation of logs

m

I B
Q = H Q 4 H Q - H
n;+1
1
m Hs.n_lqur_n.HC m+1 e
ny
ny Tm+1 T"l-‘rl
ar <03 qr~m <« B ar - <« B
‘' n;,m n+1
n;+1
[nl ny m Mf—
T’Ill
Aqep f— Aqcp F—= Aqop f—
T T — V T TV T TV
ar m Q qr~m Q ar Q
ar <K m<KLQ m~qr < Q m <L qr € Q

@ p-evolution with n; = 4 quark flavors below the mass scale

@ u-evolution with n; + 1 = 5 quark flavors above the mass scale

@ for qr <« m <« Q: additional v-evolution at u.,, ~ m — straightforward solution
@ for gr ~ m: v-evolution modified by quark mass (due to secondary effects)
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Resummation of rapidity logs for g7 ~ m

@ convenient in impact parameter (= Fourier) space (5 <> b)
@ avoid (or otherwise resum) large logarithms in anomalous dimension ~, (b, i)

@ illustration at one-loop for v, = vs,., with massless/massive gluon:

e _ 2a.(p)Cr biuZe?E _ 2e7 B
M =0y (b, p)=——— ln( 1 ) = o~ po(b) = —
2
0 £ 003 (b, M, ) = 22 BCE (10 M 00 00)) = g ao(6,21) = 200
™
20
15; Ho(b M) lﬂ) 2= 7E
L pio(b, M) "= M
Q 10r
= 5_ = mass introduces IR cutoff
= no Landau pole for b — co
oL
0.0

@ similar for massive quarks at O(a?) (with correct choices for as-scheme)
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Conclusions & Outlook

Summary

Conclusions:
@ factorization with massive quarks for Drell-Yan + 0 jets at low g7 v/
@ required ingredients for resummation of m,-logs at NNLL" accuracy v/
@ setup & ingredients also for beam thrust v/

@ application to Higgs gr-spectrum

Outlook:
@ phenomenological analysis of m; effects for gr-spectrum
0,05 T T T T g
:b 0 043'} — Full mass —nonsing. E
Z ’ ?\ - - - Primary mass —nonsing.
quark mass corrections at O(a?) 51 %R\ Secondary mass—nonsing. 4
b F -
to Z-spectrum at FO < 002 ]
?' 0.01 m=48GeV
= percent level effect for gr ~ my 3 EoN e e ]
& 0.00F <= —
c e
T —0.01t ! — .
0 5 10 15 20

qr/GeV

Piotr Pietrulewicz (DESY) Massive quark effects in exclusive DY Theory Seminar, 20.04.2017 29/29



Summary

Conclusions:
@ factorization with massive quarks for Drell-Yan + 0 jets at low g7 v/
@ required ingredients for resummation of m,-logs at NNLL’ accuracy v/
@ setup & ingredients also for beam thrust v/
@ application to Higgs gr-spectrum
Outlook:
@ phenomenological analysis of m, effects for gr-spectrum
@ charm quark effects for W-production at NNLL' (need O(«?) primary corrections)

@ application to other processes, e.g. bbH-production
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“Nonsingular" massive quark corrections for pp-spectrum in DY

Factorization theorem for m ~ qr:

di ~ Z (n1+1 % [ZL’k(m) ® f,i"l)r ® S(m)
v 5 %

v
Factorization theorem for m < gr:
do 1 1 n 2 W(ng+ 2
d 5 ~ (nl+ ) [ZIL(::LI+ ) ®M ( )®f£r11)] ® b[n/ + O
qr — qT
’ v
Primary corrections: Secondary corrections:
0100« + - p o e 0.04p T
0.08 — Full mass dependence - 2 0.03F ° — Fullmass dependence 3
- E--—-m—0 - - 0.0  -—-m =0 E
% S 0.06F - mass—nonsing. __= 3 % 5 Y E mass —nonsing. E
o 0.04% = E <|® 0.01F E
E\ . ; //// E 3\ 0-002 ,”__’ e = ,—..-,;
3% s 0020 | E5s-00 T E
< 0.00F— 7 E k] 0.0 // E
-0.02} / m = 4.8GeV ~0.035 / m=48GeV
T Y3 Y7 L S S _0.04: oo b b e 0
5 10 15 20 0 5 10 15 20
qr/GeV qr/GeV
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Massless factorization theorem (explicit)

Factorization for gr < Q: (quark initiated channels)

(nyg) - - -
Erel sz av - Z H;; " (Q, H)/dsz,a &®prp &Pprs (g7 — |Proa + Py + Brys|’)

4,5€{q,q}

a

<[rro(.te)]

ny — v nyf — v v(n
X B,f j><PT,aal'a~,H» 7) B]( f)<p’1‘7b,l‘b,p,., 7) St 2 <[)1 ss V)
w Wwp

with

Y -y
we=Qe , wp=Qe ", Tgp=—"

2
B (e 2) = 3 [ E T (5 L ) 1 1+ 022

T T

(n (ng)
=7, f (P21, 5)® " (z,1)
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Relations between hierarchies

qarK<m~Q E ar<m<Q

hard+m

Piotr Pietrulewicz (DESY)

ar~m<KQ

hard, n;+1

mLgr KL Q

Massive quark effects in exclusive DY

A

3

— IL ~ (2

= u~dqr

— n~Aqcp
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Relations between matrix elements:

Factorization theorem for g < m ~ Q: (4,4, k € {q¢, 4, 9})

d n n 2 v(ng) 2
S~ Y Hym) x [ IV e (] @8 0 <q%>
qr i m

k

Factorization theorem for gqr < m < Q: (i,5,k € {q,q, g})

(m+1) 2 () o (1)1 o () m’ g7
S et < [0 o 5 w0 (1 )

27 2
qu 0 D @ m

= relation between hard functions:

2

Hij(m) = H" " | Ho(m)|? Ho(m) + O(Q2)
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Relations between matrix elements:

Factorization theorem for ¢qr < m < Q: (i, 7,k € {q,q, g})

qu Q%' m?

i,] k

2 2
~ S HG D X H ()P x Ho(m) < [ 30 750 @ 1] ®,s'("f)+o(mf —

)

Factorization theorem: (i,5 € {¢,4,Q, Q, g}, k € {q,q,9})

A
fNZHW“ [;Lm)@fﬁ"”]z@ﬂ >+o(g SED)

v
= relations:
(1) Pr (ny) Pr
, J(ny)
Tin(m) = Hom) I3 + (L) S(m) = Ha(m) 57 + 0(£5)
m m
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Dispersive technique for secondary corrections

dispersion relations for additive observables:

_,I:g,u,p I (m2 2) _,I:go'u B l dM2 —1 (gl’«l/ _ p;gu) Im[H(m2 M2)]
p2 +ie 7 P p2+ie W M2 p2 — M2 +ie ’
v
“ilo )
2
gm0
q m q m
m@@@m = Z /%‘[{‘ TGO > [m i{:}/‘;
-lm M [ER VL]

@ compute amplitudes for “massive gluon”
@ convolve result with vacuum polarization (in d dimensions)
@ applicable for both virtual and real bubble diagrams

@ generic scaling M ~ m is inherited, same field theoretic setup
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