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EVW precision
/ observables

EVV radiative

corrections

= Study dynamics of the

VW SM at the

= [est BSM via indirect EVW probes
= Constrain backgrounds In direct searches for New Physics

Global EW/EFT fit

eV scale
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Classical tests Il of EW theory @ LEP
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The global EW fit
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* Motivation: precise measurement Is a stringent test of SMI!
* Method: template fits of sensitive CC DY distributions (pr.;, M7, Emiss)
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— [heory precision essential for improvements in m\W determination!
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Drell-Yan: Mw measurements

* Need to control shape effects at the

sub-19% levell

e Dominant effec

s QCD ISR and QED FSR
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—The LHC is an EW precision machine!
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Diboson production at the LHC
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Diboson production at the LHC
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Diboson production at the LHC
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The global EFT/SMEFT fit
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EW standard candles at the LHC

Precision EW lTop
y 4\ N4 \
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Vector-boson scattering at LHC

*direct access to quartic EVV gauge couplings
*VBS: longritudinal gauge bosons at high energies

*window to electroweak symmetry breaking
via off-shell Higgs exchange (ensures unitarity)

~—

Signatures:
ssSWW-VBS: ¢4 4 v + 2jets
WW-VBS: 70~ + vv + 2jets
77 NBS: AT 04T 0T + 2jets
WZ-VBS: {70740 4 2jets
WYV-VBS: £~ v + 7 + 2jets
ZV-VBS: 7€ + 7 + 2jets




Polarisation measurements
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Polarisation measurements
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— crucial test of EWSB

— problem: we can't directly observe longitudinal vector-bosons
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Running couplings

Also the g, g, couplings run! — Gavin’s lecture yesterday

QCD lecture 1 (p. 20)

e I N L - Basic methods Running coupling (cont.)
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O (NB: A not unambiguously 3_ pp;ﬁ%:‘?,j:t%:
defined wrt higher orders) | N op TEEC (NNLO) -
0.02 | » Perturbative calculations valid for |
scales Q > A. 01 | b :
| LT
== 0(m7%) =0.1180 £ 0.0009 % i
005 —ea gl —a il —a il —
| 1 10 100 1000
% 10 12 1 16 o Al
log,o(p/GeV) 2023 PDG, QCD chapter

Hint of gauge unification?



Running couplings

Also the g, g, couplings run!

s —
03|
— - - Qto
Qa3
0.04 |
g ~ee
g 0.03} Tr.l
d ....... /
00l b—mee—
2 4 6 8 10 12 14 16

Lv Hint of gauge unification?

91, 925 9s> Yt Yo, A, o/ TeV

All couplings run! Incl. yukawas, trilinear

mk ...................................
NN e Qoo o U
i O 92 A
0.8— gS S /’LO
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-0.01-

~-0.02:
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0.03?
0.025
0.01?

0.00:

[Chetyrkin, Zoller, ' 6]

Running couplings

y, (M,)=0.9374

v, (M,)=0.9374 + 0.0005

M,=(17339+1.12) GeV
M,=(173.39-0.98) GeV

Log [1/GeV]

All couplings run! Incl. yukawas, trilinear
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0.05:

A (u)

0.04:
0.03:
0.02:

0.01:

[Chetyrkin, Zoller, " 6]

Running couplings

y: (M;)=09374
vy, (M;)=0.9374 +0.0005
M,=(173.39+1.12) GeV
M,;=(173.39-098) GeV

~-0.01:

0.00!

-0.02:

10

12 14 16 18
Log;, [u/GeV]

= Precise knowledge of top mass and ag crucial

V(®) = —p?@T® +

V[H]

0.125 4

0.120
N
= 0115
vdug

0.110 +

0.105

166 168 170 172 174
Mt/GeV

2 (@l0)?

[arXiv:2401.08811]
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The need for precision

ATLAS Standard Model Summary Plots February 2022
Diboson Cross Sectlon Measurements Status: February 2022
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= Higher-order predictions mandatory for reliable predictions
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The need for precision

do = dor,0 + ag dont.o + agw doNLO EW

g 0.1

NLO QCD

2
—|—OéS dO‘NNLQ

NNLO QCD

3
—|—Oés dO’NNLQ

N3LO QCD

OREW " 0.01

NLO EW

O(a) ~ O(a?) = NLO EW ~ NNLO QCD

= Higher-order predictions mandatory for reliable predictions
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do/dpr [pb/GeV]

Relevance of EVV higher-order corrections: virtual Sudakov logs In the talls

. Possible large (negative) enhancement due to soft/collinear logs from virtual EVW gauge bosons:

pp — e U v 7y

1T 11 | | [ [ | 1T 11 |
] LHC 13 TeV 1
10_3 — — HeP —
HR = HF = 3 1
CT14 QED,, 05% = W?Z7 W__
106 LO _ [Ciafaloni, Comelli,’98;
=== NLO QCD . . . .
- NLOEW . Lipatov, Fadin, Martin, Melles, '99,
. —— NLO QCD+EW _ Kuehen, Penin, Smirnov, '99:
09| == NLOQCDxEW | Denner, Pozzorini, '00]
- [Kal We|/t j/\/IL :|Dozzor n|/ Schonhe(r [ 7] |
1.4 :— : \
1.2 |— _
. : -\\\ :
T 1 RSN e W = Universality and factorisation: [Denner, Pozzorini; 'O |
5 B ‘; ]
o] B - A A
0.8 — 1—loop a a 2 Skl ew S
- j OMyppiNLL = Ar Z Z E - I(R)I%() In VE - (k) In r2
0.6 |— l#k a=~,Z, WL
: | | I | | | I | |

2

o

50 100 200 500 1000 2000

Pra, [GeV] =¥ overall large (negative) effect in the tails of distributions:
PT, Miny, HT, ... (relevant for BSM searches!)




Relevance of

-W higher-order corrections: collinear QED radiation

2

I Possible large enhancement due to soft/collinear logs from photon radiation ~  «log (Q;”) in sufficiently

EXC

usive observables.

pp — et U vy

...... LO

=== NLO QCD
—— NLO EW

—— NLO QCD+EW
=== NLO QCDxEW

=
=

LHC 13 TeV

[Kallweit, JML, Pozzorini, Schénherr, | 7]

60 80 100 120 140

Mgy [GeV]

pp — prpTete” + X

[B. Biedermlann,A. Dennerl, S. Dittmaier, L Hofer, B. _Ic'igler;’l 6+’ 6]
Lo —
1071 | Z Z NLO EW ----mee- _
=5 Vs =13 TeV
_ ",
& '
|
|
|
|
10—2 | : | | |
30 T : T I T
25 B : 5EW __________ B
| aq
20 | : Ogg e s -
— 15 . .
< 10 | : :
|
0 T ' T L e i ]
0 F s Te Tt il
_5 | . | | T
|
100 120 : 140 160 180 200
: My [GeV]
May ~ My

=» important for radiative tails, Higgs backgrounds etc. || =>typically considered via QED PS (PHOTOS /YFS)
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Relevance of EVW higher-order corrections: photon-induced channels

Il. QED factorisation and thus photon luminosities needed to absorb IS photon singularities.

- Possible large enhancement due to photon-induced channels in the tails of kinematic distributions,

in particular in WW. i:i:i (t-channel enhancement)

_|_
pp — e U vy

dopo = da L+ dof )

|
1 b1 8

I|II‘I|1AII‘IIII

)
-
T T

-
o

‘-‘o\‘\\\

do/donLo ocDxEW

o
Ne

YPDF === CT14 *°*°*°* none

i - == LUX === NNPDF3.0

NO Y !
I | | | 1 | || | | | | 1 | || | e | .
10 20 50 100 200 500 1000 2000 — ask Gavin!

myy [GeV]

=¥ large differences between different photon descriptions. Now settled: LUXqed superior

=?» up to O(10%) contributions from photon-induced channels
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. _ Hard (perturbative)
-V Theoretical Predictions for the LHC  tering process

k) T
'J_'.'JJ”{_T"'J’

QCD Parton Shower ‘;{_’Z’\ S
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P
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The EW SM at quantum level in a nutshell

classical __
°<ZSM =Z yM T Z Dirac + 7 Higgs + 7 Yukawa

At quantum level: LSM — LglﬁSSical =+ Lgauge—ﬁx + Eghost
(unrtary gauge unfeasible at higher—orde'iy \
1 _ oF“
Lomgetix = =5 (F3 + F§ + 2P, F_ + F2.). Lanost = U (@) g5z u” (x)
|, L
Fa= z70" Ay, Fon = z50"Gyi» "0
1 1 L
Fy = g—Z(c?“Zﬁ —mzE7x"), Fy = g—W(é’“W;{ imwE" ¢F)

Gauge fixing parameter
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. _ Hard (perturbative)
-V Theoretical Predictions for the LHC  tering process
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EVW Theoretical Predictions for the LHC

Lsy = —50,950,95 — 9:f**0,959095 — 192 f* f**“ghgc9m9s — O,W, O,W, —

MWW, — 30,200,20 — 5 M* 2028 — 10,A,0,A, — igeu (9, Z0(Wi W, —
95, (0, A WW, =W W) - AW oW, —W, 0,W;)+ AW oW, —

W, 0,W,)) — 56*WiW, WiW, + 56*WIW, WiW, + g*c2(ZIW ZJW, —
ZngW;“ W)+ gzsfv(A”W: AW, — A AWIW, )+ g2SwQu(ApZB(W: W, —
W, W) —24,ZW,; W) — 18,HO,H — 2M2a, H? — 8,6 0,¢~ — 10,6°9,¢° —

B (2%2 +2LH + 3(H? + ¢%¢° + 2¢+¢")) + 2ay, —
gapM (H® + H$°¢° + 2Ho¢ ¢™) —
s9%an (H* + (¢°)* + 4(¢767)% + 4(¢°) 26" ¢~ + 4H?¢ ¢~ + 2(¢°)?H?) —
gMW W H — 34 20700 —
%”:g (W;(¢an¢_ - ¢_au¢o) - Wu_(¢oay¢+ - ¢+au¢0)) +
59 (W, (HO,9~ — ¢~ 0,H) + W, (HOu¢" — 67 0,H)) + 59-(Z)(HO,¢" — ¢°9,H) +

M (2200,8°+ W, 8,6~ + W, 8,6") —igeMZOUWi ¢~ — W, ¢*) +igsuM AW ¢ —

Wy ") —ig 5o 20§+ 0up™ — ¢ 0ud™) +igsuAu(dT8ud™ — ¢~ 0u0") —
TOWIW, (H? +(¢°)? +207¢7) — 59° 3 22 (H? + (¢°)* + 2(2s%, — 1)’¢7¢7) —
%92E§ZS¢O(WJ ¢~ +W,o") - %ig2%§fZ2H (Wie™ =W, o) + 30%5,A,0°(WiHé™ +
W, ot) + 3ig*s, ALH W™ — W ét) — 9*2=(2c;, — 1) Z A0 ¢ —
9%s%,Au A7 + 319, A5 (677447 g5 — € (Y0 + mp)er — 7 (0 + mp)v* — u(v0 +
mﬁ)u}‘ — d;‘ (v0 + m;i\)d? +igswA, (—(é’\'y”e_)‘) + %(ﬂj-_’y“u;“i) - %(d;-\'y“d;‘)) +
L Z{ (P (L + W) + (@445, — 1 = 7°)e) + (djv*(35%, — 1 = 7°)d}) +

(@*(1 = §s2 + 7))} + 555 Wi (P91 +7°)UMPsee®) + (@9 (1 +7°)Conedlf)) +

W, (Ul (L + W) + (EECTH (L + 7)) ) +
siimd” (—mE(PAUP (1 = 7°)e’) + my(PUPpe(1 +7°)e") +
. A
iz (AU (1 +°)") - ms(@U) (1 - ) — $52H() -
402 H(eY) + YL g0 (1) — L5200 5e) — 3o ME (1 - 75)0 —
T ME (1 =)0, + i (=m(@}Cre(1 = 7°)d5) +m} (@} Cre(1 +7°)d5) +
. - — 'rnA -—
sits6™ (MA@CL(1+ 7)) — mi( @Ol (1 — 7)) — $EH (@) -
— . . mA — —
ST (DY) + LTG0 (@dyPu)) — LTG0 (PyPd)) + GUPGE + gy f490,GoGhgE +

X+(0% - M*)X* + X~ (0* — M*) X +X°(0% — ) X° + YO?Y +ige W, (0, X°X ™ —

8, XTX0)+igs W, (0, Y X~ — 8, XTY) +ige, W, (8, X X°—
0, XX 1) +igs, W, (0, XY —0,YX") +ige, Z)(0,X X" —
0, X X" )+igs, A, (0, XX+ —

O X X")—39M ()'(+X+H +X X H+ C%XOXOH) +52% g M (XX — X~ X")+

sigM (X°X ¢+ — XOX+¢~)+igMs,, (X°X ¢+ — XOX+¢7) +
Lig (X*X+¢° — X~ X~¢°) .

QED Parton shower

Hard (perturbative)

scattering process

@N(N)LO QCD + EW
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* NLO partonic cross section for a 2—n process can be written as

NLO Ingredients

R 1
doNLO = 94

[|MLO|2 + QRG{MLOM*NLO,V}} + 2_8

Mnro,v virtual one-loop matrix element —

X ¥

1

\ i
NLO =B +V +R

n or nt| particle phase space

MNLOR real tree-level matrix element

Note: real radiation might open up new partonic channels!

-

Re{MLO Miwov)

2

IMnNLOR

|

\

Mnro.r[?

33



NLO Tools: automation of NLO EW

* Add local subtraction terms S, and corresponding integrated subtraction term |

. 1 . 1
doNLO = P [Mrol? + 2Re{MproM{ov}+/] + 54 MnLoR|?
\
* NLO Monte-Carlo integrators (+subtraction): » one-loop (& tree) amplitude provider:

» MadGraph_aMC@NLO (FKS)
~ Sherpa (CS)
» POWHEG-BOX (FKS)

» MadLoop (OpenLoops)
« GoSam (Unitarity & OPP)
* OpenlLoops (OpenLoops)

* NLO fixed-order integrators: * Recola (NLO Recursion)

» MUNICH/Matrix (CS) * integral reduction libraries:

N

pi

» COLLIER \ » OnelLoop

» CutTools * scaler one-loop libraries
» Golem95 » QCDLoop

. Ninja + COLLIER

i b
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Nontrivial features in NLO OQCD — NLO EW

|. photon contributions In jets and proton
— photon-jet separation, YPDF

N\

collinear g = qy singularities

3. QCD-EW interplay

=0 7O
Ul P

a50)

2. At NLO EW corrections in production, decay and
non-factorizable contributions for V decays

— complex-mass-scheme

4. virtual EWV corrections more involved than QCD
(many internal masses)




Decays of heavy particles ﬁ

Naively processes with a massive s-channel propagator diverge when p* = M?

-xperimentally we know resonances follow Breit-Wigner (BVV) shape

( 1
propagator ~ 9
p

_M2

/4
" (E-EL)+T%/4

A | nat
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Decays of heavy particles

» Naively processes with a massive s-channel propagator diverge when p* = M?
* Experimentally we know resonances follow Breit-Wigner (BVV) shape
* origin: all-order summation of | Pl corrections to propagator of

massive particles

>

A3 3D AEh
ta -t & @ T

propagator ~

1
p2 — M2

_ /4
G_GO 2 2

Optical theorem—

[~ 2 Im X (M?)

propagator ~ Eall :
1 1 , 1
T p2—MO( ZZ)p2—MO o
s 1 P -2k " 1 1 T~
Geometric series = > ( : 2) = - 5 ~ = 75 R
( S
[P [ o~ BW
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Decays of heavy particles

1
o Na: - - ) - 2 _ as2
Nalvely processes with a massive s-channel propagator diverge when p® = M propagator ~ 5
- A M
* Experimentally we know resonances follow Breit-Wigner (BVV) shape P
* origin: all-order summation of | Pl corrections to propagator of |
, : 1 2
massive particles o | AN o=o [°/4
= - 0 2, 12
AT y \\\ / \\\\ E-E +r / 4
propagator ~ -~ —<—\/1PI/\—<— -+ ﬂ}PI /H’\'}Pl/:— + - l0/2 ( )
1 1 1
— | 2 - >
pz_MO p2_MO( : )pQ—MO E =
R
COMELrIC Series k2 MOZ —~ L2 _ MOQ k2 MOQ + 2 (k2) k2 — Mg — 1Myl Optical theorem—
oo [ dk? [~ & ImY(M?)
Lv [P [ o~ BW

* However: this summation mixes different orders of perturbation theory.

Thus, in general it might (and will) break gauge invariance when applied naively.
* (Usually) not a problem at LO, also not at NLO QCD e.g. for vector boson decays into leptons

* However: possibly severe problems at NLO EW
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Decays of heavy particles

I dk>
* Narrow-width approximation (NWA):  T'/A1 — 0: / 72— m2Z T %5%2 — m?)
o drdec

do = doprod =

= Advantage: reduces complexity in NLO computation
= However: unable to capture off-shell effects

* Complex Mass Scheme (CMS): M — u = M — 1I'M | analytical continuation at Lagrangian level

= regularises propagators (effects also propagator numerators)

1y
1%

= cffects all derived couplings, incl. weak mixing angle: sin 6y, = 1

= position of the pole Iin the renormalisation

Renormalised self-energy:
Sip?) = S(P) - op?

with o = X! (p2)

[/

pr=p;




The need for off-shell computations:VV

[Biedermann, M. Billoni,A. Denner, 5. Dittmaier, L. Hofer, B. Jdger, L. Salfelder ;' 6]

0 A I I I ! ! ! ! ! U | | ! I
10 e, -DF-WW 4 1 -5+ L T S S o
§DPA . anl et e )
e 94 10

——20 -
§ - - §—15 — ]
< 30 t e - = —20 | -
40 L | —25 5 _
—30 F i =

gDPA
_50 l l | | | | | | | _35 i qq | | | | |
100 200 300 400 500 600 700 &00 900 1000 0 900 400 600 200 1000
pT,e— [GGV]

pp = W(ETV)W(E 1)

! W a PTemput
\'\/\/V\/\<V ______ﬁT_,Ve__
/'vvvvx< Y " o

q VV o~ pT,I/,u

= sizeable differences In fully off-shell vs. double-pole approximation in tails
40



R} | o
erturbative expansion: revisea AMC@NLO, Sherpa, Herwie. . &

Recola, Madloop, Gosam, Openloops

do = dor,0 + asdonro + apw doONT,O EW dedicated MC’s: Matrix, ...
NLO QCD NLO EW

2
+Qg dO'NNLO

NNLO QCD



R} | o
erturbative expansion: revisea AMC@NLO, Sherpa, Herwie. . &

Recola, Madloop, Gosam, Openloops

do = doro + asdonro + apw doONLO EW dedicated MC’s: Matrix, ...
NLO QCD NLO EW )
+oz% donNLO + Oé%;w dONNLO EW.‘|‘ @ sEW AdONNLO QCDXxEW ?
NNLO QCD ) NNLO EW NNLO QCD-EW
—I-Oz% doNNLO +....
N3LO QCD

scale variation at NNLO



R} | o
erturbative expansion: revisea AMC@NLO, Sherpa, Herwie. . &

Recola, Madloop, Gosam, Openloops

do = doro + asdonro + apw doONLO EW dedicated MC’s: Matrix, ...
NLO QCD NLO EW )
+agdonnLo + afw doNNLO Ewl+ 3w AONNLO QCDxEW ?
NNLO QCD ) NNLO EW NNLO QCD-EW
—I-Oz% doNNLO +....
N3LO QCD

scheme variation, e.g. Gmu vs. a(mJZ)

scale variation at NNLO sufficient?



-W uncertainties: Sudakov

do/dpry [pb/GeV]

do/doy o

0.6

0.4

pp —Z(— L0 )+ jet @ 13 TeV
= — - j EVV corrections become sizeable
= = at large prv: -30% @ | TeV
~ /Z+|et E
3 E Origin: virtual EW Sudakov logarithms
. -
= NHOEW I How to estimate corresponding pure EW uncertainties
3 | | of relative O(a?)?
-+ -+ —
- I I I I I I | _:
10 103
prv [GeV]
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do/dor o

pp —Z(— {107 )+ jet @ 13 TeV

[ [ [T 1 ‘ [ [ [ [ [ [T 1 ‘ [ ég
ML et al. 1705.04664] 2

/+|et E
— 10 . E
NLOEwW  a(L”+ L) E

_ SudakovNLO A/ ?

] ‘ [T ‘ [T ‘ [T [T ‘ IIIW‘ IIIIIIW‘ IIIIIIW‘ IIIIIIW‘ IIIIIIW‘ IIIIIIW‘ IIIIIW‘ IIIIIW‘ IIIIIW‘ IIIIIW‘ IIIIIW‘ [T

| | [ | 1 | [ I |
102 103
prv [GeV]

Large EWV corrections dominated by Sudakov logs

-W uncertainties: Sudakov

V4, W=

[Ciafaloni, Comelli,’98;
Lipatov, Fadin, Martin, Melles, '99;

Kuehen, Penin, Smirnov, '99:

Denner, Pozzorini, '00]

Universality and factorisation: [Denner, Pozzorini; 01 |

oM

l—loop __ *
LL+NLL 47_‘_

PIEDY

lik a=~,Z,W=*

+ 7 (k)

A

In >

M2

I°(k)I%(1) In”

Mo

A

Skl

M2
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do/dpr v [pb/GeV]

do/dor o

pp —=Z(— {747 )+ jet @ 13 TeV

-\VW uncertainties: Suc

/+|et

— LO

— Sudakovy o —

[ML et. al.. 1705.04664]

NLOEW  a(L®+ LY

Il IIIIIIH| IIIIIIH| IIIIIIH| IIIIIIH| |||||m| IIIIILU| IIIIILU| IIIIILU| IIIIILU| IIIIILUL

I ‘ IIIW‘ IIIIIIW‘ IIIIIIW‘ IIIIIIW‘ IIIIIIW‘ IIIIIIW‘ IIIIIW‘ IIIIIW‘ IIIIIW‘ IIIIIW‘ IIIIIW‘ [T

. o)
KNLOEW (S, 1) = - [5512(14‘5&)(1

|

103

akov

Large EWV corrections dominated by Sudakov logs

v

Uncertainty estimate of (N)NLO EW from naive
exponentiation x 2:

AR = (kNLOEW)Q
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A

pp —Z(— 107 )+ jet @ 13 TeV

,:;, 101 = I I [T 1 ‘ I I I I I [T 1 ‘ I _EI
S 1k [ML et al.: 1705.04664]
~ _E =
Gl 3 E
~ 10" = i L
g‘ 103 ;? Z+Jet ?;
IR E
© 1075 & —
1077 £ LO 2 1 -
e NLOEwW (L™ + L) E
109 ; SudakovNLO A/ 042 (L4 _I_ LS) =
{10 ; === NLO EW + SudakovNNLQ «—

= I I I [ | I/I I I I I I [ 1 | I
1.2 — I I I [ ‘ I I I I I [T 1 ‘ I ]
- ~— "‘NnNLO EW" :

1
< : R BYCY (1) "
5 o6 [ fLoEw(st) = — I5hard + 5sudI in
g o) = (&) 5@ :
0.4 __"{NNLO Sud(87 ) - ; Sud M
B L1 I | | | L1 I ]
102 103
prv [GeV]
hard
v~ O(1%)

-W uncertainties: Sudakov

Large EWV corrections dominated by Sudakov logs

v

Uncertainty estimate of (N)NLO EW from naive
exponentiation x 2:

AR = (kNLOEW)2

v

check against two-loop Sudakov logs
[KUhn, Kulesza, Pozzorini, Schulze; 05-07]

e.g. from scheme variation, e.g. Gmu vs. a(mZ)
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R} | o
erturbative expansion: revisea AMC@NLO, Sherpa, Herwie. . &

Recola, Madloop, Gosam, Openloops

do = do1o + asdonto + apw dONLO EW dedicated MC's: Matrix, ...
NLO QCD NLO EW )
+azdonNLo + opw dONNLO EW + @sOEW dONNLO QCDXEW ?
NNLO QCD ) NNLO EW NNLO QCD-EW
3 B
d
5 QONNLO + <—> only known for DY (so far)
N3LO QCD

— ask Lucal

scheme variation, e.g. Gmu vs. a(mJZ)

scale variation at NNLO sufficient?



Mixed OQCD-EW uncertainties

18]

-
\-\

, P ey at 3TV [Gltschow, /ML, Schdnhe
T ] ‘ T ‘ L ‘ T

- WE ] | z
pp ~Z(tT ) +jes@13Tev  [[ML et al: [ /05.04664] O _I_'=l—_— S
— 1 | | | I B | o 1 | 5
% E-LL'—\__ | éf = o2 " ®)
Qo 10 b - Z . t — £ o3 tt+Jet E
| . F‘é:‘ 10" i? o + e S é g 10 4 %
Bold estimate: S b - J E LI . i} 7
St = . o T e 1
: : \9 102 i? TSy é 07— tf+;et (NLO EW) =
Consider real O(auag) correction to g e o E w0t b :
' - 7 E 5 - 1079 4+ — —
X production = NLO EW to X+ ljets wUE 2 et B - L :
108 = Z(0T07) 42 jets - tt l
1079 |- L "E: B .
—10 [ = ) - —
and we often observe Cor 2] T —— 2 S L -
-0_2 = E 5 - ===t (NLO EW,;) :
dO' NLO EW dO' NLO EW < = —— - N tf (NLO EW + LO;q400)
~U 1% E w02 §_ ____——__ _g 0.8 j tt (NLO EW + LO;qq,p + ANLOy5,¢3)
. -0.3 £ B B = - Lo | | Ly 1 -
doro X +jet dorLo |1X ER S e —
_S'Z 2: :g : ttj E
O7_| S = E :
0.1 — —] S - i
= - —— full NLO EW - 5z %90 ‘I_l—\_\_\_\_\_L ]
In these cases strong support for ~go0s = T without QED-EW interferencein V+j - — T T o B oy :
. . >TZ . - - 08 |- i +;et (NLO EW + LOy; 1 + ANLOy, . 13) B
* factorisation = C |==|E e % e ]
! ! ! ' ' :\9-0'05 :_ _: o4 ; ?
» multiplicative QCD x EW combination =2 - o o
o1 L E - |
102 103 .ﬁ\-bo 1'0: — .
pr,v [GeV] £] % 098 ; NLO EW ¢tfj/tf E
1o — doyo (1+ doep) (1 + dgw) pT,2 > 30 GeV ol
NNLO QCDXEW — LO QCD EW 0T e

oT;> 30 GeV



dO‘/de,V2 [fb/GeV]

K-factor

dO’/dO‘NNLO QCD — 1[%]

EVW uncertainties: QCD-EW interplay

[M. Grazzini, S. Kallweit, IML, S. Pozzorini, M. Wiesemann; |91 2.00068]

pp — LT vpy

ba,sehnezcé *moderate QCD corrections
» NNLO/NLO QCD very small at large pTV2
B - »NNLO QCD uncertainty: few percent
ot | == K0 e

[g-s [ === NLO QCD
—= NNLO QCD

NLO EW/LO=-(50-60)% @ | TeV

NLO EW /LO
+ —= NLO QCD /LO
—= NNLO QCD /NLO QCD

donNLO QCD+EW

0.2
0 =

—

donNLO QCD xEW

20 |

40 |

60 ¢ e e : *multiplicative/factorised combination superior (EVV Sudakov logs x soft QCD)

—80 | 3 NNLO QCDxEW,

oo £ NNLO QCDXEW
100 200 500 1000

PT.V, [GGV]
D V2




do /dpr v, [fb/GeV]

K-factor

dU/dUNNU)QCD——lﬁ%]

Combination of QCD and EVV corrections

: 1.7

baseline cuts

*NLO QCD/LO=2-5! ("giant K-factor’™)

1074
10-5 *at large pTVI:VV phase-space is dominated by V+jet (w/ softV radiation)
10-° Lo .
L == Ao G T do 77 %
S — VYV 17
20 -
10 E E
e~ «NNLO/NLO QCD moderate and NNLO uncert. 5-10%
02 | = Mo B |
/A ol -
0.1 | == NNLO QCD/NLO QD e« NILO EW/LO=-(40-50)%
+40 | —: |
+28 _ E *Very large difference doynt.o QCD-EW VS. donnio QCDXEW
20 %‘?
~40F === NNLO QCD j * Problems:
:gg = NNTO 88&%%% ey |. In additive combination dominant V| topology does not receive any £EVV corrections
100 BT ittt AR 2. In multiplicative combination EVW correction forVV is applied to V] hard process
100 200 500 1000
_pqul[(}e\/]

STV



Perturbative expansion: revised ||

* In general combined expansion in As and A necessary:

do = da(oz?oz ) +do(a? o™ +o(a? 2™ ) 4.
“subleading Born contributions™: LO2, LO3

>m<>m< Ol e )

Example: qQ — qQ
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Perturbative expansion: revised ||

* In general combined expansion in As and A necessary:

do = do(a”a™) +do(a” ta™ ) + o(a?2a™ ) + ...
LO  \ "subleading Born contributions: LO2, LO3

e also at NLO: \ Ofas) O(a)

_I_O_( n—+1 m)—|—d0'( n m—l—l)_I_O_( n—1 m—|—2)_|_0_( n— 2Oém+3>—|—...

"NLO QCD” "NLO EW” “subleading one-loop contributions™ NLO 3, NLO4
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Perturbative expansion: revised ||

* In general combined expansion in As and A necessary:

dazda(a?oz ) +do(a? o™ +o(a? 2™ ) 4.

e also at NLO:

"NLO QCD”

“subleading Born contributions™: LO2, LO3

>“"”<>W< N Y

_I_O_( n+1 m)—|—d0'( n m—l—l)_I_O_( n—1 m—|—2)_|_0_( n— 2Oém+3)—|—...

"NLO EW”

F=0<
0

“subleading one-loop contributions™: NLO 3, NLO4
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Perturbative expansion: revised ||

* In general combined expansion in As and A necessary:

dazda(a?oz ) +do(a? o™ +o(a? 2™ ) 4.

“subleading Born contributions™: LO2, LO3

>”“<>W< N Y

_I_O_( n+1 m)—|—d0'( n m—l—l)_I_O_( n—1 m—|—2)_|_0_( n— 2Oém+3)—|—...

e also at NLO:

"NLO QCD” "NLO EW”

P 0

5 0
=

o

“subleading one-loop contributions™: NLO 3, NLO4
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Perturbative expansion: revised ||

* In general combined expansion in As and A necessary:

dazda(a?oz )+ do(al™ 1 m+1)+0( n- 2ozm+2)—|—...

“subleading Born contributions™: LO2, LO3

>”“<>W< N Y

—|—O'( n+1 m)—l—dO’( n m—l—l)_l_o_( n—1 m—|—2)_|_0_( n— 2&m—|—3)_|_.”

e also at NLO:

"NLO QCD” "NLO EW”

e

5 0
=

o

“subleading one-loop contributions™: NLO 3, NLO4

Note:
* No diagrammatic separation in NLO QCD and EW

* An IR finite & gauge invariant result is only obtained
including all virtual and real contributions of a given
perturbative order.
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-xample:VV+2jets production

*direct access to quartic EW
gauge couplings
*VBS: longitudinal gauge
VS. bosons at high energies
*window to electroweak
_ ] _ symmetry breaking
QCD—baCkground interference VBS-SIgﬂa‘ via off-shell Higgs exchange
ensures unrtarit
LO = do(aga®) + do(aga®) . ( /)
NLO - +do(aia?) +do(aza®) + do(aga®)

“NLO QCD"” “NLO EW" “NLO QCD” “N O EW"

= separation formally meaningless at NLO
= always also consider measurements: fiducial cross sections without QCD subtraction




VBS-WHW+ @ full NLO

[Biedermann, Denner, Pellen "1 6+"1 /|

[Gev

do
de’ﬂ‘i'

— ——_ LOEW -
. — .. LOQCD"
LOINT
NLO

“NLO QCD” 7

to EW mode& |

«ww -30 t
40 L

-50

"NLO EW”

to EW mode

0 [%]
BOto— ool

"NLO QCD”
to QCD mode

400
pru+ [GeV]

“"NLO EW”
to QCD mode

200 300

100

500

W
v/ Z /W
W,

*NLO corrections dominated by A’ :

*) = 6 pa
*highly cha

rticles at NLO

lenging computation!

-\WI

Order O(a’) O (asa®) O(aia®) O(aia?) Sum

SonLo |fb] —0.2169(3) | —0.0568(5) | —0.00032(13) | —0.0063(4) || —0.2804(7)

Sonto/oro |%) —13.2 35 0.0 —0.4 —17.1

with M;; > 500 GeV, pr; > 30GeV, prr > 20 GeV,
LO: O(Oé6) O'LO [fb] ‘ O'g%‘vo [fb] ‘ 5EW [%]
NLO: O(a) " 1.5348(2) | 1.2895(6) |

*VERY large inclusive EW corrections

(dominated by Sudakov logs)

5

8



Conclusions

» LHC is turning into a precision EVW machine

» ..and precision Is key for SM probes, global EFT fits,

as well as for searches.
» £VV corrections become large at the leV scale

» Fixed-order NLO EW largely automated

» Higher-order EVW and mixed QCD-EW uncertainties

are becoming relevant. @
KEEP
CALM

AND

measure w calculate

ON




Questions!?
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Backup
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LO Ingredients

* LO partonic cross section for a 2—=n process can be written as

R 1
dopo = Q—S/dq)n‘MLO‘Q

n n d3 . |
[d®, = (277)45(‘9 (P — Zq,@) H d n-particle phase-space

(27)32E;

1=1 1=1

Mol

MLO LO matrix element: tree-level

squared centre-of-mass energy of
hard process

s = P? = (p1 + p2)°
* Integration over phase space by Monte Carlo methods
= any distribution/histogram can be determined simultaneously
= Monte Carlo events can be unweighted
* Integration over phase space analytically
= very fast evaluation

= analytical structure of the result can be investigated

)
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Jerturbative expansion

* Expansion in a small coupling a:

do = do(a™) + do(a"™) + do(a™T?) + do(a™ )

LO NLO NNLO N3LO
e at the LHC consider in particular a = as (QCD coupling),
. bo
but also d = Qg (EW coupling) relevant — later!
1.0

1

* In QCD running strong coupling:  as = as(u) = =+ .. |
bo ln% 0.8.-

LO n ALO .
do~> (1) = ag(u)" A 0l

: 3
= do"(p') = as(u)" A = as(p)" (1 + nbpas (1) In £ 4 > AMO S
[

/2

* 50 the change of scale 1s an NLO effect («Qs).

e At LO the normalisation is not under control:

+ ...

B 11NC — 4nfTR
N 127

01.2 GeV

64



QED radiation: IR safety

»collinear f — fy singularities

*cancelled clustering f and vV,
within cone of Aftry
typically ARgy = 0.1

*or regularised via fermion masses
(at LHC only relevant for f = i)

» However: for processes with jets at LO this spoils universality between quarks and gluons!

— problematic for QCD IR safety

» Solution: democratic jet-algorithm approach, partonic jets = {q, g, 7, |)
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Tools for EVW Sudakov corrections

Sherpa MadGraph5_aMC@NLO Openloops
[Bothmann, Napoletano, '20] [Pagani, Zaro, 2| ] ML Mai, "2 3]

ppr > WTW~Z @13 TeV

10 ET T 1 1 T 1 1 T 1 T T 1 -5 — I I I I — T I
SREN | | 107 ; s | ;
100 = 10-6 - —— NLO EW S o4 b e . _
R 47T TR 2 e . WWZ
% 10 " e~ ”” Vs =13TeV ~E 10-7 ] - N C ]
ST = —~ g — 3 B ]
2 _.F = = 1078 Q — S 105 5 LO =
10 E | a2 ] | - — NLLVI EW B
S S —= = = 10-9 . | == | —— NLL'y; EW :
CE E 5 - LLL — ' Mo ‘
- | =—— - —-10 - ——— l -6 — —
© 107 LO 10 | | 10 5 E
10~ | === —

= | IL?—rNFLI (rIeSlllml) | | | | | | | | | = E : l { f } f i i | f
I I | | I R | | B | 1 T T 10—12 : : | : : — : ~ ! ' ' ' ' o ! .
o 1 0 - -
— 1.0 | | 1.5 |— —_
S — — - .
2 08— — — L 0 : :

B e T ——
£ 06— — < _ S F :
= 04— _ & ~27— NLOEW —— SDKp,s»rq == SDKo 0.5 - =
- - ++- NLOEW,noy =—— SDKpeak,S=rg == SDKyea - .
0.2 _—r L1 | [ T | L1 1 1 | [ 'I__ -3 . . — . o :_ _:
12 — 0.3 1 % :
% 10 f > —— NLO EW —— SDKy, -1y —— SDK, - g as
§ B — 7] LIOJ O 2 7 *=*- NLOEW, no Y = SDKyeak, S™rki = = SDKyeak 2 :_ L - - 4= —:
Jo 08— L — 9 o — - R -
= — o 0.1 e rmmmeTTSTsTToTRIIIIoCooiIIIIIIIIANTT 15— ya=—""" ’ —
g 0.6 | individual NLL contributions T | T : o - PP e mmmm————————————
Q oa b — G — PR — Yuk ] 6< 0.0 == T e d 1 -':::t-.r, ___________________ :
- — LSC — SsC — Z . _0.1 4+ | | — : L - = e, EESIISSSSSme- =
O2bE 0 v v v v ) T ' 103 104 0.5 - e —— . =
500 1000 1500 2000 orZ1) [GeV] S ;gg - ISR e ]
pr.z [GeV] T SSSC YUK e
: | | 1 1 | | 1 | | :
103

my+w-z [GeV]

* all based on
[Denner, Pozzorini, ‘00, 0]



NNLO Ingredients

* NNLO partonic cross section for a 2—n process can be written as

5 1 x
doNNLO = 9g [Mrol® + 2Re{MroMipo.v} + 2 ]
—_— | -
NNLO =B +V +V2 +
1 1
+2— U/\/h\ILo,R\2 + QRQ‘MNLO,RM;INLO,RVH T 94 MnnLo el
S —_— | 1 S _
+ R+ RV + RR

n,n+ 1, n+2 particle phase space

PICaV it

double-virtual two-loop matrix element ( §W\NW< )( ;W‘M<>

ANLO Mnro,v virtual one-loop matrix element
MNLO’R real tree-level matrix element
ANNLO
X &2 MNNLO,RV  real-virtual one-loop matrix element

MNNLO,RR double-real tree-level matrix element

(000

)

6/



Conservative estimate of
hisher-order QED radiation:

NLO EW

VS.

multi-photon radiation (YFS)

gED-PS ~

A’ = |0pw — OEW-+PS/YFS|

VW uncertainties: QED radiation

do /dmy, [pb/GeV]

Ratio to Born

LO EW Ratio to NLO EW

oo~ production | GUSChOW, Schonherr, "20]

- Ay = 1

= —+— YFS X EWapprox
"o+ PHOTOS X EWapprox

- Aty = 10

i —— YFS X EWapprox

- ot PHOTOS X EWapprox

*NNN‘NNN‘NNN‘NNN‘NNN‘NNN‘NNN‘N

—— LO
=== NLO EW

i

= AR = 0.005

SHERPA+OPENLOOPS

[IML, Lombardi, Wiesemann, Zanderighi, Zanoli, 22| «

do/dmg, [fb/GeV]
el At

pp—e* e ut v, ,@LHC 13 TeV
—— T

z L NNLOQCDQEDPS -
107 A ——— NNLOGCD.QED)ss

B NNLO (QCD,QED)pg

QCD

QCD+QED

QCDxQED

dO'/dO'NNLOQCDQED
1.2 I P 1 ! ! .
1.1 _‘;'QQ'US[VG"S'et‘f{l?;"“'"‘"'""“‘?“_r-'“**'-4-'—".‘_“.‘;.‘;‘_';'_;;;_;'_; “““““““ o ¥

JEN LELL R

07fF e NNLORoDR |

N NLO QCDQED Jos + 5NNLO (QCD)p

QCD

0.5 P O QCD
, dofdonn gz

QCD

————— NNLOQCD s x K- NLOf° ]

L L L L L L L I L L
90 100 110
Mee [GEV]
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Combination of QCD and EVV corrections

e full calculations of O(aay) out of reach

* Approximate combination: MEPS@NLO including
(approximate) EW corrections

* key: QCD radiation receives EVW corrections!

* strategy: modity MC@NLO B-function to include NLO EW
virtual corrections and integrated approx. real corrections = VI

En,QCD—I—EWVirt(ch) — Bn,QCD(q)n) + Vn,EW(q)n) + In,EW(q)n)
7 ’\
exact virtual contribution
approximate integrated real contribution



MEePs@N1LO
e
N AN

0/0QCD
o 9
SN 0 R

pp — e e u u +iets, /s = 13TeV

MEPS @ NLO QCD +

“W: ZZ (+jet)

[Bothmann, Napoletano, Schonherr, Schumann, Villani; 21 ]

pp — e e utu" +iets, /s = 13TeV
1

V100TY /SAOOTNAI)+VIITHG

= I L L L = % ~ 10 % | I.a.r.r.i L L L B B I B B E
- —— MEePs@Nio QCD +YFS 1% I e -
== =5 >0 = L E
th-i X EWViI‘t E T é ihh-l ! -
— : ...... < EWsud _ g % 10 3 ? i _§
= -] - exp = N — : -
- - |- = + MgPs@Loor” 18 > - - .
= jE 10 ° E 5
- s © = —— MEPs@Nro QCD + YFS E
_ _ 5 10~ ° = X EW,i.¢ =
= = = R -
: 1> 1077 g X E
- S N .
E ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ 1Y l'.ﬂolﬂﬂ\.l.loﬂo-&.: 10 ? - .I. - _|_ MEPS@LOOP ?
| | | | | | | | | | RN L o o |
:_ | ‘ | ‘ | ‘ | ‘ | ‘ | ‘ | ‘ | ‘ | ‘ | _: 1.4 __| T ‘ T ‘ | 1 ‘ | 1 ‘ ]
= - o - -
— _ < — ~
— — Z, 1.2 — —
e i - — ® Ll —— ~
_ N N NN R R R N Sy xR M E W mm w m We R @ mm @ EE &D 1 L - T N e e e S is mmmm e e e o s e o — ] —
i e e ~ =@ = == "T" _
- "-‘l‘-‘-‘l‘-.‘l“‘l‘-‘l-. S — ] zbol L —-.‘“-"“'""'\-J-l-.-l.g._.:.“‘_ o — e _
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