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Drell-Yan process

DY-like processes: A(p.)B(ps) — (V(g) = vive..)X

DY-like processes play a special
role at the LHC and other X
hadron-hadron colliders, refer to
resonant production of Hadron 1
QCD-neutral heavy final states A

Hard
cross
section

Drell-Yan production of lepton
pairs
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Drell-Yan process ow-Q Drell-Yan W & Z Resummation

DY-like processes: A(p.)B(ps) — (V(g) = vive..)X

Notations

B A, B - initial-state hadrons
(p, p, n, nuclei, «, ...)

QCD-neutral
heavy
particle(s)
B V - afinal-state QCD-neutral  yadron B3

A
system (a vector boson or

boson pair with mass @ > Agcep)

Hard
cross
section

H v, vo— Observed particles from
decay of V (e.g., leptons) Hadron [y ]
B
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Drell-Yan process
DY-like processes: A(p.)B(ps) — (V(g) = vive..)X

DY-like processes are ubiquitous
MAB - (Y, Z = ()X

(with ¢ = e, 1) Q;E%i%?f;a'
HAB — (W — EUK)X Hagron .’
BAB - VVX

(With V =+, W, Z, ...)
W AB - Higgs + X

HAB — Vs X
(WITh VBSM = Z/,
Randall-Sundrum graviton, etc.)

section
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Drell-Yan process ow-Q Drell-Yan W & Z Resummation

DY-like processes: A(p.)B(ps) — (V(g) = vive..)X

DY-like processes are "simple"

B VV does not inferact with
final-state hadrons, which are
summed over in cross sections

QCD-neutral
heavy
particle(s)

Hagron .’
= no dependence on
final-state nonperturbative
functions

Hard
cross
section

B QCD factorization is proved 1O  Hadron

) gon D
all orders in a, for a number of
DY observables

» (In many other processes,
factorization is only a plausible
conjecture)
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Drell-Yan process ow-Q Drell-Yan W &Z Resummation

DY-like processes: A(p.)B(ps) — (V(g) = vive..)X

Example: factorization for the
total cross section

QCD-neutral
heavy
particle(s)

do  __
dQz — _
Youp Jr Efosalé, Q) foy (3 Q) %34, Hagron [y

where

Hard
cross
section

Q is the invariant mass of V;
T =Q?%/s;

o4 is the hard-scattering cross
section (calculated as a series
in the QCD coupling ay);

fa/A(fa H) and fb/B(T/§7 :U‘) are
parton distribution functions

Hagron .’
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Drell-Yan process ow-Q Drell-Yan W & Z Resummation

DY-like processes: A(p.)B(ps) — (V(g) = vive..)X

DY-like processes produced
many important discoveries

QCD-neutral
heavy
particle(s)

W early confirmation of the
parton model

Hagron .’

B discovery of heavy quarks
(which ones?)

Hard
cross
section

B discovery of massive carriers  padron B3
of weak force (W and Z) 8

Modern DY experiments provide
most precise QCD tests at
hadron colliders
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W and Z cross sections at the LHC

1.25~ LHC 8 TeV NNLO 54? LHC 8 TeV NNLO
! 5.2~
z 17 5 :
S ' £ L
\-: i = [ ﬂ"
LT_‘]_ 15; ﬂ. ‘ e CMS18.7pb? J S - e CMS18.7pb?t
NI L 2
o 68% C.L. PDF S L 68% C.L. PDF
r 4 CTIONNLO F 4 CTIO-NNLO
[ = NNPDF2.3NNLO 4.8 = NNPDF2.3NNLO
1.1 v HERAPDFISNNLO r v HERAPDFISNNLO
e O MSTW2008NNLO r O MSTW2008NNLO
P L ! ]
11.5 12 12.5 13 7 7.5
o, (nb) Oy, (Nb)

Measurement of oy and oz confirms the validity of perturbative
QCD at /s =7TeV
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Final states in DY-like processes

Particle m|a$(GeV)

Y ear

1970's 1980's 2000's Present I

Explore the DY-like processes as a func-
fion of Q = My, the invariont mass of
the heavy EW state

ng Z/ — faya(§, Q) fb/B(5 ,Q) 10?2

a,b
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Typical parton momentum fractions

LHC Tevatron RHIC Q=16 GeV,
1 (14 TeV) (1.96 TeV) (500 GeV) ECM=39 GeV

TAB= Qe
Born level: pi = zap},
Py = zBPp

Typical rapidities in the
experiment: |y| < 2

B experiments at higher
energies are sensitive
to PDF’s at smaller x
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Low-Q Drell-Yan

Final states in DY-like processes

z :
| Particle m|a$(GeV)

FNAL-E288

pN S0t XatQ<206eV 0 [

B Continuous ~* cross section

m2/Gev/c?)

(e

B Multiple quarkonium resonances
(studied by non-relativistic QCD, not in the PDF fit)

do-
"

g

1061

A J/1 (ce)-found in ete™ scatftering (1974)

A Y (bb)-found in pN — utpu~ X
(FNAL-E288, 1977)
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Final states in DY-like processes

z :
" Ju y W‘Ll H Z' Grs.--
| : :

| Particle m|a$(GeV)

c b t
150k T T
T/ T b -amme sy
resonances ] ]
shown with
better
resolution ]

(FNAL-E866)

3 Webb (E866), hep-ex/0301031
5% 85 9 95 1605 11 15
u‘u*
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Low-Q Drell-Yan

Scaling of the continuum cross section
S. Drell, . M. Yan, 1970

do
STQ2

~ Lqp(7) - const

B L, (7)is the “parton luminosity”,

originally derived from DIS functions;
depends only on 7 if the In Q Hagron [ |
dependence is neglected

Hard
cross
section
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Low-Q Drell-Yan

Scaling of the continuum cross section
S. Drell, . M. Yan, 1970

do
Ser

B Compare to the Born cross section:

d_a _Amagy,
dQ? © 3N.Q?s

P / | € Q) (5 Q)+ fayae. Dya,

~ Lqp(7) - const

Q) K

i=u,d,s,.

£(7)

with N. = 3, apy = €2 /(47), ee; is the fractional quark charge
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Scaling of the low-() data

10-4
i Drell-Yan pair production in pp scattering
L ]l o VE =63 Gev s
o V& =53
0% #i’ \%\ bl 4 Vg =28 Cobb et al }"’""""“""“
‘H ' iﬂ ¢ ‘i’ © V& =274 Kaplan et al
~ L i ® VS =63 Clark et al .
“% L © o V§ =53 »
e ok @ !
E 107 t s |
KA r <
=} I ¢ o
"
>
. g 0% o
v o
£ N
10735~ . i
Phys. Lett. 91B, 475 (1980)
-36 L N L N i
075 o3 2z % %% o5
VT -0
Vs
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Low-Q Drell-Yan W & Z Resummation

NLO corrections and the K-factor
Tau-scaling works because radiative corrections to ¢qq — VX are
relatively constant at = ~ 0.1

SCALING FORM OF THE CROSS~SECTION

= E N g ;
N T % A useful estimate
Pé 1073
—v} do do
NS = 1 — - . K
"I'%\Q'SZ L i Dl e _: dQQ (dQ2 ) o (7-) NLO (Q)a
- ] where Kyro = 1 + ko, (Q) with
\0‘“5_ O ve=19.4 Cev E 5 = 3 :I: 1
E A vs=23.8 Gev 3
L s=27.4 Gev 1 .
poTe S (also applies to W, Z, ...
T e e s production)
M/‘)n/; vr

Exercise: show that K ~ 1.65 (1.35) at Q = 5 (90) GeV
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Low-Q Drell-Yan

Resummation

NLO: (ugl)) virtual corrections (qq")yirt

e

NLO: (uEU) real emission diagrams (gq'),eal

=

NLO: (usl)) real emission diagrams (¢G),ca

—— £
&£
P

NLO: (uEU) real emission diagrams (G¢q'), .,

Pl

Virtual contributions

The dominant conftribution to

Oot, if z is Of order 0.1

oNFO ~ |1+ $2Cr(1+45) | of0
~ [1 4+ 3.0050,] o &9

Atz —0orl,In(x)or

InP(1 —2)/(1 —x), terms are

enhanced:; the NLO factor is not
constant!

2 — 3 contributions

Generate Qr # 0, non-trivial
0., p. dependence
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Low-Q Drell-Yan

NNLO cross sections for low-() DY process

Anastasiou, Dixon, Melnikov, Petriello, 2003-05

2.0 T

[ Vs = 38.76 GeV
[ M=8 GeV
,#:M

1 KNEO ~16aty =0
KNLO x14aty=1

-1.0 -0.5 0.0 0.5 1.0

Y
Compare with 1 + 3a(8) ~ 1.56
K® = onnLo/onLo —uniform enhancement over NLO by ~ 8%
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Classical measurements in low-() DY process

1. Sea quark PDFs g;(x, Q) from rapidity (y) distributions (lecture
2)

2. Spins of v* and quarks from angular distributions of decay
leptons
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Low-Q Drell-Yan

2. Lepton distributions in the rest frame of +*

The Born cross section for ¢;q; — V — €0 is
do

-
dQ2dyd cos 0.

x> {(fé + 29T 5+ 9% 7)) (1 + cos? 0x) (g5 (xa)dg (@) + Gr(w4)g; (2 p)]
jk=u,a,d,d,...

H(fh — )G — 0,0 (2 c0s04) [0 (2.4)Tx () — Tp(2a)a <xB>]}

W /.. fr are left-handed and right-handed V ¢/ couplings
W g, ;. 9r i Qre left-handed and right-handed Vg;q; couplings

Leading order The E7 p:L‘7 py7 pz ComponenTS Ore

~* rest frame e (p1)

alpa) 7 alw) 32 0 o

e+(p2)/ . D1 E (1 0 O C089 ) 5(1,0,0,—COS 9*);

Pavel Nadolsky (SMU)

Peking University
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Low-Q Drell-Yan

The Bglrn cross section
dQ2dyd cos 0. x

x Y {(f§+ff)(gi,jk+g§,jk)(l +cos? 0.) [qj(24) 05 (@ B) + Gg(2a)g; (2 p)]
jk=u,a,d,d,...

(%~ PG p — 9,0 (2c0s02) la;(2.4)T5 (25) — T (m)qmgn}

H The 2 cos 0, term vanishes in the 'L

parity-conserving case g i ﬂ
(fr = fr Ol gL = gr) <. T +

B The (1 + cos? §,) dependence in the i iy +
experimental data confirms the vector e

(spin-1) nature of low-Q Drell-Yan L ]
process B T R YT coss 5 92 oe a5 o0
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Low-Q Drell-Yan

The Bglrn cross section
dQ2dyd cos 0. x

x Y {(f§+ff)(gi,jk+g§,jk)(l +cos? 0.) [qj(24) 05 (@ B) + Gg(2a)g; (2 p)]
jk=u,a,d,d,...

(%~ PG p — 9,0 (2c0s02) la;(2.4)T5 (25) — T (m)qmgn}

B IV boson production: L o
fR =4JdRrR = 0 ‘?; 30 7\:‘ yws—1 30 %\_}i/
WV cross section dependson = K N
two functions (1 =+ cos 6, )? S A= L e
weighted by different parton o0 T ey
luminosities sl ot ] et

S / J s = 500 GeV, L = 800 pb”
B non-trivial correlation S / V-85, foacing order
between y and 6. in the 50 s
acceptance, etc. oos o es_n
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W&z

Final states in DY-like processes

wj ¥ Z Grs..

v

| Particle m|a$(GeV)

W and Z boson production

B good convergence of the oy
series

B small backgrounds

M separation of PDF flavors _‘ 3 g;:“; ;"1":“;?’;\/
(via the CKM matrix) ° ‘

"y . ‘ * My 1GoV]
M sensitivity to new physics

Z pole and ~* continuum in ¢t ¢~ production

dN,,/dm,, [GeV'

Pavel Nadolsky (SMU)

Peking University
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W&z

Leptonic vs. hadronic decay modes

The W and Z branching ratios Br; = I'; /T" are
B Br(W — (] = 3 x 11%, Br[W — jets] ~ 68%

W Br(Z — (t07]=3x3.36%, BriZ — vin] =3 x 6.67%,
Br(Z — jets] ~ 70%

At /s of a few TeV, hadronic W, Z decays are hard to observe
because of the large background from QCD jets

The most viable decay modes are
W7 sete, Z—utp

B W —e+v., W— pu+ v, with neutrinos identified by missing
fransverse energy Ar
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W&z

W and Z observables

B Total cross sections

B / do (pp — (Z — eTe™)X)
e e+ dp,-

dﬁe+ dﬁe*

Rapidity distributions and asymmetries

dow.z
dQ%dy’

etc.

W boson mass My

Transverse momentum and related distributions
dowz dowyz dowz

dQ7 " d(p7)*" q (Mi)?
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W&z

Total W and Z cross sections

1.25F LHC 8 TeV NNLO

Provide tests of perturbative QCD and

5 174 collider luminosity with accuracy 3-5%
REELS e Require understanding of
" - ,
R B O(a?). or NNLO, QCD corrections
11.5 012 (%'Zb.)S 13
‘ B O(a), or NLO, EW corrections
545 THC 8 TeV NNLO
o B PDF uncertainties
E s B Experimental acceptance
b; 8% C. "
a8 ‘ oo B QCD and EW showering (all-orders
: 75 resummations)
Oy yy (D)
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Drell-Yan ¢

NNLO total section o;,.,(AB — W, Z)

(Hamberg, van Neerven, Matsuura; Harlander, Kilgore)

B Scale dependence of order 1%

B NNLO K-factoris about 1.04 at the s
Tevatron and 0.98 at the LHC wrsro3) N

Z(x10)

520

617

Martin, Roberts, Stirling, Thorne, 2003

NNLO differential cross sections anastasiou, bixon, Meinikov, Petriello, 2003-05)

pp->7"+X Rapidity distribution

J F%i%

Lo

d®0/dM/dY [pb/GeV]

.

r X E8B6 data, 7.2 < M < 8.7

57‘\\\‘\\\‘\\\\

Vs = 38.76 GeV
M = 8 GeV

MRST2001 pdfs |

M/2 £ u<2M

do/dY [pb]

20~ 66 < M < 116 GeV

pp ~ (277)+X
NNLO ;—{lekhinOB ‘ ‘ ‘

80— NNLO MRSTO1 —

Vs = 1.8 TeV

M/2 € pu<2M
¢ CDF data (3.9% lumi. error omitted)
P .

0.00 0.25 0.50

Pavel Nadolsky (SMU)
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0.75
Y

1.00 1.25

Peking University

0.0 05 1.0 1.5 2.0 25

Y
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W&z

Ratios of W and Z cross sections

UNLO * KNNLO at the LHC
Range of PDF uncertainties (CTEQ6.1) i, O'(Z)/(O'(W"') " O'(W'))
=
<! mrst04
= o |
=
~
Y o4 NPT,
A
2 (
: 0.08 |-
s // PDF error band
5 /
/
oo0s [ ’/
i
oo [}
185
b
T-6 = 2 ) 2z y
1875 19 1925 195 1975 2 2025 A. Cooper-Sarkar, 2007

o(pp=>Z=>egpnh

Radiative contributions, PDF dependence have similar structure
in W, Z, and alike cross sections; cancel well in Xsection ratios
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W&z

W and Z observables

Total cross sections

/' do (pp — (Z — ete™)X)
g f—
8 dp,+dp,-

dp,+ dj,-

B Rapidity distributions and asymmetries

dow.z

—2  efc.
dQ2dy’

W boson mass My

Transverse momentum and related distributions
dowz dowyz dowz

dQ7. " d(p7)? a4 (M)®
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W&z

Charged lepton asymmetry at the Tevatron
Y And n &~ y,. are rapidity and pseudorapidity of an electron

from W decay

doWt _ ddV

— _dye dye
Acn(Ye) = oW agW
dye dye

B related to the boson Born-level asymmetry when y. is large

Aa(y) V2 TERL )

B constrains the PDF ratio d(x, My ) /u(x, My ) at z — 1

min j

B In experimental analyses, a selection cut pr. > p7ii™ is

imposed
Lecture 4,06/2013
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W&z

Charge asymmetry in p%. bins (CDF Run-2)

1077 7 T T T 7 T T T T | T T 1T
r \ \ \
L Anastasiou et al., 2003
r FEWZ, nolepton cuts 25 < pr, < 35 GeV, CTEQ65
L 0.2
>
3
g o
£ -
7 -0.2 N
N,
g — Resummed "\
Vs = 1.96 TeV -1 &-04—--——NLO N
M = My o i LO s
M/2 S p<aM -0.6 i i S—
P P O U U VUSSR AOUUUUN EOUUUUN SUUUSUS S
10 2 o 0 1 2 3 0.5 1 15 2 25 3
y of W boson arXiv:1101.0561 v

B Without pr. cuts, A, (y.) is Not sensitive to radiative
contributions

B With pp. cuts, A, (y.) is sensitive to small-Q7 resummation
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W&z

Impact of the Tevatron A., data on PDFs

d/u at p = 85 GeV

1.3F
Solid band: CTEQ6.6 uncertainty
= — NNPDF20 ) N
02— —cTo Hatched band: CT10W uncertainty
C —— MSTW08 1.2r
L - DOel(E >25GeV)
=
L = 1.1r
- o
?—0.Zj B § _____
< 5 1.0
r =
04— °
C g
L 0.9r
-0.6—
[ R. Balletal., arXiv:1012.0836
L 0.8f
08 A O A AR O
0 05 1 15 2 25 3 ) )
n H.-L. Lai et al., arXiv:1007.2241
0.7t 5
1075107 1073 0.01 0.02 0.05 0.1 0.2 0.5 0.7

X

B The A, data distinguish between the PDF models, reduce the
PDF uncertainty

Bl Very precise data! = Many subtleties in their analysis
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W&z

Charge asymmetry at the LHC

CMS 840 pb* at Vs=7TeV
=

0.25
pT(e) > 35 GeV

=W ev i
ol
A

X

o
)

Electron Charge Asymmetry

0.15
MCFM:
’ CT10
0.1 ottt awms HERAPDFL.5
F om0 MSTW2008NLO

I —— NNPDF2.2 (NLO)
B theory bands: 68% CL
L L L L L L L L L |
0 1 2

Electron Pseudorapidity  |n|

Sensitive both to d/u at = > 0.1 and @/d at z ~ 0.01 (not
constrained well by other experiments)
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d/u and d/a: CT1X NNLO (prelim.) vs. CT10 NNLO
and CJ 12 analysis of large-x DIS

PRELIMINARY; Q=10 GeV PRELIMINARY; dbar(x,Q)/ubar(x,Q) at Q= 10 GeV
CT10 NNLO (blue), CT1X NNLO (red); CJ12 (green) CT10 NNLO (blue), CT1X NNLO (red); CJ12 (green)

1.2F

Ratio to CT10 NNLO
P
o

0.0 H i
1074102 0.010.02 0.05 0.1 0.2 0.5 0.7 107103 0.01 0.02 0.05 0.1 0.2 0.5 0.7
x x
PRELIMINARY; d(x,Q)/u(x,Q); Q=10 GeV
CT10 NNLO (blue), CT1X NNLO (red); CJ12 (green)

. CT1X PDF uncertainty is larger at

" 2 — 0and 1, is compatible with
2 ~ the d/u band from the CJ12
§ 108 , — analysis (Owens et al., 1212.1702)
§ost \ |'| © of large-z DIS for

iy Y - PDFs+nuclear+higher-twist

x corrections
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W&z

W and Z observables

Total cross sections

/' do (pp — (Z — ete™)X)
g f—
‘ dp,+dp,-

dp,+ dj,-

Rapidity distributions and asymmetries

dow.z

5, efc.
dQ=dy

B W boson mass My,

Transverse momentum and related distributions

dow,z dow,z dowz
dQ7 " d(p7)*" d (Me)®
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W&z

Constraints on the Higgs sector and 1V boson mass My,

Both the Tevatron and LHC measure My, . It provides key
constraints on Higgs mass 1/;; in electroweak fits.

My 2 Mpg
My = 80.3827 — 0.05791In [ ——2 ) —0.0081n2 [ 2
w " <100 Gev> " <100 Gev>

In SM: .®
+0.543 << m >2 - 1> —0.517 (Ahad(MZ) _ 1> —0.085 (as(Mz) - 1>

175 GeV 0.0280 0.118

R B e PR I
80.70 | €xperimental errors 68% CL.

LEP2/Tevatron (today)

Tevatron/LHC

To know My to better than 450 GeV
(50%) from the fit, My, must be
measured to better than 4-0.030 GeV
(0.083%) - the accuracy that is already
nmoseszm  FeaCched|!

) Helnameysr, Holik, Siockinge, Weber, Weigan 07
160 165 170 175 180 185

m, [GeV]

SMband: 114 < My < 400 GeV
SUSY band: random scan

M,, [GeV]
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W&z

Question to the audience

INpp— (Z = ptp )X, the 5 o0 W (Leswps’ A
value of M is found from £ F
the resonance in £ 19 E
dO'/dMHJr/L— %'3‘. 10° é
10? 4
Butinpp — (W — )X, E
do /dM,, is not observed, 10 h
because the v's 1 ATLAS Preliminary
longitudinal momentum jo'f Data2010Ns=7Tev
.3 is Not measured! 1 10 102

m,, [GeV]

In this situation, which trick is used to measure 1/y;?
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Resurnmation

Jacobian peaks in distributions of decay leptons

Certain distributions contain a quasi-resonance (the Jacobian
peak) that indicates the value of My,

Electron’s transverse momentum p5.

number of events
= s
o o N
o o o
o o o

Jacobian peak at
p5 = My /2 =~ 40 GeV

@

[=3

o
T

N

[=]

o
T

N

(=3

o
T

‘45 50 55]
pr{e) (Gev)
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Drell-Yan process

Resummation

Jacobian peaks in distributions of decay leptons

Certain distributions contain a quasi-resonance (the Jacobian
peak) that indicates the value of My,

Leptonic transverse mass M ¢”

(Smith, van Neerven, Vermaseren, 1983)

3 10 F

b Ty = 16GeV
z sl "l = 21GeV
g sl =26GeV
w

=
o
)

ev

7 = 2(pTpt — Pt PT)

10

Jacobian peak at Mg = My,

i 1 L 1 1 1
40 60 80 100 120 140 160 180 200
M; (GeV)
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W&z

The origin of the Jacobian peak

S My Loty e
In the W rest pr = |P1|sinf, = sin 6. Ao,(p)
frame, do @) T T
for Q = My dcos 0, Z F Q Qr, )aJ( * ‘P*) e+(p2)/

a; =1+ cos? 0y, ay = 2cos b, etc. (smooth functions)

d_a ‘ dcos 6, do 1 4p5.  do
dp%, dp%,

- e |dcosO, ape \ 2 M, dcos 6.
e - ()
Jacobian

— o0 if p7 — My /2 (1)

dp%
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W&z

The origin of the Jacobian peak

If Qr = 0: (17)19p frame = (P7)CS frame

(the boost from the CS frame to the lab frame is along the z—axis)

> 120
. N 3 pp— (Wt = ev)X
Corrections to do /dp5. are of N CTEQSM
order gr
§ 80 L Leading order}r

B O(I'},/M7,) due to the
non-zero W width T'yy (Q # My) ol
B O(Qr/Q) due to the boost =
sensitivity to the shape of S
do /dQr (soft radiation) at ol

Qr <Q i

o P P T R AR il SO0 RS
25 30 35 40 45 50 55

pr(e), GeV
A similar Jacobian peak is present in do /dp.
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Resummation

More on lepton transverse mass

Exercise

Assuming Q7 = 0, verify that there is a Jacobian peak in do/dM$”
at Mje«l/ = Mw

2 10*
e el = 16GeV
2 sl « [, =21GeV
W Corrections to do /dMS$” are of order 3 +Tw=26Cev

0(Q%/Q*) = reduced sensitivity to
small-Qr soft contributions

B do/dM, do/dp5., and do/dpY. are °
commonly used to measure My, . Ty is
found from do /dM§" at large Mg”

-
o
N

40 60 80 100 120 140 160 180 200
M, (GeV)
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Resummation

Multi-scale factorization (resummation)

So far, we discussed QCD factorization for observables
dependent on one hard scale @

However, to achieve a small error of order 10 MeV in W mass
measurement, one must accurately predict transverse
momentum (Q) distributions of T bosons. This prediction

depends on two momentum scales: @ ~ My, ~ 80 GeV, and Q.

Since Q1 < @ in the majority of W production events, the
one-scale factorized cross section does not converge because
of large logarithms In”(Q/Qr). p > 0

One must use another formalism (fransverse-momentum
dependent (TMD) factorization) o obtain a converging
prediction through resummation of In”(Q/Qr) terms to all orders
iN o,

Pavel Nadolsky (SMU) Peking University Lecture 4,06/2013

33



Resummation

Factorization for one-scale cross sections
Scale dependence of the renormalized QCD charge ¢(x) and
fermion masses m ¢ (u):

dg(p)

dmy(p)
g
i

= Bg(n), n o

= —Ym(g(p))my (1)

The RG equations predict that a (1) — 0 and m¢(u) — 0 As p — oo

These features are employed to prove factorization for inclusive
Drell-Yan cross seCtions @odwin, PrRD 31, 2616 (1985): Collins, Soper, Sterman, NPB 261, 104 (1985);
B308, 833 (1988)).

m do 37 N3 {m f*O}
M Z/ dg/‘/ A€ : EdT >fa/A(§A7/L)fb/B(§B7M)

+0 ({mj/n’})

assuming g~ Q ~ /s > {ms}, Agcp
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Factorization for one-scale cross sections

- ' 1 1 do %ﬁ?{mfzo}
=S [ e [ den (: o ) foentis(eond

+0 ({m}/1})

B The hard cross section @ is infrared-safe: limy,, 0y ({my}) is
finite and can be computed as a series in a;(u)

B Collinear logarithms are subtracted from & and resummed in
f(&, p) using DGLAP equations

B Soft-gluon singularities in o vanish when the sum of alll
Feynman diagrams is integrated over all phase space
(Kinoshita-Lee-Nauenberg theorem)

Pavel Nadolsky (SMU) Peking University Lecture 4,06/2013 34



Resummation

Factorization for () distributions (two scales)
B Differential distributions may still contain integrable soft singularities of the
type ok In™(Q*/pi - p;). €.9., L =In(Q*/Q%) > 1

do 1
dQ2dydQ% |, ., ooz
as (L+1)
+ a3 (L4141 +1)
+ oy (LP+L'+ L+ L7+ L+1)

+ }

The purpose of Qr resummation is to reorgonize this series as
do

dQQdy dQ% QT—>0 Q2

where ag+lzn+1 L a§hy:

{asZi+asZ: + ...},

asZi o~ ag(L4+1)+aF (LB +L%) +ad@P+ 1LY +... | A1, B1,Co;
atZy o~ QL4+ 1) +ad (L3 +1%) + ... | Ay, Ba,Cy ;
olzy o~ QA (L+1)+. .. | As, Bg, Co .

Lecture 4,06/2013
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Resummation

QCD factorization at large and small Q1
Finite-order (FO) factorization Small-qy factorization

A?QCD <qp~Q° A?QCD < g7 < Q?

Solution for all g;:

FO
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Resummation

Factorization at Qr < @
(Collins, Soper, Sterman, 1985)

Realized in space of the impact parameter b

doaB—vx

d%b B
- —eiquvbWa bJanAax
dQ2dyde?, 2 / ( ol 5)

27)2
45<Q? flavors )

Wan(b, Q, 2.4, 25) = [Hap|? € SCDP,(24,b)Py(x5,b)

Hap is the hard vertex, S is the soft (Sudakov) factor, P, (x,b) is the
unintegrated PDF

Forb < 1GeV!, Wy (b,Q,z4,25)
is calculable in perturbative QCD; at Q ~ M,
this region dominates the resummed cross

section
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Nonperturbative contributions at large b

Atb>1GeV ™, the leading E T ‘i

Muen pair production, p¥ cellisions
D400 GeY, B<M<7? GeV

nonperturbative contribution is I ]

approximated as exp (—a(Q)b*) , where = ... S

a(Q) is an effective “nonperturbative
parton (k2.) /4" inside the proton T B

The RG invariance suggests that SRS 1

" 3
pr [GeV]

Fig 9.2 Thelepton pair transverss momentum from the GFS collaboration [4]
The curve coreesponds o a Gaussian intrinsic &r distribution for the annihilating

a(Q) =~ a1 +azlnQ,

1.2

* E288
where ay 5 ~ Ajep, and ay s .
process-independent €

: 04 =0.19 GeV?

The In Q growth of a(Q) is indeed o
observed in the Drell-Yan and Z pr 0 onyener, P 2008

5 10 20 50 100 200
data Qree
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Resummation

An example of the resummed cross section
7 production at the Tevatron vs. resummed NLO (Balazs, Ladinsky, PN, Yuan)

Z boson P, after unfolding |

~  Rasbos+ PHOTOS CTECS. 1 m, o small-x cor

y*->ee)

. )
o
@

Reshos+PHOTOS CTEDS. 1 m, wit small-x cor|

Q
<]

D0 Fun 1 data

B
Po s
Q
~

0.06

]
]
2o0slf
0.04/ 3‘_
4

do/dp_*

¥*/mdf=16.8/13

lo
o
o
a

DO Run I Preliminary
0.03(1-

0.02F

001}~
5 PRV ST Py o e

50
Zp, [GeV]

In this case, precise predictions for do /dQ+ are employed to
measure My, with high accuracy
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Final states in DY-like processes

" Jo oy W‘LJ,Z H z Gl
| : Particle|a$(GeV)

T T — T
ATLAS ® Data 2010

[JZ'(750 GeV)

g Dz é
i Ldt=42 pb'l Dglboson é
New physics at Q > 100 GeV Jra-e .

[JZ’(1000 GeV;

H Indirect constraints from } SHESpE
electroweak precision E
measurements :
Bl direct new physics searches 200 300 10002000

my, [GeV]
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Search for heavy states at DO

| Electron E |

o)

i
o

— Signal m,. = 2?? GeV

= 1D@ Run Il Preliminary —
L. ~ev
8 10° 3 900 po [ QCD (from Data)
— " 1 Cdw- v
Q103 Bl zy - ee
g . 4 Czy -«
1073 B Ww incl.
& A T fincl.
$1075 I wzinel.
S o, | I 22 incl
ana? .
w 103 o —¢— Data
1 bW !
10"
102 e
50 100 150 200 250 300 350 400

E; [GeV]

W' — v
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New physics

Search for heavy states at DO

|___Differential cross section for contructive LL model __|

' SM
Constructive
LL Model A=4TeV
'\-\\

2 \ L \ L L L L , )
[=%) 100 200 300 400 500 600 700 800 900 1000
Inviaan Gov
-é [ Ditferential cross section for Gestructive LL moder
S geog
B sk sM
S Rl b .
gL E Destructive
o LL Model A=4TeV
107 E- -

KL i
10° e
10° £ e LT
= —
10" & e
400 200 300 400 500 600 700 500 506 1000
.......... Gov

M, (GeV/c?)

Leptoquark — pu
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Resummation New physics

% " DO Run Il Preliminary 1.0fb *| e DATA
010
0 oy - ee
£, o
© 10
z B wwwzizZ incl.
5 :] ttbar incl.
10 ] QcD (estim. from DATA)

M |
100 200 500 600 700
m,,, (ee) (CC/CC) [GeV]

Contact interactions: pp — e(e* — ey)X
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Search for heavy states at DO

‘ D@ Run Il Preliminary, 1.1fb * |

luded at 95% CL
,sitiviry
PRL 95, 091801 (2005

ek : 1
luaed precision ewk;

300 400 500 600 700 800 900
graviton mass M . (GeV)

Randall-Sundrum graviton — ee, v~
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Resummation New physics

Summary
Essential applications of Drell-Yan-like processes
B clean tests of QCD factorization

B studies of the nucleon structure (quark seaq, flavor
separation,...)

B “standard candle” processes (NNLO,...)
B electroweak precision measurements
B searches for new physics
Many interesting topics were not covered
B Polarized Drell-Yan-like processes (measurements of new
nucleon structure functions)
B Connections to kp factorization

B Various resummations (Qr, small z, threshold,
heavy-quark....)

B Drell-Yan production in heavy-ion scattering
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