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Outline
Drell-Yan as an important tool for precision physics at the LHC

« motivation for DY studies at the LHC
« sources of uncertainties and theoretical challenges
« precision SM tests and the potential New Physics searches in DY-like processes

DY theory implications specific for the LHC physics

¢ QCD-improved Parton Model at small-x and uncertainties

« issues of the forward DY and saturation phenomenon

« TMD (kt) factorisation implications at the LHC (cursory, many talks here)
«  EW/QCD corrections, large EW (Sudakov) logs, tools development

» color dipole approach for DY (pedagogical overview)

« Semi-inclusive/diffractive DY and Regge factorisation breaking

« still open issues...

Latest results from the LHC measurements

« ATLAS, CMS (cursory, next talk by I. Belotelov), LHCb
» Future prospects

Summary and Outlook
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Physics motivation for DY studies at the LHC
At the LHC, both CC/NC DY reactions are of major importance for:

/ extraction of PDFs in extended kinematics regions (high sensitivity to PDFs) \
« best access to antiquark sea PDFs
« luminosity monitoring
« calibration of detectors (as “standard candles” for both Tevatron/LHC)
- the most precise ever definition of the W mass/width (CC from transverse mass)
« high precision SM tests (e.g. for Higgs physics)
« potential source of (or background for) many New Physics contributfions
(e.g. contact, 4-fermion interactions, extra W' and Z’, “unparticles” efc)
« we need unpolarised DY measurements from the LHC to use their results
\in later polarised DY experiments (e.g. will be useful for RHIC spin physics) /

Why?

- rather large cross sections (statistics) expected
e o(W)=30nb,ie.3x 10" events with £ =10 fb!
e 0(Z)=3.5nb,ie 3.5x 10" events with £ = 10 fbo~!
- clear experimental signature (efficient for high p_leptons pair or lepton+missing p 1
typically looking for p, > 25 GeV in the central detector)
- no uncertainties from fragmentation functions



Overview of theoretical uncertainties

Are we ready to provide an adequately accurate theoretical
description of Drell-Yan processes at LHC?

Experimental accuracy aimed at the LHC for inclusive DY observablesis 1 % 1
see Frixione & Mangano ‘04 and references therein

In order to provide a reliable accuracy for LHC data analysis, theoretical models

have to reach

at most 0.3 % of accuracy

-> aserious challenge for theory!

Sources for theoretical uncertainties in DY processes
(dependent on kinematicst):

K QCD contributions in LO, NLO and NNLO (at small x/scales);
« parton shower and hadronisation effects (e.g. by PYTHIA or HERWIG);
« one-loop (or higher) EW corrections;
« resumed major higher order contributions;
« aninterplay of QCD and EW corrections (HO matching issue);
« saturation effects (due to non-linear dynamics in gluon field evolution),
*  partonic energy loss in cold nuclear matter (DY in pA collisions)
\ couplings, hadronic vacuum polarisation, PDFs and other tuned inputy




DY results from collinear factorisation

DY reaction is among a few hadron-hadron processes in which the collinear factorisation
theorem has been rigorously proven (basics by Collins, Soper, Sterman’82-88)

Result known up to NNLO! _ _
NLO (very important at high qT)

NN (- Vavavay R
Matrix r 7
element v g
Parton Model results Of special importance at the

LHC (small-x)!
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Role of the HO QCD corrections to NC DY at the LHC

K-factor for Drell-Yan Cross-section ,
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Importance of EW corrections and QED-Improved PDFs

jet—production (|n| < 2.5)
5 = (NLO-L0)/LO
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NLO EW effect
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necessary at the LHC!




o(Z%)B [nb]

Sensitivity of predictions for the LHC to PDFs

NLO W and Z cross sections at the LHC (s = 7 TeV) NLO W" and W’ cross sections at the LHC (Vs = 7 TeV)
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ATLAS DY

data vs theory: t
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ATLAS DY data vs theory: electron rapldlty distributions
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ATLAS DY combined muon/electron data
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gT distribution of DY leptons at the LHC: the neutral current

hy(py) i) L0, 6) The DY cross section at fixed-order PT can be
: 0 o reliable only for g7 ~ My

V(M. dr. y) However, at g7 — O, mg Iogm(sz'q%) > 1
the resummation of large logs is necessary!

ho (p2 ) oy (X2: HF)
See e.g. Bozzi, Catani, de Florian, Ferrera, Grazzini, arXiv: 1007.2351 and refs. therein

Methods developed in many papers so far!
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more details and references in the talk by Giancarlo Ferrera at Moriond 2012



gT distribution of DY leptons at the LHC: the charged current
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Forward DY physics at LHCb: first results

New DY kinematics coverage (low x, large Q)! B 7
10° , 1 Drell-Yan @ 3 GeV
LHCb |19<y<49 Pt = 10 GeV muon Drell-Yan @ 7.5 GeV
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more details e.g. in the talk by Philip Ilten, at Phenomonology 2012, Pittsburgh




EWSB tests with DY: latest W’ exclusion limits

E L | AT L T 09% Obsarved Linit (Bleetron
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~ Takes into acco@nt a possible
Interference W’ and SM W!
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Why to go beyond collinear factorisation?

* Transverse spin physics:

present understanding requires spin-correlated transverse momentum in distribution
functions (Sivers effect) and fragmentation functions (Collins effect). Most important
motivation for polarized fixed-target experiments with LHC beams (see Brodsky et al’12)

Many talks about spin physics here!

("« Small-x physics: )
the gluon density cannot continue its growth as x—0 (unitarity violation). Small-x physics
is the major focus of the LHC DY. One can probe the universality of TMDs at small-x and
non-linear effects (e.g. gluon recombination/saturation phenomena). Semi-inclusive and

\_diffractive Drell-Yan are the most sensitive to these phenomena observables! .

T4 Qf(T) Q j(‘t), A2

Non-linear - ~ Linear

Ts(k.)

t=In(1/x)

Q’ (Gev )

“ s Jikely to be tested at the LHC!
| BFKL

lancu, Venugopalan
hep-ph/0303204

DGLAP
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Color dipole framework for forward (small-xz) DY

Proposed and initially developed by

S. J. Brodsky, A. Hebecker and E. Quack, Phys. Rev. D55, 2584 (1997), [hep-ph/9609384].
B. Z. Kopeliovich, J. Raufeisen and A. V. Tarasov, Phys. Lett. B503, 91 (2001), [hep-ph/0012035].
B. Z. Kopeliovich, A. V. Tarasov and A. Schafer, Phys. Rev. C59, 1609 (1999), [hep-ph/9808378].

( Motivation. ...probing small x,, at large x, \

best for forward dilepton rapidities

access to large-x valence/sea antiquark distributions

incorporates higher-twist effects due to multiple scattering of a dipole off target

at high energies, one of the incoming partons has very small X probing dense gluonic fields
\in the target (difficult or impossible to incorporate in QCD parton evolution) /

Higher-powers Qg(x)?/M? (HT) 3 The dipole approach is a promising
become important (for not very large M) attempt to account for saturation

Note: LHCDb has unique opportunities
At LHC x can be as low @ for tests of higher twist effects!
for low mass DY

1. High purities/efficiencies down to
Mpp=2.5Gev

One of the main interest for the QCD
studies at the LHC! 2. High rapidities coverage 2.5<n<4.9




The color dipole approach for DY: pedagogical overview

In this frame, in the high energy limit. fhe DY cross
section can be given in tferms of the dipole cross
section (similarly to DIS)

.— Interference!
o S-channel U-channel
proj ectﬂe target rest
hadron frame
Cross section of the dilepton production in Photon (time-like)
quark-target scattering. virtuality
dovd? qLd Drl ¢ = M? >0
o (gN — gl X) Me, (A -
[V =1 = 22 al (2;1)58(;),) a(l —a)
X AN i
dM2dS) |
X Qem€r(N) e (N) LN ————r, A e {£1,0}
Spin-color averaged ME squared 16720
Leptonic tensor:

(hadronic part).
w 1 1 L L *1/ *1/ L1/ ) I} I/ I I Iy
Y — . Z v Z(Mg + MY (M + M) LM = A pl + plap — g™ prepr)

~'c
O'fO'z' Cft‘.?;

Solid angle of the leptonic pair can be integrated out

d'o(gN - 1T1"X)  Qem [ Porp(gN — 7*X) N d*op(gN — v*X)
dinadM?d?q IRREYSVE dIna d?q dIna d?q

transverse longitudinal

d€) = dod(cos )




Wave function of the forward photon radiation

Photon polarisations contributions

Bop(gN — v X) A)M‘”’ Por(gN — v X) e (,\ = 0)M"”
) _ ' = [
dIna d?q fd Prt Z Z 58 (PN)2(1 — ) dInad?q, / Pri Z (27) 58 M2(1 — a)

X AE{:I:I}

Can be dropped in
Quark propagator: the high energy limit!

Prtgtmy PP (ps + @)ts(ps+q)
(b + a2 —m2 (b7 + )2 — 122

The s-channel amplitude:
. Ug, (pr) 7 us(ps + here the quark-nucleon
lM?:Q Z O'f(}f) C"(}f Q) O'O'g ])f+QD W q

(pr+q)% —m3 I ﬂ scattering amplitude is
normalisation condition 0 o - 0, . -
b (p)ug (p) = 296, toooi (P +47). k1) = tg(ps +a) 7" Vo(ki) ug,(pi) = 20050, Ve(kL)

o a o,0

Ini ¢ ¢ ¢ it incorporates all
n impact parameter space, we ge non-perturbative an

. 2 2 L. o .
MEE 5) = /d(l;(f)kl lli.ap_lkl'ng(lJ_ij_) soft physics!

T — ~ ~ o d?k T =
— _—ivAr QKIJ“ (mﬁj2p?%(b), V;](b):/ Le_”l”'bvq('lﬁ)

a2 D)2
\ (2m)

The LC wave-function of gamma radiation! can be absorbed into the dipole CS!




DY in quark-target scattering

The propagators can be transformed as
1 .« (1 — Q) 1 .,
(pr+q)?—m3 o213 + 92

(pi — q)* — mj} 02l + k)2 402

The DY cross section in quark-hadron scattering then is

[ =

Prr — (1 —a)q/a
n? = (1—a)M 2 4 o.»gm?p

3 N o AtV
ConsaN 2w X) L [ b T o, )i ) A
X % { oqlap) + o, (a,og) — (rj::;(a-(ﬁl — /) }-
\_ 0" integrated over photon momentum da(qg l;j 1) _ /dzp Wy (v, p) | aa(ap, 1)/
in terms of the LC wave functions . .
VL (o i)W (0 0) = 30 2 3 e W0 e (W, (0u )+ samoot e excitod
A=EL opo + experience only elastic
- IL2)(?;{m?OAKU (1p1) Ko (1p2) . Ii:?ltet‘:\rci)ngefinite mass,
+ [+ 0=y [ ﬁg K1 (np1) K1 (np2) } . ::itv::ZIS—eZTarsattiicogmplitude

WL (v, )WL (o, o) - Zep(,\ = 0)U25 (v, pr)ep (A = 0) U220 (ar, i)

O’fO’z

CYE?'N
M? (1 — O”) Ko (7p1) Ko (7p2) -

o.qap) :ZA Z/dg

CJ]r{t.l

2

and the universal dipole cross section.

can be extracted in one process
and used in another

Fitted to data!

—

~ = 2
() = V(b + ap)



The universal dipole CS

do” (pp — vX) 1 Vde 1 do™ (q — qv) probing proton
5o = / — 5 (—, ¢ = structure function
da pd?pr r1+ 19 Jry @ v d(Ina)d*pr in DY at large x!

In Regge phenomenology, the dipole approach accounts for only Pomeron part of the cross
section: the dipole CS is governed by gluon interactions and applicable at small-x only!

To the LO (two-gluon exchange + resumed log(1/x)), in the Weizsacker-Williams approximation

color transparency! 1 ik - )11z cancellation of IR
P o _(32 ,0) ﬂa ,0 / ko [ N ehP(l L ,0)] 0 G(fz- I@i divergences!
993" s < > ,
3 K K1p 0 In(k] )/ UGDF at small x
GBW model (fitted to DIS only). GBW-DGLAP preserves success of the GBW model
N Q% () while modifying large-Q behavior by evolution
O- 7(p7 aj) — O-O ]' — eXp - > ~ LR rorrTTT T § T Ty
* 4 045 F
5, , (0.0003\"*  Not good at large- w9
Qulr) = 1GeV ( T ) x and large Q! D:Z
0.25 F
GBW-DGLAP model (with LO DGLAP evolution): 02}
Bartels et al ‘02 . , , D;: 1
G-Q'j(‘-’t"'l_’) — O—I:I (1 — Ean (_ﬂ- d ﬂs{lﬁ; )LLQ{‘L1 l“ ))) il R T R T BT R,
70 0 1 10 10’

Q’(GeV))



M’d“c/dxp dM (nb GeV*/ Nucleon)

Parton Model versus Dipole Approach

p dorcx C B2 e ] Saturation at work (can change the
C dipole ]

[ 5=38.8Gev CTEQSM - . DY CS at the LHC by a factor of 3)!
F Large-x corrected dtpole modified dipole ------- ;

E 27 27 E

; Qs ( ) - Qt. ( )(1 - l) DY cross section for x. = 0.15

] . M = 6,8,10 GeV

SN i) Golec-Biernatet al ‘10 )
i o =

= M=4.75 GeV (x10%) > //?//

E o , ~ s

C 5 10 &

E _ c

E M=525GeV (x10) :J.

L = CGC model gives

: M=5.75 GeV (x10%) 3 ..

g € similar results as

. = GBW!

- M=625 GeV (x10°)

3 M=6.75 GeV (x10%) T /!\
E Tevatron LHQ
M=7.25 GeV (x10%) | ! 102 o 1o

. E (GeV)
F M=7.75 GeV (x10%) ) .. .

B Leading twist is OK at the LHC if
f | MBS GV I0) [ [ MBTSGeV | M>6 GeV, below — resummation of

0.01 0.1 1 higher twists is important!



Motivation for diffractive Drell-Yan at the LHC

* Diffraction cannot be accessed in collinear factorisation (transverse (I’ MD) evolution is crucial)
*  Strongly sensitive to the soft physics — small x and small transverse momenta!
* Excellent probe for QCD factorisation breaking effects!

Driven by Pomeron exchange (rightmost siongularity in the complex angular momentum plane)

Non-diffractive

Topology of diffractive final states

Single-diffractive

Double-diffractive

Double-Pomeron exchange




Diffractive factorisation-based approach to DDY

e.g. by A. Szczurek et al, Phys.Rev.D84:014005,2011

Ingelman-Schein mechanism| ======P> |QCD/Regge factorisation

e : D/ 2 drp T
Diffractive quark density q5 (z, nu*) = / pr(I‘:[p]qu’pr(— I )
r LIP r'p
DY with gap and the leading profon [Rﬂisz’ng with energyldumping with smle.j
L b B U i U W R L L L B R
: \§=500 GeV ] : V5 = 1960 GeV ] ! = 14000 GeV ]
gm P _________‘ gm';f—————__ o T:Sméf— _
2 E L
g g g
£ £ £
o 7 FAL
1u.a|||||I||||||||||||||I|||||||||||||||.||-||i||-||-| 10.3||||||||||I|||||||||||||||||||||||||||||||||I 10.3|||||||||||||||I||||||||||||||||||||||||||||||
12 3 45 6 7 8 910 12 3 45 6 7 8 910 12 3 45 6 7 8 910

M, (GeV) M, (GeV) M, (GeV)



Regge factorization vs absorptive corrections

Eikonal part “Enhanced” part breaks the factorisation!

without the factorisation breaking: with the factorisation breaking:

Diffractive Z,W / Inclusive ZW ~ 30 %

Effect is largely unknown! Different models...

Noticeable growth with energy! Open issue...

Gay-Ducati et al Phys. Rev. D75, 114013 (2007)

A. Szczurek et al, Phys.Rev.D84:014005,2011
What can the dipole approach offer us in this situation?



Is forward Drell-Yan off a quark or off a dipole?

the standard DY contribution from Abelian Bremsstrahlung off a quark disappears!

[ Landau-Pomeranchuk principle: non-accelerated charge does not radiate!]
2

1 — T2 Iﬂ—ﬁ—l-crr_" 71— To I-Fl—ﬁ—i—r:r-r_"
= L =T t':l’ﬁ, Qd?_? r -
However... i R + e = soal +0
: a=uz,/r, -
By optical _ 270 Toe I =
t\ll'lecr:rem 05q(Tp) = / d*b2Imf,(b,7,)
dipoles with different
Amplitude of DDY in the dipole-target scattering sizes interact differently!

J1 =
f'.f( (D. P 7 ) = —2ip) AT - W,

l.

gl 7) [21111 fur(D. rp) — 2Im falb. Iy + ar)



DY off a hadron: probing large distances in the proton

R. Pasechnik, B. Kopeliovich, Eur. Phys. J. C71: 1827, 2011
B. Kopeliovich, I. Potashnikova, I. Schmidt and A. Tarasov, Phys. Rev. D74: 114024, 2006

GBW dipole o(r) = oy (1 — e_?"g/R%)

0 332

Interplay between
hard and soft scales

. . A Diffractive gauge bosons o er
Diffractive DIS OC T° production

--.of the higher twist naturet ...of the leading twist nature!

QCD factorization holds! @ctive factorization is br@




Diffractive DDY: probing proton structure at large x
The general result:

d’cy,,(pp — pG*X) 1
d2q,dlnad?5,  (27)

1 y : L 237
517 D / d*r1d*rod’ry dPrd*r’ d2bd?V dig, dre,dag,
q

x UNe L (Fa, MYULE* (7 o, M) |W,(7y, P, 73; Ty, T Tgs )|

x &(Fl ; 'T_‘}Q._. ’ng_ b 'F, Ct:l&(f_‘] . 'FQ? FE:. h ,; .F’j &.) Eiﬁj_'{b_b ) EﬂJ_‘f‘{"'"_"'“ )

Soft parameterisation for the

A = —2Im fei(b 71 —72) + 2Im fe (b, 71 — 72 + ar) E dipole amplitude in the eikonal
—2Im fE;(b 1 — 73) + 2Im (b, 7y — 73 + ar) form incorporates the gap
Profon wave function survival at the amplitude level!
— = = BGE —a(r?4ri+r — (r2 -1
W, (7, T, T3; Ty Tan, Tgs)|° = P (ritrat E}p(:rq._ Tgrs Lgs) a=(rz)

X (5(?71 + 79 + ﬁ,)ﬁ(l — Tg — Ty — I%)

Valence quark distribution + antiquarks!

1
fdi'qzdfcqz 6(1 — zq — Tg — Tq3)P(Zq, Tgo, Tqs) = pq(Tq) » Z qu [)Ot} (Iq) + JOQ_(IQH -
a q

In DDY we get an immediate access to the proton structure function at large x!



do i / AM? (fb/GeV?)

do,, /dM? day (fbiGev?)

1000 ¢

[ Ebhg=14Tev Zboson ——
100 K 0.3 <Xppet < 1.0,CTEQ10 W' boson - - - -
RS v W boson oo
10 F
1+
Q1 fF " TTTTTImTT
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0.001 |
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100
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dM? dq;) / (do

7 L
(deigy f

1000

100

0.1

0.01

0.001

10 ¢

Diffractive DY production cross sections at the LHC

Z boson
- , DDY ———
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e TR W boson -
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1000 ¢

100

10

0001

0.0001 L

04 0.5 0.6 0.7 0.8 0.9 1
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Pasechnik et al’12
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Diffractive vs inclusive Drell-Yan: probing small x physics

1 200 .
In the hard limit: 2{ o(ar) +o(ar’) —U(alr—'r’l)} ~ = O_rﬂ (7-77)

Inclusive production CS:

d*oy.(pp — G*X) -T.e. 1 Thos1
‘ da [po(Z2) +pa(2)
d2q, dzp,s Q?r)ﬂ R2 :r) Z -/rcml “ ’Oq o Tp v %

d*rd*r’ (7-7) e 4 (Fra, M 111{{* 7 a, M) e =)
V—-A V—A

with naive GBW parametrization:

o9 =23.03mb, Ry= Ry(z) =04fm x (z/z5)"'*, z7=23.04x107%,

So, the diffraction-to-inclusive ratio: ...does not depend on type of the boson!

doid [d*q1 deposs AM? a® RE(M? Jzpos1s) 0d(s) 1 [ 2 . A2 ]
oy [d2q, dzpee AM? — 6m  Ba(s)Go  Ri(s) As L(As —4A4;)2 * (A3 — 443)?

V2 = 0P 4 |, = | universal quantity for probing soft/multiple inferactions
M7 =1 qL]" = Thost T S and saturation physics at the LHC!




Diffractive vs inclusive DY: drops with energy!?

Energy/scale behavior
dorppy | dxy AN doppy / dxy1 dM? is opposite from predicted
Aoy | dtyy M dorpy / dxyy M by QCD factorisation-based

0.50r ) 0.50r approaches
Vs = 40 GeV
0.20F . 0.20
Vs = 500 GeV
0.10 0.10F
0.05 0.05F
0.02} 0.02
0.01 0.01F
: . ' xy,
0.30 0.50 0.70 1.00
L "Tevatron, 1.96 TeV —— |
) CDF data —e— |
0.03 <& < 0.1 '
s . Pasechnik et al’12
Agrees well with £ '
the Tevatron data! 2
€ 001}
A good probe for QCD
diffractive mechanism
0.001 e — i i
00 pro pr— and soft inferactions!




Regge factorization breaking at the LHC

Absorptive effects destroy diffractive factorization in hadron-hadron scattering!

___:::::::::_:;::::::::i bz

without the factorisation breaking: with the factorisation breaking:

Diffractive Z,W / Inclusive ZW ~ 30 % Diffractive Z,W / Inclusive ZW <1 %

as predicted by the color dipole approach!
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Summary and Outlook

The Standard Model works quite well so far!

CMS-PAS-EWK-10-012

/( Theoretical work in “cleaning up” of the QCD theory uncertainties

(NLO, NNLO, resummation) in DY for the LHC is going very well!

~

* Existing LHC data allow to discriminate and constrain PDFs in much wider

kinematics than ever before (much more to come)

* Forward (small-x and diffractive) Drell-Yan data from the LHC offers a lot of

opportunities to constrain saturation physics at small-x and the proton structur
\function at large-x J
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