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Motivation and Introduction

W and Z production at the LHC

12 e o qd = Z/y —Lff “neutral current”
ud - Wt Syt } .
@ Vv - charged current

o L du —» W 0@,

Clean experimental signature & Large cross section
= One of the most precise probes to test the Standard Model!

» important “standard candles” at the LHC
— detector calibration, luminosity monitor, quark PDFs,. ..

» searches for physics beyond the Standard Model
< background in Z', W’ searches (high M,,, My ,,, tails)

» precision measurements
< My, sin? Hicé’t
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Motivation and Introduction

W and Z production at the LHC 14 TeV (£ = 10%4cm~2s71)
P = o qd = Z/y —Lff ~ 20 events/sec
Ga _
wud - Wt S0t
@ Vv = ~ 200 events/sec
o L du —» W 0y

(per lepton flavour)
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Motivation and Introduction

W and Z production at the LHC 14 TeV (£ = 10%4cm~2s71)
P = o qd = Z/y —Lff ~ 20 events/sec
Ga _
wud - Wt S0t
@ Vv ~ 200 events/sec
o Loda - WT ol

(per lepton flavour)
Clean experimental signature & Large cross section

[Abazov et al. '12]

. 4
» Tevatron: (most precise measurement) E 0000:(3) DO, 4.3 fb™ :EgtsaT Me
Iw = m Background
My = 80.387 £ 0.016 GeV 230000 " Baokaround
» LHC: aimed precision of £
AMw <7 MeV 20000

B I’ Baak et al. "1
[Besson et al. '08] [Baak et al. '13] 10000

» fits to kinematic distributions
Mr ¢ € [65,90] GeV
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Motivation: My measurement

Largest missing piece: Mixed QCD x EW corrections [Barze, etal. 12]

200 | PWG EW w PYTHIA+PHOTOS 1
PWG w PYTHIA .
EW NLO

150 | ... BorN |

100 |-

) do/dM | (W) (pb/GeV)

——— 1. PWG EW w shower - 2. PWG w shower
---------- 1. EW NLO - 2. BORN
1 h

50 60 70 80 90 100

My (W) (GeV)

NLO (QCD +EW) ® (QCD + QED) PS
vs. NLO (QCD) ® (QCD)PS estimate of missing O (as ) corrections
Difference ~ %-level!
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Theoretical Status

QCD NNLO O(af) ..................................... [Hamberg et al. ‘91 / Harlander, Kilgore '02]
(differential) [Anastasiou et al. '04] [Melnikov, Petriello '06] [Catani et al. '09]

resummation .. [Balazs, Yuan '97] [Bozzi et al. '10] [Becher et al. "11] [Banfi et al. '12] [Guzzi et al. '13]

PS matching ................ [Frixione Webber '06] [Alioli et al. '08] [Hamilton, Richardson, Tully '08]

(matching@NNLO) [Héche, Li, Prestel '14] [Karlberg, Re, Zanderighi '14]
EW NLO O(a)

W [Dittmaier, Kramer '02] [Baur, Wackeroth '04] [Carloni Calame et al. '06] [Arbuzov et al. '06]
Y/ [Baur et al. '02] [Carloni Calame, Montagna, Nicrosini, Vicini '07] [Dittmaier, Huber "10]

multi-photon radiation ................ [Baur, Stelzer '00] [Placzek, Jadach '03] [Calame et al. '04]
+ much more...

Approaches to Combination

> Additive/multiplicative combinations .... [Cao, Yuan '04] [Li, Petriello '12] [Richardson et al. '12]
» NLO (EW+QCD) + PS matching ............. [Bernaciak, Wackeroth '12] [Barzé et al. '12, '13]
Steps towards NNLO QCD XEW O(asa)
» NLOEWO(a)to V +jet ....... (off-shell + decay) [Denner, Dittmaier, Kasprzik, Mtick '09, '11]
> Decay widths ... [Czarnecki, Kiihn '96](Z) [Kara '13](W)
> 2-00p ZFf VEIEX ..o [Kotikov, Kiihn, Veretin '08]
> 2-loop on-shell V production ... [Bongiani '11]
> 2-loop QCDXQED ... ... [Kilgore, Sturm '12]
» Pole expansion around the resonance ........................ [Dittmaier, AH, Schwinn '14]
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Pole Approximation

[Stuart '91] [H.Veltman '94] [Aeppli, v.Oldenborgh, Wyler '94]

Aim: Improve the theoretical prediction in resonance region
< Expansion about complex pole i = My — iMy Ty ~ leading: (p2 — 1)~

Leading pole approximation (PA)

Factorizable corrections: Non-factorizable corrections:

qa 12 Ga 12

v

2o : : 12 b : 2
production propagator decay production  : decay
» on-shell production & decay » connect production & decay
— fact. ini 2 — 1) resonant contribution
— fact. fin 1 — 2) +> only soft-photon exchange
SN 11 — non-fact. (2 — 2)

(taken care by on-shell scheme)

= Simplifications compared to the full off-shell calculation (2 — 2) [pitmaier, Kramer 01}, etc.

6/24



PA @ NLO

— full O(«) corrections

-~~~ PA

pp = W+ = ity V5 =14TeV pp = W = ity /3 = 14TeV

T T T 2 T T T T T T T

0
-2
X4
=
-6
— EW — EW
-8 . 7 —10 g g
-=== EW,PA bare muons ---- EW,PA bare muons
~10 1 1 1 1 1 1 1 —12 1 1 1 1 1 1 1 1 1
65 70 75 80 8 90 95 32 34 36 38 40 42 44 46 48
My 4y, [GeV] Pr e+ [GeV]

» full calculation vs. PA: agreement < 1% around resonance
» PA for O(asar) corrections expected to be sufficient
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PA @ NLO

— full O(«) corrections

...... fact. ini. Ga £ Ga £ @ o
o pa o fact. fin. - . W
R 7 . v
------ non-fact @ A a o @ A
pp = W = uty, V5 =14TeV pp = Wt = pty, V5 =14TeV
T T T T T 4 T T T T T T T
0 l T 2
[
0
oL
—2
¥ 4L K 4
- — EW © — EW
¢ |- ---- EW,PA =6 oo EW,PA
EW,prod _8
s L EW,dec
EW.nf bare muons -0 = bare muons |
_10 I I I I I I I 1 T N R N SO N N
65 70 75 80 8 90 95 32 34 36 38 40 42 44 46 48
M ity [GeV] Pr+ [GeV]

full calculation vs. PA: agreement < 1% around resonance
PA for O(asar) corrections expected to be sufficient
» dominant contribution: factorizable corrections to the decay

v

v
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® Pole Approximation @ NNLO O(as)
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Pole Approximation @ NNLO O(«asa)—Contributions

Non-factorizable corrections* v [Dittmaier, AH, Schwinn '14]

> QCD corrections to production
x soft-photon exchange: production & decay

Factorizable final-final corrections v
> only a constant O(asa) counterterm

Factorizable initial-final corrections* v

» QCD corrections to production
x EW corrections to decay

» large corrections & shape distortion expected

Factorizable initial-initial corrections*
> O(asa) corrections to on-shell V' production
> no significant shape distortion expected
> no O(asa) PDFs

“only virtual contributions indicated ~~ also real-, double-real emission, interferences,. ..
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Pole Approximation @ NNLO O(«asa)—Contributions

Non-factorizable corrections* v [Dittmaier, AH, Schwinn '14]

> QCD corrections to production
x soft-photon exchange: production & decay

Factorizable final-final corrections v
> only a constant O(asa) counterterm

Factorizable initial-final corrections* v

N ’ » QCD corrections to production
x EW corrections to decay
! h » large corrections & shape distortion expected

Factorizable initial-initial corrections*
> O(asa) corrections to on-shell V' production

Q . > no significant shape distortion expected
’ » no O(asa) PDFs

“only virtual contributions indicated ~~ also real-, double-real emission, interferences,. ..
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Non-factorizable O(asa) corrections: Ingredients

(Virtual QCD)
x (Virtual EW)

(Virtual QCD)
x (Real EW)

(Real QCD)
x (Virtual EW)

(Real QCD)
x (Real EW)

11/24



Non-factorizable O(asa) corrections

» issue of overlapping IR singularities

» double-virtual contributions:  (non-trivial cancellations)
m expansion via Mellin—Barnes representation
m effective field theory for unstable particles [Beneke et al. '03,04]
m generalization of [Yennie, Frautschi, Suura '61]

Ga 2
g - Cras QqQia
2 2w

M (1 =€) (1) (u}, — 5°) x

(am2r2+e) (u2 -5 de (4”)*2* { 1 1 1 |— 572 i
- . ; - — — =+~ |2+ +|,i;<1+f>
(12, — (=D M2, u2 23 2 e | 12 2 M2,

i i : N i
I 2Li;>< ) I Li/;(l . ) 6¢(3 2111( ) — — Liy (1 I —)
- AT2 - A2 A2 2
M3 M2 M3 6 M2,
. —% £ 57 £ .
} 1112< - >1n<l F— ) | } 2Li2<1 F— ) Fa+0(e) +0(s ,A%,)
M M2, 6 M2 \ 12/24




Non-factorizable O(asa) corrections

» issue of overlapping IR singularities

» double-virtual contributions:  (non-trivial cancellations)
m expansion via Mellin—Barnes representation
m effective field theory for unstable particles [Beneke et al. '03,04]
m generalization of [Yennie, Frautschi, Suura '61]

» soft photon insertion along quark line
» hard interaction T’
» gluons: virtual/real, hard/soft
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Non-factorizable O(asa) corrections

» issue of overlapping IR singularities
» double-virtual contributions:  (non-trivial cancellations)
m expansion via Mellin—Barnes representation
m effective field theory for unstable particles [Beneke et al. '03,04]
m generalization of [Yennie, Frautschi, Suura '61]
—» factorized structure: (NNLO QCDXEW),; ~ (NLO QCD) X 0
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Non-factorizable O(asa) corrections

» issue of overlapping IR singularities
» double-virtual contributions:  (non-trivial cancellations)
m expansion via Mellin—Barnes representation
m effective field theory for unstable particles [Beneke et al. '03,04]
m generalization of [Yennie, Frautschi, Suura '61]
—» factorized structure: (NNLO QCDXEW),; ~ (NLO QCD) X 0

v v v
— o —
+ ~ =0
q—0
——

(scale-less integral) — 0
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Non-factorizable O(asa) corrections

~ QCDREW Rs 23+~ Vs 2247 Cg 2324~
Ot ® = // do ()Rew,nf + do ™ 5Rew.nt + do™® ()Rew‘nf
2+

3+ 24

+ /SdUR‘*QRe{éf,:ﬁm} + /zdzr\/SQRe {6\2/;2nf} + AdUCSQRe{6%,3%nf}

Infrared singularities—QCD corrections: dipole subtraction formalism

59eP =/dJRS +/dav5 +/dgcs
3 2 2
:/ [(ngS) - (daAS) ] +/ [davs + do®s +/daAS]
3 e=0 e=0 2 1

Infrared singularities—EW corrections: phase-space slicing method AE < Ty,

e=0

/ d®, do®Poy = / d®, do 9P ol o+ / d®, do®P oy
Y E~N<AE EN>AE
= do., 5, do® 4 / d®, ooy
Ey<AE Ey>AE
N——
= 5ot (AE)
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Non-factorizable O(asa) corrections

~ QCDREW Rs 23+~ Vs ¢2—2+47 Cg 2474“
G C =//d Ryt Ao Op i + ) 4075 On

3+ 2+ 2+~

+ /daR~2Re{52“m} /dzrv** 2Re {6307} /daC* 2Re {6307}

Example: double-real corrections

FRe@Rew _ // doRs 52a3+w(<p3ﬂ

3+~
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Non-factorizable O(asa) corrections

~ QCDREW Rs 23+~ Vs ¢2—2+47 Cg 2474“
Ot ® = //d 3 ()Re“ ot + do 5R ew nf do (Rew nf

3+ 2+ 2+~

+ /daR~2Re{52“m} /dzrv** 2Re {6307} /da(* 2Re {6307}

Example: double-real corrections

s Oftew = // {d e Rt (@344) — D do® 52ﬁ2+7<q’2+v)®d‘éwp}

34~ dipoles

> 52*}2+"/(q)2+’\ )

— analytic integration over unresolved phase space
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Non-factorizable O(asa) corrections

~ QCDREW Rs 23+~ Vs ¢2—2+47 Cg 2474“
Ot ® = //d 3 ()Re“ ot + do 5R ew nf do (Rew nf

3+ 2+ 2+~

+ /daR~2Re{52“m} /dzrv** 2Re {6307} /da(* 2Re {6307}

Example: double-real corrections

e = ] L™ 52224 @ar) = 3 do® 822287 @ar) @tV |

dipoles
E»y > A E

> 52*}2+"/(q)2+’\ )
— analytic integration over unresolved phase space

» cut E, > AFE frame dependent ~~ partonic CMS of @3,
<+ &, -, boosted in beam direction
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W distributions @ NNLO O(a,a)  (non-factorizable)

""" } O(asawit): including soft photon emission £, < AE

._. ‘_. ._. } O(asarea|): with cut Efy > AFE (AE < FV)
pp = W = ptuy, V3= 14TeV pp = W = ity V5= 14TV
T T T T T 15 T T T T T T T
L5 - full N

97 O(asavirt) 10
98 O(asavir)

5 (%]

5 [%)

S

65 70 75 80 85 90 95 32 34 36 38 40 42 44 46 48
My by, [GeV] Pt [GV]

» almost perfect cancellation between different contributions
» tiny & flat corrections!
= dominant contributions at O(as«) from the factorizable corrections!
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Pole Approximation @ NNLO O(«asa)—Contributions

Non-factorizable corrections* v [Dittmaier, AH, Schwinn '14]

> % > QCD corrections to production
x soft-photon exchange: production & decay

» phenomenologically negligible

Factorizable final-final corrections v
> only a constant O(asa) counterterm

Factorizable initial-final corrections* v

N / > QCD corrections to production
x EW corrections to decay
! h > large corrections & shape distortion expected

Factorizable initial-initial corrections*
, ) > O(asa) corrections to on-shell V' production
Q . > no significant shape distortion expected
’ > no O(asc) PDFs

“only virtual contributions indicated ~~ also real-, double-real emission, interferences,. ..
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Factorizable finalfinal O(«as«) corrections

» pure V7, />-vertex counterterm ~ finite
QCDREW __ cct,(asa) 0
5Mfact. fin-fin — 5‘/@1[; MPA

» O(asa): only vector boson self- energ|es [Djouadi, Gambino '94]

M@*w@wﬁm

— small O(< 0.1%) and flat corrections

G, input parameter scheme

V2G, MZ, M2 -G a0
ag, = —LW < \[“ > 675 = 5790 _ % Ar

H ™
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Pole Approximation @ NNLO O(«asa)—Contributions

Non-factorizable corrections* v

» QCD corrections to production
x soft-photon exchange: production & decay

» phenomenologically negligible

Factorizable final—final corrections v

i O » only a constant O(asa) counterterm

4 N » small & no impact on shape
i Factorizable initial-final corrections* v
o “ » QCD corrections to production

© x EW corrections to decay

14
@ A > large corrections & shape distortion expected
Factorizable initial-initial corrections*
N ) > O(asa) corrections to on-shell V' production
O 8 > no significant shape distortion expected

> no O(asa) PDFs

*only virtual contributions indicated ~~ also real-, double-real emission, interferences,. . .

[Dittmaier, AH, Schwinn '14]
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Factorizable initial-final O(as«) corrections: Ingredients

(Virtual QCD)
% (Virtual EW)

(Virtual QCD)
x (Real EW)

(Real QCD)
x (Virtual EW)

(Real QCD)
x (Real EW)
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Factorizable initialfinal O(asa) corrections

» QCD corrections confined to production sub-process
» EW corrections confinedto decay sub-process

= reducible structure*: (NLO QCD) x (NLO EW)

*exception: double-real corrections

&fig?iﬁix\’:/32Re{6§;‘:“2}dgm +/24Re{5\v/1:/:2} Re{(sxjnqb}doo+/22Re{5\23[2}(1005

Rs®Rew Vdaq Rew Cs ®Rew
+// Ayt nicfn +//2Re{‘svS b}d” +// AT et it

3+ 2+ 2+~

Treatment of infrared (IR) singularities
composition of two NLO methods:

» QCD: dipole subtraction formalism

» EW: dipole subtraction formalism
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Factorizable initialfinal O(asa) corrections

» QCD corrections confined to production sub-process
» EW corrections confinedto decay sub-process

= reducible structure*: (NLO QCD) x (NLO EW)

*exception: double-real corrections

5OCOBEW —/2Re{a"‘7{‘2}<1aRs +/4Re{6¥@£2} Re{(s{f@"“b}dao+/2Re{5§;@’2}dacs
RsQ@Rew Vidaaq Rew Js@Rew
+/‘/’ da{act ini-fin +//2Re{6 b}dg +// dafact ini-fin

3+ 2+ 2+~

Treatment of infrared (IR) singularities
composition of two NLO methods:

extension to cover decays:
» QCD: dipole subtraction formalism

» EW: dipole subtraction formalism ~ i( i/:{
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Factorizable initialfinal O(asa) corrections

5OCDBEW :/ 2Re{6¥gl(2}doRs +/4Re{5§f‘7”'2} Re{a\”,"?“qb}da" +/ 2Re{5§'“‘2}dacs
. i . v .

Re®Rew Vdaap Rew Cs®Re
+ // A%t nifin T //2Re{6vs ‘ }d” -t // A0t inifin
3+ 24y 24

Example: double-real corrections

~Rs®@Rew _ Rs®@Rew
Ofact. ini-fin / / Ao ini-fin

3+
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Factorizable initialfinal O(asa) corrections

5OCDBEW :/ 2Re{6¥gl(2}doRs +/4Re{5§f‘7”'2} Re{a\”,"?“qb}da" +/ 2Re{5§'“‘2}dacs
. i . v .

Re®Rew Vdaap Rew Cs®Re
+ // A%t nifin T //2Re{6vs ‘ }d” -t // A0t inifin
3+ 24y 24

Example: double-real corrections

~Rs®Rew _ Rs®Rew _ Row N Rs ow
Ofact. ini-fin // {daiact. ini-fin E : dogee™ ®dVaip E :dUPA ®dVgip 1y
I,J

QCD
3+ dipoles I#J

» QCD subtraction term for V' + ~
» EW subtraction term for V' + jet
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Factorizable initial-final O(ay«) corrections

5OCDBEW :/ 2Re{6¥fl(2}doRs +/4Re{5§f‘7”'2} Re{a\”,"?“‘”)}da" +/ 2Re{a‘§’zl‘2}dacs
i . v .

Rs®Rew Vaaay Rew Cs®Re
""// A%t nifin’ ""//QRQ{‘SVS }d” Tt // A0t inifin
3+ 24y 24

Example: double-real corrections

~Rs®@Rew _ Rs®@Rew Rew - Rgs ew
Ofact. ini-fin // {dgiact. inifin E : dogee™ ®dVaip E :dUPA ®dVgip 1y
Qcb I,J

34y dipoles nEd
+ 30 > dop®dVap®d Vi, }
QcDh I,J
dipoles I#.J

» QCD subtraction term for V' + ~
» EW subtraction term for V' + jet
» compensate over-subtraction in double-unresolved limit
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W distributions @ NNLO O(as)  (factorizable initial—final)

—— best prediction: (52?2”60
- = = naive product: (NLO QCD) x (NLO EW)gec
------ naive product: (NLO QCD) x (NLO EW)

pp = Wt = pty, V5 = 14TeV pp = WH 5ty V5 =14TeV
T 2 T T T T T T T
bare muons _|

} A ~ missing O(asa) terms

-5 T T T T

—mm g, x §dee
I p— 8, X 0

bare muons
) 1 1 1 1 1 1 1 60

65 70 75 80 85 90 95 32 34 36 38 40 42 44 46 48
My v, 1GV] ot [GeV]

» enhancement from large QCD
corrections

» sensitive to ISR
< naive factorization fails

> 5gﬁ§gxde° well approximated
by naive products

» M, insensitive to ISR effects
— small differences in naive products

(naive sum ~~ 0)

20/24



Z distributions @ NNLO O(asa)  (factorizable initial—final)

observable insensitive to ISR = naive products work? ~~ No!

pp = Z—ptp” V5 =14TeV

10 T T
8 682(:\d><dec -
6 === 5}, X Odec
Lk e
2
S
o rr]'r
2 b =
—4 = -
L
6 H m
-8 *f')‘rr bare muons —
0 ! ! ! ! ! !

75 8 85 90 95 100 105
M1, [GeV]

> My, unaffected by ISR <+ naive products practically identical
> naive products completely fail already a little away from the resonance

> large corrections below resonance
— reconstructed My, shifted to lower values by final-state radiation
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Z distributions @ NNLO O(asa)  (factorizable initial—final)

observable insensitive to ISR = naive products work? ~~ No!

pp = Z — ptpu~ Vs =14TeV
12 : I T \ \ \
dg:(:ldxder |
---- NLO QCD + Photos
.......... NLO QCD + LLI1FSR |

8
— 6
s
~© 4
2
0
—92 | | | | | | |
75 80 85 90 95 100 105
M+~ [GeV]
» comparison with MC approaches: (preliminary)
------ “(NLO QCD) ® LL1FSR”

structure function: Tt () — o (1622 (@)
l 27 1—z ' 2

--- “(NLO QCD) ® Photos”

Y shower (restricted to at most one emission)
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Impact on My, extraction

bin-by-bin x* fit C ‘ ‘ ‘ o ——

NLOgy - 4

v

2
[o_?ata(M) - Ugemplaie(lbj + AJW)}

2
i €bins 2AG’7’

2
X =

AMFO
» “templates”: LO with
My = 80.085 . ..80.785 GeV

» “pseudo-data”: HO with
My = 80.385 GeV 801 802 503 804 805
» distributions normalized in M [Ge]
fit interval Mt ¢, € [65,90] GeV ‘ ‘ ‘ ‘ MOy ——
NNLO?;(::(\I\X(ICC R

LO — NLO(EW)
AMy ~ —90 MeV

AMFNLO

NLO(EW+QCD) — NNLO(EWxQCD) * L

* bare muons 80.3  80.32 8034 8036 80.38 804 8042  80.44
My [GeV]
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® Conclusions and Outlook
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Conclusions

Largest theoretical unknown in Drell-Yan processes: O(asa)
Important around resonance ~ Pole approximation

Pole approximation @ O(as«)
» calculation of non-factorizable corrections ~~ negligible
— only factorizable corrections are relevant at O(as«)

» O(asa) corrections to V' — ¢,/ decay
— only a small constant off-set ~- irrelevant for resonance shape

» (QCD 10 Guq, — V) X (EWto V — £145)

— expected to be the dominant contributions
— mass shift ~ 10 MeV

todo: O(asa) corrections to g.qs — V' production
< no significant shape distortion expected
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Conclusions

Largest theoretical unknown in Drell-Yan processes: O(asa)
Important around resonance ~ Pole approximation

Pole approximation @ O(as«)

» calculation of non-factorizable corrections ~~ negligible
— only factorizable corrections are relevant at O(as«)

» O(asa) corrections to V' — ¢,/ decay
— only a small constant off-set ~- irrelevant for resonance shape

» (QCD 10 Guq, — V) X (EWto V — £145)

— expected to be the dominant contributions
— mass shift ~ 10 MeV

todo: O(asa) corrections to g.qs — V' production
< no significant shape distortion expected

Thank you
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Calculational setup

LHC @ 14 TeV NNPDF2.3 (QED) [Ball, et al. '13]

p+p = W5 =y +u”
p+p = Z() = p +put

Event selection cuts
Dot > 25 GeV
M| < 2.5
E?iss > 25 GeV (charged-current DY)
Myp > 50 GeV  (neutral-current DY)

Photon recombination ~~ “dressed” leptons
Merge photons “collinear” to the charged leptons:

(ne—m~)2+(pp—p~)2

ARy, < 0.1, Ry =

— corrections independent of the lepton flavour
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Z distributions @ NLO & PA O(

do/dM,,;,- [pb/GeV]

C.L

s

107t

pp = Z =ty ;
T T T T

NLO QCD

NLO QCDXEWiare

1 1 1 1 1 1 1
75 80 85 90 95 100 105
M, [GeV]

pp = Z — ptp V5 =14TeV
T T T T T

Qcp
EWhare
EW,rec.
1 1 1 1 1 1 1
75 80 8 90 95 100 105
My, [GeV]

102

10"

do/dpy .+ [ph/GeV

pp = Z =ty

LO
NLO QCD
NLO QCDXEWiare

P+ [GeV]

pp =+ Z — ptpu

T T T T
QCD/100
EWpare
EW,_rec.
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Z distributions @ NLO & PA O(

8 [%]

8 [%]

100

80

pp = Z =ty

VE = 14TeV

bare muons

pp = Z — ptpu—

85 90 95 100 105

M,i,- [GeV]

V5= 14TeV

T T
— EW
EW,PA
EW,prod |
EW dec
EWnf

dressed leptons
1 1 1

75 80

85 90 95 100 105

M1, [GeV]

pp = Z =ty

LN B —] L —
=
<
D = Z = - V5 =14TeV
4T | — | —
2
0
-2
IS
1 EW
EW,PA
6 - EW,prod
N EW,dec
EW nf dressed leptons
T O Y O RO R SO N

36 38 40 42 44 46 48 50 52 54
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Z distributions @ NNLO O(ay

(non-factorizable)

} O(asawit): including soft photon emission E, < AE

U0 O(asauea): Witheut E, > AE (AE < Ty)
pp = Z = ptu~ V3 = 14TeV pp—Z = ptpu~ /5 = 14TeV
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» almost perfect cancellation between different contributions
» tiny & flat corrections!
7: even smaller: &y anti-symmetric ~~ suppression

dominant contributions at O(asa) from the factorizable corrections!



Initial—final factorizable corrections
bare muons dressed leptons

PP =7 — VE=14TeV pp— 7 — ptp VE = 14TeV
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