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DRELL-YAN PROCESSES

hadron H by

lepton pair
q = De; + Do,

q2 N M2
{2

hadron H>
X (arbitrary hadron state)

The production of a lepton pair with large invariant mass is
the most basic hard-scattering process at a hadron collider.



ATLAS

EXPERIMENT

Run: 154822, Event: 14321500
Date: 2010-05-10 02:07:22 CEST

P;(H) =27 GeV n(uw)= 0.7
p;(4*) =45 GeV n(u') = 2.2

M =87 GeV
up

\  Z>ppcandidate
" in 7 TeV collisions




DRELL-YAN PROCESSES

The production of a single electroweak boson y*, Z, W%, H is of
great interest for

* W mass and width measurements,
* PDF determinations, luminosity monitoring,
* New physics searches at high g2
Low transverse momentum gris particularly relevant
» to extract W mass

» to reduce background for Higgs search
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/Z-PRODUCTION AT LHC
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SIDE REMARK
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* Agreement between DZero e and u does not look as nice on
a linear scale...



PERTURBATIVE EXPANSION

The perturbative expansion of the grspectrum contains singular
terms of the form (M is the invariant mass of the lepton pair)

d 1
L [A( )as In —

M? ONC
5 o, A EAY G — A
dQT QT

qT qT

M2
A et — ]+
a7

which ruin the perturbative expansion at gr <« M and must be
resummed to all orders.

Classic example of an observable which needs resummation!
Achieved by Collins, Soper and Sterman (CSS) '84.
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NNLL RESUMMATION
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Fixed order codes: QT (Gonsalves); MCFM (Campbell & Ellis),
-EWZ (Melnikov & Petriello), DYNNLO (Grazzini et al.).

NNLL resummation: RESBOS (Balazs, Nadolsky, Yuan); Bozzi et al.
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SOFT-COLLINEAR EFFECTIVE THEORY

Bauer, Pirjol, Stewart et al. 2001, 2002; Beneke et al. 2002; ...

CSS used diagrammatic methods to factorize contributions with
different scales, we will instead use effective field theory.

SCET has been used to perform soft gluon resummation for many
processes:

« DIS at large x, Drell-Yan rapidity spectrum, inclusive Higgs production,
top production, direct photon production, single top production, e*e™
event shapes, ...

Would like to use framework to resum higher logs in multi-jet
processes at hadron colliders. To do so, we first need to
understand “initial state showering”.

« The gr-spectrum in DY provides simple setting to study Issue



04 DO

-04 pp—-Z-u*u at the Tevatron, 1960 GeV
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Focus here on low gr, but we have also performed soft-gluon
resummation for high-gr spectrum.

TB, Lorentzen, Schwartz, to appear soon
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FACTORIZATION



Standard soft-collinear factorization:

hard function
2
jet function H(Q", n)

J(M%’M)% E 2 ’

2
S(AS’ “) soft function

00,

Transverse momentum of soft partons is suppressed
compared to the transverse momentum of the partons

Inside the jets jety2
q:slg)ft 5 ( i )
Q

Soft contribution to gr spectrum can be neglected. Sum
over all soft emissions: KLN cancellation.
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NAIVE FACTORIZATION

“hard function” x "“transverse PDF' x "transverse PDF"

Transverse PDF light-cone vector in g direction
1 g
Bz, ) = 5 [ dbe™=™ (NG X+ 2.) T x(0) ING)

this spells trouble: well known that transverse
PDF not well defined w/o additional regulators
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CROSS SECTION

d*o 4o’ B Lzl B e
szdq%dy = 3NCM23 H(M ,u)' E/d 4 R gL

- B q2
= Z 63 BQ/Nl (Elax%; ,U,) B@/Nz (62:2752[’):“) ik (q =2 Q)] 5 O(A;;)
q B

*y

Enm
1/2_\/5

The resummation would then be obtained by solving the RG

H(M? ) = | 2T qep(es) In _2 +47%(a,) | H(M?, )
dlnp ’ e 2 : :

see SCET papers: Gao, Li, Liu 2005; Idilbi, Ji, Yuan 2005; Mantry, Petriello 2009

This cannot be correct! If By/n, (&1, 27, 1) Ba/n, (62, 27, 1) is
independent of M, the above cross section is 44 dependent!



COLLINEAR ANOMALY

RG Invariance of cross section implies that the product of
transverse PDFs Byn, (&1, 77, 1) By, (&2, 7, 1) must contain
hidden M? dependence.

Analyzing the relevant diagrams, one finds that an additional
regulator is needed to make transverse PDFs well defined. In
the product of the two PDFs, this regulator can be removed, but
anomalous M? dependence remains. Can refactorize

2 142\ —Fag(@2.,p)
M )

[Bq/Nl (zl, zle"’ N) Bq/Nz (z2, l‘%, ,U,)] 7 ¢ A (48_273 BQ/Nl (zla (IJ%, .u') BQ/Nz (Zg, SE%, /J') )

; qu(?(x%“nu) F
with TP = 2T op(@s)

Note that M? dependence exponentiates!
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Regular soft-collinear factorization:

H(Q?, p)
J(ME, 1) @?
T
Anomalous factorization
H(Q?, p)
Bq/Nl(m,M)% @;’%




TRANSVERSE PDFs

What God has joined together, let no man separate...

The “operator definition of TMD PDFs is quite problematic [...]
and Is nowadays under active investigation”.

quote from Cherednikov and Stefanis '09. For reviews on TMD PDSs, see Collins
'03, '08. For an elegant new definition by Collins, see arXiv:| |01.5057.

Regularization of the individual transverse PDFs is delicate, but

the product is well defined, and has specific dependence on the
hard momentum transfer M~

Anomaly: Classically, (N1(p)| Xne(z+ + L)1 Xne(0) | N1(p)) is invariant
under a rescaling of the momentum of the other nucleon N».
Quantum theory needs regularization. Symmetry cannot be
recovered after removing regulator. Not an anomaly of QCD,
but of the low energy theory.



SIMPLIFICATION FOR ¢ > Aacp

For perturbative values of gr we can perform an operator
product expansion

Ldz
Bi/N(ga l’%"a fu') = E : Ii+—j (Z, IB%, ﬂ) (bj/N(E/za ,U.) SF O(AéCD SL‘%)
G e e

Again, only the product of two Zi—;(z, z7, 1) functions is well
defined.

. : :1:3 e —Fog(x% 1) . .
[Iq<—i (Zl, L, /J') Ifi*—j (22, L, ;u')] q? == ([E_.an ) IQ*—i (21, L, :u') If?*-i (z2’ T, /-l')

Effective theory diagrams for Zi—;(z, 7, u) are not well-defined
in dim. reg.. Following Smirnov ‘83, we use additional analytical
regularization, which Is very economical, since it does not
Introduce additional scales into the problem.

20



ANALY TICAL REGULARIZATION

he he

K0 TR

» Raise QCD propagators carrying large momentump, (P) to
fractional powers «, (53):

2cx
1 Vi

“o-PP - [(p- b7 —ie]

* Limit @ — 0, B — 0 Is trivial for QCD, but effective theory
diagrams have poles, which only cancel in the sum of collinear
and anti-collinear diagrams.
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ANALY TICAL REGULARIZATION

A TR

* Regulators play double role. E.g. avregulates hc propagators
and hc Wilson line

nk e
—

n-k—ic (n-kf-p—ie) ™

n*n-p

» Regulator breaks invariance of anti-hard-collinear sector under
a rescaling of the hard-collinear momentump — Ap .
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[-LOOP RESULT

Taking first 3 — 0,then o — 0, one finds (£, =1 2%

4e —2vE

. e 1 2 o
T, o(2, 2%, 1) = 6(1 — 2) 5= { (6 + Ll) [(a 21n 1/12)5(1 Z) -2,

ali=2) (—§+Li+%2) —(1—2)}

anomalous M? dep.

)
Toeq(z, 20, ) = 6(1 — 2) — C;’: { (% ¥ Ll) (-% +2In Aj—;) 6(1 — 2)
) 09

In the product the 1/a divergences vanish, but anomalous M?
dependence remains.
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* For the functions | and F, one then obtains

CFas

Fog(Ly,as) = = Ly -+ 0("@)

Cra, 2
Eeiatna) = loila, L 0.) = 0(1—2) [1 e (Li +3L, — ”—>]

47 6
CFO[S 2
=== LB o(2) - (1~ 2)] + Oled)
Tra;
dealz, Lia,) = Inep(2, L 00) = — ;;: [Lqu,_g(z) —22(1 — z)] + (’)(a?)

* Solving its RG and using Davies, Stirling and Webber '84 and
de Florian and Grazzini ‘01, we extract the two-loop F

2 F ' . .
Bl ) = 215, + (22) [F el dg] Casimir scaling
Fy(Ly,a,) Fu(Li,a,)

dg — CF [CA (% =0 28(3) == %Tp’nf] CF B CA

27 27

All the necessary input for NNLL resummation!
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RESUMMED RESULT
e samrarr [T

i=4,9 j=4,9

X [qu—*iJ (ﬁi’ §2’ ar, Mza N) ¢2/N1 (zl’ ll:) ¢J/N2(22a /-L) 2 = (qa (2 Qs])]

The hard-scattering kernel is

Cog—ii(21; 22 a7, M?, ) = H( L / d’z) e 9171 ( . )

A 4e—27E

X IQ*-?l(zl’ $C21‘7 :U’) If?*—j (z2’ x?l‘? /"’)

ion and anomaly

- Two sources of M dependence: hard func

* Fourier transform can be evaluated numerically or
analytically, if higher-log terms are expanded out.
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COLLINS SOPER STERMAN FORMULA

d®c 4o dz; [‘dz
d2 g T et i
dM2dg2dy  3N.MZs 4n / TLe Z B B / . %

i=q,9 j=g,9 ¥ &1

xexp{ /ﬂb i [mKA( +(8)) + B(a ())]}

2o g

X [Cq ( (#b)) qj (22 (Mb)) ¢i/N1 (fl/zlaﬂb) ¢j/N2 (52/22, #b) ar (Qai > G,j)

* The low scale is p, = by /x7,and we set by = 2¢7&.

» Landau-pole singularity in the Fourier transform. To use the
formula, one needs additional prescription to deal with this.
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RELATION TO CSS

If adopt the choice p = pup = 2772 /x, in our result reduces to CSS
formula, provided we identity

e anomaly contribution
Qs Qg
5 g;as : 91(as) = F(0, ay)

Blas) dga(as) .
2 do, '| golas) =InH(u*, p)

A(as) = l"f;sp(as) —

B(as) = 2v%(as) + g1(as) —

1/2

Cij (2, o5 (o) = [H(tp, 0)] "~ Liej (2,0, s (s))

Use these relations to derive unknown three-loop coefficient, necessary
for NNLL resummation

A® =TF + 8,47(0) = 239.2 — 652.9 £ T

Not equal to the cusp anom. dim. as was usually assumed!
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DIVERGENT EXPANSIONS,
AND OTHER SURPRISES




TRANSVERSE MOMENTUM SPECTRUM

The spectrum has a number of quite remarkable features which
we now discuss In turn:

* Expansion In a; : strong factorial divergence
® dr-spectrum:
e calculable, even near gt =0
» expansion around gt = 0 : extremely divergent

* Long-distance effects associated with Aqcp
» small, but OPE breaks down

29



LEADING MOMENTUM DEPENDENCE

Up to corrections suppressed by powers of as, the gr-
dependence of our formula result has the form

1 » D T q?
il d2£CJ_ e~ LTl o—nly—zal] — ; K(T]» a, _€)
4m 7 [

2 i
withL, =In —2£  and the two quantities

4e—2E
Cra, ., M? -
= 1;; lnﬁ = 0(1) a4 = aS(u) X O(]‘)

Since a Is suppressed one can try to expand K in it.
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FACTORIAL DIVERGENCE

Unfortunately, the series in a is strongly factorially divergent:

K(n, a, 1)|exp i % (_%)” [(1 — ,1’)2n+1 - 6—27E] g

n=>0

first noted by Frixione, Nason, Ridolfi ‘99

Can Borel resum it, which makes the nonperturbative and highly
nontrivial a dependence explicit

K(n,a, 1)|Bo]rel — g {eo‘_an)2 [1 — Erf (1\;&”7)] e P1ET, [1 — Erf (715)} } s g

In practice, it is simplest, to use the exact expression and
evaluate K-function numerically.
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VERY LOW ¢

-or moderate gr, the natural scale choice Is 4 = gr.
-However, detailed analysis shows that near gr= 0 the
-ourier integral Is dominated by

(57') = g0 = Mexp (-

T
2Cras(qy)

) — 1.75GeV for M = M,

which corresponds to n=1.

— Spectrum can be computed with short-distance
methods down to gr=0!
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INTERCEPT AT Q=0

* Dedicated analysis of gr — 0 limit yields:

d_a ~ N 6_#/0‘8 (]_
i~

c1as+...)

Parisi, Petronzio 1979,
Collins, Soper, Sterman 1985; Ellis, Veseli 998

* We have computed the normalization A/ and NLO
coefficient c;

» Expression cannot be expanded about ay = 0 (essential
singularity)
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PRELIM. NUMERICAL RESULTS

* Find smooth behavior down to very small gr

Z production, Tevatron

i o —5Z - X — Tl £ X

[pb/GeV?]

[pb/GeV]

b
dqr

(o .
= |
=
ol ]
0 1 2 3 4 5 6
qr
—

34

= PP Z+X -t +X
20 /\
4 matching to
15| fixed order still missing!
10
5|
y |
" \ e
0 5 0 15 20 25 30
qr
———————



SLOPE AT Q1=0¢

Given our result for the intercept, we can also try to obtain
derivatives with respect to gr2 Leading term is obtained by
expanding

1 - 1 ;2 € 4E Qs
2 —1q | T —nL | —7al% __ d &

g drpe Lot e Tt = ; K(n,a,—z)
T 1L 1

Yields violently divergent series

= (—1)H g (g2 \ 5
Ky =Ly~ 55 L o (2

2
n—1 9
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LONG-DISTANCE EFFECTS

» Can model long distance effect by cutting of Fourier
y : ; _A2w2
integral, e.g. with a Gaussian € “

Z production, Tevatron, Gaussian cutoff ~ Z production, Tevatron, Gaussian cutoff
— ' Z Pl Gev | - © 0 1Gev
= Lynp=0.1Ge | [ - ~p=0.
N 8- - Lap=0.3GeV > - L\p=03GeV
> | Lyp=0.5GeV (4b) t | Lap=05GeV
m pr'0.7GeV 15 I .‘ pr-0.7GeV
@ A
U 6| i~
o) , o, 10
@ 4 ) .
b [~ | Q 5
3|& =il
0| 0 AAAAAAAAAAAAAAAAAAAAAAAAAA
0 1 2 3 4 5 6 0 2 4 6 8 10 12 14
qr qr

» Small effects, but expansion in A%/q2 has the same
violent divergence as expansion in ¢%/q; .
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MORE ANOMALOUS FACTORIZATION:
JET BROADENING
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The problem that individual jet and soft functions are not
well defined without additional regularization also arises in
other factorization theorems, for example

» Electroweak Sudakov resummation (and any other
process at hish momentum transfer with small, but non-
negligible masses). Chiu, Golf, Kelley, Manohar

» Other variables sensitive only to transverse momenta,
such as jet broadening. TB, Bell, Neubert, to appear
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JET BROADENING IN eTe

* Broadening measures momentum relative to the thrust axis

b= 5 1A = 5 1A x

» Measured are the total and wide broadening
bT - bL == bR, bW =S max(bL,bR)
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FACTORIZATION

1 d
Psoft ™~ Pcollinear ™ bL i bR < Q

+ Have obtained factorization theorem for small broadening

1 d 2 s s d—2. 1 d=2 [
U_OddebR—H(Q’#)/dbL/dbR_/d pL/d pR

jL(bL = bi,pi‘, ﬂl) jR(bR " bﬁbpéa /-I')F(bia b;b —'p-Il:a —pﬁa .u') -

* Jet recolls against soft radiation!

» | and S suffer again from coll. anomaly, analytic regulator
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LAPLACE AND FOURIER SPACE

* Have derived all-order form of anomalous Q-dependence

1 d?c

(o)) dTLdTR

— (@) [dor [don (@) Fotrusiad(Qory-Fatemsns
X 7(TLa ZLy l‘l') 7(TRa ZR; ,U,) E(TL, TR ZL; R /‘l’)

: : TB, Bell, Neubert, t
* One-loop anomaly coefficient is S INCHDERG S

eras (ln utr, + In

VIFzZ+1
FB(T,,LL): 4

* To NLL tree-level jet and soft functions are sufficient

5= T =2/ (1+22)*
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NLL RESULT

» Because of the simple 7 dependence the Mellin inversion can
be done analytically. Result for total broadening:

1 d?c e=20Em 1 2\ 2"
——— = H(Q* p) ( T) I*(n)

oo dbr I'(2n) by \ p?
* with
- 2 vitz I _ Cray(p) , @7
I(n)_/o & (1+z2)3/2( 4 ) and = —_— p?

» Equivalent to the result of Dokshitzer, Lucenti, Marchesini and
Salam 98
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NNLL?

» Have operator definitions for the jet and soft functions, e.g.

0o T 0 pl>—§ﬁ<2w 37 px — Q) 2ok — )

5(b— = Z 1pi]) {0]x(0)|X) (X |x5(0)|0)

* For NNLL we need
» one loop jet and soft functions and
* (already have one-loop soft function)

* two-loop anomaly function F (obtained from 2-loop
divergence of the soft function.
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CONCLUSION

* Have derived resummed result for Drell-Yan gt spectrum. Naive
factorization broken by collinear anomaly. Only the product of two
transverse PDFs is well defined, but has anomalous dependence on
the large momentum transfer

* Result is equivalent to CSS a special scale choice. Obtain three-loop
coefficient A®) , the last missing piece needed for NNLL accuracy.

» Many surprising features:

* emergence of nonperturbative scale g«~2GeV: spectrum is short-
distance dominated, even at very low gr

* strongly divergent expansions in Qs, G1/G*, /Aqcp/g.
» Phenomenological analysis at NNLL+NLO is in progress.
* Have all-order factorization theorem for jet broadening

* Necessary computations for NNLL resummation look feasible



EXTRA SLIDES



SOFT-COLLINEAR FACTORIZATION

» Starting point is the factorization of the electroweak current In
the Sudakov limit

hard-collinear

anti-hard-collinear

* In Soft-Collinear Effective Theory (SCET) this can be written In
operator form as

TE’YMP B CV(Mza 1) Xre Sfriz Y Sn Xhe
SCET hc quark field
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The Drell-Yan cross section is obtained from the matrix
element of two currents

,1)|?

Xie(2) |N2(P))

(~g) (Na(o) No@)] T4 (2) JH0) INi(p) No(E)) — 5

< Woy(2) (N(9)] %0e(z) & 30c(0) [N (9)) (Nap >| xhc< Y

2
nand 1 are light-cone reference vectors along pandp.

The soft function contains a product of four Wilson lines along
the directions of large energy flow

Wy (z) = - 01 Tx[S}(2) S1(2) S}(0) Su(0)] 0

0
8.12)=Pexp [z/ dsn - Ag(x + sn)

— 00
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DERIVATIVE EXPANSION

Final step Is to expand the matrix elements in small momentum
components, I.e. to perform a derivative expansion.

The light-cone components (n - k,n - k, k) scale as

Dhe ~ M (Az, 1.2), s~ M (1, )\2, A). expansion parameter
qr
A=
DPs ~ M (>‘27 >‘2a )‘2) . M

while the separation between the two currents scales as

r~M1(1,1,71)

— Ab(z) = AL(0) +z - 0AL(0) + ...

power suppressed, can be dropped
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NAIVE FACTORIZATION

Dropping power suppressed x-dependence leads to the result

Wone(0) (Na(p)] Xz +21) & 50(0) IV () (M) 5 (0) & il +2.1) INa(0)

e
1 x "“transverse PDF’ x 'transverse PDF”’

this spells trouble: well known that transverse

ion!
KLIN'cancellation! PDF not well defined w/o additional regulators

For comparison: for soft-gluon resummation, the result is

Wi (@0) (M3 0)| T(+) § 10) [N (2)) (Va0 %50) & xal) INa()

tseft . % standard PDF® x “standard PDF
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EW SUDAKOV RESUMMATION

PrpP <@ =(p-1)°
k+1 k+p

k
* For vanishing boson mass, the diagram receives a contribution
from regions where the loop momentum £, is

* hard, collinear to /,, collinear to p, and ultra-soft k, ~ p%/Q

* For boson mass M? ~ p?there Is no ultrasoft contribution since
In this region k’<< M? can be expanded out of the boson
propagator, but at the same time the two collinear regions are
no longer separately well defined — collinear anomaly
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