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W- and Z-boson production at hadron colliders

Physics issues:
® o — standard candle
* My — detector calibration by comparing with LEP1 result
®* sin? Hé‘}fft — comparison with results of LEP1 and SLC

* Mw — Improvement over AMy ~ 15 MeV, strengthen EW precision tests

(W /Z shape comparisons even sensitive to AMw ~ 7MeV at LHC)
Besson et al. '08

decay widths I'z and I'vww from Mj; or M+, tails

* search for 7' and W’ at high M;; or M~ ,,

* information on PDFs
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Tevatron example: My determination @ CDF (2012)
MEPY = 80.387GeV £ 19MeV  from fits to distributions in

a) transverse W-boson mass b) transverse lepton momentum pr ;

M 1, = \/Q(ET,ZET —Ppr,; - PT)

CDF Il preliminary IL dt=2.21b7? CDF Il preliminary IL dt=22 1o
> = > 15000
(] P 4 ]
% 15000]- o -
L0 — L0 -
o L p i M,, = (80348 £ 18 ) MeV
1] ~ ~
c L @ B
e B & 10000(— x2/dof = 54 / 62
10000|— @ -
L My, = (80379 + 16_,) MeV conol
5000
i ¥2/dof = 58 / 48
%o 70 80 90 100 % 40 50
m, (1) (GeV) p. (1) (GeV)

Sensitivity to Mw via Jacobian peaks from W resonance at

M 1 ~ Mw pr,~ Mw/2

= Reduction of A Mw requires higher theoretical precision in W resonance region !

(for Z resonance as well for reference)
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QCD and EW corrections to W/Z production:

Hamberg et al. '91; Harlander, Kilgore '02;

* NNLO QCD corrections Anastasiou et al. '03: Melnikov, Petriello '06: Catani et al. '09
) Moch, Vogt '05; Laenen, Magnea '05: Idilbi et al. '05;
* soft + virtual N°LO QCD Ravindran, Smith 07

. OC : Arnold, Kauffman '91; Balazs et al. '95,97;
QCD resummations R.K.Ellis et al. '97; Qiu, Zhang '00; Kulesza et al. *01,02;
Landry et al. '02; Berge et al. '05; Bozzi et al. '08

* MC@NLO matching Frixione, Webber '06

. . S.D., Kramer '01; Zykunov '01;
* NLO EW correction to W production g wackeroth "04; Arbuzov et al. ‘05

Carloni Calame et al. '06; Brensing et al. ‘07

: : Baur, Keller, Sakumoto '97; Baur, Wackeroth '99
* NLO EW correction to Z production Brein, Hollik, Schappacher '99; Zykunov "05;

Arbuzov et al. '06; Carloni Calame et al. '07; S.D., Huber '09

Baur, Stelzer '99; Carloni Calame et al. '03

* multi-photon radiation via leading logs Placzek, Jadach '04; Brensing et al. '07; S.D., Huber 09

Arbuzov, Sadykov '07; Brensing et al. '07;

* photon-induced processes Carloni Calame et al. '07; S.D., Huber 09

* POWHEG matching of QCD/EW corrs.

Bernaciak, Wackeroth '12; Barze et al. '13

* NLO SUSY corrections in the MSSM  grensing et al. '07; S.D., Huber '09
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Combination of NLO QCD and EW corrections

Issue unambiguously fixed only by calculating the 2-loop O(a«s) corrections,
until then rely on approximations and estimate the uncertainties:

Comparison of two extreme alternatives: Balossini et al. "09 (HORACE)

(1+ 60D + dmw) ol
Versus
(1+dqcp) x (1+ dmw)

MCe@NLO

— difference at %-level
with shape distortion

7760 65 70 75 80 85 90 95

= O(aas) corrections should be known at least in resonance region !

S i i i - T . . . . .
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Steps towards O(aas) corrections

* NLO EW for W /Z production with a hard jet

Kuhn, Kulesza, Pozzorini, Schulze '07

o .
W + 1 jet, stable W boson Hollik, Kasprzik, Kniehl '07
o . .
W+ 1ljet — lv; + 1 jet Denner, S.D., Kasprzik, Miick '09
. Maina, Moretti, Ross '04
0 ) ]
2/7 + 1Jet’ stable Z boson Kuhn, Kulesza, Pozzorini, Schulze '04,05

* . +71— /5 :
© Z/y" 4 1jet = 1717 /v + 1 jet Denner, S.D., Kasprzik, Miick '11,12

* further partial results
o on-shell Zf f vertex Kotikov, Kiihn, Veretin '07
o virtual corrections to q¢’ —W /Z—Il' Bonciani 11

¢ inclusive I'w_, 4 Kara '13

e resonance expansion for qg/ =W /Z—Il’ _
non-factorizable corrections S.D.. Huss, Schwinn’13 T his talk !
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Pole expansion @ O(a)
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Stuart '91; H.Veltman '92

Pole expansion of loop amplitudes — general idea Aeppli, v.Oldenborgh, Wyler '94

Starting point:  Dyson-summed matrix element

” (p2) | 2 i
p? — M‘% + E(pz) ( ) D

resonant part with complex pole at p? = pf, = M2 — iMy 'y gauge invariant
Sirlin '91; Stuart '91; Gambino, Grassi '99; Grassi, Kniehl, Sirlin 01

|solation of pole structure:

denominator: p°> — My +3(p%) = p° — b + Z(p°) — 2(pd)
= @ —m)1+Z' W) + O((p" — )%
W (3 1 W (p* W (3 1
M = 2(,LLV2) oy T2 2(1?) 2y 2(MV2) Y + N(p°)
p?—py 1+ (py) o [ p? = My +3(p%)  p? —py 14 (uy) )
resonance pole = gauge invariant resonant “non-factorizable” corrections
— “factorizable contributions” if W (p%,) contains new IR divergences,

+ non-resonant continuum

Note: evaluation of W (;3,) for complex p* = ui- not straightforward,

but perturbatively calculable from quantities with real momenta Aeppli et al. '94

S chos InStmiv,_”‘Ei: Stefan Dittmaier, O (aas) corrections to Drell-Yan processes in the resonance region RADCOR13, Durham, Sep 2013 - 10



Perturbative evaluation of leading pole approximation (PA)

Expansion of matrix element: (A(") = n-loop contribution to A)
. (0) LO:
M = M }complete leading order

+W<1>(M3) - WO MR )sM(MF) Y NLO:

2 2 correction to residue
p2 — Ky, p2 — Ky,
and
non—fact non-factorizable corrections

+ higher orders

Comments:

* inclusion of M%) is usually easier + better than its expansion

* naive estimate of relative theoretical uncertainty (TU) in NLO:

T . .
U = X 375 X const. inresonance region p? — MZ| S MyTy
Y
= X const. off resonance |p? — M| > My Ty

= Y i i - A . . . . .
T Physikalisches Ins““i_, - ~E. Stefan Dittmaier, O (acxs) corrections to Drell-Yan processes in the resonance region RADCOR13, Durham, Sep 2013 —-11



Virtual factorizable corrections

W (M) = W (M) (M)

(1) _
Mfact T p2 o M%/
1 0 0 1
. Z Mﬁ)rz)duction()\)/\/l((ie)cay()\) +M1()r2)duction( )Mfie)cay( )
8 p? — i
\%4 %4
P P

Spin correlations:  identical definitions of polarized states |¢(\)) needed in
M (A and M (N

production decay

Subtlety in kinematics:

. . (n) : 2 2
gauge invariance of M "\ . decay FEQUIrESs p= = My,

— “on-shell projection” of momenta needed (impact beyond PA)

Example: W production ud — W — yl™

ML) = S MO S = Swaa(d = M) + dwin (8 = M) = const.

fact

Physikalisches Institut )E).m

N
s LT

Stefan Dittmaier, O (a as) corrections to Drell-Yan processes in the resonance region RADCOR13, Durham, Sep 2013 - 12



Fadin, Khoze, Martin '94; Melnikov, Yakovlev '96;
Beenakker, Berends, Chapovsky '97;
Denner, Dittmaier, Roth '97,98

Virtual non-factorizable corrections
Origin:
on-shell limit (p* — M%) and IR regularization (e.g. m., — 0) do not commute

in diagrams with exchange of ~/g between external and/or resonant lines:

V |4

\ .

“manifestly non-factorizable” “not manifestly non-factorizable” diagrams
* no explicit propagator * explicit propagator (p* — M2)~1,
(p? — MZ)~1 contribution also to fact. corrections W1 (M2)
® resonant IR-divergent ® non-factorizable part:
contribution Wé(l)il_fact(p% = WWp?) —-wh(M2)]

p2—>M‘2/
General features:  padin, Khoze, Martin '94

* contributions only from soft momenta |¢"| ~ I'v < My

* virtual 4+ real non-fact. corrections cancel in inclusive guantities such as oot
(integration over virtuality of propagators, KLN argument)

Physikalisches |nstit‘i,_qu: Stefan Dittmaier, O (a Oés) corrections to Drell-Yan processes in the resonance region RADCOR13, Durham, Sep 2013 - 13



Evaluation of virtual non-factorizable corrections
“Extended soft-photon approximation” |¢"| ~T'v < My

* ¢ only kept in singular propagators — only scalar integrals
* complex mass uy in resonant propagators
e limits p?, u3- — M+ taken whenever possible

— Result factorizes from Born amplitude: virt = Vit MO

non—fact non—Tfact

* gauge independence by construction

2 2 D¢
e IR-divergent terms like < (u)
€ ,qu

from non-commutativity of on-shell and soft-photon limits
* no collinear singularities

: - 7 -+
Example: W production ud — W — vl S.D.. Kramer 01

: a M2 M2
5;1/z)rr§—fact — _{_2+QdLi<1+ AW) _QuLi(1+ AW>

21 res Ures

. M2, —iMwIw — 8 M2 M2
[ () [ ean(-5E) - @un(-3X) [}
€ ,UMW tres Ures

(tres, lires = ON-shell projections of Mandelstam variables ¢, 4; c. = I'(1 4 €)(47)¢, D = 4 — 2¢)

! i i i - .y . . - . .
e Fhyskalisches |nst|tui%w = Stefan Dittmaier, O (v cxg ) corrections to Drell-Yan processes in the resonance region RADCOR13, Durham, Sep 2013 —14
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Pole expansion of real photonic corrections

NLO: 1-particle bremsstrahlung in LO (tree-level diagrams)
— LO prescriptions for resonances applicable

But: real |M;_ s.~|? is related to 2 Re{M'V* /\/lgl_zf} in soft and collinear limits

— matching between resonance descriptions in virtual and real corrections !

Pole expansions for real corrections:
Split diagrams with radiating resonances (2 resonant propagators) as follows:

1 1 1 1
[(p+ k)2 = 3102 —u3) 20k {p2—/i%/ (p+k)2—u2v]
k B
— decomposition of M,;_, ¢, into initial- and final-state radiation:
v gl gl

5

>\V\AA< +M+ .. — >d\m< +>~w~<\

1% 1% 1% 1%

@ = on-shell tree-like subamplitudes

i i i i _A — . . . . .
el m — Esnos InStmiv,_w‘Ei Stefan Dittmaier, O (a as) corrections to Drell-Yan processes in the resonance region RADCOR13, Durham, Sep 2013 - 15
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Classification of real photonic corrections in PA

Factorizable contributions to | M |?:

Initial-state radiation Final-state radiation

Non-factorizable contributions to | M|?:

+ c.c. Only g = O(T'y ) relevant !

calculable from modified eikonal currents:

real real o d3
dgnon—faCt = doo 5non—fact7 5non—fact — 972 q Re{ rodjdec /L}
0 0
P pg (pl + p2)ﬂ
jlu; — Ql - Q Q )
prod pig © pag ~ ) p1q + p2gq
k kL k1 + ko)* (k1 + k2)2 — ,u2
T = —ng—1+czg—2+<@a—@'2>< -] S
149 kaq kiq + kaq | (k1 + ko +q)* — pi,

£ E e ches InSt'ti_,,_;”v“E’;jﬁ Stefan Dittmaier, O (acxs) corrections to Drell-Yan processes in the resonance region RADCOR13, Durham, Sep 2013 - 16



Transverse-mass distribution for W production

1000
e[ 2] Features of Mr ;.
pp — W — vt
100 V5 = 14TeV
e most important observable for My det.
10 F .- . .
e stability wrt QCD corrs/uncertainties
(insensitive to jet recoil)
1
— LO
—— NLO QCD .. .
——  NLO QCDxEW e sensitive to detector effects via Fr
e 7 s 0 100 10 12
MT,VI[GGV]
30 T
3[%)
25
20 Corrections:
15 } pp—>W+ —>Vu,u+ ]
V5 =14TeV
10

e QCD corrections quite flat near resonance

e EW corrections distort resonance shape

—— QCD
—15 1 1 1 1 1
60 70 80 90 100 110 120

MT,ul [GGV]

! i i i - .y . . - . .
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Transverse-mass distribution for W production

1000

do pb
dMT,ul GeV

100

10 F

LO
NLO QCD
NLO QCDxEW

pp — W — vt
Vs =14TeV

60 70

80 90 100 110 120

MT,VI[GGV]

pp— Wt — vt
Vs =14TeV

EW,PA

EW

EW, fact, ini
EW, fact, fin
EW, non—fact

60 70

80 90 100 110 120

MT,ul [GGV]

Features of M~ ,;:
e most important observable for My det.

e stability wrt QCD corrs/uncertainties
(insensitive to jet recoil)

e sensitive to detector effects via Fr

Pole approximation (PA):
e PA reproduces EW corr near resonance

e resonance distortion merely due to
factorizable FS correction

e factorizable IS and non-fact. corrections flat
(and even negligible)

Physikalisches Institut o
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Invariant-mass distribution for Z production

1000
do { pb }
dM]l GeV

100

10 ¢

0.1

pp — Z/y* — ppt
Vs = 14TeV

LO
NLO QCD
NLO QCDxEW

60

100

70 80

90 100 110 120
Mll [GGV]

5[ %]

80

60

40

20

—20}

pp — Z/v" — ppt
Vs =14TeV

— QCD
—  EW

60

Alby

70 80

= Physikalisches Institut A~ —~
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M]] [GGV]

Stefan Dittmaier, O (v cxg ) corrections to Drell-Yan processes in the resonance region

Reference process for My measurement

Corrections:
e QCD corrections quite flat near resonance

e EW corrections distort resonance shape
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Invariant-mass distribution for Z production

1000
do { pb }
dM]l GeV
pp — Z/y* — ppt
100 F V5 =14TeV

Reference process for My measurement

10 ¢

—— LO
—— NLO QCD
——— NLO QCDxEW
o 70 80 90 100 110 120
My[GeV]
100 T T T T
o1%] PP = Z/7" = pt Behaviour of PA analogous to M~ ,;:
80 | Vs =14TeV .
60 | e PA reproduces EW corr near resonance
— EW
40 + —— EW, fact,ini 1 . .
—— EWfechfn e resonance distortion merely due to
1 — Bwra ] factorizable FS correction
. |
ol L_,..f e factorizable 1S and non-fact. corrections flat
& 7 s 90 100 10 120 (and even negligible)
M]][GGV]

i Stefan Dittmaier, O (acxs) corrections to Drell-Yan processes in the resonance region RADCOR13, Durham, Sep 2013 - 18



Transverse-momentum distribution for W production

1000

do pb
de,l GeV

- Wt -y, + .
RN Features of pr ;:

100 ¢

e also relevant for My measurement

e stability wrt detector effects

10 F
T Nloach e sensitive to QCD effects/modelling/uncertainties
X ——— NLO QCDxEW
30 3I5 4I0 4I5 5IO 5I5 60
pr1[GeV]
100
5[%]

pp — WF — v
80 [ /s =14TeV

Corrections:

e QCD caorrections huge above resonance
(jet recoil)

e EW corrections distort resonance shape as well

—20

30 35 40 45 50 55 60
pT,l[GeV]

! i i i - .y . . - . .
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Transverse-momentum distribution for W production

1000

do pb
de,l GSV

100 ¢

10

— 1O
—— NLO QCD

——— NLO QCDxEW

pp — W+ — V,L,u,"'

Vs =14 TeV

35 40 45

50 95

60

30 60
pTﬁl[GeV]
5
5[%)] pp — W — 't
Vs=14 TeV’l_'_,_.’—\
0 F —— .
—5F
—_10k — EW
—— EW, fact, ini
—— EW, fact, fin
EW, non—fact
—— EW.PA
—15 | | 1 |
30 35 40 45 50 55
pT,l[GeV]

Features of pr ;:
e also relevant for M~y measurement
e stability wrt detector effects

e sensitive to QCD effects/modelling/uncertainties

PA works well:

e EW corr reproduced near resonance
e factorizable FS corrs distort resonance shape
e factorizable IS corrs overwhelmed by QCD

e non-fact. corrs flat and negligible

Physikalisches Institut oo
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Pole expansion @ O (o)
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Classification of O(aas) corrections in PA

Factorizable contributions: (only virtual contributions indicated)
@ * no significant resonance distortion expected
1% * no PDFs with O(aas) corrections
@ e only VI’ counterterm contributions
v

— uniform rescaling, no distortions

e ° * significant resonance distortions from FSR
v

Non-factorizable contributions: (only virtual contributions indicated)

* small @ O(«), but could be enhanced
by large O(«s) corrections (jet recoil)

* calculated and discussed in the following

Physikalisches Institut ~
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Virtual—virtual contributions to non-factorizable O(a«s) corrections

_ 4Re{5(as,virt)} Re{5(a,virt) ’MO'Z

qq'V non—fact

Result: |/\/l|2‘

non—fact
virt—virt

factorized structure (1-loop) x (1-loop) after non-trivial cancellations
e expansion of all loopsin ¢g* ~ T'v ~ (p* — i)/ My — 0

* issue of overlapping IR singularities

different methods applied — results agree
¢ diagrammatic calculation (expansion via Mellin—Barnes technique)

¢ gauge-invariance argument a la Yennie/Frauschti/Suura '61
(even holds to any order v, n = 1,2,...)

© effective field theory for unstable particles _ ... ot a1 0304

Y i i - _A — . . . . .
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Example: Two-loop box graph

v(q)

Master integral:
t
T

I(3,1)

= cf (’u%/_g)_ge<_—£)_26{L+i+1[Li2<1+i)—i—ﬁ—l—Ql
(—t)(p3 — 3) M2 e 2¢3 €2 ¢ MZ 12
+ 2 Lis <_—t) + Lis (1 + L) — 6¢(3) + In? <_—t) ln(l + L)
My My My My

21 —t |7 Lio [ 1+ t —|—57T2—|—2L' 1+ t +44+0(s ) + O(e)
— 21In — Li — — i — —
Mz ) |6 M2 6 ? M2 Sy ‘

Note: many cancellations in sum over all contributions (1/¢*, Liz, ¢(3),..".)

~_

0>

|

|
/-\
= ‘5’
>lw 7;
\_/
\

Q..

rQ
—

Q..

Y i i - _A — . . . . .
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Virtual-real contributions to non-factorizable O(aas) corrections

v(q) v(q)

non—fact non—fact,qq’ —1l'g
virt—real

Result: |/\/l|2‘ — 2Re{s!*" Mo ga—iire | etc.

* From explicit diagrammatic calculation analogous to NLO O(«) calculation

* New feature in gg channels: v exchange between final-state particles
Structure different from initial-final interferences — enhancement ?

Example: W production ud — W — yltg

. M2, — ., M2, — ¢
6(a,v1rt) _ _i{_2+Qd L1<1+ WA g) — Qu L1<1—|— WA dg)

non—fact,ud_—>1/ll+g 21T

2 A 2 n 2 n
) _ M2, — i, M2, —§
o (B ) 14 Q[ Y __uE ) _ g, In| W "de
€ My —tqy —tul

(tq; = (pq — k4)?, on-shell projection for W 1)

SN (o, virt)
k—0 non—fact,uJ—>vll+

! i i i - .y . . - . .
matkung Physik Fhyskalisches |nst|tui%w = Stefan Dittmaier, O (¢ cxg ) corrections to Drell-Yan processes in the resonance region RADCOR13, Durham, Sep 2013 —24
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Virtual-photon + soft-photon non-factorizable O(aas) corrections

W production:

1 T T T T T 10 T T T T T
8[%) pp — W+t — vt 5[%] | PP —= W — vt
V5 = 14TeV Vs = 14TeV
non-fact. O(aas) non-fact. O(aayg)
0.5 r . 5 + N
0t - 0 R
0.5} _ 1 =5 =
qq O(awirtrs) qq O(awirtrs)
qg O(&virtas) qg O(avirtas)
_1 1 1 1 1 1 _10 1 1 1 1 1
60 70 80 90 100 110 120 30 35 40 45 50 59 60
M ,1[GeV] p1,1[GeV]

* ) = 5non—fact,virtfy + 5non—fact,softfy(Efy < AE), AFE = 10_4\/5/2 < FV
* Mr ;. corrections and distortion very small

* pr;: corrections several % with distortion
— cancellation against real photonic corrections ??

- Physikalisches Institut o
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Virtual-photon + soft-photon non-factorizable O(aas) corrections

Z production:

0.1 T T T T T ]- T T T T T
* -t
o[%] P — 77" — gyt 5[%)] pp — Z/y" — pp
\/5214T6V \/5214T6V
non-fact. O(aos) non-fact. O(aas)
0.05 . 0.5 | .
0 - - 0 :
——
qq O(avirtas)
—0. - qag O(avirtas) - —0.5¢+ B -
0.05 qq O(avirtas)
qg O(avirtas)
—0.1 1 1 1 1 1 —1 1 1 1 1 1
60 70 80 90 100 110 120 30 35 40 45 50 b} 60

¢ 5 — 5non—fact,virtfy + 5non—fact,softfy(E'y < AE))

Mll [GGV]

pTJ [GGV]

AE =10"*%/5/2 < Ty

* M. corrections and distortion tiny

* pr,: corrections and distortion small

= Physikalisches Institut A~ —~
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Real-virtual contributions to non-factorizable O(a«s) corrections

Result: |M|2)non_fact = 2Re{0\0 " L0 Mo,
real—virt
a,real « dgq *
51glon—fa)ct — ﬁ q() Re{j:rodjdec,,u}

* factorization, e.g., justified by YFS argument as in virtual-virtual case

* modified eikonal currents 7 04, Jdec @s in O(a)

* factorization/decoupling of v phase space in PA accuracy,
i.e. 6(pq + pyr — ki — ki —4) in phase space
— technical simplification

Y i i i A . . . . .
o e Esnos Insmli“,_ AE’ﬂg Stefan Dittmaier, O (aas) corrections to Drell-Yan processes in the resonance region RADCOR13, Durham, Sep 2013 - 27



Real-real contributions to non-factorizable O(a«s) corrections
v(q) l v(q) :

Result: |/\/l|2’ — gloreal) Mo ggiirgls etc.

non—fact non—fact
real—real

a,real 84 d3q *
51510n—fa)ct — 27_(_2/ qo Re{j;rodjdec,u}

* use exact momentum conservation pg/, +py = ki +ky +kg/q +q
in modified eikonal currents 7,04, Jdec

* v phase-space factorization possible in PA
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Real-photon and full non-factorizable O(a«s) corrections

W production:

1 T T T T T
o[%] pp — W+ — v,u®
/5 = 14TeV
non-fact. O(aay)
0.5 i
0 r i
— ]
—0.5F _ -
qq O(arealas)
qg O(arealas)
_1 1 1 1 1 1
60 70 80 90 100 110 120

M T,vl [GQV]

) = 5non—fact,rea17(E’y > AE)a

E Physikalisches Institut

pp — Wt — v, ut
Vs = 14TeV

non-fact. O(aay)

—-10

qq O(areal Oés>
qg O(arealas)

30

35 40 45 50
pTJ [GGV]

AE =10"*V5/2 < Ty
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Real-photon and full non-factorizable O(a«s) corrections

W production:

1 T T T T T 10 T T T T T
5[%] pp — Wt — ,/#Iqu 5[%] pp — Wt — Vuu+
V5 = 14 TeV V5 = 14TeV
non-fact. O(aas) non-fact. O(aay)
0.5 r . 5 + N
0 0
H_'_'"-—H—:—'—-ﬂ:_;
_o5- T 49 O(avirtas) N 5L 7/
— g8 O(awirtas) —
— 47 O(rears) —
- qgg O(arealab) E—
— full —_—
-1 ] ] ] ] ] —10 ] ] ] ] ]
60 70 80 90 100 110 120 30 35 40 45 50 55 60
MT,,A[GQV] pTyl[GeV]

* ) = 5non—fact,realfy(Efy > AE), AFE = 10_4\/§/2 < FV

* Full non-factorizable O(aas) corrections tiny
due to complete cancellation between virtual and real corrections

= Physikalisches Institut A~ —~
Faki matik un: k ) /:QEW

A ML
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Real-photon and full non-factorizable O(a«s) corrections

Z production:

0.1 T T T T T ]— T T T T T
£ ot
o[%] P — 77" — gyt 5[%)] pp — Z/y" — pp
V5 = 14TeV Vs =14TeV
non-fact. O(aos) non-fact. O(aas)
0.05 | - 0.5 .
_._'_._,_l—'—_'_‘*‘— — —|
qq— O(arealas)
_ L qg O(arealas) - —0.5F _ ]
0-05 qq O(arealas)
qg O(arealas)
_01 1 1 1 1 1 —1 1 1 1 1 1
60 70 80 90 100 110 120 30 35 40 45 50 55 60
MH[GGV] pT,l[GeV]

* ) = 5non—fact,realfy(Efy > AE), AFE = 10_4\/§/2 < FV

5 Y i i i . . . . .
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Real-photon and full non-factorizable O(a«s) corrections

Z production:

0.1 T T T T T ]— T T T T T
— 7 * -t
6[%] pp — Z/y* — ppt Jy o B 11} \7 mr
V5 = 14 TeV Vs = 14Te
non-fact. O(aas) non-fact. O(aas)
0.05 | . 0.5 1

&

— qq O(avirtas) -
—0.05 - g8 O(avirtas) - —0.5- — aq O(avirtas) i
— qq O(arealas) — qg O(avirtas)
- (g O(arealas) — qq O(arealas)
— full - (g O(arealas)
— full
_01 I 1 1 1 1 _1 I 1 1 1 1
60 70 80 90 100 110 120 30 35 40 45 50 55 60
My[GeV] p1,1[GeV]
*5 =9 E,>AE), AE=10"*/5/2«<T
— non—fact,realfy( v > ), = 3/ <Llvy

* Full non-factorizable O(aas) corrections tiny
due to complete cancellation between virtual and real corrections

= Physikalisches Institut A~ —~
Fak matik un: Wy ,ﬁijg
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Summary & outlook
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High-precision Drell-Yan physics @ LHC

® promises My with accuracy AMw ~ 8 MeV and
sin? 0-°P* with O(LEP precision)

* requires highest possible theoretical precision near resonances
NNLO QCD + NLO EW + QCD resummations etc. known
O(aas) is biggest unknown correction

O(aas) in pole approximation

* non-factorizable corrections calculated — negligible
— only factorizable corrections to 2 — 1 and/or 1 — 2 processes relevant

* O(aas) corrections to ¢z — V production
— no significant resonance distortion expected

* O(aas) corrections to V' — I’ decay
— only irrelevant rescaling of distributions (only from counterterms)

¢ {O(as) to g7’ — V} ® {(’)(a) to V' — Il }

— significant resonance distortions expected, but straightforward to calculate
... In progress

! i i - - .y . . . . .
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Backup slides
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Corrections to Z production — overview

1000 T T T T T T T T T 100
O'LO
10 E
100 1 3
E E 0.1 ]
10
= = 0.01 ,
= )
= 5 0.001 3
3 =R
S N 10 E
= =
0.1 107° 1
1076 ¢ e
0.01 | | | | | | | | | 107 | | | | | | | | |
50 60 70 80 90 100 110 120 130 140 150 50 200 400 600 800 1000 1200 1400 1600 1800 2000
My[GeV] My,
10 T T 30 T
AR — AN
6Q§,ph0t/10 25 | - . 6q<7,ph0t i
8 - Ogeephot/10 —— o Opgphot —
PO 20 H e P .
qq,weak - o qq,weak
6 EQCD/loo ****** 15 | 3 17‘!7‘ Sqep |
— — 10} T 1
4t =
= < 5 F ,
2 |
[0 T = P M P
—2 _ \ L L L L —15 . L L L L L L L L L
50 60 70 80 90 100 110 120 130 140 150 50 200 400 600 800 1000 1200 1400 1600 1800 2000
Mu[ GeV] M”
5
4l o ,
3L ,
2k
1
X <o
B =
1 .
E A — k DA
multi—y —92 F multi—~y i
4l 5}1.0.weak ] 3l 5h.o.weak o |
_5 Oq/aphot 4 Sq/gv,phot
i Oy ~mm- 1 T Oy === i
—6 | | | | | | | | | -5 | | | | | | | |
50 60 70 80 90 100 110 120 130 140 150 50 200 400 600 800 1000 1200 1400 1600 1800 2000
My[GeV] My
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Comparison of EW corrections to W+jet and single (jet-inclusive) W production

— argument for factorization QCD xEW if EW corrections coincide

do/dpr,[pb/GeV]

Denner et al.

'09

22
20

- pp — [Ty + jet (+7)
Vs = 14 TeV

—-15

30 40 50 60 70 80 90
pTJ [GQV]

dU/dMT,yll [pb/GeV]

40
35
30
25
20
15
10

pp — Ty + jet (+7)
Vs =14 TeV

~10

bare pt
7 rec.

40

50 60 70 80 90
pTJ [GQV]

Denner et al. '09

~10

vy rec.

—15

50 60 70 80 90 100 50

MT,V[I [GGV]

e Physikalisches Institut _-— ~

G Iw
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Comparison of EW corrections to W+jet and single (jet-inclusive) W production

— argument for factorization QCD xEW if EW corrections coincide

do /dpr[pb/GeV] Denner et al. '09
22 T T T T T T
20 —
18 - pp — 1T+ jet (+7)
16 | . .
b Vs =14TeV _ Jet recoil destroys simple
13 - 7 factorization !
8 r B bare pt
6 I ] —10 7y rec. —
;1 : : bj,rfegr __ }single W
o Lu s L | | | | ! ! Single-W results from
30 40 50 60 70 80 90 30 40 50 60 70 80 90 = ’ : ’
S.D./Kramer '01; Brensing et al. '07
pTJ [GQV] pTJ [GQV] g
do/d M, [pb/GeV] Denner et al. '09
40 T T T T 5 T T T T
Born
Pr v, + jet (+7) L i
so f) U] et EW corrections factorize
Vs =14 TeV
25 — . .
N from hard gluon emission
5 i near Jacobian peak !
bare pu™
10 — —10 | 7y rec. -
5 | - b,é;rfelgL } single W
0 | | | ~15 | | | |
50 60 70 80 90 100 50 60 70 80 90 100
MT,ull[GeV] MT,yll[GeV]
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Electroweak radiative corrections at high energies

Sudakov logarithms induced by soft gauge-boson exchange

J
a=~W,Z
& etc.
+ sub-leading logarithms from collinear singularities
Typical impact on 2 — 2 reactions at /s ~ 1 TeV:
1—1loo o 2 1—1loo 3a
itoor — (M\sz) ~ —26%,  OhTioP ~ s In \27V) ~ 16%
30 S
§2loop 1 4( ° ): 3.5%, = §2Tloor o 1 3( )g _4.9%
L o M oz, ‘ NLL s\ ‘

= Corrections still relevant at 2-loop level

Note: differences to QED / QCD where Sudakov log’s cancel

® massive gauge bosons W, Z can be reconstructed
— no need to add “real W, Z radiation”

® non-Abelian charges of W, Z are “open” — Bloch—Nordsieck theorem not applicable

Extensive theoretical studies at fixed perturbative (1-/2-loop) order and

suggested resummations via evolution equations Beccaria et al.; Beenakker, Werthenbach;
Ciafaloni, Comelli; Denner, Pozzorini; Fadin et al.;

Hori et al.; Melles; Kiihn et al., Denner et al. '00-'0.

= Physikalisches Institut A~ —~
Fak matik un: ,,,A,,./AB\\;
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Electroweak radiative corrections at high energies (conti nued)
* NLO EW high-energy logs — an approximation for full NLO EW ?
— miss finite contributions of O(«)
— do not include photonic radiation effects

+ very simple approximation in Sudakov regime:
sand |t| large for2 — 2 = large pr !
— fail in non-Sudakov regime:
e.g. s large, but |t| NOT large for 2 — 2 =- e.g. large M;j; in Drell-Yan !

+ generically included in ALpcen Chiesa, Montagna, Piccinini et al. '13

* Real W and Z emission processes

¢ cannot be fully separated from underlying process
(e.g. hadronically decaying W/Z’s in jet environment)

¢ partially compensate negative EW corrections
— strongly dependent on W/Z reconstruction / separation

¢ can be included by multipurpose LO MC'’s for O(«)
Note: 2-loop EW high-energy logs require WW/WZ/... emission
and 1-loop W/Z emission counterparts !
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Electroweak radiative corrections at high energies (conti nued)

Example: Drell-Yan production

Neutral current:  pp — 1717 at /s = 14TeV  (based on S.D./Huber arXiv:0911.2329)

My /GeV 50— o0 100—o00 200—00 500— 00 1000—o00 2000—o00
oo/pb | 738.733(6) 32.7236(3) 1.48479(1) 0.0809420(6) 0.00679953(3) 0.000303744(1)
cephot/ %0 | —1.81 —4.71 —2.92 —3.36 —4.24 —5.66

dqq,weak/% | —0.71 —1.02 —0.14 —2.38 —5.87 —11.12

5 )% 0.27 0.54 —1.43 —7.93 —15.52 —25.50

58 /% | —0.00046 —0.0067  —0.035 0.23 1.14 3.38

no Sudakov domination!

Charged current:  pp — 1Ty at /s = 14TeV  (based on Brensing et al. arXiv:0710.3309)

Mt ,,1/GeV | 50—co  100—co  200—occ  500—o00 1000—o00 2000—o0
o0/pb 4495.7(2) 27.589(2) 1.7906(1) 0.084697(4) 0.0065222(4) 0.00027322(1)
55;”“/% —2.9(1) —=5.2(1) —8.1(1) = —14.8(1) —22.6(1) —33.2(1)
5 /% ~1.8(1)  —3.5(1) —6.5(1)  —12.7(1) —20.0(1) —29.6(1)
s /% | 0.0005 0.5 ~1.9 —9.5 ~18.5 —29.7
5 /% | —0.0002  —0.023  —0.082 0.21 1.3 3.8

Sudakov domination!
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