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Motivation

® pr spectrum of Z-boson measured
with high precision

® NNLL’ analyses available

® no systematic theoretical description of
b-quark mass effects yet
can be relevant in my, measurements

® discrepancies between MC and
experiment in low pr region
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goal: systematic treatment of quark mass effects at NNLL’ accuracy
for transverse momentum (SCET);) and beam thrust (SCET)) spectrum
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[ATLAS Collaboration (2014)]
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Motivation
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experiment in low pr region

goal: systematic treatment of quark mass effects at NNLL’ accuracy

for transverse momentum (SCET);) and beam thrust (SCET)) spectrum

[ATLAS Collaboration (2015)]
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Drell-Yan in the low pr region
ot
® Drell-Yan + 0 jets
Jeta

P, ——<——p ® transverse momentum as jet veto
to restrict hadronic final state

® requires resummation of logarithms for
0 pr L Q

from: |.W.Stewart,F.J. Tackmann,W.J.Waalewijn, Phys. Rev. D81 (2010) 094035

® pr= ‘Zl pril = ‘ﬁT,g+ +I7T,z*|
® O-jet limit for pr K Q
® 2 scales (SCETy): hard ~ Q, collinear/soft ~ pr

® rapidity logarithms
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Massive Quarks in Drell-Yan

primary and secondary massive quarks.

N N NN m

- 7 i

e primay: massive quarks go into hard interaction
e secondary: massive quark corrections to light quark induced processes
e both start at O (a2), relevant for NNLL’ resummation

o different hierarchies between pr and m possible:

m < pr pr ~m pr <K m
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Outline

2 Factorization for the pr spectrum
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Massless Factorlzatlon for pp-spectrum in Drell-Yan

[Collins, Soper, Sterman (1985)]
[Becher, Neubert (2011); Echevarria, Idilbi, Scimemi (2012); Chiu, Jain, Neill, Rothstein (2012)]

ot e

Vas

g9 _ Z H(77f>(Q [ Z I( f> )®f< f)(:r?)]2®¢ S(”'f}<p1')+o<57

de i€{q} j€{a,9}

® [1: hard function, scale Q
® 7: beam function, scale pp
® S: soft function, scale pr

® f: PDF, scale Aqcp
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Factorization for m < pp

pr

m

= ﬂ%j %Q% /i @g% %“ﬁﬁg@%.

do 2 .
== #@x] X Der0e @] oL s
pT i€{q,Q} 7€{4,Q,9}

m

— Aqep

m2
Power Corrections: O(T)
b

® matching: f(5)( c) = > Mjk(z, m)®f(4)( )

® secondary Mg, and primary Mg heavy quarks
[M. Buza, Y. Matinounine, J. Smith, W. van. Neerven (1998)]

® hard, beam and soft functions with 5 massless flavors
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Factorization for m < pp

pr

st )@g%%m\mo

— Aqep

do 2 .
== #@x] X Der0e @] oL s
pT i€{q,Q} 7€{4,Q,9}

m2
Power Corrections: O(T)
b

® matching: f(5)( c) = > Mjk(z, m)®f(4)( )

® secondary Mg, and primary Mg heavy quarks
[M. Buza, Y. Matinounine, J. Smith, W. van. Neerven (1998)]

® hard, beam and soft functions with 5 massless flavors
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Factorization for pr ~ m

e ) Sy -

— Aqep

dosec 2

=D Hf“(@)x[ > 1P wr e m e V@) @1 S® @r,m)
T ictgy jelag}

2

&)

Power Corrections: O(

® secondary massive quarks in beam function Zy4 and soft function S
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Factorization for pr ~ m

- o ) Sy -

— Aqep

dosec 2
= > B Qx [ X 1D ereme V@] o SO pr,m)
pr i€{q} i€{a,9}
m2
Power Corrections: O( o )
®® |
/1N m , }®\
AN PRI
/ @ \ , | N
/ \ / : \\
/ m: \ / | \
/ i \ / | \
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Factorization for pr ~ m

e ) Sy -

— Aqep

dosec

= 1Y@ [ > 20 ram) 1 @) @ SO mr,m)
pr i€{q} i€{a,9}

2

&)

b
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Factorization for pr ~ m

e ) Sy -

— Aqep

dosec 2

=D Hf“(@)x[ > 1P wr e m e V@) @1 S® @r,m)
T ictgy jelag}

2

&)

Power Corrections: O(

® secondary massive quarks in beam function Zy4 and soft function S
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Factorization for pr ~ m

14 —
M g M s m, pr
/\ / Aqcp
d rim 2 +(5
731’ = HS’)(Q) X [ Z Z(s)(pT,az m)® f(4)( )] ®1 SO (pr, m)
br j€{a.9}
m2

Power Corrections: (’)( o° )

® secondary massive quarks in beam function Zy4 and soft function S

® primary massive quark beam function Zg,
[A. Balyaev, P. Nadolsky, C.-P. Yuan (2005); S. Berge, P. Nadolsky, F. Olness (2005)]
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Factorization for pr ~ m

b =

— Aqep

do rim 2 .
dpi - H(Qs)(Q) x [ Z I(QSJ) (pr,z,m) ® f]G) (:c)] ®1 SO (pr, m)
T j€{a.9}
2
Power Corrections: O(%)
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Factorization for pr ~ m

S i ) e

. 2
o P Qx| X 1 oreme (0@)] o 500 m)
br j€{a.9}
m2
Power Corrections: (9( o° )

® secondary massive quarks in beam function Zy4 and soft function S

® primary massive quark beam function Zg,
[A. Balyaev, P. Nadolsky, C.-P. Yuan (2005); S. Berge, P. Nadolsky, F. Olness (2005)]

® PDF with 4 and hard function with 5 massless flavors
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Factorization for pr < m

¢ —Q
. R & E % w&@r’ -
g ()OQ oI
/\ / % Aqcp
d ? 0
= 2 HOQ x Hum) x [ 3 0 r,0) @ £V (@)] @1 59 (1)
PT ielay je{a.9}
2 2
Power Corrections: O(p—j;, %)
m

® mass mode matching function H,, from integrating out the heavy flavor from the current
[S. Gritschacher, A. Hoang, 1. Jemos , V. Mateu, P. Pietrulewicz (2014)]

® beam function, soft function, PDF with 4 massless flavors,
hard function with 5 massless flavors
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Outline

3 Modes and resummation
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Massless Factorization for pp

® hard matching coefficient

P Jhep = C X Jcpr
Q - 6_-%"' ® measurement function
> .
M(pr) = 6@ (5r — PL)
® beam function
@ Low o N .
ar 4 5 Bij (pr, —) = (GIRM(@Br) 5 [6(w — Pn)x]15)
= p 2
q%/Q m \. Bzg pr,T Zzlk(pTv r) ® fk/]( )

w .,% .
— T pt fi/j(pf) = (X5 [6(w = Pu)x]15)
9/Q 4r Q
(non-pert. coll.-modes (PDF) not shown) ® soft function
L 1 = S
S(pr) = 5~ tr{0T[S] 5] M(Fr)T[S].5,](0)
SCET), - rapidity divergences cancel between soft and beam functions.

do n n n 2 n pr
do S HEY X [T 250 0 7] s l>+o(a> J

dpr 43 i
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p- ® integrate out massive flavor in SCET current
=-mass mode matching functions
(ng+1)\p (ng) \m
QA (Jscer')" = Ce(m) x Ce(m) x Cs(m) x (Jscgr)
[S. Gritschacher, A. Hoang, I. Jemos, V. Mateu, P. Pietrulewicz (2014)]
m 4 [A. Hoang, P. Pietrulewicz, D.S. (2016)]
m?/Q
ar - ® rapidity divergences cancle between
these mathing coefficients
2 =rapidity RGE to resum associated logs
qT/Q 1

T LI — T pt e hard function with (n; + 1) massless flavors
a;/Q arm*Qm  Q

® beam and soft function with (n;) massless flavors

d 2
é ~ ZHi(;Ll+1) x Ho(m) x Hz(m) x Hy(m) x [Z z(n) ®f(nz)] ®S™) + o <5;—’;>
T 4,
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p ® mass scale coincides with beam/soft scale
=> massive beam and soft functions

® prim. and sec. massive quarks in beam function

B ) = 3 T 0 477

qr~m- i€{q,Q, g} ke{q,g}

a2/Q

® secondary massive quarks in soft function

q%}Q qT|~m 6'2 P secondary massive quarks change rapidity RGE

® hard function with (n; + 1) massless flavors

ddTZ ~ ST HED [Zzlk(m ® fk"’)] ® St D (m)
T o)
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p ® mass scale coincides with beam/soft scale
=> massive beam and soft functions

® prim. and sec. massive quarks in beam function

(n +1) (n )
B! ZI”“ @ iy new

qr~m- i€{q,Q, g} ke{q,g}

a2/Q

® secondary massive quarks in soft function new

q%}Q qT|~m 6'2 P secondary massive quarks change rapidity RGE

® hard function with (n; + 1) massless flavors

ddTZ ~ ST HED [Zzlk(m ® fk"’)] ® St D (m)
T o)
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qr ~Mm -

a2/Q

T T T
42/Q gr~m Q

dO' n n 2 n
o ~ D HGD x [ Tutm @ £52]" © 50+ (m)
T T k
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p ® mass scale coincides with beam/soft scale
=> massive beam and soft functions

® prim. and sec. massive quarks in beam function

(n +1) (n )
B! ZI”“ @ iy new

qr~m- i€{q,Q, g} ke{q,g}

a2/Q

® secondary massive quarks in soft function new

q%}Q qT|~m 6'2 P secondary massive quarks change rapidity RGE

® hard function with (n; + 1) massless flavors

ddTZ ~ ST HED [Zzlk(m ® fk"’)] ® St D (m)
T o)
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qT

a3/Q 1

m?/Q

® matching in the PDF evolution

(1) (o, #(no)
f z‘/a‘l Z M (m k/é

i€{qQ,g} kG {2, 9}

[M. Buza, Y. Matiounine, J. Smith, W. van Neerven (1998)]

® beam/soft function with (n; + 1) massless flavors

B(”l+1) — Zzzk ® f(”lJFl)

i€{q,Q,9} ke{qQ,g}

mz/IQ qqZ~I/Q lIIT Q P no rapidty divergences in PDFs

® hard function with (n; + 1) massless flavors

do m?
o~ S HGTY X [T @ Mk (m) ® f,gyg] ® S5+ 4 o ( )

Sl 5 m,k P7
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Summary of all Modes

gr<m~Q | qgr<m<KQ

5w

qar~m<KLQ

mLer<KLQ

_ Factorization for Massvie Quarks in Exclusive DY

A

= u~Q
— K~dqr
— n~Aqcp

St. Gilgen 2017-09-26
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Relations between Hierarchies

e components for the different hierarchies are related.

e beam function matching coefficients:

Liutm) = 20 x o) x [1+0(25)]

N

Ti(m) = 326" @ Miyu(m) x [1+ o(’;—z)] je{aQ.9}

soft function:

ST (1) = ™) x H,(m) x [1 + o(%)]

m2

ST (m) = 8™ x 14 o(p—Z)}
T

can be used to systematically include all power corrections.
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Renormalizaton Group Evolution

© 14 14
‘ H ) H
Q H Q Q A
n;+1
m n;+1 ng+1
m - H 0—>l4-0H
ng
"’TT”‘ g+ '|TTm+1 ng+1 nl+1
qr ~m - — L ] -
qr — S.T» EOB T S' ng,m nz,"ﬂ_l B ar S. n,+l m—&—l? L1
n ng m - T
Aqcp f— Aacp 4 f= . Aqcp —
T T TV I I ! —V
qr m Q qr~m Q qr Q
gr < m qr ~m m <L qr
(n +1) (n +1)
l/ é m # /
(ng+1) ( +1)
Vné m # nl
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Rapidity Logs from Massive Flavors

® secondary massive quarks lead to mass dependent rapidity anomalous dimension 7, (b, m, 1)
(here in b space)

ot 0= (Y opre (a1 ) non(PE)
v (b, m, )zHoo <a17§_ru))2CFT< 136L2 7?%1 22274> Lm:lnT:—j

® large logarithms in 4, can be avoided e.g. by b space setting of u

20

- — o(b.M)
IS5
- =~ Ho(b.M=0) [ R
- b,m) =3 2
=\ M =5 GeV po(b,m) — b
2 - oo
3 10l po(b,m) — m
C =- mass introduces IR cutoff
S5t .
- => no non-pert. regime for b — oo
8.() 0.2 04 0.6 0.8

b [GeV!]
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Outline

4 Outlook: effects on W boson mass measurements
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W boson mass measurements

e experimentalists rely on ratio of W and Z boson spectrum

[daw] _[ae™ (daz)l
qu prediction qu qu

Z boson spectrum measured with very high accuracy

[daz
Xi

theory dQT :| measured

many things cancel to large extent in the ratio

every difference between Z and W production can become relevant
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Massive Quarks in Z production

primary and secondary massive quarks.

N

N

NS

e primay: massive quarks go into hard interaction

e secondary: massive quark corrections to light quark induced processes

e both start at O (a?), relevant for NNLL’ resummation
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Massive Quarks in W production

primary and secondary massive quarks.

S N N m

m

e / i

e secondary massive quark effects the same as for Z production
e primary charm quarks already contribute at O ()

e primary bottom quarks CKM suppressed
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Massive Quarks in W production

primary and secondary massive quarks.

N

NS

e secondary massive quark effects the same as for Z production

e primary charm quarks already contribute at O ()

e primary bottom quarks CKM suppressed
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Mass Effects - Primary

0.107 T T ‘ T T T ‘ T T ‘ H

0.08 - —— Full mass dependence ~

~ T ---m—0 1
% & 0.06F - mass—nonsing. _ = .
A L 2 E
o~ 0.045. E
< 0.02~ i
@/bg_g‘ C ]
5 0.00— >~
I 7/ -

-0.02 c m = 4.8 GeV ]

-0 04:I\ [ I I \:

0 5 10 15 20

qr/GeV

® O(a?) contributions from primary massive quarks at fixed order, normalized to the LO
spectrum

® Fem =13TeV, my, =4.8GeV, Q =mz, Y =0, MSTW NLO PDFs
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Mass Effects - Secondary

0.04( e
0.03 —— Full mass dependence |

E -—- 0 .

2 s 0028 m— _ 3
YRS E -.277 - mass—nonsing. 1
<|T 0.01- 4
_ > 0.00" e
= | g : - :
ag & -0.01F -7 3
5| : , E
ST -0.028 E
E m = 4.8 GeV 4

-0.03 / E
-0.04 L. Ll Ll

0 5 10 15 20

qr/GeV

® O(a?) contributions from secondary massive quarks at fixed order, normalized to the LO
spectrum

® Fem =13TeV, my, =4.8GeV, Q =mz, Y =0, MSTW NLO PDFs
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Mass Effects

_0.05¢ \ \ \ ]
f’g 0.04 iﬁ — Fu?l mass —nonsing. . é
~ b ~ ~ - Primary mass —nonsing. -

.’gjz 0.03 ;\\ """ Secondary mass —nonsing. ]
S 0.020 E

! o01- e
3 F ]
& 0.00F - 7
=z S §

-0.01 C [ I T -

0 5 10 15 20

qr/GeV

® O(a?) quark mass corrections to the Z-boson pr-spectrum at fixed order, normalized to
the LO spectrum

® Fen =13TeV, my, =4.8GeV, Q =mz, Y =0, MSTW NLO PDFs
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Outlook and Conclusions

e included massive quarks into the factorization theorem for Drell-Yan + 0 jets for a
SCET, and a SCET), jet veto

e resummation of all mass related logarithms at NNLL’ accuracy
(one and two loop beam and soft functions with massive quarks)

e different structure of rapidity logarithms due to secondary massive quarks

e relevant for precision measuremnts of W boson mass

e parts of this also relevant for other processes, e.g. bb — H
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Outlook and Conclusions

e included massive quarks into the factorization theorem for Drell-Yan + 0 jets for a
SCET, and a SCET), jet veto

e resummation of all mass related logarithms at NNLL’ accuracy
(one and two loop beam and soft functions with massive quarks)

e different structure of rapidity logarithms due to secondary massive quarks

e relevant for precision measuremnts of W boson mass

e parts of this also relevant for other processes, e.g. bb — H

Thank you for your attention!
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Beam Thrust
£+

® beam thrust as jet veto

to restrict hadronic final state
Jet a

_(—
P, P, . . .
® requires resummation of logarithms for

T<LQ

o~
from: |.W.Stewart,F.J. Tackmann,W.J.Waalewijn, Phys. Rev. D81 (2010) 094035
e 7 =3 min{ng - pi,np - pi} nZ’b =(1,+£2)
® 0O-jet limit for T < Q
. . p2
® closely related to O-jettines 79: T =7+ O(Q—E)
® 3 scales (SCET|): hard ~Q, collinear ~ /QT, soft ~ T

® no rapidity logarithms (in the massless case)

Daniel Samitz (University of Vienna) Factorization for Massvie Quarks in Exclusive DY St. Gilgen 2017-09-26 30/ 29



Massless Factorization for T

® hard matching coefficient

f Jbep = C X Jcpr
Q- ® measurement function
Mal(k, %) = 8(k - p7)
® beam function
w .
Bij(wb, —) = (IxM(b, +) [6(w = Pn)x] 1)
T 7 P
Bij(t, @) ZIzk(t ) ® fry;(@)
w T .
| | pt fisi (=) = GRS [6(w = Pa)x]15)
T Q p
(non-pert. coll.-modes (PDF) not shown) e (u)soft function

1 —
S(ka, k) = Ftr(O|T[YJYﬁ}MG(ka, )My (ky, —)T[YA V0] |0)
SCET, - no rapidity divergences. ¢

d n n n 2 n T
& s ap S e ) s +o(T) J

Ged) k
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QT ~m—

T ~m%/Q

T T
T~m%Q QT ~m

do (ni+1)
a7 ~ L

prim. and sec. massive quarks in beam function

B ) = 3 Tt 1)

i€{q,Q,g} kG {g,9}

secondary massive quarks introduce
rapidity divergences in beam function

mass scale still above soft scale
= soft MM integrated out in current = H

resummation of rapidity logs between
massive beam function and Hg

hard function with
(ny + 1) massless flavors

soft function with
(ny) massless flavors

2
[ZLk my e 1] @5t + 0 (%)
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® prim. and sec. massive quarks in beam function

‘ B ) = S Taom) @ 1)
new

i€{q,Q,g} kG {g,9}

® secondary massive quarks introduce
rapidity divergences in beam function

QT ~m pidity g

® mass scale still above soft scale

~ 2 - . .
T~m/Q = soft MM integrated out in current = H

® resummation of rapidity logs between
massive beam function and Hg

T T T P e hard function with
T~m¥Q VQT~m  Q (n; + 1) massless flavors

® soft function with
(ny) massless flavors

do (ny+1) )12 o oln T2
ﬁ_NZH D s H( [ZLkm)@fk/;] ® S + o —
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QT ~m -

T ~m%/Q

T T T p
Tom¥Q VQT~m  Q

do (i+1) ()2 T2
ﬁ'N;Hijl X Hg(m) x [zk:Ilk(m)(@fk/é)] @S5 + 0o —
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® prim. and sec. massive quarks in beam function

‘ B ) = S Taom) @ 1)
new

i€{q,Q,g} kG {g,9}

® secondary massive quarks introduce
rapidity divergences in beam function

QT ~m pidity g

® mass scale still above soft scale

~ 2 - . .
T~m/Q = soft MM integrated out in current = H

® resummation of rapidity logs between
massive beam function and Hg

T T T P e hard function with
T~m¥Q VQT~m  Q (n; + 1) massless flavors

® soft function with
(ny) massless flavors

do (ny+1) )12 o oln T2
ﬁ_NZH D s H( [ZLkm)@fk/;] ® S + o —
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T <m<< QT

® collinear-soft function S¢

1 _
‘ Se(t) = (T [XVa] M6 DTV Xa] 0)
R c
Q )
® X,,V, : boosted Wilson lines of
T collinear-soft gluon fields
m .
Ac ~ (Q>T7 V QT) QT
m 2
T Acs ~ (m?,’r, m) m2
mz/Q 7 Ays ~ (T,T, T) T2
® vanishes for purely massless contributions
® rapidity divergences for massive quarks
do

dT

Bod) m,k

n n n 2 n
~ ST HED ¢ Hy(m) x [foml“) ® Mui(m) ® f,g/g] ® Seo(m) ® ) @ SC(m)J
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T <m<< QT

® collinear-soft function S¢

1 _
‘ Se(t) = (T [XVa] M6 DTV Xa] 0)
-~ c
Q )
® X,,V, : boosted Wilson lines of
T collinear-soft gluon fields
m .
Ac~  (QITHVQT) QT
m m2
Acs ~\—F 2
- (%= mm) m
mz/Q 7 Aus ~ (T T) T2
® vanishes for purely massless contributions
® rapidity divergences for massive quarks
do

dT

Bod) m,k

n n n 2 n
~ ST HED ¢ Hy(m) x [foml“) ® Mui(m) ® f,g/g] ® Seo(m) ® ) @ SC(m)J
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T <m<< QT

® collinear-soft function S¢

1 _
‘ Se(€) = —tr(O[T[X{Va] M(6, )TV, X4][0)
B Ne new
Q -
® X,,V, : boosted Wilson lines of
T collinear-soft gluon fields
m .
Ac~  (QITHVQT) QT
m m2
Acs ~\—F 2
- (%= mm) m
m?%Q Aus ~ (TITLT) T?
® vanishes for purely massless contributions
® rapidity divergences for massive quarks
do

dT

Bod) m,k

n n n 2 n
~ ST HED ¢ Hy(m) x [foml“) ® Mui(m) ® f,g/g] ® Seo(m) ® ) @ SC(m)J
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T<m< QT

m?/Q

m,k

do 2
=~ ZHZ,(;LH'U x Hy(m) x [ZIZ(:LLH) ® Mui(m) ® f,g’;;g} ® Se(m) ® S ® sc(m)J
2,3
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T <m<< QT

® collinear soft function S¢

p
1 _
‘ Se(€) = —tr(O[T[ X1 Va] ML, )T [V X ][0)
. Ne new
Q -
® matching in PDFs: (n; +1) — (n;)
m?/T
® soft mass mode matching function H
m -
T 4 ® resummation of rapidity logs between S. and H;
m?/Q
® hard/beam function with
(ny + 1) massless flavors

® soft function with
(ny) massless flavors

results with csoft function equivalent to threshold corrections in previous works
[S. Gritschacher, A. Hoang, I. Jemos, V. Mateu, P. Pietrulewicz (2014); A. Hoang, P. Pietrulewicz, D.S. (2016)]

do

(ru+1) (ni+1) (n)]? n
ﬁ_NZHZ,jl X Hs(m) x [ZZiml ®Mmk(m)®fk/;] ® Se(m) ® S™) @ Sz(m)

Bod) m,k
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p
s
® soft function with secondary massive quarks
Q 4 [S. Gritschacher, A. Hoang, I. Jemos, P. Pietrulewicz (2014)]
® matching in PDFs: (n; +1) — (n;)
T ~m 4 . .
® hard/beam function with
(ny + 1) massless flavors
m?/Q

® no rapidity logarithms

do (ny+1) (n;+1) (ny) 2 (n;+1) m?
e[S o o ] 050+ (2

m,k
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® soft function with (n; + 1) massless flavors

e matching in PDFs (n; + 1) — (n;)

® hard/beam function with
(n; + 1) massless flavors

® no rapidity logarithms

n n n 2 n 2
ZH( FU X [P @ Mk (m) @ £72] @ 5 l“)—l—O(%)

m,k
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Summary of all Modes

VAT <m~Q VT <m<Q  /QT~m<Q | T<m<KVQT Tr~m</QT m<T<\/QT
_K‘
\—
_bS*_ - T

Y

A=_»

— n~Q

= u~T

— 1~Aqcp
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Renormalizaton Group Evolution

Q 4 H
n,+1¢
::,,+1TTnl+1
VQT ~m - Hs'-,; <o 3
Ill‘
745 "
Aqcep f—
T >V
m Q

VQT ~m

ng,fl) # ity

+1
YH, +7§;"fm )

Daniel Samitz (University of Vienna)

[ H
Q 4
'n,1+1¢
n;+1 n;+1
VQT
HS T’I’ll-‘rl
™ rmre FMs
/llT c
TS5 —— n
Aqcp f
T T d
m m2/7—
T<m<<\/QT

Yv,Bym = Yv,S. = Vv,H,

+ Wénl) _ ,Y§3"L+1) + ,YSS"LJrl)

Factorization for Massvie Quarks in Exclusive DY

I
H
Q 4
n;+1 ‘
n;+1 TnH—l
VQT B
nl—l—l
T ~m— -— My
[nl
Aqcp f—
> UV
T~m
St. Gilgen 2017-09-26 37 / 20
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